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Welcome Message from the Chair 

It is my great pleasure to extend my greetings to all of you and to welcome you to 
the IEEE Green Technologies Conference, which will be held in Tulsa, 
Oklahoma, April 19-20, 2012. 

We are facing many challenges today.  Human activities have increased 
atmospheric CO2 levels, the chief global warming pollutant, by nearly 40% 
compared to pre-industrial levels. The resulting climatic changes are far from 
trivial: more intense storms, more pronounced droughts, coastal areas more 
severely eroded by rising seas. On the other hand, world energy consumption 
has risen 45% since 1980 and it is projected to be 70% higher by 2030. Green 
technologies can make the air easier to breathe and the water safer. Over time, 
green technologies promise to make our lives healthier and our earthly resources 
more sustainable. The most successful green technologies will enable us to 
consume less, not more, and optimize energy inputs at a lower cost. With the 
advent of geothermal technology, solid-oxide fuel cells, bio-fuels and 
advancements in wind, solar and other renewable energies, green technologies 
will greatly benefit our environment and positively impact society. 

IEEE-USA, Region 5, the Tulsa Section and the Oral Roberts University take 
great pride in sponsoring the 2012 Green Technologies Conference. 

The IEEE Green Technologies Conference aims to bring together scientists, 
researchers and practitioners from the industry around the world to develop 
realistic solutions to address the current energy crisis and to reduce carbon 
emissions and greenhouse gases. It also provides a platform for interdisciplinary 
interaction among scientists and engineering professionals, faculty and students. 

I would like to take this opportunity to thank The IEEE Region 5 Executive 
Committee, the Section, Student Branch officers and volunteers who have 
worked hard to provide programs and service of value to the conference. I look 
forward to meeting you at the conference and wish all the participants a pleasant 
stay in Tulsa. 

Sophie X. Liu   
General Chair - IEEE Green Technologies Conference 
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Abstract— The rotor of a doubly fed induction generator (DFIG) 
driven by a wind turbine needs rotor excitation so the stator can 
supply a load or feed the grid. In a variable-speed wind energy 
conversion system (WECS), the mechanical frequency of the 
generator varies, and in order to keep the stator voltage and 
frequency constant, the rotor voltage and its frequency have to be 
varied. Thus the system requires a power conversion unit to 
supply the rotor with a variable frequency voltage that keeps the 
stator frequency constant irrespective of the wind speed. In the 
scheme proposed, the rotor of the DFIG draws power either from 
three-phase ac mains or from a set of photo voltaic (PV) panels 
depending on the availability of the solar power. Maximum 
power point tracking techniques have been used for power 
extraction from both the wind turbine and solar panels. A multi-
level inverter is used to convert the rectified voltage from ac 
mains and dc voltage from PV panels to a variable-frequency 
voltage to supply the rotor. 

Keywords—doubly fed induction generator; maximum power 
point tracking; multilevel inverter; photovoltaic panel; wind turbine  

I. INTRODUCTION 
Since the amount of energy available from conventional 

sources is limited, non-conventional energy sources are 
considered for power generation. Among these sources, wind 
and solar power are the most abundant and attractive. For 
wind energy conversion, fixed speed systems using squirrel 
cage induction generator were implemented earlier [1]. At 
present, variable speed systems are being used for system 
operation with higher efficiency, absence of speed control, and 
reduced flicker [2]. Generally doubly fed induction generators 
(DFIGs) are used for variable speed wind energy conversion 
systems (WECSs). Permanent magnet machines which do not 
need gear box can also be used, but not for high capacity 
installations. The power converter, in the case of DFIG, needs 
to provide only 20%-30% of the output power [3], so the 
system can use converters as well as filters with lower ratings.  
     The increasing use of power from renewable sources has 
made it necessary for the sources to behave, as much as 
possible, like conventional power plants in terms of supporting 
the network voltage and frequency with good power quality. 
Several schemes have been proposed to solve these problems. 
In most DFIG-based WECSs, the load or grid is directly 
connected to the stator of the DFIG, and the rotor injection is 
controlled using an ac-dc-ac converter [4], [5]. Instead of two 
back-to-back converters, a diode rectifier followed by an 
inverter can also be used [6]. For systems with only rotor-side 

converter, pulse width modulation (PWM) converters are used 
where the grid side PWM rectifier is controlled to provide a 
constant dc link voltage and the rotor side PWM inverter 
controls the generator to provide required real and reactive 
power. In these schemes, the mechanical and electrical 
frequencies are decoupled making variable speed operation 
possible [5]. Back to back multilevel inverters were also tried 
by some researchers for higher capacity installation [2], [6].  

In this paper, a new power conditioning scheme is 
proposed for DFIG-based WECS that uses a 3-phase diode 
rectifier followed by a boost regulator as grid side converter 
and a multilevel neutral point clamped (NPC) inverter to 
supply variable frequency voltage to the rotor. The system 
also includes photo voltaic (PV) panels which can supply the 
boost regulator and reduce the power drawn from the utility. 
The proposed system includes voltage feedback to regulate the 
output voltage from the DFIG.  

II. PROPOSED POWER CONVERSION SYSTEM  
Fig. 1 shows the complete block diagram of the proposed 

system designed using the software PSIM [7]. PSIM has a 
wind turbine model with variable wind speed and blade pitch 
angle input, and a wound rotor induction machine model that 
can be used as a DFIG. The boost regulator provides a 
constant dc-link voltage for the inerter from the variable 
voltage dc input from the rectifier. Using a diode rectifier 
instead of a PWM rectifier not only reduces the complexity of 
the system but eliminates the need for additional control. The 
reason for using a multilevel inverter is its ability to provide a 
better output power quality and lower switch ratings [8]. The 
present scheme uses a three-level inverter with neutral point 
clamping whose output voltage is controlled by controlling the 
amplitude modulation index. The control voltage needed for 
this purpose is generated by the inverter controller based on 
vector control scheme that uses the d-q axis current control 
[9]. Using maximum power point tracking (MPPT) technique, 
the torque reference (Tref) is calculated for a given generator 
speed. The q axis current reference (Iqref) is then generated by 
minimizing the difference between the reference and actual 
torques. On the other hand, the stator side voltage is controlled 
to generate d axis current reference (Idref). The d-q axis 
reference rotor currents provide the control voltage (Vctrl) 
which is used to generate the gate pulses for the 12 switches of 
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the inverter. The inverter voltage is then fed to the rotor of the 
DFIG.  

A. Rectifier and boost regulator 
Fig. 2 shows the schematic of a boost regulator whose 

output is constant irrespective of the fluctuations in the input 
voltage and load (Fig. 3). It is done by varying the duty cycle 
(D) for the switch so that the output given by the equation, 
Vout = Vin / (1-D) is always constant. Using a triangular wave 
and a comparator, a gate pulse with a duty cycle proportional 
to the PI controller output is generated. For fast simulation, the 
average model of the boost regulator has been used. The 
average model (Fig. 4) basically uses two dependent sources 
to realize the following equations derived from boost regulator 
operation: 

(2)                                                    .I * 
D

 D)-(1 = I

(1)                                                  ,V * 
D

 D)-(1 = V

swd

dsw

           

 

B. NPC inverter 
In order to get a  higher fundamental 

output voltage and power level, the dc-
link voltage (Vdc) for the conventional 
bridge inverter has to be increased which 
means one has to use a series-connected 
pair in place of each device. The 
connection of matched devices in series, 
considering dynamic voltage sharing 
during switching, is difficult [10]. So 
this scheme uses a 3-level neutral point 
clamped (NPC) inverter which consists 
of 4 switches with anti parallel diodes 
and 2 diodes per phase. The switches Qa1 
and Qa4 are the main switches that work 
together like a conventional 2-level 
bridge inverter. The auxiliary switches 

Fig. 1.  Complete diagram of proposed system 
 

Fig. 2.  Boost regulator 

 
Fig. 4.  Average model of boost regulator 

Fig. 3.  Step input voltage and constant output voltage Fig. 5.  One phase of a 
multilevel inverter 
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Qa2 and Qa3 clamp the output potential to the neutral point with 
the help of the clamping diodes. Thus they insert a new 
potential level in the output voltage, resulting in reduced 
harmonics. The simulation results show that, without any 
filter, the THD for the NPC inverter is about 11.2% compared 
to 25% for the bridge inverter. Fig. 5 shows one leg of the 
NPC inverter and Fig. 6 the waveforms of gate pulses. Fig. 7 
shows the output voltages and the harmonic spectra of both 
the NPC and bridge inverters. The harmonic spectra shows 
that not only the THD is lower for NPC inverter but also the 
individual harmonics have been reduced with the lowest order 
harmonic (LOH) = mf – 4 as seen from Fig. 7 where mf is the 
ratio between the triangular frequency and reference sine 
frequency. 

C. Inverter controller 
The Inverter controller shown in Fig. 8 is designed using 

vector control scheme. The inner control loop, that controls 
the d-q axis current, is designed for a faster response.  The 
main part of the controller is the maximum power point 
tracking (MPPT) block. Fig. 9 shows a set of graphs for a 
particular wind turbine showing the relationship between its 
output power and turbine speed for various wind speeds.  

The mechanical power from a wind turbine is given by 

 
(3)                                , * R *** Cp*½ = P 3

w
2

m

 
where Cp is the power coefficient,  is the air density (kg/ m3), 

w is the wind velocity (m/s) and  R is the radius of the  area 
swept by blades (m).  

The MPPT equation derived from the power equation (3) is 
given by 

 
(4)                                                      , * K= P 3

mPoptm

 
where KPopt  is the optimum power coefficient (W/(rad/s)3), m  
is the generator shaft speed (rad/s).  

Fig. 8.  Proposed controller for inverter 

Fig. 6.  Waveforms of voltages for the NPC inverter 

Fig. 7.  Comparison of conventional 2-level PWM inverter and proposed 3-
level NPC inverter – their output voltage in time and frequency domain  
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The equation for torque is given by 

 
(5)                                                    , * K= T 2

mToptopt

 
where KTopt is the optimum torque coefficient in W/(rad/s)3. 
Using the rated values, KTopt for the machine is obtained as 
3.097W/(rad/s)2. Using this coefficient and slip frequency 
[11], the optimum torque is calculated. Controlling the shaft 
torque according to the reference gives the q axis rotor current 
reference which controls the q axis current and provides q axis 
control voltage for the inverter. The d axis control voltage is 
obtained by controlling the d axis current based on a stator 
voltage feedback loop. This loop maintains a constant stator 
voltage (phase) amplitude at 170 volts.  

D. PV panel and MPPT 
PV panels are used in the system in place of the ac mains 

whenever possible to save energy  drawn from  the ac mains. 
It is connected in parallel with the output of the diode rectifier 
and is capable of supplying a dc voltage to the boost 
converter. Other than boosting the dc level to 200V, the boost 
converter can also be used as the maximum power point 
tracker for the PV panel. It is a simple technique using the 
relationship between the short circuit current and panel output 
current at maximum power point [12] i.e. 

 
(6)                                                          .I * 0.9  I scmp =

 
Fig. 10 shows the MPPT scheme for the PV panel whose 

output is stepped up using a boost converter which supplies a 
battery. The simulation results are shown in Fig. 11. Normally 
the gate pulse of the switch is controlled by the output of a PI 
controller output based on the current error. In this scheme  an 
extended pulse repeating at a low frequency is supplied to the 
gate of the switch to make it a short for a longer period 
allowing the measurement of the short-circuit current of PV 
panel [12]. The gate pulse is generated from a 5kHz triangular 
carrier signal and the extended pulse, for Isc measurement, has 

a frequency of 500Hz. To store the measured value of Isc, a 
sample and hold circuit block which is controlled by a signal, 
also of 500Hz, that gives a short pulse to the block at the end 
of Isc measurement. All gate pulses are given in Fig. 11. The 
simulation results also show that the output power from the 
panel closely follows the maximum power curve that has a 
step translated from the input step in the light intesity (500 ~ 
900W/m2). 

 
 
Fig. 9.  Power vs. generator speed characteristics for a wind turbine at 
different wind speeds  

 

Fig. 10. MPPT scheme for PV panel 

Fig. 11. a) Gate signal with extended pulse for Isc measurement, b) Control 
pulse for sample and hold block, c) Short circuit current, Isc, d) Diode 
current, ID, e) Possible maximum power & actual output power from panel  
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III. SIMULATION RESULTS 
The parameters of the wind turbine, DFIG, and the PV 

panel are given in Appendix. Fig. 12 shows the simulation 
waveforms for a period of 4 sec with a change in wind speed 
from 7m/s to 15m/s at t = 2 sec. The 1st waveform shows the 
speed profile of the generator with a gear ratio of 50. The 2nd 
waveform shows the stator voltage with constant amplitude of 
170V (shown in the 3rd waveform) and a frequency exactly 
equal to 60Hz. In the 4th waveform, the stator and rotor powers 

of the generator are given. Since a constant 3-phase load is 
connected to the stator, the stator power is constant 50W and 
the power supplied to the rotor varies with the speed. The 
rotor injection power is higher for lower wind speeds and 
lower for higher wind speed since at higher speed more power 
can be extracted from the turbine. The output voltage has a 
THD of about 9% and the individual harmonics are also no 
more than 3% of the fundamental voltage. The figure also 
shows the harmonic profile of the output voltage. 

 

Fig. 12.  Simulation results – a) generator speed (rpm), b) rotor current (A), c) stator current (A), d) stator voltage (V), c) amplitude of stator voltage (V), 
f)  stator and rotor power (W), and g) stator voltage spectrum 
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IV. CONCLUSIONS 
A simple and economical power converter system has been 

designed to provide power from wind farm either to the grid or 
to an isolated load. To reduce the power drawn by the rotor 
from the grid, an auxiliary source for rotor injection has been 
included in the system i.e. the PV panel. The source for the 
converter can be selected manually or based on the availability 
of solar power. MPPT technique used for the wind turbine 
ensures high efficiency at all wind speeds reducing the power 
rating of the converter. The surplus power output from PV 
panel, if available, can be stored in the battery for future use. 
The use of NPC inverter reduces the harmonics in the stator 
voltage. Both the boost regulator and inverter controller have 
good dynamic response with a very low overshoot and a low 
settling time. 
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TABLE II.  DFIG PARAMETERS 

Parameter Value 

Stator Resistance 0.59  

Stator Inductance 35.81 mH 

Rotor Resistance 3.39  

Rotor Inductance 19.894 mH 

Mutual Inductance 1.104 H 

Stator to Rotor Turns Ratio 1 

No. of Poles 4 

Moment of Inertia 0.05 kg.m2 

 

TABLE III.  WIND TURBINE PARAMETERS 

Parameter Value 

Nominal Output Power 20 kW 

Base Wind Speed 7 m/s 

Base Rotational Speed 10 rpm 

Initial Rotational Speed 0.8 rpm 

Moment of Inertia 2 kg.m2 

TABLE I.  PV PANEL PARAMETERS 

Parameter Value 

No. of Cells 36 

Standard Light Intensity 1000 W/m2 

Reference Temperature 25 °C 

Series Resistance 0.008  

Shunt Resistance 1000  

Short Circuit Current  3.87 A 

Saturation Current 21.6 nA 

Band Energy 1.12 eV 
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Abstract—Hybrid thermoelectric and photovoltaic (TE/PV) 
systems more effectively convert solar energy into electrical 
energy by harvesting thermal energy from the heat dissipated 
from the photovoltaic technology that would otherwise be wasted. 
This allows a broader spectrum of the solar electromagnetic 
energy to be converted to electricity through the use of a 
thermoelectric module integrated with photovoltaic materials. 
There have not been previously developed circuits to 
simultaneously convert mixed-source TE/PV devices for electric 
utility grid interconnection. Challenges associated with grid 
interfaces include determining optimized configurations that to 
account for different or mixed TE/PV materials. A uk- uk 
multiple input converter is presented to accommodate power flow 
from multiple sources simultaneously or independently. 

Keywords-maximum power point tracking; multiple input 
converter; photovoltaic; themoeletric. 

I.  INTRODUCTION  
One of the major challenges that scientists and engineers 

are faced with is producing energy from clean, efficient, and 
environmentally friendly, sources [1]-[2]. Renewable energy 
sources such as wind turbines, fuel cells and solar arrays are 
frequently used in the generation of electricity thus reducing 
carbon dioxide emissions. In addition to the aforementioned, 
thermoelectric-photovoltaic (TE/PV) hybrid modules are also 
being investigated in the harvesting of electricity because of a 
higher efficiency that can be provided from the module to the 
load as opposed to traditional PV systems. Previous work has 
discussed the use of a MIC for the aggregation of solar arrays 
[4], along with wind generators and fuel cells. Other 
researchers have proposed the utilization of a MIC for a TE/PV 
energy system in hybrid electric vehicles to recover waste heat 
energy ([6]-[8]). In the case of distributed generation, multiple 
input converters are used to accommodate an aggregate of 
renewable sources and serves as an interface to a load such as a 
grid-tie inverter or a battery charging system. Renewable 
sources are increasingly utilized by combining sources with 
different characteristics such as a TE/PV module to provide 
optimal power to the load individually or simultaneously [3]-
[8].  

In this paper, the uk- uk MIC is adopted to obtain power 
from two TE/PV modules to charge a 12V battery.  The MIC 
utilizes the principles in [3], [4] and [8] in its operation in 
addition to the perturb and observe (P&O) maximum power 
point tracking algorithm for extracting the peak power from the 
modules and transferring that power to the load. In Section II, 
the MIC circuit operation is described. Section III displays the 
MATLAB Simulink models. In Section IV, the simulation 
results of the system designed is analyzed. Lastly, a conclusion 
is presented in Section V.  

II. SYSTEM CONFIGURATION 
The proposed system configuration is shown in Fig.1.This 

system consists of two uk converter circuits assembled 
together to form a uk- uk MIC. The MIC regulates the power 
generated from the TE-PV inputs for charging a 12 V battery. 
Due to the nonlinearity characteristics of a TE/PV module, 
Fig.1 models the TE/PV module as a dc source in series with 
an internal resistance. Power conditioning to track the 
maximum power point of the module is also accounted for by 
tuning the duty cycle of its PWM switching signal such that the 
input resistance rte/pv =Vi/Ii is equal to the internal resistance of 
the energy source rg so that the MPPT can be performed [6]-
[8]. 

A. Operation of the uk- uk MIC  
A multiple input converter consists of various input sources 

which implies that when only one of the input sources feeds the 
MIC power is delivered to a load individually thus acting as a 
single pulse width modulated (PWM) converter [4]. However, 
when there is more than one input source power is transferred 
simultaneously without disturbing the operation of sources [4]. 
The operation of the uk- uk MIC is based on the 
synthesizing principles discussed in [4] where the system is 
divided into two uk-type sawtooth pulse voltage source cells 
(PVSC) and a LC filter. When the MIC is fed through one of 
the input sources. The uk-type sawtooth (PVSC) is operated 
in the discontinuous capacitor voltage mode (DCVM) due to 
the fact that the system is of a low voltage, high current input 
application [6]-[8].  

As indicated in [6], there are three modes of operation 
during the switching period. In mode 1, the power switch is  

This work was supported in part by the National Science Foundation (NSF) 
for the Vertically Integrated Center for Transformative Energy Research 
(VICTER) under grant number 0934390. 
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Figure 1.  Proposed uk- uk MIC. 

 
Figure 2.  Flow chart of Perturb and Observe Algorithm [9]. 

turned on and the voltage source charges the inductor. The 
energy in the capacitor is released and provides a path for the 
output current by reverse biasing the diode. In mode 2, the 
voltage source continues to charge the inductor and the 
capacitor voltage decreases to zero which in turns provides a 
path for the output current through the diode. In mode 3 the 
switch is turned off, the capacitor is charged by the voltage 
source and the inductor.  Hence, a path is provided through the 
power diode for the inductor current and the output current. 
Due to the output current flowing freely, the PVSC can operate 
simultaneously.  

According to the waveforms indicated in [6]-[8] VC1, VC2, 
VD1, VD2 and rte/pv1, 2 from both TE/PV branches in the DCVM 
are expressed as 

    (1) 

and 

 

 
Figure 3.  Simulink model for P&O algorithm [11]. 

 
Figure 4.  Simulink model of a TE-PV module [10]. 

 
Figure 5.  Simulink model for uk- uk MIC. 

 

,                         (2) 

where d and  are the duty ratio for the power switch S1 and 
diode D1, respectively, and TS is the switching period. The 
input resistance of the TE/PV source in the DCVM is given by 

=  = ,                            (3) 
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Figure 6.  Battery voltage, battery current and battery power for case (i). 

,  (4) 

and 

                            (5) 

where d and  is the duty ratio for the power switch S2 and 
diode D2, respectively, and TS is the switching period. The 
input resistance of the TE-PV source in the DCVM is given by 

=  = .                           (6) 

B.  MPPT Algorithm 
The maximum power point tracking (MPPT) algorithm 

implemented in this paper is the perturb and observe (P&O) 
algorithm. The MPPT was utilized to ensure that the maximum 
power would be extracted from the TE/PV hybrid module 
improving conversion efficiency to the load. This algorithm 
works by introducing a perturbation ( D = 0.01) such that the 
power of the module changes [9]-[11]. When the power 
increases, the perturbation is continued in that direction until 
the maximum power is obtained. After the peak power is 
acquired the power at the next instant decreases thus changing 
the direction of the perturbation [9]-[11]. The P&O algorithm is  

 
Figure 7.  Battery voltage, battery current and battery power for case (ii). 

shown in Fig. 2 and Fig. 3.This algorithm outputs a step signal 
between 0 and 1 which is sent to a PWM generator to drive the 
switch of the MOSFET power device [9]. A MPPT controller is 
also used to measure the output voltages and currents of the 
TE-PV inputs and generates switching signals to the uk- uk 
MIC according to the MPPT algorithm [8]. 

III. SYSTEM SIMULATION  
The circuit was simulated with a detailed Matlab-Simulink 

SimPower model that captures device switching characteristics. 
The simulation is calibrated to known circuit behavior such that 
the results can be used for drawing conclusions about the 
performance of a physical prototype system.  

A.  uk- uk MIC Simulation 
The simulation of the MIC was derived using the circuit 

parameters of Table I [8]. Each branch has its own independent 
MPPT controller such that the duty cycle can be varied 
according to the nature of the dc inputs to the MIC. The duty 
cycle was fixed at 50%. The dc input voltages were varied to 
observe the output characteristics of the battery. It can be 
observed that for the variation in the module voltages, the 
battery current and battery power produced negative values 
thus indicating that the battery was charging. As shown in 
Table II and Table III, the variations of the input voltages 
greatly influence the input power of both uk converters, 
battery current and hence the output power which implies that 
it is flexible and can accommodate a wide input voltage range. 
Fig. 6-8 displays the output response for each case. 

9



 
Figure 8.  Battery voltage, battery current and battery power for case (iii). 

B. Inductor Currents 
Fig.9. illustrates the inductor currents for case (i) through 

inductors L1 and L2 respectively as shown in Fig.5. The current 
through L1 increases linearly and ripple variation of 0.52A. 
Simultaneously, the current through L2 also increases linearly 
and ripple variation of 0.61A. As discussed in [7]-[8], the uk-

uk MIC offers non–pulsating currents which can minimize 
the disturbance on the operating points of the TE/PV module 
and potentially enhance the battery life. This can be achieved 
by winding the input and output inductors on the same core 
thereby reducing the ripple amplitude to zero [7]. 

C. Capacitor Voltages 
Fig.10. displays the capacitor voltages for case (i) across 

capacitors C1 and C2 respectively as shown in Fig.5.  It is 
observed that both C1 and C2 were operating in the 
discontinuous capacitor voltage mode (DCVW) during 
simulation which was the required mode for charging the 12V 
battery. The voltage across capacitors C1 and C2 were -0.75V 
and -0.74 V respectively. 

IV. CONCLUSION 
In this paper the uk- uk MIC was investigated to improve 

the overall power of the system for charging the 12V battery.  
The adoption of more than one MPPT controller is essential for 
grid applications due to the fact that not all renewable sources 
have the same characteristic thus allowing for individual 
MPPT. From the results obtained, the uk- uk MIC can 
accommodate multiple input sources to transfer power to the  

 
Figure 9.  Input Inductor currents through L1 and L2. 

 
Figure 10.  Capacitor Voltages across C1 and C2. 

 

load simultaneously or individually which is advantageous to 
grid connected systems.  

 

TABLE I.  CIRCUIT PARAMETERS 

Component Values 

L1 1.6 mH 

L2 2.2 mH 

C1 91.1 nF 

C2 108.2 nF 

L0 220 μH 

C0 1000 μF 

Battery 12V, 38Ah 

Switching frequency 50 kHz 
 

10



TABLE II.  COMPARISON OF UK CONVERTER INPUT POWER 

 

 

 

 

TABLE III.  SIMULATION RESULTS 
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Abstract—The intermittent nature of photovoltaic (PV) systems 
poses stability challenges to the distribution grid.  The integration 
of ancillary services into distributed generation (DG) inverters is 
an effective approach to mitigate challenges related to 
intermittency.  Petra Solar’s Generator Emulation Controls 
(GEC) technology equips DG inverters with voltage support 
through Volt/VAr droop, low-voltage ride-through (LVRT), and 
microgrid forming capabilities. This paper is focused on 
demonstrating the value of these features in stabilizing voltage 
and minimizing flicker due to PV intermittency and nuisance 
tripping using a laboratory-scale test-bed.  A typical simplified 
12kV/10MVA feeder was scaled down to its single-phase 
120V/5kVA on a per-unit basis. The effectiveness of Volt/VAr 
support and LVRT is demonstrated by simulating cloud cover 
and a transient fault event.  This is followed by a microgrid test 
where the circuit is shown to separate and continue operation as 
an intentional island when faced with a long-term disturbance on 
grid.  
 

Keywords-Distributed power generation; inverters; photovoltaic 
systems; smart grids; voltage regulation 

I. INTRODUCTION  
The deployment of grid-tied PV systems has rapidly 

increased over the last few years, fueled by decreasing cost of 
installation, increased cost of fossil fuels, and increased public 
appetite for clean and renewable energy sources.  The 
intermittent nature of PV is presenting increased operational 
challenges to the power grid.  This has fueled interest and 
investments in smart grid upgrades to enhance the grid’s ability 
to absorb increasing amounts of intermittent renewable 
generation. 
 

Voltage regulation challenges have already been reported by 
a number of distribution utilities in the United States [1]. These 
challenges have generally been concentrated in certain pockets 
of high penetration of PV systems.  In a number of cases, this 
has driven these utilities to stop PV installations at these 
troubled circuits, or invest in costly upgrades. In this light, the 
challenge of voltage regulation has received particular interest 
in various studies [2], [3], [4]. Many studies point to voltage 
regulation support through injection of reactive power as a key 
component of the remedy [5], [6]. In [7] and [8], it is shown 
that this approach is equally effective in low-voltage (LV) 
circuits as it is at medium and high-voltage. 

 
Petra Solar has developed a comprehensive vision that has 

guided technology development at the intersection of PV and 
smart grid technologies.  This vision strives to push intelligence 
to end devices at the low-voltage side of the distribution grid.  

Distribution of intelligence allows for fast response times, and 
serves to avoid the reliance on a massive and costly 
communication network.  It forms the basis for a resilient self-
healing grid where healthy sections isolate and operate 
independently during emergencies.   

 
Petra Solar’s smart grid vision was developed under the 

Solar Energy Grid Integration Systems (SEGIS) program.  The 
SEGIS program was developed to address the problems that 
solar installations can create when connected to the electric 
grid [9]. Technologies developed under the SEGIS program 
emphasize complete system development for solar 
technologies, with focusing on transitioning designs of 
intelligent system controls toward commercialization and 
integrating expanded solar resources onto the grid while 
maintaining or improving power quality and reliability.  

 
These technologies strategically target deployment of PV in 

a distributed fashion near the point of load.  PV can be 
mounted on a wide spectrum of existing structures such as 
residential or commercial rooftops and utility poles.  This 
eliminates the need for land leasing, siting and associated 
transmission and distribution infrastructure upgrades. It further 
results in a dramatic reduction in transmission and distribution 
power loss.  The SEGIS program resulted in the development 
of GEC for DG inverters.  This is a suite of advanced control 
features designed to embed stabilized grid-forming into DG 
assets, pushing intelligence to the periphery of the power 
system.  Petra Solar has demonstrated this concept by 
integrating its micro-inverter technology, GEC controls, and 
wireless communication capabilities into a Smart Energy 
Module (SEM), a technology that includes a very promising 
solution to many grid operating challenges. 

 
Section II briefly discusses the GEC concept and both the 

Volt-VAr and LVRT capabilities, while Section III covers the 
microgrid technology. The construction of a laboratory-scale 
test-bed is described in Section IV. This test-bed was utilized to 
demonstrate the effectiveness of Volt-VAr support and LVRT 
functionality in mitigating the effect of PV intermittency, as 
summarized in Section V, in addition to demonstrating the 
feeder microgrid features that enable islanding during 
emergency conditions. The summary and conclusions are 
provided in Section VI. 
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II. GENERATOR EMULATION CONTROLS 
Generator Emulation Controls is a unique innovation 

developed and demonstrated under the SEGIS program.  It is 
an inverter control concept designed to approximate 
electromechanical behavior of synchronous machines that are 
beneficial for power system stability [10].  GEC is designed to 
capture the super-synchronous behavior defined by the 
induced electromotive force (EMF) and synchronous 
impedance.  This equips the inverter with the basic tendencies 
for voltage regulation support, load-following, parallel 
operation, and seamless mode transitions.  Sub-synchronous 
behavior is then captured through managing the amplitude and 
phase of the “emulated EMF.”  This gives the inverter its 
inertial dynamics and provides a basis for energy management 
within the system.  A GEC-operated inverter exhibits a 
number of behavioral characteristics that promotes stability on 
the grid.  Most notably, GEC features include Volt-VAr 
voltage regulation support, Hz-Watt frequency damping 
controls, fault ride-through capabilities, and adjustable voltage 
and frequency settings.  GEC is a natural combination of these 
grid-forming features, which allows the creation of scalable 
plug-and-play inverter-based microgrids. 

 
This paper is focused on demonstrating the effectiveness of 

GEC using a laboratory test-bed, with particular attention to 
Volt-VAr voltage regulation and LVRT capabilities. 
Moreover, the test-bed is used to highlight the value of 
adopting microgrids to distribute intelligence throughout the 
grid by allowing the grid to stay operational in case of power 
loss.  The analysis and implementation details of GEC are out 
of the scope of this paper.  This is described in detail in [10].   

A. Volt-VAr 
The Volt-VAr management capability incorporates fixed 

reactive power (VAr) injection and automated Volt-VAr 
management. A GEC-operated inverter supports the injection 
of user-specified fixed reactive power to the full capacity of 
the device operation, both leading and lagging. Automated 
Volt-VAr operation provides voltage regulation support by 
sinking reactive power if the line voltage is higher than the 
selected maximum voltage and by sourcing reactive power if 
the line voltage drops below the selected minimum voltage 
(Figure 1).  

 

 
Figure 1. Volt-VAr droop characteristics. 

B. Low-Voltage Ride-Through 
Low-voltage ride-through enables continued operation of 

GEC-operated inverter devices for a user-specified voltage 
limit rather than immediately disconnecting from the grid (as 
per UL 1741 [11]). As an example, the grid connection will be 
maintained as a tree falls across a line momentarily, and then 
falls to the ground.  This allows the circuit to rapidly return to 
its normal state after the clearing or isolation of the fault. 

III. MICROGRID TECHNOLOGY 
Microgrid technology is a very promising solution to many 

grid operation challenges.  A microgrid is a coordinated group 
of energy sources, storage, and loads that can collectively 
interact with a host Electrical Power System (EPS) as a unified 
coherent system. A microgrid can operate in parallel to the 
host EPS, and/or disconnect and operate as an intentional 
island. The goals of this behavior are to maximize the value of 
local energy resources, enhance the reliability of energy 
supply to local loads, and/or support the host EPS [12] [13]. 

 
Adoption of microgrids as building blocks is an effective 

way of distributing intelligence throughout the grid system.  A 
microgrid hierarchy may be created by arranging microgrids 
into a pre-defined chain of command and data reporting.  This 
hierarchy will shift the communications and control burdens 
away from a centralized grid controller and create a more 
“democratic” system. Local microgrid control agents will be 
better equipped with information about local network 
topology, resources, and requirements. This will also allow a 
small section of the grid to stay operational if it loses its power 
or communication connection to the grid. 

 
The distinct ability of microgrids to create intentional 

islands is highly valuable to the grid operator and the end user.  
For instance, this can be applied at a feeder level.  This 
provides a means to maintain continuous power supply to 
local loads in the event of disturbance elsewhere in the power 
system.  It also isolates both DG and loads within the islanded 
section during a power quality event.  This reduces the 
interconnected load on the system during a contingency, and 
enhances the ability of the grid to perform a black-start. 

IV. LABORATORY-SCALE TEST-BED 
A laboratory-scale feeder test-bed was built to serve as a 

platform for technology proof-of-concept demonstrations.  It is 
targeted towards feeder-level distribution automation 
functions such as voltage support through Volt-VAr and 
LVRT.  A typical simplified 12kV/10MVA feeder was scaled 
down to a single-phase 120V/5kVA equivalent on a per-unit 
basis.  The substation was simulated by a constant-voltage AC 
source, while loads and PV clusters were installed at four 
points along the feeder. The test-bed is shown in Figure 2. 
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Figure 2. Actual laboratory-scale test-bed l
 

The layout of the feeder is shown in Figure
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Figure 3. Simple feeder diagram. 
 

V. RESULTS 
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Figure 5. Distribution power loss

 

B. Low-Voltage Ride-Through 
The value of the GEC-operated PV with
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C. Microgrids 
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Figure 8. Microgrid operation of the inverter – disconnecting from the grid. 
Traces: [blue] Grid voltage, [green] Substation current, [magenta] Microgrid 

voltage. 

 
The second test involved the reconnection of the microgrid 

to the substation after they are acceptably synchronized.  This 
transition is shown in Figure 9.  The substation forces the 
frequency of the microgrid back to nominal, prompting the 
batteries to stop supplying load, and allowing the grid to pick 
up load power. 
 

 
 

Figure 9. Microgrid operation of the inverter – synchronizing and connecting 
to the grid. Traces: [blue] Grid voltage, [green] Substation current, [magenta] 

Microgrid voltage. 
 

VI. SUMMARY AND CONCLUSIONS 
 

Generator Emulation Controls technology is a 
comprehensive controls approach that embeds stabilizing grid-
forming capabilities into distributed generation inverters.  This 
is an effective approach for enabling large-scale adoption of 
an intermittent renewable energy source such as PV into the 

power grid.  Such an approach serves to enable intelligent 
devices installed at the periphery of the power system to take 
autonomous action to respond to intermittency and other 
disturbances.  This reduces the responsibility of centralized 
command-and-control to mere supervision rather than real-
time control, and allows the reliance on a drastically simpler 
and less expensive communications network. 

 
Voltage support through Volt/VAr droop is an effective 

approach to minimize voltage fluctuations due to PV 
intermittency.  Allowing these systems to ride-through 
temporary disturbances serves to reduce flicker and avoid loss-
of generation due to nuisance tripping.  Integration of GEC-
enabled energy storage systems allows the formation of 
feeder-level microgrids.   These microgrids are resilient 
systems that can isolate themselves and operate independently 
during emergency conditions affecting the larger host system. 
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Abstract— It was shown by D. J. Bergman and L. J. Fel (J. Appl. 
Phys. 85, 8205, 1999) that in a composite material thermoelectric 
power factor, the product of the square of the Seebeck coefficient 
and electrical conductivity, can be enhanced over that of the 
individual constituents, but the figure-of-merit cannot. It is 
expected that this predication fails in nanocomposites due to the 
size effects which are ignored in this theory. In order to study the 
charge carrier transport in nanocomposites, we have applied a 
method based on Coherent Potential Approximation within 
effective mass approach. The method takes into account the 
average grain size as well as the grain size distribution and 
volume fraction of the different constituent in the nanocomposite 
material. We have applied this method to hole transport in 
nanocomposite of Bi2Te3-Sb2Te3 and showed the dependency of 
hole scattering rate as a function of the grain size. 

Keywords: Nanocomposite, Coherent Potential Approximation, 
Grain size, Bi2Te3-Sb2Te3 

I.  INTRODUCTION  
The Coherent Potential Approximation (CPA) introduced by 
Soven1 has been used widely to calculate electronic properties 
of disordered alloys and composites. CPA has shown excellent 
agreement with experiments for scattering related quantities2. 
CPA is regarded as a mean field and single site theory which 
assumes that a localized region of a material like a single site 
can specify the behavior of the entire material. The CPA 
introduces an effective medium with a complex propagation 
constant (wave number) which represents the electronic 
features of materials. This effective medium is characterized 
by requiring that the total cross section resulted from the 
difference between scattering and effective mediums vanishes 
on the average.3,4 In fact, the scattering medium is embedded 
in a host material such that each single scatterer sees all other 
scatterers as composing the host. When the composite 
inclusion is embedded in the host, it should produce no 
scattering at infinity if the scattering amplitudes of the single 
scatterers satisfy the CPA condition. The host material has 
adjustable properties (like elastic constants). The requirement 

of no net scattering gives rise to same effective properties for 
both composite and the host material. The properties of the 
effective medium are affected by its microstructure. The 
volume fractions of the components, the shapes and geometric 
arrangement of the inhomogeneties specify the microstructure 
of an effective medium. The microstructure represents the 
statistical correlation in a disordered alloy or composite. 
Therefore, to determine an effective medium both the material 
properties of the components and their microstructure should 
be specified.3 Therefore, the CPA is based on three main 
concepts: 
1. Introduction of a periodic effective medium with a complex 
propagation constant by a self-consistency requirement. The 
CPA condition sets the average value of scattering amplitude 
equal to zero and vanishes its local fluctuations. 
2. Calculating the average of a desired property of a 
disordered material. 
3. Choosing a structural unit to represent the microstructural 
information of a disordered medium. 
Several particular features of the CPA were especially 
interesting for the purpose of this work. Firstly, its 
mathematical formalism based on multiple scattering is simple 
and easy to understand. Secondly, it is not computationally 
demanding. Thirdly, the CPA works well for samples even 
with high volume fraction of nanoparticles. For low 
concentrations of nanoparticles (<0.01), one may apply partial 
wave method, but as the concentration increases, the partial 
wave method fails. Finally, besides electron wave, the 
extension of the CPA to classical waves in disordered alloys 
enables us to treat the acoustic wave propagation in random 
media with a similar theoretical framework.3 In this paper we 
follow a computational procedure introduced by Sheng3 and 
extend the CPA to calculate and analyze electron scattering 
rates due to grain boundaries in BiTe2-SbTe2 nanocomposite. 
In the next section we introduce the basic theoretical 
framework and our model sample with relevant parameters. 
We present our results and analyze them in section III and 
finally the concluding remarks are presented in section IV. 

This report is partially based upon work supported by Air Force Office of 
Scientific Research (AFOSR) High Temperature Materials program under grant 
no.  FA9550-10-1-0010 and the National Science Foundation (NSF) under 
grant no. 0933763. 
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II. MODEL AND DETAILS OF CALCULATIONS  
As mentioned in previous section, the basic idea of CPA is the 
replacement of the disordered medium by an effective medium 
with a complex propagation constant ke. By demanding that 
the scattering amplitude resulted from the local substitution of 
the effective medium by the real medium should vanish on the 
average, we can calculate ke self consistently.2, 3 For a 
multicomponent composite the CPA condition can be written 
as:  

 

 
which xi is the volume fraction of each component. fi is the 
forward scattering amplitude for an incident plane wave 
scattered by a structural unit of type i embedded in the 
effective medium with probability xi. It simply states that the 
real part of the average forward scattering amplitude in the 
effective medium is zero. The solutions of the CPA equation 
for different energies give us the effective band structure. 
Moreover, the total scattering cross section can be obtained 
from the optical theorem as following: 
 
      >                    (2) 
 
m refers to different species in effective medium. It is known 
that the relaxation time  is inversely proportional to the total 
cross section. Therefore, one may calculate Boltzmann 
integrals to get the thermoelectric properties of composites by 
knowing the effective band structure and scattering rate.5 
We consider a symmetric microstructure as our structural unit. 
It is symmetric in the statistical sense; i.e., an interchange of 
the components results in the same type of medium with 
interchanged volume fraction. In this case, there are two 
components and two structural units, each approximated by a 
sphere of one material component. Therefore, the volume 
fractions are x and 1-x. The main CPA idea we have used is 
visualized in Figure 1 which corresponds to a symmetric case.3  
To calculate the forward scattering amplitudes, each structural 
unit, characterized by k2

m and radius am (m = 1, 2), is 
embedded in an effective medium with ke separately. We 
follow the computational scheme introduced by Sheng3 to 
calculate the scattering amplitude. In brief, the scattering 
amplitude f(k’0;k0) is defined by: 
 

 
 
This in t-matrix representation appears as:  
 

 
 

  
 

FIG.1: The main CPA concept for symmetric structural units. 
 

 

 
Where μ has been set to zero using optical theorem and Dl

(m)  
is given by 
 

 

                                                                                       
                                                                                     (6)    
 
Here jl and hl indicate the lth-order spherical Bessel function 
and spherical Henkel function of the first kind, respectively. 
The prime means derivative with respect to the argument of 
the function. 

III. RESULTS AND ANALYSIS  
The calculated relaxation times for different sizes of grains 
have been presented in Figure 2. For each curve the grain size 
for Bi2Te3 (a1) remains constant while the grain size for Sb2Te3 
(a2) changes from 1 nm to 100 nm. As it can be seen in Figure 
2, the relaxation times versus a2 has a minimum which is a 
little smaller than a1 meaning that the maximum scattering 
happens when the grain size for the two materials are in the 
same range. Moreover, the location of this minimum intends 
to larger grain sizes when the Bi2Te3 grains grow from 5 nm to 
40 nm. It again confirms that the maximum grain boundary 
scattering occurs when the grains are comparable in size.  
This result presents a criterion in terms of the grain size and 
volume fraction for enhancing the charge carrier mobility in a 
nanocomposite thermoelectric material. Ideally, one would 
like to stay away from the minimum point in this plot. For 
example, if the grain size for Bi2Te3 is 20 nm, the grain size 
for Sb2Te3 must be much larger or much smaller than 10 nm 
so the charge mobility is less affected by grain boundary 
scattering. This information must be combined with the 
criterion for maximizing the phonon grain boundary scattering 
in the nanocomposite material to find the optimum size for the 
grains. 
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           FIG. 2: Relaxation time versus grain size for 

     Bi2Te3Sb2Te3  composite. 

IV. CONCLUSION 
A method based on Coherent Potential Approximation (CPA) 
and within the effective mass approach has been developed 
and applied to charge carrier transport in nanocomposite of 
Bi2Te3-Sb2Te3. In a nanocomposite thermoelectric material 
phonons and charge carriers experience additional scatterings 
due to grain boundaries that would reduce the thermal 
conductivity and charge carrier mobility, respectively. Ideally, 
one would like to reduce the thermal conductivity more than 
or without reducing the charge carrier mobility. Therefore, the 
nanocomposite structure has to be optimized to gain 
enhancement in figure-of-merit. Our calculation results can 
determine the average grain size, the grain size distribution, 
and the volume fractions as basic parameters to minimize the 
charge carrier mobility deterioration in nanocomposite 
thermoelectric materials. Both the existence of a minimum in 
the relaxation time versus grain size plot and the location of 
minima for different grain sizes confirm that the maximum 
grain boundary scattering occurs when the grains are 
comparable in size. In addition to above criterion, a criterion 
for maximizing phonon scattering is required to identify the 
optimum morphology for enhancing the figure-of–merit in 
thermoelectric nanocomposites. 
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Abstract—N-heterocyclic molecules, bearing nitrogen atoms and 
conjugate ring and having protogenic proton conductivity, can be 
used as proton conducting functional group for proton exchange 
membrane (PEM). In this paper, 5-(4-hydroxyphenyl)-1H-
tetrazole (b) was synthesized using 4-cyanophenol (a) and sodium 
azide as main materials and water as solvent by click chemistry. 
The optimum reaction conditions were obtained by orthogonal 
test design and single factor experiments. The yield of (b) was 
92.5% under n (4-cyanophenol):n (NaN3)=1:l.4, reflux at 115oC 
for 24h, acidifying at 50oC for 1.5h. Then 5-(4-(3-trimethoxy-
silyl)-propoxy)phenyl)-1H-tetrazole(c) was formed by 
condensation using (3-chloropropyl) trimethoxysilane as 
precursor. The structures of (b) and proposed (c) were supported 
by FTIR, 1HNMR and 13CNMR. The results showed that this 
synthetic process was environmental benign due to water solvent 
and little waste discharge.  

Keywords-5-(4-(3-trimethoxysilyl)propoxy)phenyl)-1H-
tetrazole; click synthesis; characterization 

I.  INTRODUCTION 
One of the commercial perfluorosulfonated membranes is 

Nafion (Du Pont) which has been applied in proton exchange 
membrane fuel cells (PEMFCs) due to its high proton 
conductivity, good mechanical strength and chemical stability. 
But the practical application of Nafion is limited because of its 
conductivity strongly depending on water and low operating 
temperature (about 80oC) which cause the catalyst easily CO 
poisoned, water and heat from system difficult to be managed1, 

2. N-heterocycles, such as imidazole and benzimidazole were 
used for PEMFCs and have been shown comparable 
conductivities to those of extensively studied fluorosulfonated 
aromatic polymer membranes3,4, in which the proton 
conductivity depends critically on humidity. In order to 
maintain their high proton conductivity at temperatures over 
100oC, most proton conducting polymer membranes have to be 
kept under high humidity conditions. Many membranes doped 
with high boiling point liquids, such as phosphoric acid5. So, it 
is necessary to develop the novel functional membrane 
materials with high proton conductivity, good electrochemical 
stability, thermal stability and little or independence on relative 
humidity. As the Henan International Collaboration Project 
(collaborated with Meilin Liu’s group, Center for Innovative 
Fuel Cells and Battery Technologies, Georgia Institute of 
Technology, USA), aiming at design and synthesis novel PEM, 
5-subsitituted tetrazole molecule was one of the options, for it 
bears nitrogen-rich conjugate ring and protogenic proton. 

5R-1H-tetrazole has a similar N-heterocyclic ring structure 

to that of imidazole and triazole, which may conduct a proton 
via a similar mechanism as in imidazole and triazole which 
conduct the proton through intra- or intermolecular proton 
transfer6. Electron-withdrawing power of nitrogen atom is 
better than hydrogen, which makes electron pairs nearer 
nitrogen atom. So, hydrogen atom tends to be movable proton. 
Considering that tetrazole and imidazole molecules contain 
four and two similar nitrogen atoms respectively, protons can 
be conducted more smoothly within the tetrazole than within 
imidazole molecule. Further, if tetrazole molecule graft on soft 
silane molecule, proton will easily reaches another tetrazole 
molecule ring when silane molecule bends7, 8. 

A. Electrochemical stability of 5-phenyl-1H-tetrazole 
The electrochemical stability of 5-phenyl-1H-tetrazole 

was investigated by cyclic voltammetry(CV) technique in a 
typical three-electrode cell8. Potential was swept from 0.0V-
1.8V (vs. Ag/AgCl reference electrode) with constant scan 
speed (10mV·s-1) to examine the electrochemical stability of 
side group within the operating window of fuel cells. As 
shown in fig.1, no obvious reduction/oxidation peaks were 
observed in cyclic voltammograms when the solution was 
purged with N2, almost identical with baseline in a wide 
potential range. Similar curves were observed when the 
solution was purged with H2 and O2 respectively. This result 
showed that 5-phenyl-1H-tetrazole side group will have 
adequate electrochemical stability under real fuel cell 
conditions. 

B. pKa values of some 5R-1H-tetrazoles 
The proton transforming ability of materials for PEM has 

been drawing more attention first, which can be expressed by 

Sponsors: Henan International Cooperation Project (No.104300510009)  
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the mobility of proton intra- molecule or inter-molecules. 
Usually, acidity constants (pKa) value can be used. 5R-1H-
tetrazoles have much more smaller pKa values like 5-phenyl-
1H-tetrazole (pKa,1 = -2.88, pKa,2 = 4.50), which is much more 
acidic than imidazole (pKa,1 = 7.18, pKa,2 = 14.52) and triazole 
(pKa,1 =1.17, pKa,2=9.26), which may significantly influence 
proton conduction of 5R-1H-tetrazole-based solid electrolytes. 
The  pKa values of  1H-tetrazole and some 5R-1H-tetrazoles 
were listed in table 1. 

As shown in table 1, 1H-tetrazol-5-acetic acid and 1H-
tetrazole have lower pKa values, but their chemical properties 
are unstable. So 5-(4-hydroxyphenyl)-1H-tetrazole was chosen 
as the representative. 

TABLE I.  PKA VALUES OF  5R-1H-TETRAZOLES IN DIFFERENT R 

Name of molecules  pKa * 
5-methyl-tetrazole  5.30 
5-(4-hydroxyphenyl)-1H- tetrazole 5.02 
1H-tetrazole  4.96 
5-phenyl-1H-tetrazole  4.50 
1H-tetrazol-5-acetic acid 3.39 

Note: * from SciFinder ScholarTM 2007 

C. Thermal stability of 5-(4-hydroxyphenyl)-1H- tetrazole 

 
Thermal property of material is important for the stability 

of the PEM at high working temperatures. From this point of 
view, 5-(4-hydroxyphenyl)-1H-tetrazole appeared to be stable 
until the first weight loss started at 254 oC, which showed its 
good thermal stability. 

So, 5-(4-hydroxyphenyl)-1H-tetrazole is appropriate as 
basic material for PEMFC. Starting from 4-Cyanophenol 5-(4-
(3-trimethoxysilyl)propoxy)phenyl)-1H-tetrazole has been 
synthesized and the structure was supported by FTIR, 1H-
NMR, 13C-NMR spectrum data. 

II. EXPERIMENTAL 

A.  Materials 
4-Cyanophenol was from Jinan Yunxiang Co.; Methanol, 

ethanol, benzene and methylene chloride (CH2Cl2) were from 
Tianjin Kemel Chemical Reagent Co.; Sodium azide (NaN3) 
was from Tianjin Fengchuan Chemical Reagent Co.; Potassium 
hydroxide (KOH) and zinc bromide (ZnBr2) were from 

Sinopharm. Chemical Reagent Co.; (3-Chloropropyl) trimeth-
oxysilane was from Qiquan Gongmao Co.; DMSO (99.9%D) 
was from Sigma-Aldrich Co. 

B. Characterization 
FTIR were conducted with Nicolet IR200 spectrometer in 

KBr pellets for solid samples or thin film for liquid samples. 1H 
NMR and 13CNMR spectra were recorded on a Bruker Avance 
II 400MHz spectrometer. Samples were dissolved in DMSO. 
Chemical shifts were reported relative to tetramethylsilane 
(TMS) in units of ppm. Thermogravimetric analysis was 
conducted on a NETZSCH STA409PC thermobalance 
operating at a heating rate of 10oC /min under the flow of 100 
mL/min N2. Electrochemical testing data were obtained using 
Solartron 1287 potentiostat/1255 frequency response analyzer 
in the 0.001Hz-105Hz range. 

III. RESULTS AND DISCUSSION 
5-(4-hydroxyphenyl)-1H-tetrazole (b) was synthesized by 

(2+3) click cycloaddition from organonitriles and inorganic 
azide aqueous solution in presence of Lewis acid catalyst 
ZnBr2

9, 10. There was an improvement in products purification 
process in this work, the recrystallization process was used 
with a mixed benzene and ethanol solvent and the high purity 
was obtained. Then 5-(4-hydroxyphenyl)-1H-tetrazole was 
grafted on (3-chloropropyl) trimethoxysilane in alkaline 
condition. The synthesis process was shown in scheme 1. 

A. Synthesis5-(4-hydroxyphenyl)-1H-tetrazole (b) 
4-hydroxybenzonitrile(a), sodium azide (NaN3) and ZnBr2 

in deionized water were stirred magnetically in a rounded 
bottom flask and refluxed for some time. After cooling, the 
mixture was acidified with  hydrochloric acid to pH=1 and 
stirred for 1.5h. The white precipitate was isolated by filtration 
and washed with 0.1N HCl and water. Recrystallization from a 
mixed solvent benzene and ethanol (V/V=1:1) gave product (b) 
with white color and speculate crystal. 

  
FTIR (KBr, cm-1) 3424cm-1(O-H), 3101cm-1, 2938cm-1, 
2849cm-1, 2749cm-1, 2633cm-1(N-H, hydrogen bond), 1647cm-

1, 1612cm-1, 1509 cm-1, 1471cm-1(C=N, benzene ring), 752cm-

1, 680cm-1, 629cm-1and 524 cm-1 (tetrazole ring); 1HNMR 
(DMSO), 16.51 (s, 1H, CN4H),  = 10.30 (s, 1H, OH), 7.88 (d, 
2H, C6H4), 6.95 (d, 2H, C6H4) ppm (see Fig.3 and Fig.4).  
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Figure 2. TG curve of 5-(4-hydroxyphenyl)-1H- tetrazole 
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B. Optimization of reaction conditions: Orthogonal Test 
Orthogonal test was widely used for optimizing reaction 

conditions. The four variables: were analyzed: Molar ratio (A) 
of sodium azide to 4-hydroxybenzonitrile, reaction time (B), 
temperature (C) and quantity of solvent (D) were chosen as 
four factors. An orthogonal array of four factors and three 
levels as L9(34) table and yields η of (b) were shown in table II. 

TABLE II ORTHOGONAL TEST DESIGN L9(34) AND RESULTS 

List of test A B/h C/ oC D/mL η/%* 

1 1.3 20 110 240 81.3 

2 1.3 22 115 270 86.7 

3 1.3 24 120 300 85.1 

4 1.4 20 115 300 87.1 

5 1.4 22 120 240 89.5 

6 1.4 24 110 270 91.9 

7 1.5 20 120 270 88.4 

8 1.5 22 110 300 86.2 

9 1.5 24 115 240 89.4 

KI ηA,1=253.1 256.8 259.4 260.2  

KII ηA,2=268.5 262.4 263.2 267.0  

KIII ηA,3=264.0 266.4 263.0 258.4  

R=Kmax-Kmin 15.4 9.6 3.8 8.6  
  *: Yields were obtained before recrystallization. 

Comparing the value of R which determined that degree of 
Influence: A>B>D>C 

Based on the orthogonal test results, the influence of  
variables on cycloaddition was examined by single factor 
experiments and parallel tests. The optimum reaction 
conditions were obtained. The average yield of (b) was 92.5% 
under n(a):n(NaN3)=1:l.4 (0.12mol 4-cyanophenol used as 
benchmark), reflux at 115oC for 24h, solvent 270mL, 
acidifying at 50oC for 1.5h.  

C. Synthesis of 5-(4-(3-trimethoxysilyl)propoxy)phenyl)-1H-
tetrazole (c) 
8.11g of 5-(4-hydroxyphenyl)-1H-tetrazole, 9.94g of (3-

chloropropyl) trimethoxysilane, 3.36g of potassium hydroxide 
and 90mL of methanol were heated (75oC) in an oil bath for 
48h in 250mL flask. Then cool the mixture until room 
temperature, removing the solid material by filtration, steaming 
methanol with rotary evaporation instrument. After that adding 
water and methylene chloride 100mL respectively, the solution 
was divided into two layers, Retaining the lower layer and 
steaming it with rotary evaporation instrument, the product was 
obtained. 

 
FTIR: 3050-3100(C-H in benzene ring); 2800-2950(C-H in 
C3H6); 1685(C-O); 1535(C-N); 1400(C=C in C6H6); 1080 
(azole ring and Si-O); 760(aromatic C-H bending and Si-C 
stretching). 1HNMR (400MHz, DMSO-d6) =7.87(m, 2H), 
6.98(m, 2H), 3.58(m, 9H), 3.16(m, 2H), 1.77(m, 2H), 0.75(m, 
2H) ppm. 13CNMR (50MHz, DMSO-d6) =164.82, 159.94, 
128.32, 116.47, 55.26, 49.65, 26.53, 9.73ppm. 

D. Thermal stability of (c) 
Thermal property of material is important for the stability 

of the PEM at high temperatures11. The sample was scanned at 
rate of 10oC /min under the flow of 100 mL/min N2. The 
remains is 55.3% (wt) holding 600oC for 5min. From this point 
of view, (c) appeared to be stable until 267.1oC, which showed 
its good thermal stability (see Fig. 6 and Tab. III). 
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Fig.4 1H-NMR of (b) 
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TABLE III TEMPERATURE OF DECOMPOSITION OF (C) 

(c) IT/ oC MT/ oC FT/ oC 
1 ∼226 267.1 ∼295 

2 ∼295 346.2 ∼370 

3 ∼385 487.7 ∼570 

Note: IT—initial temperature; MT—maximum temperature;  FT—final 
temperature of decomposition of (c) 

IV. CONCLUSIONS 
The newly designed tetrazole-based polysiloxane 5-(4-(3-

trimethoxysilyl) propoxy) phenyl)-1H-tetrazole bearing proton 
was successfully synthesized through click cycloaddition and 
graft condensation process, which was simple and easy to be 
controlled and technical feasible. The structures and properties 
of proposed product and intermediate were characterized by 
FTIR, NMR, and DSC. The yield of product was 92.5%. The 
results showed that this synthetic process was environmental 
benign and the product with good thermal stability until 267.1 

oC, which had a proton solvent potential for PEM. 
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Abstract—Clean energy production and its efficient usage is one 
of the most important issues in the world today. Thermoelectric 
materials, which can convert heat into electricity, have drawn 
significant attention for waste-heat harvesting. In this report, 
FeSi2 and SiGe thermoelectric materials were used to make a new 
composite with enhanced efficiency/cost factor relative to pure 
FeSi2 and SiGe compounds. 

Keywords–thermoelectric; waste heat recovery; iron disilicide; 
silicon germanium 

I. INTRODUCTION 
Thermoelectricity has been regarded as green technology 

for its potential of converting waste heat into electricity. The 
efficiency of the thermoelectric (TE) conversion is directly 
related to the dimensionless figure-of-merit, ZT, which is 
described by the following relation: 

ZT=
2S Tσ
κ

 

In which  is electrical conductivity, S is Seebeck 
coefficient,  is thermal conductivity, and T is temperature in 
Kelvin. Thermoelectric power factor is defined as PF = S2 . 

In the last decade there have been several reports in 
making materials with enhanced ZTs [1,2,3,4,5,6,7]. However, 
there are environmental concerns on using rare or toxic 
materials such as Ge, Pb, or Te. Silicon and iron are non-toxic. 
They are some of the most abundant materials on earth and as 
such are appropriate for large scale applications.  

Materials synthesized with high vacuum deposition 
techniques are often too expensive to make and are not 
practically scalable. In contrast, bulk nanocomposites made 
with sintering approach are inexpensive to make and more 
appropriate for batch processing.  

Two phases of FeSi2 exist. -phase FeSi2 is formed at 
lower temperature (T<850 C), with orthorhombic lattice 
structure and semiconducting properties. -phase FeSi2 is 
formed at higher temperature (T>955 C), possessing tetragonal 
lattice structure and metallic properties [ 8 , 9 , 10 , 11 ]. 

Semiconducting -FeSi2 is one of the promising materials for 
high temperature thermoelectric application due to its high 
oxidation resistance and low cost. However, the largest ZT 
reported for this material system is in the range of ZT=0.2, 
which is too small to make an efficient device [12,13,14]. 
Therefore, its thermoelectric application has been limited. 
SiGe, on the other hand, has been one of the main 
thermoelectric materials for power generation at high 
temperature (T>800 C) such as in NASA space-crafts. SiGe 
alloys possess high mechanical strength, high melting point, 
low vapor pressure and resistance to atmospheric oxidation 
[15]. Therefore, they are suitable for device applications at 
high temperatures. There have been many research studies to 
improve thermoelectric figure-of-merit, ZT, of SiGe [16,17]. 
The maximum ZT of n-type bulk crystalline SiGe is ~1 while 
the ZT of p-type bulk crystalline SiGe is ~0.5.The typical 
content of germanium in SiGe TE alloy is about 20%. It is 
highly desired to reduce this amount due to the high cost of 
germanium.  

It has been shown by D. J. Bergman and L. J. Fel that the 
TE power factor of a composite of two materials could exceed 
that of each constituent separately [18], but the highest ZT 
cannot reach to higher than the maximum ZT of each 
component [19]. In this research FeSi2 with small amount of 
SiGe were mechanically alloyed to make nanostructured 
composite of FeSi2-Si88Ge12 in an attempt to simultaneously 
enhance the ZT of FeSi2 and reduce the amount of germanium 
in the alloy. 

II. EXPERIMENTAL SETUP 
To study the thermoelectric properties of different FeSi2-

SiGe composites, FeSi2 and SiGe powders were separately 
made by mechanical alloying and annealing processes. 
Vibratory and planetary mills were used for mechanical 
alloying and grinding of FeSi2 and SiGe, respectively. Also, to 
induce n-type characteristics in each material, cobalt and 
phosphorous were added as dopants to FeSi2, and SiGe, 
respectively. FeSi2 powder was made based on (Fe0.95Co0.05) 
Si2 stoichiometry and SiGe powder was mechanically alloyed 
with Si0.775Ge0.2P0.025 composition. The milling progress, phase 
transformations, and the average crystallite size were 
investigated using X-ray diffraction (Bruker D8 Discover) at 
different milling times.  Table 1 shows the different 
parameters of powder preparation process. 
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TABLE I.  POWDER PREPARATION PARAMETERS 

Powder Dopant Mill type Milling 
time 

Crystallite 
Size 

FeSi2 Co Vibratory 96hr >100nm 

SiGe P Planetary 56hr ~12nm 
Bowls 

material 
Balls 

material 
Balls 

diameter 
Balls 

configuration 
Stainless 

Steel 
Stainless Steel 4m 4 balls 

Tungsten 
carbide 

Tungsten carbide 2mm 
4mm 

35g 
35g 

 

For making the composite material, the mixture of FeSi2 
and SiGe powders with ratio of (FeSi2)0.75(SiGe)0.25 were used. 
After milling of this mixture by a vibratory mill, prepared 
powders were used to make bulk samples in graphite dies by 
using a homemade plasma pressure compaction system. The 
samples were cut into disk and rod shapes for different 
measurements. Archimedes rule was applied to measure the 
density of samples. 

The Seebeck coefficient and electrical resistivity of 
samples were measured simultaneously using Ulvac's ZEM-3 
apparatus. The thermal conductivities were measured using the 
laser flash apparatus (Netzsch's LFA 457 Micro Flash). 

III. RESULTS AND DISCUSSION 
As listed in TABLE. I, FeSi2 has larger crystallite size 

compared with SiGe. This is due to the metallic properties of 
-FeSi2, whereas SiGe has mechanical properties like 

ceramics. Due to larger formability of metallic phase, the rate 
of fracture and welding in -FeSi2is balanced at larger 
crystallite size than in ceramics. Therefore, mechanical 
grinding of -FeSi2 is not as efficient as SiGe.  

We made four different FeSi2-SiGe composite materials. 
TABLE II lists the growth process parameters and the mass 
density of each sample. 

TABLE II.  SAMPLES GROWTH PROCESS PARAMETERS 

Sample ID Pressure 
(MPa) 

Temperature 
(°C) 

Time 

(min) 

Density 

(g/cm3) 

1 137 1150 6 3.968 
2 137 1000 6 3.906 
3 108 1100 15 4.131 
4 108 1100 6 4.205

 

It is seen that both temperature and time could increase the 
density of the sample. Increasing the densification temperature 
increases the formability of the powder particles that would 
fill the pores; hence, increasing the density. 

For all samples -FeSi2 was used because the press 
temperature is above the phase transition temperature from  
to , i.e. 955°C. Above 955°C reverse eutectoid and 
peritectoid reactions happen transferring  phase to . 
Therefore, after sample preparation, samples should be 

annealed at lower temperature to obtain  phase. We annealed 
all the samples at 850 °C. 

 
Figure 1.  X-ray diffraction patterns of as-solidified sample 1 and after 5hours 

annealing. 

Fig. 1 shows the X-ray diffraction pattern of the composite 
sample. -FeSi2, -FeSi2, and Si characteristic picks could be 
clearly recognized. For the as-solidified sample 1, the 
undefined picks are probably due to SiO2 which has formed 
during XRD measurement. These picks were not observed in 
other samples. The small shifts in Si picks are due to alloying 
with Ge. After first 5 hours annealing, -FeSi2 peak appeared. 

-FeSi2 and Si characteristic picks could still be distinguished. 
Based on this pattern it could be concluded that the sample has 
the composite structure.  

To change  phase to  phase, annealing process was done 
at 850°C. Fig. 2 shows the thermoelectric properties of sample 
1 after 5, 10 and 15 hours annealing at 850°C. Since the phase 
transformation from metallic -phase to semiconductor-like -
phase would be much slower than the reverse transformation, 
the electrical conductivity gradually decreased with 
concomitant increase in Seebeck coefficient (n-type) during 
each step of 5 hours annealing. It could be inferred that the 
increased fraction of -phase FeSi2 began to take effect against 
original -phase. After 15 hours annealing the ZT has 
significantly increased to ZT=0.33 at 800 °C. It should be 
mentioned that the highest ZT which we gained from the pure 
FeSi2 powder used in this composite was ZT=0.22. The 
comparison of the data of different annealing times indicates 
that after 5 hours annealing the sample still has metallic 
properties. However, after 10 hours annealing the trend of 
curves has changed and the material shows better 
thermoelectric properties. The minimum time of annealing to 
achieve enhanced thermoelectric properties at 850°C is about 
15 hours. 
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Figure 2. Thermoelectric properties of sample 1 after at 850°C versus 

temperature. 

It is also interesting to note the rapid change of  phase to 
 at T>850 °C as observed in the thermal conductivity plot. 

The material goes into phase transition during the 
measurement at above 850 °C resulting in sudden increase in 
thermal conductivity corresponding to the last data point in the 
plot.  

Fig. 3 shows the thermoelectric properties of sample 1 
after heating to 1000°C. The electrical conductivity, Seebeck 
coefficient, and thermal conductivity are measured after 
heating. The plots show metallic behavior with larger 
electrical conductivity, smaller Seebeck coefficient, and larger 
thermal conductivity compared with those of  phase. This has 
resulted in very small ZT, i.e. ZT<0.06. Again, rapid reverse 
reaction that changes  phase to  phase is observed. 
Therefore, this composite could not be used at temperatures 
higher than the temperature of eutectoid reaction, i.e. ~ 850 
°C.  

 

 to  transition 
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Figure 3. Thermoelectric properties of sample 1 after heating to 1000 °C. 

In order to investigate the overall effects of press and 
annealing conditions on ZT, samples 2, 3, and 4 were further 
annealed from 5 to 35 hours. ZT improved as the annealing 
time increased which could be associated with the lattice 
refinement and -phase transformation. We also tested the 
samples under cooling cycle. In contrast to SiGe, the 
properties are reproducible in cooling cycle indicating no 
dopant precipitation [20]. 

In Fig. 4, sample 3 shows smaller power factor and ZT. 
This sample was sintered with longer holding time at press 
temperature. We observed melted regions in this sample, 
which meant nanostructure was gone and the sample behaved 
more or less like an ingot. This also resulted in reduction in 
power factor and ZT due to grain ripen with the expansion in 
holding time. It was found that the optimum holding time at 
high temperature was about 6 minutes. During the hot press 
process, a higher pressure could not guarantee a better 
thermoelectric sample because excessive stress may cause 
potential cracks and lattice detriment, and the pressure should 
coordinate with pressing temperature. 
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Figure 4. Power factor and ZT data of three samples. 

A comparison between sample 2 and 3 mainly shows the 
effect of pressing temperature. As mentioned before, lower 
temperature causes lower density due to more porosity inside 
the bulk sample. Overall, sample 4 showed the highest ZT 
with sintering temperature of 1100°C, pressure of 108 MPa, 
and holding time of 6 minutes. It was also found that 35 hours 
annealing would be the optimum time to reach the highest 
value of ZT in the composite structure. 

IV. CONCLUSIONS 
It was shown that (FeSi2)0.75(SiGe)0.25 composite could 

make better thermoelectric material compared with FeSi2 
compound. Sintering parameters were investigated and 
optimized. We found that samples sintered at 1100°C for 6 
min under 108 MPa have higher ZT. It is critical to transform 

-FeSi2 to -FeSi2 in the composite to achieve large ZT. -
FeSi2 is the dominant phase in the as-pressed 
(FeSi2)0.75(SiGe)0.25 samples. Subsequent annealing at 850°C 
for ~35 hours is required to obtain -FeSi2 and to enhance ZT. 
Based on this research, future investigation on FeSi2-SiGe 
composite could focus on grain refinement and components 
optimization. The fraction of FeSi2 could be tailored based on 
both economical and high efficiency requirements. 
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Abstract—NASA Ames Research Center’s Sustainability Base
is a new 50,000 sq. ft. high-performance office building targeting
a LEED Platinum rating. Plug loads are expected to account for a
significant portion of overall energy consumption because build-
ing design choices resulted in greatly reduced energy demand
from Heating, Ventilation, and Air Conditioning (HVAC) and
lighting systems, which are typically major contributors to energy
consumption in traditional buildings. This paper reports on a
pilot study where data from a variety of plug loads were collected
in a reference office building to understand usage patterns,
to make a preliminary assessment as to the effectiveness of
controlling (i.e., turning off and on) selected loads, and to evaluate
the utility of the plug load management system chosen for the
study. Findings indicate that choosing energy efficient equipment,
ensuring that power saving functionality is operating effectively,
promoting beneficial occupant energy behavior, and employing
plug load controls to turn off equipment when not in use can
lead to significant energy savings. These recommendations will
be applied to Sustainability Base and further studies of plug
load management systems and techniques to reduce plug energy
consumption will be pursued.

I. INTRODUCTION

In the past several years there has been tremendous interest
in green technologies and sustainable practices within the
building industry. In the United States there were approxi-
mately 130 million residential housing units in 2009 [1] and
nearly 5 million commercial buildings as of 2003 [2]. In
2007, residential and commercial building construction and
renovation was estimated to cost 1.2 trillion dollars, over 8% of
the U.S. gross domestic product. Residential and commercial
buildings accounted for 40% of total U.S. primary energy
consumption and 72% of electricity consumption [3] and were
responsible for 40% of carbon dioxide emissions in 2009 [4].

Several government initiatives have focused attention on
sustainability, energy efficiency, and the environment. One
such initiative is NASA’s Renovation by Replacement (RbR),
which aims to replace outdated and inefficient buildings at
NASA centers with new, energy-efficient buildings. NASA
Ames Research Center won a RbR competition and worked
with partners to design and build Sustainability Base (depicted
in Figure 1 and named to associate with Tranquility Base, the
site of the first human moon landing), a 50,000 sq. ft. high-
performance office building targeting a LEED Platinum rating.
In addition to using commercially available technologies,

Fig. 1: NASA’s Sustainability Base Building

Sustainability Base will employ innovations and technologies
originally developed for aerospace missions to monitor and
control building systems while reducing energy and water
consumption.

A goal of Sustainability Base is to provide a research testbed
where different sustainable technologies and concepts can be
implemented, tested, and demonstrated. One example, and the
focus of this paper, is measuring and controlling electrical
plug loads. Whereas in traditional, minimally code-compliant
office buildings plug loads may account for 25% or less of
total energy consumption, in high efficiency buildings plug
loads may account for more than 50% of the total energy
consumption [5]. Since Sustainability Base was not occupied
at the time of this investigation, the pilot study of a plug load
management system was conducted in a traditional building
with similar electrical loads. Lessons learned in this pilot study
and in other studies [5]–[7] will be put to use in Sustainability
Base.

II. PILOT STUDY

In preparation for deploying a plug load management sys-
tem in Sustainability Base, a pilot study was conducted on the
NASA Ames campus during the spring and summer 2011. The
goals of the pilot study were to passively collect data from a
variety of plug loads, to make a preliminary assessment as
to the effectiveness of controlling (i.e., turning off and on)
selected loads, and to evaluate the utility of the plug load
management system chosen for the study.

The study was performed using a plug load management
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(a) Power Port (b) Bridge

Fig. 2: Plug Load Management Equipment

system from Enmetric Systems, Inc.1 that allows for the
metering and control of individual electrical plug loads. The
system includes Power Ports and Bridges, shown in Figures 2a
and 2b, respectively. The Power Port is a power strip with
four channels (receptacles) that are individually metered and
controlled. The Power Ports transmitted power draw data once
per second to the Bridges. Data were stored in a cloud-based
data service once per minute with the minimum, mean, and
maximum power draw over each one minute interval recorded.

Fifteen Power Ports and three Bridges were used for the
pilot study. Power strips were deployed to locations that
included a variety of plug load devices anticipated in Sustain-
ability Base. Workstations of administrative, financial, project
management, and technical personnel were chosen as well as
a break room and shared printer/copy room. Table I shows a
breakdown of the plug load device types included in the study.

TABLE I: Plug Load Device Breakdown

Location Device Number

Workstations (7)

Desktop Computers 6
Laptop Computers 3

Monitors 7
Printers 5
Phones 2

Shredders 2
Speakers 3
Scanners 3

Other 10

Copy Room (1)
Printers 2
Copier 1

Shredder 1

Break Room (1)

Refrigerator 1
Vending Machines 2

Microwave 1
Coffee Maker 1

III. RESULTS

The uncontrolled portion of the testing spanned five weeks
and established a baseline energy consumption. The controlled
portion of the testing employed schedule-based rules for
turning off selected loads during non-business hours; it also
modified the energy saver policies for certain devices. The
default schedule was to turn off devices at 10 pm and turn them
on at 6 am. Different timings were implemented for a couple
workstations/workspaces to better fit the occupants’ work
schedule; however, in general the rules were not optimized
to the work schedules of the occupants. In all cases, the

1http://www.enmetric.com/
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Fig. 3: Uncontrolled and Controlled Average Daily Energy
Consumption

same timing was used for weekdays and weekends. This
was a very conservative approach to accommodate anticipated
occasional work during the weekends. Note that we did not
adjust energy consumption calculations for vacation or travel,
which occurred during both the uncontrolled and controlled
portions of the test period.

After initial tests of schedule-based rules over the course
of several weeks, a ’final’ set of rules was deployed and
controlled energy consumption data were gathered for approx-
imately nine weeks. Figure 3a shows the uncontrolled and
controlled average daily energy consumption for weekdays;
Figure 3b shows weekends. For both plots, the left stacked
bar shows the uncontrolled average daily energy consumption
while the right bar shows the controlled. Adjustments have
not been made for changes in use patterns (for example, the
average number of print jobs per day being different) between
the controlled and uncontrolled periods. The controlled energy
consumption includes the contribution from the plug load
management system. The energy consumption of the plug
load management system was measured and distributed in
proportion to the number of power strips per location. The
energy savings for employing schedule-based controls and
energy policy changes is 6.8 kWh/day (16%) for weekdays
and 9.6 kWh/day (30%) for weekends and holidays. The larger
power draw of the copy room during the controlled portion of
the testing is primarily due to a malfunctioning copier, which
did not enter the power saving mode consistently.

Figure 4 shows the daily energy consumption over the 106
day study period. The uncontrolled and controlled days are
to the left and right of the dotted line (day 39), respectively.
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Fig. 5: Distribution of Average Workstation Hourly Power Draw

Note that 39 of the 50 channels had schedule-based rules. Six
channels had no rules because the connected computers could
not be de-energized without possibility of damage or data loss;
one channel was connected to a refrigerator containing food;
two channels were found to consume more energy with rules in
place; one channel had a plug load management system bridge
connected which could not be de-energized; one channel did
not return to a ready-to-use state once re-energized. These
points and the energy consumption of workstation, copy room,
and break room loads are described in more detail in the
following subsections.

A. Workstation Loads

Workstation loads constitute a large portion of the metered
energy consumption in the study. This is primarily because
41 of 50 monitored channels were classified as workstation
loads, whereas there were only 4 in copy room and 5 in
break room classifications. This corresponds to loads in 7
workstation locations, 1 copy room location and 1 break room
location. This is similar to the pattern in Sustainability Base,
which has 210 workstations, 4 copy rooms and 6 break rooms.
Each workstation has a laptop or desktop computer, a phone,
and a monitor. Some workstations also include other electrical
loads such as speakers, printers, external hard drives, paper
shredders and additional monitors or computers.

Most of the electrical loads at workstations have use-
dependent energy demands. This results in a characteristic
swell in the power draw distribution during workday business

hours as seen in Figure 5a. As expected, the uncontrolled
weekend power draw distribution shown in Figure 5c is
relatively flat. To generate the plots, data for each day were
segregated by hour of the day and an average workstation
power draw was calculated for each hour. This was repeated
for each day within the specified days. The box plot presents
the distribution of the mean hourly workstation power draw
calculated in this manner. For each hour of the day, the median
of the average workstation power draw is marked with a
red line. The bottom and top of the box are the 25th and
75th percentiles, respectively. The whiskers (bottom and top
dashes) extend to the minimum and maximum data points.
Each workstation consumed on average 27 kWh of energy
every week with no controls in place.

Weekly energy consumption for the average workstation
was 21 kWh with scheduled control and policy changes.
Figures 5b and 5d show the controlled hourly energy demand
for the average workstation during weekdays and weekends,
respectively. There is a noticeable decrease in average hourly
power draw when controlled. This energy savings is especially
prevalent during non-business hours. However, note that the
energy reduction cannot be attributed solely to scheduled con-
trol as changes in computer energy saver policies overlapped
with the implementation of the schedule-based rules. This is
discussed in more detail in the following sections. There is an
obvious power demand decrease during non-business hours
when rules are in effect. The reduction in power during the
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Fig. 6: Computer and Monitor Coupling

midday hours reflects the changes to workstation energy saver
policies.

1) Computers: Computers constitute 82% of the energy
demand in the average workstation. During the workday
desktop computers consume on average 2.7 kWh while laptop
computers consume only 0.36 kWh. By replacing desktops
with laptops of similar specifications estimated yearly energy
savings reach 770 kWh per computer switched.

When functioning properly, the most effective energy saving
method was enabling built-in power management policies.
During the uncontrolled portion of the testing, most desktop
computers had power management policies specified such that
the computer never entered a low power state. The setting
was changed to enter a low power state after 3 hours of idle
time while enabling wake for network activity, which still
leaves substantial room for improvement. Changing energy
saver policies can lead to large energy savings. However,
several computers did not enter a low power state either at
all or consistently because of perceived computer or network
activity. Third party solutions were not explored to force the
computer into a low power state for these systems. Days 85
and 86 in Figure 4 give an indication of the amount of energy
that can be saved with proper functioning of low power modes.
During this weekend all but one of the workstation computers
was in a low power state, whereas other days typically had
fewer computers in a low power state.

2) Monitors: Monitors constitute 15% of the average of-
fice’s energy consumption. A computer and its monitor form
a closely related system. For some computers in energy saver
mode, de-energizing the monitor wakes the computer, causing
the computer and monitor to use more energy collectively than
the amount that is saved by turning off the monitor. Figure 6
illustrates this phenomenon. The monitor was turned on at 7:30
am and off at 8 pm. Each of these control actions caused the
connected computer to wake. In such cases applying schedule-
based control to monitors is counter productive.

As with computers, the most effective way to save energy
is by employing built-in power management policies. For
example, some workstations used screen savers that displayed
pictures, which led to a high power draw 24/7. Changing
monitor screen saver policies to a blank screen results in large
energy savings as seen with a 30 inch monitor in Figure 7.
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Fig. 7: 30” Display Energy Consumption

This monitor was uncontrolled in zone 1 (days 1 & 2). In zone
2 (days 3 & 4), scheduled-based rules turned the monitor off
at 10 pm and back on at 6 am. For zone 3 (days 5-18) the
monitor was uncontrolled, but more energy efficient screen
saver policies were used. Changing the screen saver policies
was shown to have more than twice the savings of enacting
scheduled-based rules alone. Zone 4 (days 19-33) was both
controlled and with new screen saver policies.

3) Other Workstation Electrical Loads: Workstation print-
ers used on average 2.7 kWh of energy every week. Turning
them off during non-business hours saved 0.82 kWh per week.
Typical workstation speakers consume 0.67 kWh of energy
every week. Turning them off during non-business hours saved
on average 0.11 kWh per week.

B. Copy Room

The copy room pilot study loads consist of two shared
printers (black-and-white and color), a copy machine and one
shredder. These devices are shared by everyone on a floor and
are used throughout the workday. Scheduled control of loads
yielded mixed results depending on the equipment.

The shared printers and copier constitute 40% and 59%
of the copy room energy demand, respectively. The black-
and-white shared printer used more energy when controlled
because of its startup power draw profile in relation to its
standby power draw. Even with the reduction of the time-to-
standby setting from 4 hours to 1 hour, the black-and-white
printer consumed more energy turning it off for 8 hours and
then turning it on compared to leaving the printer in standby
mode; consequently, the schedule-based rules were removed
for this device.

The copier was also found to have undesirable behavior
while controlled. When power was returned to the device it
did not automatically power on. The first users in the mornings
had to manually power up the copier, which had a long startup
time. Because of this behavior rules were turned off for the
copier. Another undesirable characteristic of the copier was a
high standby power draw of approximately 60 W. Furthermore,
about halfway through the study period the copier ceased to
transition to the standby mode consistently, leading to greatly
increased energy consumption. The power draw in the idle
state averaged over 250 W. Figure 8 shows power data from
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Fig. 8: Copier Power Draw

the copier on a day when the power saving functionality was
initially working correctly but after 3 pm the device remained
in the idle state rather than transitioning to the standby mode.
The copy room used more energy in the controlled period
because of the previously discussed copier issues as well as
increased color printer use.

C. Break Room

The break room loads consist of two vending machines,
a coffee machine, refrigerator, and microwave. Of these, the
largest sources of power draw are the vending machines.
The pilot study vending machine loads constitute 84% of
the monitored break room loads. Schedule-based control was
used for all electrical loads except for the refrigerator; the
refrigerator was excluded to avoid food spoilage. Enacting
these rules saved a total of 9.0 kWh of energy every week.

There were two vending machines included in the study:
one dispenses snacks and the other drinks. The snack machine
has a light which is always on when plugged in. The drink
vending machine has a much higher energy demand due to
its refrigeration cycles. Rules were enacted for both of these
vending machines to turn them off during non-business hours
(10 pm to 6 am). On startup, the drink vending machine
requires a large amount of energy to cool down to its operating
temperature. Even with the large startup energy, enacting rules
saved a total of 5.1 kWh per week. Additional savings can
be achieved by replacing the vending machines with energy
efficient models.

The same rules were enacted for the break room microwave.
Unlike the vending machines, the microwave’s power draw is
almost entirely use-dependent. When it is not in use it has
a power draw between 1.2 and 1.4 W. Because of this low
power draw during off hours enacting schedule-based control
only saves 0.08 kWh weekly. The coffee machine is another
use-dependent electrical load. The single-cup coffee machine
draws approximately 5 W in standby mode then reaches a peak
of 1300 W as it warms up. By enacting the same time-based
control as applied to the microwave and vending machines
energy demand was decreased by 0.31kWh weekly. This is
more than the microwave but is very small in comparison to
the vending machines.

IV. DISCUSSION AND RECOMMENDATIONS

The objectives of this pilot study were to obtain experience
deploying a plug load management system, gain insight into
the energy consumption of typical office building electrical
loads, and make a preliminary assessment of energy saving
strategies which maintain employee productivity. The recom-
mendations made here will be applied to Sustainability Base.

Our testing confirmed previous observations about plug
loads [5]–[7] and also highlighted some considerations which
have not received as much attention in the literature. We
found that the greatest energy savings can be obtained by
choosing energy efficient equipment with consistent operations
of low energy modes. Ensuring that built-in device low power
functionality is utilized effectively is key to reducing energy
consumption. Occupant participation in energy conservation
is important and can prove very effective in reducing energy
consumption. Finally, employing plug load control strategies
to put devices into a low or no energy state when not
used can also save energy, especially for devices which do
not have efficient low energy modes. However, an important
observation is that some electrical loads consume more energy
or do not return to a ready-to-use state when they are power
cycled. A few recommendations are provided in the following
subsections.

A. Choose Energy Efficient Equipment

Choosing energy efficient equipment can greatly reduce
building energy demand. Device type is also a consideration
in energy efficiency. Replacing desktop computers with laptop
computers can reduce computer energy consumption by as
much as 85%, as projected from the pilot study observations.
Second, it is recommended that equipment have automatic
startup behavior when energized to avoid user inconvenience.
This is especially important for equipment with long startup
times or that accept jobs remotely such as shared printers.
Third, reducing the number of electrical loads by providing
shared assets can reduce energy consumption. Removing per-
sonal printers in favor of a small number of large shared
printers saves energy at the expense of convenience. Finally,
keeping devices well maintained and replacing older electrical
loads can lead to decreased energy demand. Removing older
personal mini-refrigerators and providing a shared full-sized
Energy Star refrigerator in a break room is one example for
the last two points.

B. Set Effective Energy Policies

It was surprising that the initial energy policies for many of
the computers (primarily desktops) and monitors in the study
kept the device in active mode, never entering a low power
state. Changing the energy saver policies to transition to a
low power state using already present applications was found
to save more energy than schedule-based control where loads
were completely de-energized during off-hours. These energy
policy changes are especially effective on use-dependent load
devices such as computers, monitors, copiers, and printers.
Many electronics have three modes: standby/sleep, idle, and
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active. Standby mode uses considerably less energy than
idle mode. By reducing the time-to-standby the equipment
will spend more time in a lower power mode, resulting in
lower energy consumption. A balance must be struck between
energy savings and inconvenience to users who must wait
for wake or warm-up times upon leaving a lower power
mode. For computers and monitors, the wake time is typically
insignificant; for printers and copiers, the warm-up times can
range from a few seconds to minutes.

C. Promote Beneficial Occupant Behavior

One of the largest sources of potential energy savings is
attributable to beneficial occupant behavior. Having a reminder
to be energy conscious can cause the occupant to change their
behavior in favor of energy conservation. This can be achieved
by allowing the occupant to view their own workstation energy
use via websites, smartphone apps, or desktop widgets. Show-
ing estimates for real world impact such as cost or amount of
CO2 emitted into the atmosphere can help occupants better
understand their environmental impact. The easier it is made
for occupants to view and understand their impact, the greater
the effect will be. Only limited feedback was provided in
this pilot study but it had a noticeable effect. In the monitor
example discussed in previous sections, the workstation user
was presented a graph of power draw over the course of a
week which showed that the monitor used approximately 85
W continuously. The user was also shown a graph of the
power draw of a monitor that routinely transitioned to a low
power state. Upon seeing the comparison, the user was eager to
change the screen saver policies to reduce energy consumption.
In another example, an occupant was shown the plug load
management system website which plotted real-time energy
consumption when the space heater in the workstation area
was turned on. The large increase in workstation and even
total metered power draw was quite dramatic and led the user
to acquire a heated mouse, which decreased the sensation of
feeling cold and eliminated additional use of the space heater.

D. Employ Plug Load Controls

Since office buildings are typically unoccupied for a larger
percentage of time than they are occupied, additional energy
savings can be achieved by using plug load controls to de-
energize devices during non-business hours. As previously
discussed, only schedule-based control was investigated in this
study. For best results, control rule times should be tailored
to individual user’s schedules. Occupants should be instructed
on how to use manual overrides for occasional work outside
the typical schedule. Plug load controls are most effective for
electrical loads which have a high power draw such as the
vending machines. For devices with near constant power draw,
the energy savings will be directly proportional to the amount
of time the device is ’unplugged’.

However, some devices cannot or should not be de-
energized. Desktop computers cannot be powered off without
a proper shutdown procedure. Laptops may be powered off if
they are in a low power mode and there is sufficient battery

charge. Large-capacity printers may use more energy when de-
energized and re-energized because of the power profile during
the warm-up period. Furthermore, powering off some monitors
resulted in the connected computer being awoken from standby
mode, resulting in increased energy consumption. This re-
quires more investigation with other computer/monitor setups.

When planning the use of plug load control system, it is
important to factor in the power draw of the management
system itself. The power strips used in our study had a power
draw of around 1.8 W with all channels in the on state and
0.8 W with all channels in the off state. The bridges had an
additional power consumption of 1.1 W. In order to be an
efficient placement for the strip, the total power saved for
devices plugged in must be greater than approximately 0.3
kWh per week.

V. FUTURE WORK

This pilot study investigated only one active control strategy,
schedule-based control, using one plug load management
system. Future research will examine additional plug load
control strategies such as load-sensing control, occupancy con-
trol, and manual control in Sustainability Base. Additionally,
studies of different plug load management products will be
conducted and their effectiveness in reducing plug load energy
consumption will be evaluated.

An important area of research is examining the effect
of personal energy dashboards on occupant behavior. As
discussed in Section IV, a considerable amount of energy
can be saved by promoting positive energy behavior. Giving
occupants personal feedback and control of workstation plug
load usage through web-based or smartphone applications is
seen as key to reducing energy consumption.
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Abstract -- Refrigerants for air conditioning universally have 
serious environmental or human-toxic side effects. Compressed, 
pure air may be substituted as an environmentally-friendly, safe 
refrigerating fluid using a vortex tube cooling device. Freezing 
temperatures can be produced. Various compressor technologies, 
control systems and efficiency enhancements are discussed. 

Keywords—air conditioning, refrigeration, vortex tube 

I.  INTRODUCTION TO REFRIGERATION 
Refrigerants work by absorbing ambient heat and releasing 

it in a controlled fashion via reversible physical changes 
between liquid and gas phases during compression and 
expansion. A refrigerant’s energy efficiency (the ratio between 
useful work compared to total energy expenditure) is often 
cited as a distinguishing feature between various chemicals.  

The first practical machine embodying a refrigerant-based 
heat cycle was built by Jacob Perkins in 1834; its working fluid 
was diethyl ether [1]. This explosive, toxic chemical was the 
first in a long line of environmentally harmful, biologically 
dangerous refrigeration substances which extends to the present 
day. On this list are: sulfur dioxide, ammonia, methane, carbon 
dioxide, chlorofluorocarbons (CFCs), hydrochlorofluorocar-
bons (HCFCs), fluorocarbons (FCs) and hydrofluorocarbons 
(HFCs). The latter refrigerants have been shown to damage the 
stratospheric ozone layer of Earth’s atmosphere which is 
believed to contribute to global warming. Problems with these 
chemicals have been reported in detail elsewhere, i.e.:  [2].  

According to one authority, the energy used for home air 
conditioning represents about 5% of all the electricity produced 
in the U.S. annually, and costing homeowners $15 billion. The 
“carbon footprint” (where fossil fuels are employed to generate 
electricity) is about 140 million tons [3]. A 2000 square foot 
home may require up to a 5-ton cooling system, where one ton 
represents 12,000 BTU/hr. An air conditioner for a larger 
automobile may require a similar cooling capacity.  

This paper describes an alternative approach to HVAC 
cooling, using equipment which doesn’t employ artificial, toxic 
or environmentally-harmful refrigerant chemicals. The author 
has experimented with this methodology since early 1996. This 
work builds on his previous experiences with vehicle A/C 
systems (relocation of the Freon condenser unit away from the 
automobile’s front water radiator to the rear of the car to cure 

engine overheating: 1970); home systems (retrofitting a fully 
ducted conventional central A/C into a two-storey home with 
pier-and-beam foundation: 1976); and others. 

The author believes that preventing significant environ-
mental and biological harm must trump any discussion of 
efficiency if real-world outcomes are to be considered. What is 
the point of “energy efficiency” if the biosphere suffers severe, 
long-term damage from the “cost-effective” machines we 
build? 

II. USING AIR IN AIR CONDITIONING 
The author proposes using air, the common mixture of 

gases (78% nitrogen, 21% oxygen, 1% argon, 1% water vapor 
and .03% CO2) which surrounds the Earth, as the working fluid 
in new refrigeration equipment for homes and automobiles.  

A. Early Air Cycle Machine Applications 
Employing air as a refrigerant is not a new practice. For 

example, units available from J&E Hall International were used 
on board ocean-going ships as far back as the era of the luxury 
liner Titanic [4]. Similar units cooled the perishable stocks of 
food producers and retailers. A more recent air cycle machine 
application is the basis of cabin cooling in gas turbine-powered 
aircraft. Hot bleed air from the compressor stage of the engine 
(150° C at 32 psi) passes through one or more heat exchangers; 
when at ambient temperature this air is allowed to expand to a 
lower pressure, thus absorbing heat [5]. Water is removed by 
centrifugal separators, and some cabin air is mixed with the 
now-frigid air from the engine compressor to reach the desired 
temperature. The author is familiar with such refrigeration, 
having studied these systems while a US Air Force Aircraft 
Maintenance Officer student at Chanute AFB, 1969-1970. 

B. Recent Air Cooling Technology 
The above-described air cycle refrigeration machines are 

generally large and heavy, marginally suitable for home use 
and very unsuitable for vehicles. A newer, lighter and more 
compact technology is available which can be adapted for these 
applications, based on improvements to the Ranque-Hilsch 
Vortex Cooling Tube. 

A historical sidebar follows: the vortex tube was invented 
in 1933 by the French physicist Georges Ranque and US patent 
number 1,952,281 was issued to him March 27, 1934 [6]. A 
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Figure 1.  Vortex Tube Layout and Operation.  

paper was given in 1947 by German physicist Rudolph Hilsch 
describing his improvements to Ranque’s device. Interestingly, 
the vortex tube can also be used to separate gas mixtures such 
as oxygen-nitrogen, carbon dioxide-helium and carbon dioxide-
air as reported by Linderstrom-Lang in 1967 [7]. 

Vortex tube operation is as follows (Fig.1). Air under 
pressure (A) is tangentially injected into a chamber where high-
speed rotation is imparted (B), up to 1 million rpm. As the air 
follows the pressure gradient down the body of the tube (C) it 
splits into two layers: an outer hot layer and a cooler inner 
layer. At the opposite end of the tube an adjustable conical 
nozzle (D) allows the outer hot layer to exit, while reflecting 
the cool inner layer. The cool gas is released at (E). Oddly, 
there is no single agreed-upon explanation for the principles 
behind the vortex tube’s operation. Lack of a suitable theory 
does not prevent it from working splendidly, however. 

A commercial vortex tube approximately 6 inches in length, 
supplied with air at 100 psi, can produce a cooling effect of 
2800 BTU/hr [8]. One twice as large can achieve over 10,000 
BTU/hr. The vortex tube portion of the cooling system (less the 
air compressor) can be made small enough for a man to wear 
built into a vest as a personal air conditioner in extremely hot 
environments, up to 200º F [9]. 

Temperatures produced by vortex tubes (manufacturer’s 
specification): -50° F (-46° C) at the cold end, 260° F (127° C) 
at the hot end, using air flow rates from 1 to 150 SCFM. Vortex 
tubes can operate down to 20 psi supply. One hobbyist built a 
simple vortex tube [10]; it produced a cold end temperature of 
8.6° F (-13° C) and a hot end temperature of 112° F (44.8° C) 
with an air supply of 80 psi at an inlet temperature of 74° F 
(23.4° C). Vortex tubes are applicable for food refrigerators 
and freezers as well as air conditioners. 

Advantages claimed for the vortex tube, exclusive of its air 
supply, include: a nontoxic and safe refrigerant, no moving 
parts, small and lightweight, very cheap to manufacture, high 
reliability, low maintenance, durable, continuous operation, 
simple temperature adjustment and quick installation.  

C. Compressed Air Supply, Efficiency and Cost 
An application engineer for the Exair Corporation told the 

author that cooling using their vortex tubes was about one-third 
as efficient as current air conditioner technology [11]. This was 
based on a compressed air cost of $0.25 per 1000 cubic feet at 
100 psi. When cooling buildings and automobiles, the cost of 
the compressed air source rather than thermal efficiency seems 
more important to successful implementation. For example, the 

air cost would be near zero at a factory where an excess supply 
of compressed air is available. 

Pressurized air is commonly provided by an electric motor-
driven piston compressor of one or more stages. Other types of 
compressors include: centrifugal, screw, vane, axial and scroll. 
Mechanical efficiencies may reach 90% [12]. Selection of the 
compressor depends on the initial cost, complexity, noise, size 
and maintenance needs. For example, a scroll compressor is 
quiet and simple, with low vibration, friction and wear. A two-
stage compressor costs more initially (i.e.: centrifugal plus 
scroll) but can provide a larger volume of high-pressure air 
more efficiently than a single-stage compressor, especially with 
intercooling of the gas between the compressor stages.  

A compressor should be sized so that it cycles on and off 
during normal cooling operation. The duty cycle limitations 
listed by the manufacturer in the unit’s specifications must be 
taken into account when designing A/C systems. A worst-case 
scenario regarding Summer cooling demands should be used to 
select the final system components (i.e.: the compressors and 
vortex tube coolers). Employing a backup compressor should 
be considered in situations where system point failures cannot 
be tolerated (i.e.: hospitals, nonstop manufacturing facilities). 

We see “wind farms” generating electricity in many places 
throughout the US. A windmill-driven piston or scroll air 
compressor would avoid energy losses involved in the double 
conversion of wind to electricity, then electricity to pressurized 
air. Reduced-size windmill air compressors suitable for home 
or farm use are available, generating pressures up to 125 psi 
[13]. Excess pressurized air produced is retained in cylinders 
until needed, instead of storing electricity in batteries (which 
are not very environmentally friendly because of heavy metal 
release involved in their manufacture).  

Vortex tube efficiency is enhanced when the tube’s inlet air 
temperature is cooled. This may be achieved by directing hot 
air from the compressor through a pipe buried in the ground, 
where temperatures are about 60° F all year. A similar geo-
thermal heat sink technique is employed in A/C units using 
conventional  refrigerants offered by vendors listed by the 
industry consortium [14]. This same spokesperson mentions 
that cooling efficiency with such heat sinking of conventional 
A/C can raise virtual system efficiency up to 400% (based on 
moving four units of heat for every unit of electricity needed). 
Similar benefits will accrue to air cycle cooling as well.  

To enhance efficiency, waste heat from vortex tubes can be 
employed to preheat home hot water supplies, or to power 
thermocouples or low differential temperature Stirling engines 
for low-amperage electrical generation. 

For automotive use, the scroll air compressor would be a 
natural choice. Manufacturers Volkswagen and Mercedes have 
successfully used these compressors for engine supercharging 
[15]. The scroll compressor could supply air for A/C only, or 
be sized to provide air for additional engine power as well. 

Another attractive benefit of air cycle cooling is the ready 
availability of compressed air for non-cooling use. For exam-
ple, homeowners will have pressure for garage door openers, 
automatic security gates and home power tools. 
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To simplify obtaining a suitable air supply for homes and 
offices, a compressed air utility could be offered by vendors, 
municipalities, or neighborhood groups much the same way as 
water service, natural gas, electricity and cable television are. 
This would relieve owners of homes and buildings from having 
to install and maintain their own compressor systems; it would 
also facilitate economies of scale for large systems. 

III. CONTROL SYSTEMS 
Microprocessor control of the vortex tube air conditioner 

assures efficiency and ease of use. Vortex tubes reach their 
maximum refrigeration values in BTU/hr when the “cold 
fraction” (ratio of cold flow to total) is 80%. Cold fractions 
under 50% produce freezing discharge temperatures, but the 
total cold air flow rate decreases. These parameters are easily 
optimized by computerized closed loop control. Each vortex 
tube’s inlet, cold and hot port temperatures and flow rates can 
be monitored with inexpensive solid-state sensors; a computer-
controlled servo then rotates the screw attached to the conical 
nozzle on the tube’s hot end to make temperature adjustments.  

Only the occupied rooms in buildings should be cooled 
constantly; unoccupied rooms should be cooled intermittently 
to save energy. PIR passive infrared sensors will detect room 
occupants, informing the control system appropriately. 
Multiple smaller vortex tubes in “zones” offer finer-grained, 
more efficient cooling control than a single large tube, and 
reduce air ducting needs. 

A thermostat with an Internet interface would facilitate 
remote programming via a smart telephone or computer. An 
Apple iPhone 4S, with its popular “Siri” speech input / output 
service, would enable hands-free A/C adjustments to be made 
[16]. Daily cooling or heating cycles based on individual / 
family activities would be scripted in the same way as for any 
conventional HVAC “smart” thermostat. 

Presently there are no published studies to characterize the 
life-cycle costs or potential efficiencies that an air cycle cooling 
system would produce, especially with effective computerized 
control. This would constitute an excellent research topic for a 
university or vendor to undertake. 

IV. CONCLUSION 
If the goal is to provide refrigerant-free air conditioning  

which will safeguard the environment and its occupants, then 
pure air alone will suffice, employed in clever devices such as 
the Ranque-Hilsch vortex tube, with modern enhancements 
such as microcomputerized flow and temperature sensing and 
closed loop control of operational parameters to maximize 
efficiency. 
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Abstract— A project to establish Energy Efficiency (EE) as a 

system resource in Puerto Rico has been under development 
since 2010.  The project would create the environment to have at 
least one percent annual EE Improvement Island wide.  An 
important task to accomplish the above objectives is to conduct 
an EE potential study in order to find attainable targets for EE.  
The first EE potential study has been completed for the case of 
the Island.  This study will serve as a decision making and 
planning tool that will facilitate the inclusion of EE as a system 
resource and program implementation. To develop the EE 
potential study the team integrated Energy Information 
Administration residential, commercial and industrial data with 
local utility disaggregate data.  Local environmental conditions 
were also integrated to the analysis.  The EE potential study 
shows that annual EE improvement can reach 2.23%, 
considering technology availability.  This would add up to 26.7% 
improvement in EE during the 12 years under study.  
 

Index Terms-- Energy Efficiency, Energy Efficiency Potential. 

I.  NOMENCLATURE 
EE- Energy Efficiency 
EEPS- Energy Efficiency Potential Study 
EIA- Energy Information Administration 

II.  INTRODUCTION 
The Puerto Rico Energy Affairs Administration received a 

grant from the Department of Energy, under program DE-
FOA-0000251 in September 2010 to develop the project titled 
Integrated Process to Stimulate Energy Efficiency Programs 
in Puerto Rico. The project aims to establish Energy 
Efficiency (EE) as a system resource, and to create the right 
environment, policies and programs to have at least one 
percent EE improvement from 2013 to 2025. 

An important task developed during the first year of the 
aforementioned project is a study of maximum energy 
efficiency potential available in Puerto Rico.  By definition [1] 
a potential study is a quantitative analysis of the energy 
savings that exists, is cost-effective, or could be realized 
through implementation of EE programs and policies. 
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  The current energy efficiency potential study (EEPS) 
includes the Puerto Rico Electric Power Authority system, 
comprised of approximately 1.4 million clients.  All electrical 
energy consuming sectors have been evaluated.  The current 
study will be used as a policy design tool, and will 
demonstrate energy efficiency must be considered as a system 
resource. 

The objective of this EEPS is to create a decision making 
tool that helps including EE as a resource in our Energy Policy 
and that serves for design and planning EE programs. 

The type of EEPS that has been conducted through this 
work is defined as a Technical Potential [1], although it has 
some characteristics of a cost-effective potential study as 
well.  This means that potential is computed as the maximum 
amount of energy that can be displaced by EE, disregarding 
cost-effectiveness and social effects of such measures. The 
computed EE potential will be used as a baseline for cost-
effectiveness and social effects analysis of the programs. 
 In this paper a method to conduct the EEPS, developed by 
the research team at the University of Puerto Rico-Mayagüez, 
is been presented, along with the results from such a study.   

III.  CONSIDERATIONS FOR APPLICATION TO THE POTENTIAL 
STUDY 

Some considerations, including local issues, have been 
taken into account to conduct the current EEPS.  The data 
sources used for the study are also listed. 

A.  The audiences for the study are primarily, policy 
makers, the utility, and secondarily, EE consultants and 
general public. 

B.  The potential study considers the twelve (12) years 
beginning on 2013, using 2009 data as the baseline. 

C. Secondary research data has been used [1] due to lack of 
local data from the utility. The sources of data for this study 
are Energy Information Administration (EIA) energy use data 
for buildings, and disaggregated sales utility data [2]. 

D. The data above has been adjusted for regions of more 
than 2000 cooling degree days (CDD) as per EIA data. 

E. We have considered 1,300,000 family dwelling clients.  
With regards to Air Conditioning (A/C), low efficiency units 
(12kBtu/hr, 10 SEER) were replaced with high efficiency 
units (20 SEER) as the main EE measure.  Other programs 
were evaluated for lighting, refrigeration and water heating, 
based on replacing low efficiency equipment in order to 
establish the technical potential for a reduction in energy use 
[3]. 

Computations of Energy Efficiency Potential in 
Puerto Rico
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F. For the commercial sector the analysis considers 30% 
reduction on HVAC and lighting loads [4, 5].  Refrigeration 
and water heating will be considered in future studies before 
establishing a figure for attainable EE potential.  

G. Half the industrial sector was considered for analysis, 
because some plants have been reducing energy consumption. 
The same analysis used for commercial sector was applied, 
30% reduction on HVAC and lighting. However, the highest 
average loads in industry are machine drives, with over 50% 
of the total consumption. With advanced controls, 20% 
reduction in machine energy use is attainable [6]. Since there 
are high turnover rates in industry we considered a 50% 
penetration with this option, therefore allowing for a 10% 
technical potential reduction in total machine drive 
consumption. 

IV.  COMPUTATION METHOD 
The following method was applied to the data for potential 
analysis.  
1. Residential, commercial, and industrial data was 

gathered from EIA to have a baseline on energy use by 
different devices and appliances per sector [2]. 

2. The data in the previews step was regrouped into load 
types to consider energy consumption profiles that apply 
to the case of Puerto Rico. 

3. An intermediate step was to apply environmental 
conditions so that the data is considered for regions of 
more than 2000 cooling degree days (CDD). 

4. The results in step 3 were applied to the disaggregated 
sales data from the utility to have a characterization of 
local current energy usage by sector [2]. 

5. The data in the previous step was analyzed to find the 
areas of major opportunities in EE for each sector. 

6. EE measures applicable to Puerto Rico that were 
assumed in Section III above were applied to the data in 
step 5 for appropriate calculations. 

General results projected to 12 years of study are presented in 
Table 1. The aggregate EE potential may be approximately 
26.7%, representing an improvement of 2.23% annually. 
 The residential sector is having the highest potential, 15%, 
which suggests that Energy Policy must consider programs for 
this sector. The commercial sector, with a potential of 10.4% 
must also be consider in the Policy. The table shows that 
additionally the industrial sector may contribute 1.3% at this 
point. 

TABLE I 
SUMMARY OF RESULTS FOR PUERTO RICO EEPS PROJECTED TO 
12 YEARS FROM 2013 TO 2025. 

Consumer 
Sector 

EE Potential 
% 

Residential 15.0 

Commercial 10.4 

Industrial 1.3 

Total 26.7 

V.  TECHNICAL EEPS RESULTS 
This section presents the results of the EEPS in graphical 

format by consumer sector. Each figure shows the EE 
potential for each measure. The bars represent the percent of 
total energy consumption affected by the measure.  In each bar 
the green shadow represents the EE potential, and the blue 
shadow represents the energy consumption after applying the 
measure.  The percent numbers shown in the bars are the EE 
potential for the type of load after applying such measure. 

In Figure 1 it is apparent that the highest potential exists in air 
conditioning (A/C) 18.4%, followed by water heating 11.4% 
and lighting 8.3%.  In water heating specifically, the potential 
of 11.4% is assuming 100% of the water heating load for the 
residential sector. This is an important measure because the 
average sun hour radiation equivalent in Puerto Rico is 
approximately five (5) all the year.  It has been showed that at 
least 80% of the water heating load can be supplied by the sun 
[7]. Considering all sectors this measure alone may reduce the 
generation capacity by 300MW. Advances in domestic AC 
technology (Inverter Technology) must also be applied since it 
has a very high EE potential for the residential sector. 
 As shown in Figure 2, the commercial lighting has a high 
potential for EE with 13.1%, followed by HVAC 9.5%.  In 
this sector only these two types of loads have been considered 
due to the total contribution the two have over the entire 
consumption.  Lighting and HVAC account for more than 
70% of the energy use in this sector.  
We have not disregarded that while fine tuning for a cost 
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Figure 1.  Detailed Energy Efficiency Potential in the 
residential sector. 
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Figure 2.  Detailed Energy Efficiency Potential in the 
commercial sector. 
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Figure 3.  Detailed Energy Efficiency Potential in the 
industrial sector. 
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effective potential, other measures might be considered for 
other types of loads. 
 The industrial sector in Puerto Rico has the lowest potential 
of all sectors, due to two factors.  First, the elimination of 
section 936 of the US Internal Revenue Law, which allowed 
tax exemptions to US based companies with operations in 
Puerto Rico, resulted in a considerable migration and closures 
of many manufacturing plants.  The second reason is that, 
based on interviews with some manufacturing companies, 
approximately half that sector is working actually towards EE.  
Cervecera de Puerto Rico is one of the highlights in this 
sector.  The Cervecera de Puerto Rico brewery plant has 
reduced more than 40% in electricity demand and more than 
50% in fuel consumption.  Nevertheless, there is still a large 
potential for electrical demand reduction in machine drives 
with anticipated 5.1% potential as shown in Figure 3, and 
must be considered as an important part of any EE plan for the 
Island. 

VI.  IMPACT OF THE PROGRAMS TO EFFECT EE 
These EE potentials would be accomplished by availability 

of technology and funds.  As shown before 130,000 residences 
and 13,000 businesses must be impacted yearly. This suggests 
that EE programs must be extremely aggressive to accomplish 
a target above 2% annually. Although technology exists, its 
availability implies physical, economic and social factors that 
must be taken into consideration for EE programs 
implementation. Social and implementation barriers are under 
consideration and will be presented in a future publication. 

The main factor affecting implementation of EE programs, 
as presented in the previews section, is the costs of replacing 
appliances in such a scale. Considering A/C and HVAC alone, 
annual costs of retrofitting approach $340 million. With 
interests’ rates between 4% and 5%, this adds to over $5 
billion during the 12 years period.  This compares favorably to 
implementing an equivalent 533MW power plant, costing 
approximately $3 to $4 billion that does not include design 
and permits, operation and maintenance, health and 
environmental costs [8]. 

VII.  CONCLUSIONS 
 The first EEPS has been completed for the case of Puerto 
Rico. This study will help to develop public Energy Policy and 
EE programs for the Island. 
 In order to develop the EEPS residential, commercial and 
industrial EIS data with local utility disaggregate sales were 
used.  Local environmental conditions were integrated to the 
data analysis also. 
 The EEPS shows that the annual EE potential can be 
approximately 2.23% considering technology availability.  
This would account for 26.7% improvement in EE during the 
12 years under study. This includes all residential, commercial 
and industrial sectors in Puerto Rico. 
 Implementation of A/C and HVAC along would cost 
around $5 billion, which compares with a power plant of 
approximately 500MW.  

VIII.  FUTURE WORK 
In order to improve the current EEPS Implementation 

Barriers and Social Barriers must be analyzed.  Part of this 
work is already accomplished and will be presented in a future 
publication.  Inclusion of the barriers analysis will help the 
team create attainable energy savings targets.  

Another important part of the project is the development of 
Evaluation Measurement and Verification tools (EM&V), 
which is a critical issue in EE programs validation.  This work 
is also under development at this point. 
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Abstract- This paper presents a study on the use of furnace 
bottom ash (FBA) as a growth medium in green roof 
applications. Experimental tests were performed on three 
different green roof samples, involving FBA as the growth 
media and three sedum types (kamtchaticum, spurium, 
sexangulare) matched with it.  Theoretical analysis was 
conducted for modeling the heat transfer through the green 
roof samples.  Temperature readings at the surface center, 
bottom center, and bottom edge of each sample were recorded 
for 12 weeks with a data sampling frequency of 15 minutes.     
The results were compared with roofs without vegetation.  
These reference roofs are covered with black (EPDM), and 
white (TPO) roofing membranes.  The study showed that green 
roof samples with FBA yielded better thermal performance 
compared to conventional roof membranes.  However plant 
survival and coverage could be an issue in green roof systems 
using FBA if necessary amount of plant maintenance is not 
performed.  
 

I. INTRODUCTION 
A green roof is a roof which has layers such as growing 

media and vegetation layer. In recent years, the effect of 
building insulation on heating and air-conditioning energy 
consumption has become extremely important due the effect 
of energy costs have been increasing. Insulation 
technologies have shown extreme improvement in recent 
years in order to prevent rising costs. Synthetic materials are 
mostly common in the market. However, a live insulation 
approach is becoming more popular in the world nowadays. 
This new method is called green roof application. In this 
method, the roofs of buildings are covered with vegetation. 
There are many benefits of these applications such as 
reducing storm water run-off, habitat, aesthetic appeal, 
decreasing the heat-island effect in large cities and energy 
savings.  

Del Barrio [1] worked on a mathematical model to 
represent the dynamic behavior of actual green roofs. She 
determined a set of parameters to use in the model: the leaf 
area index (LAI) and the foliage geometrical characteristics, 
the soil apparent density, its thickness, and its moisture 
content.  The study proved that green roofs can be used as a 
high quality insulation device in summers. It reduces a 
significant amount of the heat flux through the roof. LAI is 
the ratio of total upper surface of vegetation divided by the 
surface area which is covered with the vegetation. LAI 
determined the short and longwave transmittance of the 
canopy. She came to the conclusion that the canopy has an 
essential role in lowering solar radiation, thus reducing the 
heat flux; therefore selecting plants with large foliage and 

with a mainly horizontal leaf distribution has a significant 
effect. The study also showed that selecting light soils has 
also a significant effect on reducing the thermal 
conductivity as well as weight.  Kumar and Kaushik [2] 
focused on evaluating cooling potential of green roofs and 
solar thermal shading by building a mathematical model. 
They analyzed the components of green roof such as green 
canopy, soil and support layer by using a control volume 
approach based on finite difference method.  Fast Fourier 
Transform (FFT) technique for the green roof model is 
added to the simulation code using Matlab. The model 
developed for predicting temperature variations for the air 
within plant canopy and indoor ambient had an error range 
of 3.3 to 6.1%. They also studied thermal performance of 
green roof combined with solar shading by using these 
results. The study showed that cooling potential of green 
roofs is competent enough to maintain an average in-door 
temperature at 27.5ºC. They carried out parametric 
variations in LAI and foliage height thickness to determine 
the modulation of canopy air temperature, and reduction in 
temperature range and to calculate the penetrating heat flux. 
The results showed that the larger LAI decreases the canopy 
air temperature, stabilized the fluctuating values and 
reduced the penetrating flux by approximately 4 W/m2.  
Sailor [3] developed a physically based model of the energy 
balance of a vegetated rooftop and input it into the 
EnergyPlus building energy simulation program. This 
model gives the designer to change including growing 
media thermal properties and depth, and vegetation 
characteristics such as plant type, height and leaf area index. 
Observations from a monitored green roof in Florida were 
taken in consideration to test the model. The role of growing 
media depth, irrigation, and vegetation density (leaf area 
index) were evaluated on energy consumptions. The study 
showed that the variations of these variables effect the 
building energy consumption significantly.  The fast all 
season soil strength (FASST) model was used for the energy 
budget analysis. Alexandri and Jones [4] worked on a 
mathematical model of the effect of green roofs on 
mitigating raised urban temperatures. They built a one-
dimensional model, representing heat and mass transfer in 
building materials, considered as capillary-porous bodies, 
the vegetated canopy, modeled as a combined plant–air 
canopy layer, the soil and the air. The model was confirmed 
with the experimental results. Lazzarin et al. [5] compared 
the experimental measurements that they conducted on a 
green roof installed by the Vicenza Hospital by taking data 
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on a logging system with temperature, humidity, rainfall, 
radiation, etc. sensors with the model developed in a 
building simulation software (TRNSYS). They calculated 
thermal and energy performances of a building with a green 
roof, varying the meteorological dataset for a specific 
geographic zone by using this model. It is determined that 
the latent flux of the evapotranspiration is very important.  
They observed that there is a 60% decrease in heat gain of 
the room underneath the green roof during summer and 40% 
decrease in heat loss during winter season. 

Getter et al. [6] made tests on several US native and non-
native species to quantify the effect of solar radiation (full 
sun versus full shade). In their first study, they worked with 
six native and three non-native species which were planted 
on substrates of two depths (8.0 and 12.0 cm). These species 
were sedum acre, Allium cernuum, sedum album, Talinum 
calycinum, Talinum parviflorum, Carex flacca, sedum 
stenopetalum, sedum urvillei and sedum divergens. This 
study showed that overall coverage was not affected by 
solar radiation level. The results showed that for shaded 
locations, sedum acre and sedum kamtchaticum are both 
appropriate choices for the depths tested. 

Zhang et al. [7] focused on creating an energy balance 
model for extensive green roofs. The parameters considered 
in this model were; incident solar radiation, ambient air 
temperature, dew point of ambient air, wind speed above 
canopy, soil water content, and leaf and soil temperatures. 
Experimental results pointed out that 99.1% of the total heat 
gain came from the solar radiation on a typical summer day 
when the soil is rich in water content and the remaining heat 
gain (0.9%) was due to convection. 58.4% of all the 
dissipated heat was by the evapotranspiration of the plants–
soil system, 30.9% by the net long-wave radiative exchange 
between the canopy and the atmosphere, and 9.5% by the 
net photosynthesis of plants. The part that stored by the 
plants and soil, or shifted into the room beneath was 1.2%.  

Getter and Rowe [8] determined quantity of substrate 
depth and planting season on successful establishment of 
plugs of sedum species on green roofs. They used nine 
species of sedum in East Lansing, MI, and evaluated for 
plant survival. The species were sedum angelina, sedum 
cauticola, sedum floriferum, sedum hispanicum, sedum 
ochroleucum, sedum sarmentosum, sedum sediforme, 
sedum sexangulare, and sedum spurium. The study showed 
that the substrate depth does not affect the survival rate for 
the three depths tested but season of planting has a 
significant effect on it. Overall, spring planting had 81% 
survival rate compared to autumn with 23%. Sedum 
cauticola, sedum floriferum, and sedum sexangulare were 
the only species not affected by season of planting. Sedum 
cauticola barely lasted at any substrate depth or planting 
season and all the other species had a high survival ratio 
when seeded in spring. 

Hiena et al. [9] explored the thermal benefit of an 
extensive roof in Singapore. They performed a before and 
after measurement and experiment to explore it. The green 
roof carried out lower surface temperature than the original 

exposed roof surface especially the parts that covered with 
vegetation completely. They observed 18ºC of a maximum 
temperature difference. The extensive green roof stopped 
60% of the total heat gain, maximally. It was also noticed 
that the green roof reduced the risk of glare factor for 
surrounding buildings. 

Celik et al. [10] studied the thermal insulation behaviors 
of green roof combinations with varying matching of plant 
and growth medium types. The study revealed that red lava 
rocks with sedum spurium yielded the best results in terms 
of thermal resistance in summer conditions. 

Although thermal performances of various green roof 
systems have been widely examined in the literature, a gap 
occurs on the analysis of furnace bottom ash being used as 
the growth media. Use of furnace bottom ash can yield 
significant amount of savings, especially in states where 
high volume of coal is used, such as Illinois. This study 
focuses on the use of furnace bottom ash, as the growth 
medium for green roof systems.  

 
II. THEORY 

For the heat transfer analysis, plant canopy and growth 
medium are considered. These layers are shown in Fig. 1.  

 
Fig. 1. Green roof layers. 

 
An energy balance can be defined for the plant canopy 

and the growth medium which form a system together. This 
balance includes shortwave radiation to the system, 
longwave radiation within/from the system, convective heat 
transfer, latent heat flux due to evapotranspiration (ET) from 
the system, and conduction heat transfer through the growth 
medium. Net energy equation that accounts for both the 
plant canopy and the growth medium can be derived from 
[3] and [11]: 
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where R, S, L, P, and Q refer to radiation, sensible, latent, 
precipitation, and conduction heat fluxes, respectively. 
Subscripts p and g denote plant canopy and the growth 
medium, respectively. In equation (1), Rnet is defined as 
follows: 
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In this equation; SW, ILW, and E are the shortwave, 
incoming longwave, and emitted radiation heat fluxes, 
respectively. Rexchange is the radiation exchange between the 
plant canopy and the growth medium, which is equal in 
magnitude for both, and opposite in sign, hence cancelling 
each other when summed up in equation (1). 

Sensible and latent heat fluxes for both the plant canopy 
and the growth medium can be expressed as [3,11]: 

papapppap pair
TUhcLAIS ,,,1.1 Δ= ρ  (3) 

gapagpgag pair
TUhcS ,,, Δ= ρ  (4) 

satp papappapp qrUhLAIlL ,,, " Δ= ρ  (5) 

gapaggagg p
qUhlL ,,, Δ= ρ  (6) 

In the above equations; LAI, h, Ua,p, r , and q are the leaf 
area index, bulk heat transfer coefficient, wind speed of air 
within the plant canopy, surface wetness factor, and mixing 
ratio for air, respectively. 

Conduction heat flux through the growth medium is 
approximated to be 1-D along with a neglectance of void 
and moisture within the medium. Hence: 

 
  dz

dTkQcond =     (7) 

Equation (7) is behaved as an ordinary differential equation 
as temperature is assumed to be changing in the direction of 
soil depth only. 

 
III. EXPERIMENTAL WORK 

A modular green roof system was used.  The system 
exists of 60 cm (L) x 60 cm (W) x 10 cm (H) aluminum 
trays filled with growth media and vegetation.  The 
experimental analysis involves the growth media and the 
sedum species as the varying parameters.  A growth media 
(furnace bottom ash), with three sedum types (S. 
kamtchaticum, S. spurium, S. sexangulare) were observed 
and measurements were collected continuously for 14 
weeks, August through November, 2011.  The tested 
vegetation types are shown in Fig. 2. 

 
Fig. 2. Tested sedum species. 

 
A letter coding was developed to identify each node of 

temperature readings. Table 1 illustrates the assigned codes. 

TABLE I 
CODING FOR EXPERIMENTAL VARIABLES 

Growth Medium Vegetation Species Probe Location 

A – Furnace 
Bottom Ash 

K – Sedum kamtchaticum S- Surface Center 
P – Sedum spurium B-Bottom Center 
X – Sedum sexangulare E-Bottom Edge 

 
Nine codes (1 growth media x 3 sedum species x 3 

temperature probes) were employed througout the 
experimental analysis. Three green roof samples were tested 
in three duplicates for the sake of repeatability, resulting in 
nine blocks and 27 temperature probes. For simplicity, each 
sample was assigned a code where the first and the second 
letters represent the growth medium and the sedum type, 
respectively the last letter represents the location of the 
probe in the green roof sample.  These codes are listed in 
Table 2. 

TABLE II 
 PROBE COMBINATIONS 

AKS AKB AKE 

APS APB APE 

AXS AXB AXE 

The dimensions of the growth media in each sample are 
60 cm (L) x 60 cm (W) x 8 cm (H).  The temperature 
readings were measured by HOBO TMC6-HD high 
accuracy soil/water probes and recorded by HOBO U12-008 
weatherproof outdoor data loggers.  The accuracy of the 
probes used with U12 data loggers is declared to be ±0.25°C 
at 20°C, by the manufacturer.  Probes were located 
underneath the growth media at the center of the aluminum 
trays, at the top of the growth medium and the edge of the 
aluminum tray underneath the growth media. Data were 
collected from each channel for two years and eight months 
every 15 minutes.  Each data logger could store 43,000 
measurements; just in case of a malfunction the data were 
collected almost every 2 weeks during this period. 
 

IV. RESULTS 
The temperature at each probe location for each of the 

nine tested green roof combinations are shown in Fig. 3 for 
September 2011. All models were poorly vegetated due to a 
drought during the summer. 

 
Fig. 3. September 2011 data for all combinations. 
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Solar irradiance in September 2011 is illustrated in Fig.4.  
Shorter lines represent cloudy days in which the solar 
irradiance values are significantly lower than the other days. 

  

 
Fig. 4. September 2011 data for solar irradiance. 

 
The effects of the green roof can easily be seen in Fig. 5. 

The graph also shows that TPO membrane are better as an 
insulation material compared to EPDM membranes. 
 

 
Fig. 5. Temperature data for green roof blocks and membranes. 

 
September 2nd is selected as a sample day for presenting 

thermal data. Because of the poor vegetation due to draught, 
there is no significant temperature difference between the 
green roof samples. However, they have a considerable 
effect as an insulator compared to conventional roofing 
membranes (Fig. 6). 

 

 
Fig. 6. Temperature data for green roof blocks and membranes during 

peak hours on a selected day. 
 

The temperature differences between the surface and 
bottom of the green roof models are given in Fig 7. The 
largest temperature difference is with sedum sexengulare, 
which reaches 20 ºC.  
 

 
Fig 7. Temperature differences ( T=Tsurface-Tbottom) through the blocks 

for the selected day. 
 

Two following days in September were selected to 
observe the effect of plant coverage under high solar 
radiation. Fig. 8 demonstrates temperature and radiation 
data for these two consecutive days. 
 

 
Fig 8. Temperature and solar irradiance data.  

 
The green roof system having sedum sexangulare 

transmits solar radiation less, which yields a more efficient 
green roof. This is due to it having a higher plant coverage 
of approximately 12%, compared to sedum kamtchaticum 
with 6%, and sedum spurium with 10% plant coverage . 

 
V. CONCLUSION 

Three combinations of plant and growth media in a 
modular green roof system were tested to compare their 
thermal insulation performances. These combinations were 
furnace bottom ash, as the growth medium, with sedum  
kamtchaticum, sedum spurium, and sedum sexangulare. 
Each combination had three replicates, resulting in nine 
samples, and each sample had three temperature probes, 
yielding 27 sensors. Temperature measurements were taken 
from the surface and bottom of  each sample to observe the 
thermal resistance of each system. Data was collected for 12 
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weeks at 15 minute time intervals. Data from the green roof 
samples were compared to temperature readings from black 
(EPDM) and white (TPO) roofs. 

The results showed that thermal resistance of the green 
roof system was directly related to plant coverage of the 
systems. The plant coverage, and in relation the leaf area 
index, were very low for all of them due to dry season. 

In terms of green roof and conventional membrane roof 
comparison, it was observed that white roofs save more 
energy than black roofs in cooling season, and green roofs 
save more energy than the white roofs. Even with the poor 
vegetation, base temperatures of green roof blocks were 
approximately 10°C cooler than white roof (TPO), and 
approximately 20°C cooler than black roof (EPDM) 
membrane temperatures on a summer day with 37°C outside 
ambient temperature. This indicates significant amount of 
energy savings in terms of the cooling load of the building 
envelope. 

This is an ongoing project which will quantify the 
benefits of each vegetation once the plant coverage reaches 
satisfactory levels in the following growing season. 
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Abstract—The Green Data Center Project was a successful effort 
to significantly reduce the energy use of the National Snow and 
Ice Data Center (NSIDC). Through a full retrofit of a traditional 
air conditioning system, the cooling energy required to meet the 
data center’s constant load has been reduced by over 70% for 
summer months and over 90% for cooler winter months. This 
significant change is achievable through the use of airside 
economization and a new indirect evaporative cooling system. 
One of the goals of this project was to create awareness of simple 
and effective energy reduction strategies for data centers. This 
project’s geographic location allowed maximizing the positive 
effects of airside economization and indirect evaporative cooling, 
but these strategies may also be relevant for many other sites and 
data centers in the U.S. 

Keywords – data centers, indirect evaporative cooling, airside 
economizer, free-cooling, PUE, sustainable design, energy 
reduction, energy savings 

I.  INTRODUCTION 
Current expansion and the use of digital technology and 
communication are causing significant growth demands on the 
information technology (IT) industry. The worldwide capacity 
for data storage and processing is increasing rapidly as more 
and more industries and companies must provide or store data 
for clients, as well as for internal business purposes. Examples 
include: online financial services and mobile banking; the 
communication and entertainment industry as they expand into 
social websites and internet access markets; and digital 
healthcare records. Almost all shipping and mail services now 
offer online tracking of packages. GPS technology has become 
smaller and more affordable, and a standard feature on many 
new vehicles. Real-time data processing of these geospatial 
data will increase exponentially.With all of these industries 
expanding their digital footprint, data center demand capacity 
for storage and processing will also grow accordingly. 

Data centers provide a clean, secure and stable environment for 
online servers and must be maintained physically and virtually 
at all hours of the day. Such facilities across the U.S. typically 
house anywhere from a few dozen to a few thousand servers 
and are geographically dispersed. In 2010, over 11 million 
servers were installed in the U.S. [1].  

Many of these computers are meticulously maintained for 
peak performance, and this means their physical environment 
where they are stored must be kept very clean and maintained 
within specific temperature, humidity and air quality standards. 
So while improvements in energy efficiency are important, 
machine room environment and support systems’ reliability are 
also critical to these data centers. 

The Green Data Center Project, funded by the National 
Science Foundation (NSF) and NASA, demonstrates how a 
data center can achieve energy efficiency yet maintain 
reliability, temperature, humidity and air quality standards. 

II. BACKGROUND 
The NSIDC provides data for studying the “cryosphere”—

those areas of the planet where snow or ice exist. The two 
most extensive regions are Antarctica and the Arctic but high 
elevation regions are also important as they contain glaciers, 
and permanent ice and snow fields.  The Center began 
operations at the University of Colorado in 1976.   Some of 
the data held at NSIDC indicates dramatic changes in the 
cryosphere over the past decade and many of these changes 
have been attributed to global warming. NSIDC has operated a 
Distributed Active Archive Data Center (DAAC) for NASA’s 
Earth Observing System since 1992. The data managed by the 
DAAC computer systems are distributed to scientists around 
the world. In order to deliver these cryospheric data to national 
and international clients, the data center must be online around 
the clock.  
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The NSIDC computers are housed in a secure facility 
within a mixed use office and research building located in 
Boulder, Colorado and operates continuously. 

In 2008, the Uptime Institute said that annually, global data 
center CO2 emissions are poised to equal that of the airline 
industry if current trends persist, and it estimated that data 
center CO2 emissions will quadruple between 2010 and 2020 
[2]. The irony of the NSIDC’s situation stems from the fact 
that the use of tools (the data center) necessary to study the 
problem (climate change) are actually contributing to the 
problem. When it became necessary to replace and upgrade 
the existing cooling infrastructure, all options were 
considered, and in particular, solutions that would reduce 
energy demand and dependency on the local utility provider 
were given high priority. 

Computers consume a significant amount of electrical 
energy. Most of this energy is converted into heat within a 
computer that then must be exhausted to prevent damage to 
the electronic components. The American Society of Heating, 
Refrigeration, and Air Conditioning Engineers (ASHRAE) has 
established temperature and humidity standards that are 
suitable for data centers and computer rooms [3]. The limits 
on this psychrometric “envelope” are shown in Table 1. 

Humidity control in a data center is critical to stable 
operation. Too much moisture in the air allows for 
condensation possibly leading to short circuits and damage to 
any part of the delicate integrated circuits, power supplies, and 
other hardware. Too little humidity allows for static charge 
accumulation and potential damage from a single, large 
discharge could be significant. Exceeding a certain ambient air 
temperature can cause thermal damage to equipment. Very 
low ambient temperatures can cause bearing failures on disk 
drives leading to premature failure. 

It is a vital concern of data center managers to maintain an 
appropriate air state using heating, ventilation and air 
conditioning (HVAC) systems. The NSIDC computer facility 
meets the ASHRAE Allowable Class 1 Computing 
Environment, as shown in Table 1. Internal review of 
manufacturer specifications revealed that all of the computer 
and IT equipment in the data center can operate safely (and 
under warrantee) under the ASHRAE Allowable and 
Recommended Computing Environments. 

TABLE 1. 2008 ASHRAE PSYCHROMETRIC ENVELOPE FOR DATA CENTERS 

°

 

 

 

 

III. TRADITIONAL DATA CENTER COOLING 
INFRASTRUCTURE 

Traditionally, data centers have been cooled by standard 
(and often packaged or unitary) air conditioning systems that 
utilize a direct expansion (DX) heat removal process through a 
liquid refrigerant. This is the same type of cycle that runs the 
air conditioning in a car or refrigerator. Although a robust and 
mature technology, the DX cycle has been under scrutiny over 
the past few decades as other technologies capable of 
producing the same amount of cooling with less power 
requirement have entered the market and become economically 
viable. The DX cycle requires environmentally harmful, 
synthetic refrigerant (R-22) and substantial energy to run a 
compressor. Of all the parts in a DX air conditioner, the 
compressor requires the most energy. Up until the past few 
years, typical data centers have been cooled by these packaged 
DX systems, commonly referred to as computer room air 
conditioners (CRAC), because they are very reliable. These 
systems have been economical in the past due to their off -the-
shelf packaging, compact size and simple controls. However, 
as the need for energy use reduction and environmentally 
friendly technology becomes more and more prevalent, the DX 
systems for data centers are becoming antiquated. The NSIDC 
operated 2 CRAC (50 tons in total) units full time until June 
2011. 

Most data centers are connected to a regional utility grid, as 
this has traditionally been the most reliable way available to 
power critical computer systems. Power is delivered to an 
uninterruptible power supply (UPS), which conditions and 
delivers power to the computers in a data center. The UPS in 
the NSIDC charges a large battery array for use during a power 
outage. (The NSIDC does not have any backup generators). 
This allows the data center to remain online for about two 
hours without power from the utility provider. 

IV. REDUCED ENERGY CONSUMPTION SYSTEM 
The Green Data Center project was separated into two 

main components: server consolidation and virtualization and 
installing a more efficient cooling system. The latter is the 
focus of this paper, but it is important to realize that some 
energy reduction was achieved by simply reducing the IT load 
(which also reduces the cooling power required). The new 
cooling system design includes a unique cooling system that 
uses both airside economization and a new air conditioner that 
uses the efficient Maisotsenko Cycle. 

A. Airside Economization 
Airside economization is not a new technology, but does 

add some complexity to the control system. Simply put, an 
airside economizer is just a control mode that allows the air 
handling unit (AHU) to cool the space solely with outdoor air 
when the outdoor air is cooler than the air in the space. This is 
commonly referred to as “free cooling”. In this mode, no air 
conditioning (DX or other process) is required, and 
recirculation of room air is reduced to a minimum. As stated 
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previously, humidity is an issue for computers and electronic 
systems. And in many locations, particularly the Midwest and 
East Coast of the United States, airside economization may not 
be possible due to the hot and humid climate. However, the 
State of Colorado (and much of the western U.S.) is much 
drier year round and cool enough for about 6 months of the 
year, so an airside economizer is a viable option for data 
centers to maintain an air state that is within the ASHRAE 
limits. 

B. Indirect Evaporative Cooling 
The centerpiece of the new system revolves around a series 

of Coolerado® air conditioners that utilize the Maisotsenko 
Cycle [4]. This cycle uses both direct and indirect evaporative 
cooling to produce a supply air state that is 16.7°C to 22.2°C 
(30°F to 40°F) below the incoming air temperature. A 
patented heat and mass exchanger (HMX) divides the 
incoming air stream into two streams: working air (WA) and 
supply air (SA). The WA is directed into channels with wetted 
surfaces and cooled by direct evaporation. At the same time, 
adjacent channels carry SA without any water added or wetted 
surface. The adjacency of these airstreams allows for indirect 
evaporative cooling of the SA stream. Heat is transferred to 
the WA stream by evaporation from an impermeable surface 
in contact with the SA stream. Cool SA is delivered directly to 
the computer room. Working air, warm and saturated, is 
ultimately exhausted to the outside, or directed into the space 
when room humidity is below the humidity setpoint. The room 
humidity can drop below 25% relative humidity if the outside 
humidity is very low (which happens often in Colorado), and 
the AHU is in economizer mode, providing a significant 
amount of outdoor air to the room. In the winter months, this 
happens often and WA is directed into the space most of the 
time through the working air dampers (see Fig. 1). One CRAC 
unit (30-ton) was left in the room for redundancy and for 
dehumidification during occasional hot and humid periods in 
the summer. The new system (exclusive of the 30-ton CRAC) 
was not designed with a dehumidification mode because this is 
rarely necessary in Colorado’s climate. 

Note that this cooling process does not have a compressor 
or condenser in its cycle. Air from the AHU can now be 
cooled to a comparable cool temperature using an average of 
one tenth the energy that would be required by the CRAC 
system. Water is used in this cycle, and is only used once 

(single pass). Based on measurements, all eight of the 
Coolerado units consume an average of 1.7 liters per minute 
(0.5 gallons per minute) when in humidification mode, which 
is most of the winter. Unfortunately, similar measurements 
were not taken of CRAC water use, although it is expected 
that the CRACs use and waste more water due to an inefficient 
humidification process. 

The new cooling system consists of a rooftop air handling 
unit (AHU) powered by a 7.5 kilowatt (10 horsepower) fan 
motor via a variable frequency drive (VFD), eight Coolerado 
air conditioners and hot aisle containment.  

Fig. 1 shows a schematic of this system. On a design 
cooling day (hot summer day), the AHU pulls in outdoor air 
around 95°F and introduces it to the front side of the 
Coolerado units. Then the Coolerado fans force the hot air 
through its HMX, splitting the airstream in half and cooling 
the supply air to about 12.7°C (55°F). This cool air is directed 
to the front side of the server racks. After being exhausted 
from the backside of the server racks at around 32°C (90°F), 
the air is pulled out of the hot aisles by suction pressure from 
the return air damper in Fig. 1. This slight negative pressure is 
caused by the same AHU fan that initially pushed the air into 
the room. To ensure efficiency and prevent cool air from being 
pulled out of the room before cooling the servers, hot aisles 
are separated from the cool areas of the data center by plastic 
curtains (see Fig. 1). This is referred to as hot aisle 
containment. 

 Note that the AHU is completely responsible for the 
airside economization by regulating the amount of outdoor air 
into the space. When the outdoor air is cool enough (late fall, 
winter and early spring months), the AHU introduces a 
mixture of this cool air with some hot return air from the 
backside of the server racks. This mixed air is introduced into 
the room and allowed to flow out from beneath the Coolerado 
air conditioners to keep the “cool” areas of the room around 
22.2°C (72°F).  

The Coolerado air conditioners are only used when the 
AHU can no longer supply cool enough air to the data center, 
presumably because the outdoor air temperature has climbed 
above the room temperature. The Coolerados are located in the 
room with the servers so that cool product air can be delivered 
directly to the front side of the servers (see 3 in Fig. 1). 
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Figure 1. Schematic of new cooling system for the NSIDC. 

V. MEASUREMENT AND DATA 
By late 2009, it was determined that the aging CRAC units 

operating in the NSIDC had to be replaced soon, as they were 
approaching the end of their useful life. One of them was 
actually rusting on the inside due to leaking water (these 
CRACs were equipped with humidification features). The 
energy consumption of these CRAC units needed to be 
monitored to determine the power use of the traditional system 
and calculate the overall efficiency of the data center. 
Although this could have been approximated by using 
nameplate ratings and efficiencies, actual energy consumption 
often varies significantly and can only be determined with 
proper monitoring equipment. Power meters were initially 
installed on the two existing CRAC units and the 
uninterruptible power supply (UPS). Data from these meters 
were collected over the period of one and a half years.  

A. Data Center Efficiency Determination 
The Power Utilization Effectiveness (PUE) for any data 

center can be calculated using (1) for any specific point in 
time (using power, or kilowatts), or a time period (using 
energy, or kilowatt-hours) [5]. 
 

PUE = Total Power  (1) IT Power  
 

It is important to point out that PUE is an efficiency metric, 
and by definition is normalized for different IT loads. 
Therefore two PUEs are comparable regardless of the IT load. 
This allows comparison of the NSIDC PUE before and after 
this Green Data Center Project (which included IT load 
reduction). 

It should be noted that the NSIDC, like most data centers, 
operates an UPS in order to condition power and to maintain a 
large battery array for use during a regional electricity outage. 
And like all power electronic equipment, there are some losses 
through the UPS. The UPS currently installed at the NSIDC is 
only 87.7% efficient, which leads to a loss of 12.3% to power 
conditioning and conversion from AC to DC current to charge 
the backup battery array. This loss is accounted for in (1) by 
the difference between UPS Power and IT Power. 

 

 IT Power = UPS Power   x  UPS Efficiency (2) 

 Total Power = Cooling Power + UPS Power (3) 

 
IT Power refers to the actual power demand from the IT 

equipment (e.g. servers, network switches, disk drives). The 
sum of all equipment power uses at any point in time equals IT 
Power. UPS Power refers to the municipal or input power 
supply required at the UPS. IT and UPS Powers are related 
directly by the UPS efficiency as in (2). And Total Power 
includes the “extra” power consumed by the conversion losses 
through the UPS as in (3). 

B. Inefficiency of CRAC System 
Because the data center operates 24 hours per day, there is 

a constant need for cooling; and without airside economization 
to take advantage of cold winter air, the CRAC units used to 
operate the compressors 24 hours per day, at near constant 
load. Therefore the PUE of the CRAC system at the NSIDC 
didn’t vary much with outdoor temperature from month to 
month. The new system allows the cooling power required to 
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maintain the ASHRAE air state to decrease  in correlation with 
the outdoor temperature.  

When the new system (AHU and Coolerado air 
conditioners) was installed, more power meters were installed 
to account for all power uses of the cooling system i.e. the 
AHU fan and the Coolerado air conditioners. For comparison 
purposes, monthly average PUEs to date were also calculated 
for the new system, and seasonal variation is expected. 

C. Results 
Fig. 2 shows the reduction in PUE compared to the CRAC 

system. The CRAC system had an annual average PUE of 
2.03. The new system has an average PUE to date (June 2011 
through January 2012) of 1.27. And this average will decrease 
through about April of 2012 because outdoor temperatures in 
Colorado are generally cool during this time of the year. And 
since September 1st, 2011, the monthly PUE has been below 
1.35 due to the airside economization of cool outdoor 
temperatures. Note that the PUE in May of 2011 was actually 
higher than it was in 2010 because the CRAC system was still 
operational as the new system was undergoing commissioning 
and testing. During this time, the complex control sequences 
for the new system were being tuned. This issue was a single 
occurrence and should not happen again. 

Fig. 3 shows the cooling energy comparison for the same 
total time period. The new system used less than 2.5 kilowatts 
of power on average for the month of October 2011. 
Compared to October 2010 (during which the IT load was 
only 13% higher and outdoor conditions were very similar), 
the average cooling power usage is almost 95% less. The 
average cooling power during the next few winter months of 
November 2011 through January 2012 were similar because 
the winters in Colorado are generally very cool. Note that 
there was actually a slight increase in cooling power during 
the winter months of 2010 while using the CRAC system. 
Although it is not immediately clear what caused this, it was 
most likely due to the CRAC active humidification process 
that was necessary to maintain the low humidity limit 
prescribed by ASHRAE. The CRACs used a series of heat 
lamps (inside each unit) to evaporate water into the airstream. 
Obviously this is inherently inefficient because the air must be 
cooled further to account for the heat added by the heat lamps.  
The new system actually produces very humid air as a 
byproduct (working air), and humidifying the space when 
necessary requires no additional energy. 

The significant energy savings was accomplished while 
maintaining the 2008 ASHRAE standards for data center air 
quality, meaning warranties on servers and IT equipment are 
still valid. Additionally, maintenance costs have been reduced 
to only air filter changes and periodic check-ups on the 
Coolerado units. These air conditioners are very simple, 
without any substantial moving hardware other than a small 
fan. (One CRAC unit was left in place for cooling redundancy 

and backup purposes. It will also run as a dehumidifier should 
the relative humidity become too high. 

VI. OUTREACH 
To ensure that operating conditions remain within the 

ASHRAE prescribed envelope, nearly 2 dozen sensors have 
been installed in the data center to measure temperatures, 
humidity and power use. To share this information with the 
public, two datalogging networks were installed in the room to 
collect, process and display the data on the NSIDC’s public 
website. The data can be used to monitor the current 
performance and the past day’s trends in energy uses and 
temperatures. 

The NSIDC hopes that this Green Data Center Project can 
serve as a successful case study for other small and medium-
sized data centers to look to and learn from. 

VII. CONCLUSION 
The problems facing our planet require different 

approaches to traditional methods of operation, especially in 
the rapidly evolving and growing technology industry that 
consumes extraordinary amounts of resources and indirectly 
contributes to global climate change. The solutions to these 
problems do not necessarily require extraordinary complexity 
nor need be expensive. This Green Data Center Project was 
completed for a modest sum relative to the substantial energy 
savings achieved.  
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Figure 2. Monthly average PUE comparison. 

 

Figure 3. Monthly average cooling power comparison between CRAC system and new system. 
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Abstract—The Directive 2002/91/EC of the European Parlia-
ment requires member states to calculate the energy performance
of buildings with the overall goal of reducing their energy
consumption. Existing tools for the calculation of building energy
efficiency provide good results in calculating the energy level of
a given building but fail to support the user in the subsequent
step - the identification of strategies on how to improve the
building’s energy efficiency. The manual identification of the
optimal building configuration is not only tedious but very costly
for the user and, therefore, exacerbate improving building energy
efficiency.

This paper gives an overview of a new decision support system
called SEMERGY that enables stakeholders to efficiently identify
potential building configurations with regard to (i) environmental
impact, (ii) energy consumption for operating the building, (iii)
energy used for the production and distribution of building
components, (iv) financial constraints, (v) building component
compatibility, and (vi) legal requirements. The provision of
computational support for the buildings’ design phase benefits the
AEC (Architecture, Engineering, and Construction) stakeholders
in view of cost reduction, energy efficiency, and occupants’
comfort and productivity and, thus, facilitates the design of
energy efficient buildings.

I. INTRODUCTION

Buildings account for around one third of the world’s total
energy consumption and a similar percentage of the world’s
greenhouse gas emissions. Statistics of the EU state that
40 percent of energy consumption and 36 percent of CO2
emissions are generated directly or indirectly by buildings
[1]. The U.S. Department of Energy [2] reports that build-
ings account for 39 percent of energy use, 38 percent of
carbon dioxide emissions, 65 percent waste and 71 percent of
electricity consumption. As climate change negatively affects
the quality of life around the globe, the European Union
(amongst other industrial countries) agreed in the 1997 Kyoto
protocol, to decrease its CO2 emissions by 8% until 2012
(based on CO2 emissions in 1990). To implement the Kyoto
protocol the European parliament and European council passed
the Directive 2002/91/EG (EPBD 2002) that introduced the
Energy Performance Certificate (EPC) in December 2002 with
the aim to assess and improve the energy performance of
buildings. As a consequence the software industry developed
tools to calculate buildings’ energy performance based on
their geometry, materials, windows, doors and heating/cooling
configurations.

While the difficulties in collecting and processing critical
information necessary for the calculation and improvement

of building energy performance is generally known, effective
solutions have not been found yet. Partial progress has been
made in the area of building representation by the development
of IFCs (industry-foundation classes), IFDs, and the building
smart efforts. Existing tools provide good results in calculating
the energy level of a given building. What these tools are
not capable of is to give the users advice on the measures
necessary to improve the energy efficiency of the buildings.
The EU Energy Performance of Buildings Directive 2010
(the EPBD recast directive) improves the implementation by
demanding the EPC to include (i) the assessment of the
buildings energy performance, (ii) recommendations for the
cost-optimal or cost-effective improvement of the buildings
energy performance and (iii) an indication as to where the
owner or tenant can receive more detailed information.

SEMERGY fulfills these requirements by providing a valu-
able extension to existing energy performance calculation
tools. SEMERGY is a software solution that supports the
user in the identification of strategies on how to improve
the building’s energy efficiency (considering financial, legal,
technical and individual requirements and constraints).

It supports the stakeholder in the identification and selec-
tion of appropriate products (materials, components) from an
almost endless pool of options. The product selection is a
multidimensional problem that must consider the following
product characteristics (cf. Figure 1):

• Environmental impact of building materials through the
building’s life-cycle (e.g., disposal of insulation material).

• Energy consumption caused by the operation of the
building.

• Energy used in production and distribution of building
components and materials. This energy amounts for 15
to 20 percent of total energy consumption over a 50 year
period.

• Financial aspects that constrain the overall building con-
figuration.

• Compatibility among building components (e.g., a certain
window type can only be combined with a specific wall
type).

• Legal requirements (e.g., required insulation quality).

II. THE SEMERGY METHODOLOGY

According to estimations the total emissions arising from
the building sector will reach 11.7 GtCO2e in 2020. The Smart
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Fig. 1. The homeowner’s challenges in improving energy efficiency

2020 Report states that improved building design and the use
of automation technology could save 1.68 GtCO2e globally
[3]. Other sources expect that greenhouse gas emissions in the
the building sector can be reduced by 30-35 percent by 2050,
in spite of growing numbers of buildings, by tapping the full
potential of today’s technology [4]. Basically there are two
types of ICT-based building design improvement options: The
first option is to equip new buildings with modern building
management systems. The systems are already integrated in
design phase, which makes optimization easier in comparison
to integrating such systems in existing building, which is
the second type of improvement. To reach the amount of
emissions saving that is needed to successfully address the
climate problem, both types of improved building design have
to be realized. Equipping existing buildings with modern
technologies globally is a large-scale project, but the energy
saving potential is large. The retrofitting of existing buildings
is a major part of the possibility supplied by ICT to reduce the
carbon footprint of the building sector [5], since 80 percent of
the existing building stock is more than 30 years old.

SEMERGY takes both scenarios into consideration and sup-
ports the optimization of new buildings and the retrofitting of
existing buildings. In both cases the user can use existing CAD
and BIM files as a basis for energy efficiency calculations.
From a technological point of view, SEMERGY provides three
layers including data acquisition, semantic enrichment, and
decision making to support AEC stakeholders and individual
homeowners in identifying energy-efficient building configu-
rations.

A. Data Acquisition

Structured and unstructured information resources are pro-
cessed to generate potential building configurations. Structured
resources include product libraries that are stored in databases,
CSV, or XML files (dependent on the product vendor), and
AEC domain specific resources, such as building plans and al-
ready existing building configurations (e.g., proprietary build-
ing configuration stored by an energy performance calculator).
Unstructured information resources include natural language
texts, such as standard, codes, or funding guidelines. As these
structured and unstructured information resources lack se-
mantic descriptions, SEMERGY provides interfaces, parsers,
connectors, and concept/attribute identification methods. These

methods extract the actual information from the sources and
provide it to the semantic transformation module.

Besides structured resources, such as product databases,
information from unstructured resources, such as standards,
legislation, and funding guidelines, is crucial at identifying
potential building configurations. To integrate unstructured
resources into the AEC and legislation ontologies, SEMERGY
uses parsers that support the extraction of concepts and de-
fined attributes from unstructured resources, such as natural
language text. Document-specific parsing profiles ensure that
information is efficiently extracted, e.g., finding the regula-
tions towards minimum glazing in inhabited rooms from a
building code text. Additionally, external modules, such as
existing energy performance calculation tools, contain valuable
information regarding a specific building project (e.g., basic
building configuration).

B. Semantic Enrichment

The main goal of the semantic enrichment layer is to se-
mantically enrich data coming from the data acquisition layer
and provide it via ontologies to the decision making layer.
Currently, energy-relevant building construction data (e.g.,
window and insulation data) is not semantically structured and
stored in distributed data sources. As a result, data acquisition
is cumbersome, time-consuming, costly, and error-prone, lead-
ing to energetically sub-optimal building design, renovation,
and operation decisions. As previous studies have shown, the
planning of energy-efficient buildings suffers from the sub-
optimal retrieval and utilization of energy-critical information.
Although the trend towards BIM-solutions experiences a rise
in interest in recent years, there is currently no ontology-
based solution that provides the required level of complexity.
SEMERGY defines reference AEC ontologies (cf. [6]) that
are used to provide interoperability between heterogeneous
AEC resources, such as online catalogues, product databases,
standards, and tool services. The ontologies will structure the
necessary knowledge in a formalized and standardized way
(the W3C Web Ontology Language OWL will be used to
build the ontologies). Since no adequate AEC and legisla-
tion ontologies for supporting the building planning process
are available, this research provides the first ontology-based
solution for BIM.

Additionally, this layer transforms parsed data gained in the
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data acquisition layer to semantically meaningful information.
Therefore, SEMERGY maps the output data of each data
acquisition module to AEC and legislation ontology concepts.
The ontology logic utilizes mapping schemas and a reasoner to
create ontology individuals according to our ontology specifi-
cations. The reasoner ensures the ontologies’ consistency after
each insert and modification operation.

C. Decision Making

On the decision making layer, the AEC reasoning and logic
module extracts potential building component configurations
from the ontologies. The reasoning engine ensures that these
configurations meet legal, technical, financial, and individual
user requirements. Potential configurations are passed to the
decision support and selection module. The decision support
tool (based on [7], [8]) generates potential building con-
figurations and passes them to the user interface. At each
category, such as initial costs and energy consumption, the
user influences potential building configurations by restricting
or relaxing the constraints.

The main challenge is to formally model and implement
building component dependencies and corresponding legal
requirements (e.g., each living room requires at least one
window). Therefore, SEMERGY uses a novel generic con-
figuration module with AEC/Legislation reasoning and logic
capabilities. The module provides reasoning and general logic
mechanisms to identify potential building configurations based
on the user’s requirements. Based on the user requirements it
will automatically identify compliant, technically and legally
sound building configurations. This should guarantee the us-
ability of the system even for users without strong experience
in building science, such as estate agents and private home
builders. A possibility could be a default setting for this input-
data, which follows general laws and local regulations for
standard users, and an advanced mode, which can be used
by experts, who want to make more complex queries (e.g.,
what happens if codes from other countries are used instead
of the local ones).

Energy performance queries typically spread over a broad
range in both content and intent. Since energy performance
queries are based on a multitude of dimensions and compo-
nents the query space may become very large, resulting in
an unacceptable system performance if immediate output is
needed. SEMERGY intends to solve the system performance
issue in a two-fold way: (i) The use of ontologies in the deci-
sion making process provides a unique way to pre-select the
relevant components and thresholds. For example, if the user
aims for energy performance level A+, the system automati-
cally ignores all components (and dependencies) that do not
support this level. (ii) The use of meta-heuristics allows us to
identify the vast majority of efficient solutions at a fraction of
the runtime that is required, e.g., by complete enumeration. In
the first step the system provides the user with the status quo,
i.e., the actual energy performance level of his/her building
and the corresponding initial costs, running costs and energy
consumption. In the next step the user decides to opt for

energy performance level B, moves interactively the indicator
arrow and the systems provides him immediately with the
corresponding changes regarding initial costs, running costs
and energy consumption (and the list of measures necessary
to reach the intended level). Finally, the user decides to further
reduce running costs. The system shows the user that higher
initial costs are necessary to reach the indented level of running
costs.

III. CONCLUSION

SEMERGY supports the implementation of EU Directives,
such as the climate and energy package or the Energy Perfor-
mance of Buildings Directive as well as the Kyoto goals. It
provides a novel decision support systems for the energy- and
cost-efficient construction and renovation of buildings. The
decision support system enables users to efficiently identify
potential building configurations with regard to:

• Legal constraints such as the required usage of insulation
that consumes only a limited amount of energy at its
production

• Technical and physical special cases such removing ex-
isting thermal bridges at the building renovation

• Economic aspects. Profit ratio of investments such as
renovations and solar collectors. Available funding.

• Detailed environment- and usage data such as hourly
weather data (temperature, solar radiation, etc.)

• Micro climatic effects such as urban heat island effects
• Heat storage effects
• Obstructions because of surrounding buildings and terrain
The prototype developed within this project supports AEC

professionals but especially focuses on making energy perfor-
mance improvement available to private persons. Therefore,
the developed prototype encapsulates the complexity and
provides the user with an intuitive solution that can be used
without training.

ACKNOWLEDGMENT

This project is funded under the FFG Research Studios Aus-
tria programme (grant No. 832012) by the Austrian Federal
Ministry for Economy, Family and Youth (BMWFJ).

REFERENCES

[1] “Directive 2010/31/EU of the European Parliament and of the Council of
19 May 2010 on the energy performance of buildings,” 2010.

[2] U. D. of Energy (DOE), “2008 Buildings Energy Data Book,” 2008.
[3] T. C. Group, “Smart 2020: Enabling the low carbon economy in the in-

formation age. The climate group on behalf of the Global e-Sustainability
Initiative (GeSI),” 2008.

[4] G. Philipson, “ICTs role in the low carbon economy,” Australian Infor-
mation Industry Association (AIIA), 2010.

[5] B. Tomlinson, “Greening through IT - information technology for envi-
ronmental sustainability,” The MIT Press, 2010.

[6] S. Fenz and A. Ekelhart, “Formalizing information security knowledge,”
in Proceedings of the 4th ACM Symposium on Information, Computer,
and Communications Security. New York, NY, USA: ACM, 2009, pp.
183–194, 978-1-60558-394-5.

[7] T. Neubauer and C. Stummer, “Extending Business Process Management
to Determine Efficient IT Investments,” in Proceedings of the 2007 ACM
Symposium on Applied Computing, 2007, pp. 1250–1256.

[8] ——, “Interactive selection of Web services under multiple objectives,”
Information Technology and Management, vol. 11, no. 1, pp. 25–41, 2009.

56



DEVELOPMENT OF AN ANALYTICAL MODEL 
TO PREDICT THE PERFORMANCE OF PADDLE 
WHEEL IN GENERATING ELECTRICITY AND 
ITS VALIDATION USING COMPUTATIONAL 

FLUID DYNAMICS (CFD)

Yoosef Peymani F. 
Department of Petroleum Engineering 

University of line Louisiana at Lafayette 
Lafayette, LA 70503, USA 

Joseph.pre@gmail.com 

 
Yucheng Liu  

Department of Mechanical Engineering  
University of Louisiana at Lafayette 

Lafayette, LA 70503, USA  
yucheng.liu@louisiana.edu

 
 

Abstract— This paper presents an analytical model to predict the 
performance curve of a special paddle wheel in generating power 
from moving water. The model is developed based on the force 
balance and the conservation of momentum in the rotating 
reference frame. The model considers the most influential factors 
affecting the performance of the paddle wheel such as drag and 
lift forces in the referential coordinates. Then, Computational 
Fluid Dynamics (CFD) is employed to simulate and validate the 
developed analytical model. The simulation results demonstrate 
that the model is accurate enough to be used for estimation of 
power in early design and operating stages. 

Keywords: Analytical model, hydroelectricity, paddle wheel, 
CFD 

I.  INTRODUCTION  
The world’s primary energy needs are projected to grow by 

56% between 2005 and 2030, by an average annual rate of 
1.8% per year. The demand reaches 17.7 billion tons of oil 
equivalent (TOE), compared with 11.4 billion TOE in 2005. 
Fossil fuels remain the dominant source of primary energy, 
accounting for 84% of the overall increase in the demand 
between 2005 and 2030. Nowadays, a large portion of the 
demand is satisfied by the petroleum technologies (about 37%) 
and a similar amount of production comes from coal and gas 
power plants (23% and 24% respectively), about 5% comes 
from nuclear processes and the rest is given by renewable 
energy sources, where hydropower is the main contribution [1]. 
On the other hand, power plant standard emission of the carbon 
dioxide (CO2) is getting stricter during the past decade [2]. 
These factors lead the electricity energy production industries 
to use renewable energies. 

The power derived from moving water whether from 
conversion of kinetic energy or potential energy is called 
hydropower. There are several types of hydropower plants 
currently in use or development. The most important categories 
are including: (1) conventional hydroelectric (dams) (2) water 

current power (3) pump-storage hydroelectricity (4) tidal power 
[3]. 

Water current turbines (WCT) which considered being the 
main concern of this project are defined as a system that 
convert hydro-kinetic energy from flowing waters into 
electricity, mechanical power. WCT’s are generally types of 
rotor devices, such as underwater windmills, or water wheels, 
among others. These devices take advantage of water’s density. 

Water current turbines are mainly relying on the water 
kinetic energy instead of water head which is used in the 
conventional hydroelectric plants (dams). Main advantage of 
WCT to conventional hydroelectricity plant is their low capital 
expenditures (CAPEX) because they do not require a large civil 
work. 

There are several types of hydropower generator the most 
important generators include: Axial flow turbines, Cross axial 
turbines, paddlewheels, hydraulically tapped duct system, fan 
belt, and flutter vanes. 

The floating paddle wheel power station is anchored in an 
existing river system. Flexible rotor blades are mounted on an 
axis which rotates, providing a turbine effect. The flexible rotor 
blades are arranged along the rotor axle. The blades are 
extended gradually outward in relation to the axis. The effect 
creates very high level of torque at the axle. The rotating 
assembly drives conventional electromagnetic generators. The 
system also causes an aeration effect which oxygenates the 
river at and downstream from the generation site. The complete 
unit can be towed from one location to another thus providing 
significant level of power generation on a given site at 
extremely short notice and on a highly economical basis [3]. 
Because of its critical role in generating electric power, the 
paddle wheel has been extensively employed in a rich variety 
of power plants to provide renewable and sustainable power 
generation. For example, paddle wheels will be used in a series 
of large concrete hydroelectric stations being constructed in the 
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Belle Isle Strait, Canada [4]. Paddle wheel can also be found 
from the Rance River tidal power plant to generate electricity 
out of ocean energy [5]. In a microalgal biomass production 
station, paddle wheel is even mixing of ponds to achieve a 
required water velocity (20-25 cm/sec) [6].  

It is important for designers and engineers to roughly 
estimate the electric generation performance of a proposed 
hydroelectric complex before it is put into construction to avoid 
unnecessary investments and wastes. In modern 
hydroelectricity devices, paddle wheel is a crucial mechanism 
used to generate the hydroelectricity, whose capacity in 
generating electric power has to be properly modeled and 
calculated.  

Unfortunately, compare to the numerous applications of 
paddle wheel in modern power plants, only a few analytical 
and numerical methods were developed to predict the electric 
generation capacity of the paddle wheel. Jiang [7] presented a 
method to determine the optimal driving surface angle of the 
paddle and derive theoretical calculation formula for design of 
the folding plane paddle. The theoretical results were then 
verified through comparing to experimental data. Chen et al. 
[8] presented an optimal design of paddle wheel according to 
the situation that efficiency was low and the cost was high. A 
mathematical model was built taking the efficiency as the 
optimal objective and the obtained optimal design increased the 
efficiency by 20%. The optimal results obtained using 
MATLAB were also verified through finite element analysis 
and computer simulations.  

Based on reviewing previous work in evaluating the paddle 
wheel’s performance, it was affirmed that a novel approach that 
combines analytical and computational techniques to correctly 
predict the paddle wheel’s power generation capacity has to be 
developed, which is the motivation of this study. 

Computational Fluid Dynamics, usually abbreviated as 
CFD, is the prediction of fluid behavior as it passes objects, 
heat transfer or chemical reaction, using numerical methods 
instead of experimental approaches [9]. Basically, CFD uses a 
series of the algorithm to solve the partial differential equations 
of conservation law numerically in conjunction with empirical 
or analytical physical and chemical laws. Historically, for the 
first time in 1930 the CFD was used for linearizing the 
potential equation in order to find the flow field around the 
airfoil in two dimensions [10]. The potential equation was 
derived from Navier-Stockes equations by neglecting viscosity 
and components of vorticities. The first three dimensional 
simulations were performed in 1967 as computation speed 
increased [11]. Subsequently, more advanced three 
dimensional computer codes were developed by companies 
such as Boeing (PANAIR, A502), Lockheed (Quadpan), 
Douglas (HESS), McDonnell Aircraft (MACAERO), NASA 
(PMARC). With the rapid advancement of digital computers 
and increasing computational ability of processors, developers 
found the courage to add the viscosity term to the potential 
equation. Lockheed’s team programmers and scientists solved 
the Euler equation for the first time in 1981 [12].  

With the development of super computers and parallel 
processing algorithm, more companies focused on CFD to 
develop the commercialized computer code to be practically 

usable by engineers. At present (2011), the most advanced 
CFD codes are FLUENT (Ansys), CFX (Ansys), STAR-CD 
(CD-Adapco), CFD-ACE (CFD Research Corporation), 
PHEONICS (CHAM), and FLOW3D (Flow Science).  

Currently, CFD has a wide range of applications in 
industries and academic areas. CFD can be employed to 
understand the physical and chemical processes that take place 
in the specific model. It is the best tool to test newly developed 
physical and chemical models in microscopic and macroscopic 
view. CFD also can be used for education purposes to better 
understanding of thermal-fluid behavior. As an industrial tool, 
it can be employed to design and develop the product, such as 
airfoils in Aerospace industries, Automobile aerodynamic 
shape and combustion chamber in Automotive engineering, 
blood circulation behavior in Medical science, wind resistance 
of building in Civil Engineering science, and hydro-wind 
power turbines in clean energy industries [13]. 

The objective of this paper is to provide an improved 
analytical model to correctly calculate the electric generation 
performance of one paddle wheel and validate it through 
computer modeling and simulations. The analytical and 
computational methods presented in this paper can be applied 
to evaluate the performance of an entire hydroelectricity 
complex and other similar devices. 

II. NOMENCLATURE 
A  Wetted area of vertical paddle, m2 

Aie  Effective area of slanted paddle, m2 
Ai  Wetted area of slanted paddle, m2 
CD  Drag coefficient 
D  Radius of each paddle, m 
d  Wetted depth of vertical paddle, m 
F  Force, N 
FD  Drive force, N 
FR  Resistance force, N 
gc  Conversion factor, n.sec2/kg.m 
L  Length of paddles, m 
P  Power, Watt 
r Torque handle (distance between centroid of 

paddle to axis of rotation), m 
T  Torque, Nm 
Td  Drive torque, Nm 
Tr   Resistance torque, Nm 
v  Water velocity, m/sec 
vr  Relative velocity, m/sec 

 Angle between each paddle and vertical 
plane, radian 

  Density of water, kg/m3 

  Angular velocity, radian/sec 

III. DRIVING FORCE 
In order to correctly estimate the paddle wheel’s capacity 

in generating power, the force exerting on a single paddle is 
divided into two forces: driving force and resistance force. The 
driving force is caused by the force that water exerts on the 
front of the paddles and the resistance force is due to 
confrontation of water which is against rotation of the paddles. 
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Drag coefficients are considered for both types of forces. The 
authors proposed that the headmost paddles generate the 
majority of the force require to rotate the wheel and produced 
most hydropower. Therefore, the driving force is only 
calculated as the summation of the forces that exerted on the 
headmost paddles. Figure 1 shows the schematic of the 16 
blade paddle wheel. Water with the speed of V0 is hitting the 
submerged blades and causes the rotation of paddle wheel. 
Considering that paddle wheel is submerged to 80 % of its 
radius, only 7 paddles are in contact with water. 

The effective area for each submerged paddle can be 
estimated using Equation 1. 

1

 (i = 2, 3, 4)            (1) 

It is appropriate to assume that the driving force is exerted on 
the midpoint of the effective area, then torque handle is given 
by: 
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Relative velocity of the paddles (vri) with respect to water can 
be calculated based on the angular velocity of the wheel and 
the water velocity (v). 

vri = v – ricos i               (3) 
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Figure 1. Schematic of 16 blade paddle wheel with driving and 
resistance forces 

Finally, the resultant driving force and torque that are 
applied on the front surface of the headmost paddles can be 
computed using Equations (4) to (6).  

||2
cos

2

ri

ri

c

eiri
iDdi v

v
g

Av
CF

ρα= , (i = 1, 2, 3, 4)           (4) 

Tdi = riFdicos i              (5) 

=

=
4

1i
did TT                (6) 

IV. RESISTANCE FORCE 
The resistance force is caused by the friction force of water 

on the back of all paddles. The resistance force is divided in 
two parts: shear and normal forces. The shear force is caused 
by tangential viscous forces between water and paddles; 
however, normal forces are generated by normal impact of 
water on the paddles. The shear force can be neglected in 
comparison with the normal force. In order to simplify the 
model, the resistance force is approximated as the normal drag 
force exerting on the back surface of each paddle, and is 
uniformly distributed through the entire area. Here, the 
effective area is considered to be the whole wetted surface of 
paddles as Equation 7. Existence of water behind all of the 
paddles results in contribution of all paddles in generation of 
resistance forces. By taking the same assumption as 
calculating the driving force, the distance of each paddle to its 
axis of rotation is determined using Equation 8. In calculating 
the resistance force, the velocity that water hits on the back of 
each paddle is only related to the angular velocity of the 
paddle wheel, which is vi = ri . Thus, the resistance force and 
its corresponding torque which are applied on the back surface 
of each paddle is computed as:  
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The total torque which is caused by the driving force and 
the resistance force then can be determined as: 

T = Td + Tr             (12) 

P = T              (13) 

For an inclined paddle, its drag coefficient (CD) can be 
calculated from the drag force coefficient of a vertical paddle 
(CDv) as CD = CDvcos . In this study we assume CDv = 1.2 [14 
].  

V. VALIDATION AND DISCUSSION 
In order to validate the developed analytical model, a 

computer model for the 16 blades paddle wheel is created. 
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Different water velocities from 4 mph to 10 mph are used for 
that simulation and the simulation results are compared to the 
analytical results calculated from the developed analytical 
methods to demonstrate the accuracy of the presented method. 
Software package ANSYS FLUENT [15] is used for 
modeling, analysis and simulation. The paddle wheel consists 
of 16 paddles; however, only 7 paddles are submerged at the 
same time. The detailed information of computer modeling 
and simulation techniques is introduced in Table 1.  

2D geometry is designed in the Ansys Design Modeler. 
Meshes and cells are then generated in the entire domain. In 
the meshed CFD model, the essential fluid flows are described 
through these cells, which will be solved numerically so that 
the discrete values of the flow properties such as the velocity, 
pressure, temperature, and other transport parameters of 
interest can be determined [16]. The grid independency test is 
examined by doubling the number of cells in each direction, 
and then the most independent mesh is determined by 
applying the Richardson extrapolation method [17]. Figure 2 
shows the final solution of independent mesh. 

From the displayed results, it can be found that the 
computational results agreed very well with the results 
calculated from the new analytical method. Therefore, the 
accuracy of the developed analytical method in evaluating the 
torque generated from the paddle wheel is verified. 

The output torque and generated power are calculated from 
the thirty simulations. From those results, the performance 
curves of the paddle wheel under different water velocities can 
be obtained. Finally, the relationships of generated power and 
the paddle wheel’s angular velocity are investigated (Figure 
3).  

Table 1. Important CFD analysis settings 

Solver Type Pressure based, double precision, steady 
state, 3D 

Viscous Model k-  realizable with standard wall function 

Fluid Water with density of 998 kg/m3  

Rotation Multiple reference frame model 

Pressure-Velocity coupling Coupled 

Gradient discretization Least square cell based 

Pressure discretization Standard 

Momentum discretization Second order upwind 

Turbulent kinetic energy 
discretization Second order upwind 

Turbulent dissipation energy 
discretization Second order upwind 

Convergence Criteria 1×10-4 

Boundary condition Velocity inlet (4, 5, 6, 8, 10 mph) and 
ambient pressure outlet 

 

 
Figure 2. CFD model with meshes and cells 

Table 2 shows the comparison of the results calculated by 
the developed model and simulation. The results show a good 
agreement between simulation and the analytical model. 

Table 2. Results of the simulation compared to the developed 
model 

Water speed 
(mph) 

Power, Simulation 
(Kw) 

Power, 
Model(Kw) 

4 5.7147 5.7 

5 11.2109 11.4 

6 19.4134 19.7 

8 46.0537 45.8 

10 90.2091 89 

 

 
Figure 3. Relationships between power and angular velocity 

VI. CONCLUSIONS 
This paper presents an analytical model to correctly predict 

the hydropower generation capacity of a paddle wheel. The 
developed analytical model considers the effects of drag force 
and the resistance force which is caused by the friction 
between the paddles and the moving water. Relative velocity 
between the water and the paddles are used instead of the 
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absolute velocity of water. Even better, the efficiency curve of 
the generator is applied in the new model to determine the 
angular velocity of the paddles. Performance curves of the 
paddle wheel are plotted with respect to different water 
velocities to display the output power calculated based on 
different torques and angular velocities. The analytical model 
is then validated through computer simulations. It is found that 
the analytical results agreed with the simulation results very 
well, especially when the paddle wheel rotated at low angular 
velocities. However, the analytical model overestimates the 
capacity of the paddle wheel when it rotated at high angular 
velocities, which is because the flow pattern changes to 
laminar flow at the high angular velocities and the drag 
coefficient has to be re-determined.  

In summary, this paper provides two techniques, analytical 
method and computational method, to correctly evaluate the 
power generation capacity of a single paddle and an entire 
paddle wheel in moving water. The presented methods can be 
extensively used in early design stage to estimate the 
performance of the planned power plant. With specified 
electric power generators and appropriate gear ratios, the 
presented methods can be used to evaluate the output 
electricity generated by any hydroelectricity device. In the 
future, this work can be extended along several directions. (1) 
New method needs to be developed to correctly evaluate the 
drag coefficient under the laminar flow. (2) For a certain 
hydroelectricity device which may include an array of paddle 
wheels, optimum design needs to be performed on each paddle 
to find its best generator and gear ratio so as to maximize the 
output hydroelectric power of the entire device.      
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Abstract – This paper discusses the set up and analyses of Power 
Quality using a Phasor Measurement Unit (PMU) located at a 
Semiconductor Foundry Fabrication Facility (sensitive load). The 
paper demonstrates the setting up of an SEL 421 PMU at the 
Facility (software and hardware), data archiving and real time 
waveform capture of voltages, currents and frequency. A code 
was developed for filtering the data collected from the PMU in 
MATLAB. A GUI was developed in MATLAB. The GUI analyses 
the data from the PMU and highlights aberrations in the values 
of Voltages and Frequency from the Power Quality limits for 
sensitive loads. The paper evaluates a unique method for analysis 
of Power Quality before the installation of a wind turbine directly 
feeding the Facility so as to set a standard after the wind turbine 
is installed.  
 

 Index Terms – Power Quality, Phasor Measurement Unit, 
MATLAB, Power Quality Monitoring. 
 

I.  INTRODUCTION 

 Going “green” is always a good thing. Whether it’s when 
a family decides to buy an electric or fuel efficient car, or 
when a business decides to make their new office building 
LEED certified. Being environmentally conscious and 
contributing to the wellbeing of the earth and humanity is 
beneficial at all levels. However, with the utility’s major 
concern being the active and reactive power consumption of 
large motor loads at industrial facilities, the green movement 
needs to extend beyond households and offices. 
     Power Quality related issues are of great concern especially 
for systems with sensitive loads. The widespread use of 
electronic equipment such as information technology 
equipment, power electronics led to a complete change of 
nature of the electronic loads. These loads are simultaneously 
the major cause and the major victims of power quality 
problems. Due to the non- linearity, these loads cause 
disturbances in the voltage waveform [1].      
    It is important to evaluate power quality level and identify 
the source of faults that generate electrical disturbances in 
electrical power systems. In order to evaluate and identify the 
disturbances and its origin, power quality monitoring is the 
tool that utilities and customers use [2]. 
    The objective for a power quality monitoring program 
determines the methods for collecting data, the type of 
measurement equipment, etc. Depending on the quality 
category (harmonics, swag, swell, interruption, flicker etc) 

equipments must have determined features and the 
measurement must be done in a specific way [2]. 
   A simple classification of power quality monitoring could 
be: 
• System Monitoring: Its objective consists of determining 
the quality of power and the behavior of the electrical system 
globally. For example, to check that voltages in all buses are 
in the range indicated by the grid codes. 
• Local Monitoring: Its objective consists of determining 
the quality of power that is delivered to a single customer. It 
may be useful to identify if the utility is supplying power with 
the level of quality accorded by contract, identify if the source 
of electrical disturbances are internal or external, enhance 
power quality service, etc.         
     Here at the Semiconductor Foundry Fabrication Facility, 
the long term goal is to install on site, two 2MW Wind 
Turbines. The turbines will provide green power to the 
Facility directly; but before the installation process can begin, 
the Facility must know for certain the quality of power their 
machines and equipment are currently running on. 
     Power Quality equipment was installed at the Facility to 
monitor the power quality before the turbine was installed 
from the utility. The equipment used was the SEL 421 
manufactured by Schweitzer Engineering Laboratories. The 
data archived from the PMU was stored and analyzed in Texas 
Tech University. Real time data from the PMU was captured 
for certain periods of time to check any variation in voltage 
and frequency at the Facility. This paper discusses the 
procedure for setting up the PMU, importance of Power 
Quality for the Facility and the MATLAB code designed for 
the analysis of Power Quality at the Facility. 
                                                           

II. HARDWARE DESCRIPTION 

A. Synchrophasor Vector Processor-SEL 3378 
 The SEL-3378 Synchrophasor Vector Processor uses 
synchronized phasor measurements for real-time power 
system monitoring, control, and protection. The SEL-3378 
acquires and time correlates synchrophasor data from various 
Phasor Measurement Units such as SEL-351, SEL-421, SEL-
451 relays, and from other devices that support the IEEE 
C37.118-2005, Standard for Synchrophasors for Power 
Systems. The SEL-3378 receives synchrophasor messages 
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through serial and Ethernet communications [3]. The SEL-
3378 was setup in Texas Tech and communication between 
the PMU and the Processor through Ethernet. 
   The SEL-3378 provides a mechanism for collecting and time 
correlating synchrophasor data from as many as 20PMUs at a 
maximum data rate of 60 messages per second with a message 
size of up to 354 bytes. The SEL-3378 includes the Power 
Calculation Function Block, Phase Angle Difference Function 
Block, Modal Analysis Function Block and Substation and 
State Topology Processor Function. A GPS clock is connected 
to the SEL-3378 to synchronize it with the PMUs for real-time 
data collection and analysis [3]. The SEL-3378 allows the data 
from the PMU to be archived for analysis. Shown below in 
Fig.  1.  is an application of the SEL-3378 communicating 
through the Ethernet. The connection to the computer can be 
through serial port or Ethernet. Here the PMUs and other 
Phasor Data Concentrators send data to the SEL-3378 through 
Ethernet. The SEL-3378 processes the data from the PMUs 
and sends it to the computer for applications such as archiving 
and real-time data plots. 
 

 
Fig.  1.  System Configuration of SEL-3378 communicating through the 
Ethernet [3]. 
 
B. Phasor Measurement Unit- SEL 421 
 The SEL-421 Relay is a high-speed transmission line 
protection relay featuring single-pole and three-pole tripping 
and reclosing with synchronism check, circuit breaker 
monitoring, circuit breaker failure protection, and series-
compensated line protection logic. The relay features 
extensive metering and data recording including high-
resolution data capture and reporting. Synchrophasor 
measurements are available when a high-accuracy time source 
is connected to the relay. The SEL-421 supports the IEEE 
C37.118, Standard for Synchrophasors for Power Systems [4]. 
  The SEL-421 can be used as a relay and Phasor 
Measurement unit. In this application it has been used as a 
Phasor Measurement Unit to capture the data and use it for 
applications such as archiving and analysis for Power Quality.  
The PMU captures data at 30 samples per second. It has two 

sets of inputs for three phase Voltages and currents. The input 
Current terminals are rated at 5A and Voltage terminals are 
rated at 120V phase to ground.  The current and voltage from 
the line are stepped down using Current Transformers and 
Potential Transformers respectively and then fed to the PMU.  
The three phase voltages and currents can be given to either 
one of the inputs. Shown below in Fig.  2.  is the schematic of 
connection of the PMU.   
 

 
Fig.  2. Schematic of SEL-421 connected using current transformers and 
potential transformers [4]. 
 
Fig.  2.  Shows the SEL-421 connected to the line via current 
transformers and potential transformers. The CT’s step the 
current down to 5A and PT’s step the voltage down to 120V 
and feed it to the PMU as inputs. 

III. SEL SOFTWARE 

A. SVP Configurator 
 The SVP Configurator allows you to build projects based 
on your required applications. The Run Time System (RTS) 
turns the SEL-3378 into an IEC 61131-3 programmable logic 
controller (PLC). The programming languages that the SVP 
Configurator offers conform to the requirements of IEC 
61131-3, an international standard for programming languages 
of PLCs [3].  The code for initialization of the processor was 
written in the SVP Congfigurator. The SVP Configurator 
supports all the languages that the IEC 61131-3 standard 
describes. These languages can be characterized as textual and 
graphical languages.  
     The SVP Configurator code involves creating project files 
for Time Alignment Client Server (TCS) that provides time-
aligned IEEE C37. 118-2005, Standard for Synchrophasors for 
Power Systems, synchrophasor messages to internal and 
external clients and provides an interface for transmitting 
control commands. The Configurator also involves providing 
an interface for accessing PMCU data for user applications, 
Power Calculation which calculates real and reactive power 
based on user assigned phasors, Phase angle Difference 
Monitor, Modal Analysis and Substation and Topology 
Processor. For this project involving Power Quality Analysis, 
the Time Alignment Client Server, Power Calculation and 
Phasor Measurement and control Unit Input interfaces were 
used.  
   The code in the Time Alignment Client Server includes the 
IDCODE for the PMU, type of connection, status, and 
transport scheme, IP address of the Processer, PMU and the 
computer where the data archived would be stored. Each PMU 
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has a unique IDCODE provided by the manufacturer. The 
connection between the Processor and PMU can be serial 
communication or as in this case Ethernet.  The data ports and 
command ports of the Processor are given different port 
numbers to avoid conflict. The Processor allows four different 
transportation schemes for data which can be UDP, UDP_T, 
UDP_F and TCP.  The Message rate of the PMU was set at 30 
samples per second.  When the PMU is stationed in a different 
network than that of the Processor, it is necessary to make sure 
that the subnet and the gateway of the devices entered are 
correct. The subnet mask and the gateway are important 
parameters when both the equipments are not on the same 
device. 
    The Power Calculation block calculates the real and 
reactive power based on user-selected voltage and current 
phasors. PWRC outputs the instantaneous values of the real 
power (kW) and reactive power (kVAR) with their 
corresponding timestamps. The equations below show the 
implementation of the function block [3]. 
     
      P= (RE_V*RE_I+IM_V*IM_I)/1000                         (1) 
 
      Q= (IM_V*RE_I-RE_V*IM_I)/1000                         (2) 
 
   The Real Power P is in kW and Reactive Power Q is in 
kVAR. In the above equations IM stands for imaginary and 
RE stands for real. 
 
B. SEL SynchroWave Archiver 
     The SEL-5076 SynchroWave Archiver Software provides 
continuous or triggered storage of power system data. Data 
can be archived over a wide geographic area by using the 
accurate time stamps. The archiver was set up to record the 
data from the PMU connected at the Facility. The archiver 
receives data from the Processor which in turn receives data 
from the PMU. The archiver plots the values of the voltages, 
currents of the inputs along with frequency, delta frequency, 
real and reactive power in each individual phase and also the 
total three phase power. It samples data at the rate of 30 
samples per second.  The data archived is stored in the form of 
CSV or Comtrade [5].  The Main Menu of the archiver 
consists of a GUI for means to add or remove PMUs, to 
modify the archiver configuration and communication.  A new 
source or PMU can be added by clicking on New Source and 
by adding the IDCODE of the corresponding PMU. The data 
to be archived can be chosen to be stored in a specific location 
as specified by the user. The communication for the PMU 
should be setup by mentioning the IP address of the PMU and 
scheme of transportation of data. The data recording will start 
once Activate Archiver is selected. The data will be stored in 
the selected folder. The archiver will record the data points of 
the parameters selected. Since only one input was connected 
each on the current and voltage terminals, the number of 
parameters that were recorded was seventeen which included 
frequency and delta frequency.  Continuous data storage mode 
was used for this project to collect large data for analysis of 
Power Quality. 

 
C.   SEL SynchroWave Console 
     The SynchroWave Console is wide area visualization 
software for synchrophasors that offers flexibility for 
operators and engineers to view multiple displays in multiple 
dockable windows and customize the visualizations to 
optimize the ability to monitor the power system. The Console 
displays a graphical interpretation of real time data. It can plot 
magnitudes of phase voltages and currents, phase angles of the 
three phases, frequency and delta frequency. To connect the 
Console to the PMU concerned, the communication 
parameters such as IP address and transportation scheme need 
to set up. Here the IP address refers to the IP address of the 
Processor as the PMU sends data to the Processors which in 
turn process the data from the PMU [6]. 
   Once the communication parameters are set up, the Console 
can connect to the Processor and the real time data can be seen 
on the screen of the console. The data by default is recorded 
for duration of five minutes. This duration can be changed to a 
maximum of twenty four hours. Shown in Fig.  3.  is a plot of 
Current in Phase C. This data has been recorded for duration 
of one hour. The data is being recorded from the PMU located 
at the Semiconductor Foundry Fabrication Facility. The plot 
included some interruption which was due to loss of 
communication between the Processor and PMU.  
 

 
Fig.  3.  Plot from the SynchroWave Console of the Current in Phase C. 
 
C. Point of Connection of the PMU 
       The point of connection of the PMU in the Facility is 
shown below in Fig.  4.  The voltage was stepped down to 
120V using a potential transformer and connected to the PMU. 
The current was stepped down using a current transformer to 
5A.  
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Fig.  4.  A part of the line diagram which shows the point of connection of the 
PMU. 
 

IV. IMPORTANCE OF POWER QUALITY TO THE FACILITY 

A.  Consequences 
         The Facility contains a lot of sensitive equipments which 
can be at the receiving end of transient currents and voltages 
due to faults or fluctuations in the grid. The equipments could 
be worth thousands of dollars which would be a loss 
considering the manufacturing would come to a halt too. 
Hence Power Quality is an important issue when dealing with 
sensitive loads. Wind Turbines are a major source of bad 
power quality. Hence power quality would be a major concern 
when two turbines are feeding power into the Facility. Proper 
power monitoring systems need to be set up to monitor the 
power being fed into the Facility. The Facility must know for 
sure the permissible limits of voltage, current and frequency 
for their equipments. Any transients from the wind turbine 
would cause sensitive equipment to malfunction. When 
making semiconductors, a small transient can cause an entire 
waiver to be scrapped. 
 
B.  Baseline of Parameters of Power Flowing into the Facility 
    It is important to establish a baseline for the values of the 
parameters such as voltage and frequency coming into the 
Facility from the utility. Establishing and knowing this 
baseline for the power quality is imperative when deciding 
which form of green energy to choose, or which manufacture 
to negotiate with. When understanding this, the wind turbine 
manufactures that are providing and installing the turbines 
have to guarantee a power quality that will match the current 
utility power. Shown in Table I, are the variations of the 
parameters of the data that was recorded from the PMU at the 
Facility. 
 

TABLE I 
VARIATION OF PARAMETERS OF THE DATA RECORDED 
Parameters Nominal Voltage Variation (max) 

Voltage ( Va, Vb, Vc) 120 V 0.6V 
Frequency  60Hz 0.2Hz 
 
The voltage on all three phases varied a maximum of 0.6V 
from the nominal value. The frequency varied a maximum of 
0.2Hz from its nominal voltage.  

V. DESCRIPTION OF CODE FOR POWER QUALITY ANALYSIS 

    The data that the PMU samples and saves it’s information 
on are: all three voltage and current phases, with their 
respective real and imaginary parts, power factor, frequency, 
the change in frequency, and the real, imaginary, and 
magnitude parts of the power. The PMU saves millions of data 
points into thousands of excel files. For this data mining to be 
useful, a program needs to be implemented to systematically 
analyse this raw information, and present it in a clear, concise, 
and accurate format for a person to comprehend. 

   The PMU samples the data 30 times per second, or 1800 
times per minute. This data is saved in the form of excel files 
in a specific directory. Each excel file contains the information 
for two minutes of wind turbine function. Due to issues such 
as transients, it is necessary to check the data coming from 
PMU to see whether they meet the standard criteria or not. 
Any sudden spike or inconsistency can seriously damage 
electronic devices. In order to do this, a MATLAB program 
was developed. This MATLAB program checks the input 
frequency, and three-phase voltage. It takes an average of two 
seconds for the code to process one excel file containing two 
minutes of data.  Fig.  5. describes the working of the code in 
the form of a flowchart.  

 
Fig.  5. Fig.  6.  Flowchart description of the code. 

     In order to observe and analyse any interruption, or 
possible error, input frequency, and voltages for all phases are 
checked through the code. An upper bound and lower bound 
can be set for each variable. These values are usually ±3 Hz 

65



from 60 Hz for frequency, and ±5 V from 120V for each 
phase in the three-phase voltage. However users can set their 
own desired values for each boundary. The Code uses a 
graphical user interface (GUI) to set these values. User can set 
the desired values, and start the analysis. The GUI also shows 
the frequency, magnitudes, and phase angles of voltages for 
each phase in real time. Number of errors and disruptions are 
also shown on the GUI. As the code processes the excel files, 
the phase angles for all three phases of voltage is graphed on 
GUI, to show whether voltages are 120° out of phase with 
each other or not. The GUI also shows the lowest, and the 
highest values that each frequency, and voltages in all three 
phases that have been recorded during the analysis.  Fig.  5.  
describes the working of the code in the form of a flowchart. 
Fig.  6.   shows the GUI developed in MATLAB. The GUI 
displays the voltages in three phases, frequency, delta 
frequency, phase angles, graphical display of phase angles and 
information of the files having abnormal data. The code will 
start processing data when the start button is clicked and stops 
when the stop button is clicked 

 
Fig.  6.  GUI developed in MATLAB. 
 
     The code reads the excel files from the specific directory 
that was set by the user, and PMU is saving the data into. 
Frequency and three-phase Voltage are compared to the 
boundaries set by the user. In case of sudden jump (if the 
magnitude of any phase in the input 3-phase voltage, or the 
frequency is out of range), code will consider the error, and 
alert the user. Code will plot three graphs to provide enough 
information for analysing the error. Fig.  7.  displays the GUI 
when a excursion is found in the values of the excel sheet 
given as input.  It shows the frequency, delta frequency and 
voltage in all three phases which contain data which is not 
within the limits. 

 
Fig.  7.  GUI display when there is an excursion in the parameters. 
 
   This information contains the plots of three phases of 
voltage, frequency, and delta frequency vs. time. All these 
graphs are plotted for the range of two minutes before the 
incident, and two minutes after it (three excel files on 
average). These graphs will be saved to respective sub-folders. 
Each sub-folder is named after the number of error, and is 
under the folder, which determines the type of error that has 
occurred. For example, if the voltage in phase A goes out of 
range for the first time, A sub-folder with the name of 1 is 
created under the folder with the name of 
“VoltagePhaseAError”. Fig.  8.  shows the folder where the 
excel sheets which contain any excursion in data are saved.  
 

 
Fig.  8. Folder where the erroneous files are saved. 
   Each sub-folder also includes the excel file that contains the 
error. All these folders are saved in the directory determined 
by the user. Code will continue analysing the data for all the 
excel files. Fig.  9.  shows the subfolder containing the 
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waveforms of the parameters and the excel sheet containing 
data. 
 

 
Fig.  9.  Sub folder where the waveforms and excel sheet containing the data 
are saved. 

VI. CONCLUSION 

   A unique method for analyzing Power Quality was 
developed in MATLAB. A set of limits was established for 
parameters such as voltage and frequency for data analysis of 
Power Quality. A large amount of data was collected from the 
PMU for analysis.  The power coming from the utility had no 
aberrations from the normal as expected. The variations were 
well within the limits for power quality. The data analyzed 
before the installation of the wind turbine at the Facility forms 
an important basis for analysis after the installation of the 
wind turbine.  After the installation of the turbine, continuous 
data monitoring would be taking place with the help of the 
PMU. The PMUs should be placed at various critical locations 
for monitoring of Power Quality from the Wind Turbine. The 
data collected would be analyzed using the code developed. 
This would help maintain good Power Quality at the Facility. 

REFERENCES 
[1] A.de Almeida, L. Moreira, J.Delgado, “Power Quality Problems and New 

Solutions”. 
[2] S. Herraiz, J. Meléndez, J. Colomer, Marc Vinyoles, J. Sánchez and M. 

Castro,” Power Quality Monitoring in Distribution Systems”. 
[3] SEL-3378 Synchrophasor Vector Processor Instruction Manual, 

Schweitzer Engineering Laboratories, INC. 
[4] SEL-421 Relay Protection and Automation System Instruction Manual, 

Schweitzer Engineering Laboratories, INC. 
[5] SEL-5078 SynchroWave console User Manual, Schweitzer Engineering 

Laboratories, INC. 
[6] SEL-5076 SynchroWave Archiver User Manual, Schweitzer Engineering 

Laboratories, INC. 

67



 
 

 

  
Abstract- Interest in photovoltaic systems, both large and small 

scale applications, has been growing since the renewable portfolio 
standard in the US was enacted as Law. This paper provides 
state-of-the-art information on photovoltaic energy applications, 
various types of PV collector systems, and how to size the 
stand-alone PV system in a hybrid design. In addition, this paper 
provides the cost comparison of various PV system designs. 
 

Index Terms— Photovoltaic System, PV System, Inverter, 
Power Systems, Hybrid Design, PV Cost 

I. INTRODUCTION 
ue to the increasing impact of Renewable Portfolio 
Standard (RPS) on the electricity market, energy 

generation using renewable resources such as solar, wind, 
biomass, and geothermal is becoming more common and has 
created challenges to solar power delivery systems design, 
operation and maintenance. In remote areas where there is no 
access to power grids, residences rely upon expensive diesel 
generators.  The price of electricity generated this way can be 
very high due to the cost of fuel including transportation costs. 
This provides an excellent opportunity to apply a stand-alone 
renewable generation and/or hybrid system which combines 
two or more sources of generation. 

II. DESIGN AND ENERGY OUTPUT OF PV SYSTEM 
Photovoltaic (PV) systems utilize solar panels to directly 

convert solar energy into electrical energy. These panels consist 
of many PV solar cells which are semiconductor devices that 
convert incident solar energy into dc current. The most 
attractive features of PV panels are the nonexistence of moving 
parts for some designs, slow degradation of the sealed solar 
cells, modular flexibility (from a few W to MW), and the 
simplicity of use and maintenance. In addition, solar energy is 
clean and renewable as well as being an inexhaustible source 
with great reliability [1].  

Currently there are a number of technologies available for PV 
cells with various ranges of efficiency and cost. National 
Renewable Energy Laboratory, Golden, Colorado (NREL) has 
published the average commercial module efficiencies. 
According to this source, commercial silicon efficiencies are 
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between 14-18% as shown in Figure 1 [2]. The key issues that 
are considered in the design are discussed below:  

 
Figure 1. Best Average Commercial Module Efficiency by Technology [2] 

A. Solar Energy 
The solar power intensity falling on a square meter (m2) of 

area is called “solar insolation” and is measured in W/m2. 
Outside the earth’s atmosphere the solar insolation is about 
1.37kW/m2 and on the surface of the earth the insolation is 
usually assumed to be around 1.0kW/m2 which is the called 
“1-sun” or peak sun hour (PSH). The amount of average 
insolation at a particular site is also used to determine the panel 
and battery sizes. 

Due to the tilted axis of the earth, the apparent path of the sun 
through the sky depends on the day of the year, the latitude and 
longitude of the observer, and the solar declination. In order to 
produce maximum energy a PV panel should face the sunlight 
at a 90° angle. To achieve that, a fixed collector should be 
pointed directly south and tilted at the angle of the local latitude 
positioning the collector parallel to the earth’s axis. 

B. Different Collector System 
 In order to maximize the energy output of a PV system, there 
are four basic types of collector system design: (i) fixed, (ii) 
dual-axis tracking, (iii) single-axis tracking: polar mount and 
(iv) horizontal mount. Each system has its advantages and 
disadvantages, and different sets of equations are used to 
calculate the total radiation and panel power output. 

Fixed System:  
Fixed system does not have any control to change the panel 

angle or direction. In order to maximize the energy on PV 
panel, the collector is tilted at an angle of the local latitude 
and pointed directly south.  

Dual-Axis Tracking System: 
In a day, the sun moves from the east to the west, and the 

altitude of the sun above the horizon changes. This system 
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has a control mechanism which tracks the sun with dual axis 
and faces it to maximize the insolation from the sun. 

Single-Axis: Polar or Horizontal Mount System:  
Single-axis mount systems have a similar control system as 

the 2-axis tracking system, but the array pivots around only 
one axis. Therefore, the amount of energy collected by a 
single-axis collector is less than that collected by a 2-axis 
tracking system.  

C. Current-Voltage (IV) Curve and Maximum Power Point 
Tracking (MPPT)  

The electrical characteristic of a PV cell is given by the “IV 
Curve”. When the cell is exposed to the sun it produces current 
and a voltage which varies depending on insolation and the 
nature of the load on the cell. By proper control the power 
output of the cell can be maximized using a “maximum power 
point tracking” (MPPT) system. The MPPT system keeps the 
apparent load resistance on the panels at the point where the 
panels can deliver their maximum power. MPPT systems can 
also be built into inverters or battery chargers. Figure 2 shows 
the typical IV Curve and the corresponding MPPT point. 

 

 
Figure 2. Normal IV curve and PV Curve from a Single Cell [10] 

D. Temperature Effects 
Voltage and the power output of a panel vary with ambient 

temperature. Temperature effects can be described using two 
conditions; one is the “standard test conditions” (or STC) 
which is 1-sun, 25ºC cell temperature, and air mass ratio of 1.5.  
The second method is the “pacific test conditions” (or PTC) 
which is 1-sun, and 20ºC ambient temperature.  

III. DESIGN OF A STAND ALONE PV SYSTEM 
Stand-alone systems, a very common application, are usually 

applied remote from the grid and use batteries for a short-term 
storage and diesel generators for a backup (long-term) system 
(called “Hybrid Design”). To design a stand-alone PV hybrid 
system, four important characteristics have to be addressed. A 
diagram of a simplified stand-alone system is shown in Figure 
3. 

A. Loads 
In order to design a stand-alone system it is necessary that 

load requirements (W) and the number of hours each load must 

 
Figure 3. Schematic of a Stand-Alone PV System [11] 

operate (or energy usage) must be determined (Load Cycle). 
For each load the starting or surge value, peak continuous load, 
and average load per day must be determined. 

B. System Voltage and the Inverter Characteristics 
The system voltage and output voltage of a PV array or a 

battery bank must be chosen. This is commonly 12V, 24V, 48V 
or higher depending on the system size. One common practice 
used to choose the system voltage is to pick a voltage so that the 
maximum steady-state current from the battery system is less 
than 100A if possible.  This limit is chosen based on the easy 
availability of electrical hardware, wire size, and electrical 
safety [3]. 
 Inverters are electrical devices that convert DC power to AC 
power. Usually inverters are specified by DC input and AC 
output voltages, maximum (peak) and continuous power output, 
the maximum DC input current. The inverter’s DC input 
voltage is the same as the system voltage or voltage of the 
battery bank and the PV array. 
 To size inverters for the system both the peak load and the 
maximum surge current have to be considered. The inverters 
must be able to supply sufficient power during surge conditions 
such as motor starting as well as being capable of supplying the 
maximum system steady state power.  

C. Sizing the Battery 
Battery characteristics and requirements for stand-alone PV 

systems are very important. The battery characteristics include 
the voltage (V), the charge capacity (Ah), the discharge rate, the 
cycle capability, the ambient temperature, and the efficiency. 
The stored energy can be calculated by multiplying the voltage 
by charge capacity (Vah or Wh).  

Battery Capacity:  
Battery capacity is the amount of energy stored in a 

battery. The units used are amp-hours (Ah), watt-hours (Wh) 
or kilo-Watt-hours (kWh). This capacity represents the 
maximum energy that can be stored and extracted under 
given operating conditions, such as temperature, and at a 
particular discharge rate.  

Discharge Rate:  
The depth of discharge (DOD) of a battery determines the 

fraction of energy which can be extracted without damaging 
it. C-Rating of a battery is the discharge rate at which the Ah 
rating given.. For example, if a battery is given a certain Ah 
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rating with a C-20 discharge rate it means the battery bank 
will have this Ah rating if discharged over a period of 20 
hours.  At higher discharge rates the Ah rating of the battery 
will be reduced from the rated value. 

Cycle Capability:  
Cycle capability is defined by the number of charge and 

discharge cycles a battery can successfully endure. The rated 
number of charge-discharge cycles is usually given by 
manufacturer and depends on the DOD. The shallower DOD, 
the more cycles a batteries will have. Because the cycles are 
usually measured under optimum conditions, it is important 
to consider where batteries are installed. Also, batteries for 
PV systems require both high DOD and cyclic capabilities.. 
Figure 4 shows the impact of DOD on the number of cycles 
for a typical deep-cycle lead acid battery.  

Temperature:  
Temperature of a battery significantly affects its capacity.  

Most lead-acid batteries are rated at 25°C.  The capacity can 
be more at higher temperature than at lower temperature. 
Figure 5 shows the battery capacity in percentage under 
varying temperature for a typical lead-acid battery which is 
used for a real PV application. Even though battery capacity 
may increase at higher temperature it is also true that at 
higher temperature the battery life decreases by 50% for 
every 10°C above the optimum temperature. 

Battery Efficiency:  
The energy efficiency of battery is defined by Equation (1). 

(1)          
CtCICV
DtDIDV

INE
OUTE

)( EfficiencyEnergy ==η
 where,  

VC = charged voltage 
VD = discharged voltage 
IC = charging current 
ID = discharging current 

C= charging time 

D= discharging time 
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Figure 4. Depth of Discharge (%) vs. Number of Cycles for Typical 

Deep-Cycle Lead-Acid Battery [3] 
 
Equation (1) can be split into two parts: the voltage ratio and 
the charge ratio: 

CtCI
DtDI

  
CV
DV

CtCICV
DtDIDV

  ×=
                     (2) 

 

 
Figure 5. % of Battery Capacity vs. Ambient Temperature [12] 

A typical 12V lead-acid battery is charged to a voltage of 
14V. The Coulomb (or charge) efficiency is the ratio of the 
charge out to the charge in, and typically it 90-95% [3]. 
Therefore, when 90% of Coulomb efficiency is used, the 
overall energy efficiency of a lead-acid battery is about 
(12/14)(0.9) = 77.14%. 

Battery System Size-Storage Days: 
For a stand-alone PV system, it is very important to 

properly size a battery system.  It is often desirable to size the 
battery system as large as possible to have it available for a 
larger percentage of the time.  However, battery costs can 
exceed the cost of the array limiting the economic 
attractiveness of a large battery system. The size of the 
battery system needed is a function of the number of peak sun 
hours available at a site during the times of the year when 
maximum battery usage will occur. A typical relationship 
between peak sun hours and battery storage days needed is 
shown in Figure 6 [3]. The term, “Storage Days”, means 
number of days of battery storage that will likely be needed 
to supply loads when solar energy is not available due to bad 
weather.  By multiplying storage days needed by daily 
energy of the loads being supplied the needed battery 
capacity can be determined. For example, if five storage days 
of the battery power is needed and a site uses 100Ah/day, the 
battery system must be sized for 500Ah. Figure 6 shows two 
curves; 99% and 95% system availability.  If a battery system 
is sized using the 99% availability curve, it can be expected 
that the battery system will be discharged and unavailable 
about 1% of the year.  The other 99% of the year the system 
will be capable of supplying power to the loads.    

The following two equations (3) can be used to calculate 
the storage days needed. 
 
For 99% availability:  

Storage days = 24– (4.73)(PSH)+ (0.3)·(PSH)2 

 
For 95% availability:  

Storage days = 9.43 –(1.9)(PSH) + ( 0.11)·(PSH)2       (3) 
 
Where, PSH is the lowest monthly average peak sun-hours 
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Once the battery capacity is known under the optimum 
condition, the actual battery size can be determined after 
accounting for discharge rate associated with temperature 
(Figure 5). Equation (4) shows battery size as a function of 
battery capacity, DOD, and percent of battery capacity.  

)4(
Temp.) ofCapaciy Battery  ofent (DOD)(Perc

CapacityBattery  Needed
SizeBattery =

 D. Sizing PV Array  

The PV array is sized based on amp-hours (Ah) from the 
panels to the batteries and from the batteries to the load. When 
daily average load demand, the system voltages, and inverter 
efficiency are known, inverter DC input needed from the 
battery system in Ah/day is given by, 

)5(
Voltage))(SystemEfficiency(Inverter 

in Wh/dayday perEnergy
Input DCInverter =  

Once the inverter DC input energy is determined,  
temperature effect and the Coulomb efficiency for the battery 
system has to be taken into account. The size of the PV array is 
then determined by,  

)6(
)Efficiency (Coulomb Effect) .(PSH)(Temp

Voltage) (System input) DC(Inverter 

ArrayPV of Size =
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Figure 6. Days of Storage vs. Peak Sun Hours [3] 

IV. COSTS ESTIMATE AND PRICING 
The total costs of the entire system include the PV panels, 

inverters, charge controllers, batteries, O&M costs, installation 
system cost (including labor). Extensive research was done 
using the cost data available from websites. After studying the 
price variance between sources, for simplification the average 
cost given for some components was used in the final estimate.

 A. PV Module Prices [7][13] 

Module Size  Module Price 

Greater than 75W  
(annual purchases less than 25 MW) [7] 2.36 ($2010/WP) 

Greater than 125W [13] 2.42 ($2012/WP) 

B. PV Inverter Prices [8][13] 
Installation 

Year 
Inverter Price 
($2010/W) [8] 

Installation 
Year 

Inverter Price 
($2012/W) [13] 

2007 $0.7 2011 (Jan.) $0.715 

2008 $0.7 2012 (Jan.) $0.712 

2009 $0.8  

C. Batteries (Deep Cycle Design) [4][13] 
Battery Specification Price ($2012) 

Concorde: 12V, 104Ah $275 $2.64/Ah 
Concorde: 12V, 212Ah $540 $2.54/Ah 
Concorde: 12V, 69Ah $212 $3.07/Ah 
Surrette:12V, 342Ah $1063 $3.11/Ah 
Surrette: 12V, 400Ah $747 $1.87/Ah 
Surrette: 12V, 800Ah $1512 $1.89/Ah 
Trojan: 12V, 305Ah $378 $1.24/Ah 
Trojan: 12V, 104Ah $275 $2.64/Ah 

Universal Power Group: 12V, 100Ah $187 $1.87/Ah 
Universal Power Group.:. 12V, 

200Ah $412 $2.06/Ah 

Average [4] $2.29/Ah at 12V (or $0.19/Wh) 

Battery Price (as of Jan. 2012) [13] $ 2.56/Ah at 12V (or 0.213/Wh) 

D. Charge Controller [4] 

Model Current 
Limit Price ($) 

Midnite Solar Classic MPPT 
200V 64A $668 $10.4/A 

OutbacFLEXmax 80 80A $584 $7.30/A 
Xantrex XW SCC 60A $480 $8.0 /A 

Morningstar ProStar PS-30M 30A $174 $5.8 /A 
Blue Sky 50L 50A $448 $8.96/A 
Apollo T80 80A $754 $9.43/A 

Average  $8.32 / A 

E. Installation Cost - Balance-of-System (BOS), and Tracking 
System Costs  

Installation costs vary dependent on the location, operating 
conditions, and system size. However, one source [3] states that 
installation and balance of system (BOS) component costs 
combined would be around 20% of the sum of PV panels, 
batteries, and inverters, and the other source [5] states that 
installation and BOS costs are $3/W. According to Reference 
[3], 1- axis tracking system costs is given by the following 
equation, 

 
Tracking System Costs = $400 + ($100)(Panel Area/m2)      (7) 

 
By using this information, the approximate installation, BOS 

components, and tracking system costs are calculated. 

V. A CASE STUDY 
According to the Energy Information Agency (EIA) report of 

2009, the U.S. total energy sold to residential customers was 
1,364 TWh and total number of residential customers (metering 
point) was 125.1 million [6]. Therefore, average annual 
residential energy consumed per meter was 10,900kWh/yr or 
29.86kWh/day (  30kWh/day). This was used as the base line 
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for the calculation below. It is also assumed that the location of 
this project is at Boulder, Colorado. 

A. Load Information 
Figure 7 shows a typical example of the residential load 

demand curve indicating about a 3.5kW peak and 30kWh/day 
of electrical energy demand. Using this information, the 
inverter size should be greater than 3.5kW and its surge 
capability should be around 7kW because some components, 
such as a refrigerator, require higher starting currents. For PV 
applications, inverters usually have a continuous output that is 
twice this size [4]. 
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Figure 7. (Typical) Daily Load Curve 

Figure 8 shows the annual solar insolation in Boulder, 
Colorado, US for 1-axis tracking and fixed systems tilted at 
various angles. The PV system with a 1-axis tracking seems to 
receive more solar insolation than other systems shown. Since 
the unit of 1-sun of insolation is defined as 1kW/m2, the 
average monthly solar insolation should be identical to the peak 
sun hours per day and is used to determine the battery size and 
panel size. 
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Figure 8. Annual Measured Solar Insolation in Boulder, Colorado [9] 

B. Sizing Battery 
Since the selected inverter size is 3.5kW and less current is 

recommended to make the system loss lower, 48V is used for 
this system voltage. DC current is determined by Equation (5), 

Ah/day691
(0.9)(48V)
30,000Wh

Input  DC ==  

  
 From Figure 8, peak sun hour is about 4.5 hours at the tilted 
angle, and for 99% system availability, the storage days is 
determined from Equation (3),  
 

Storage Day = 24 - (4.73) (4.5) + (0.3) (4.5)2=8.79 days 
 

When the DOD and discharge rate for the given temperature 
is assumed to be 0.4, battery size is determined by Equation (4), 
 

Battery size= Ah
days 184,15

)4.0(
)79.8)(691( = , 

A 12V, 800Ah battery is chosen. Each string of batteries 
should have a minimum of (15,184Ah/800Ah=) 18.98 batteries. 
Therefore, 19 strings of 4 batteries (4 x 12 = 48V) are required 
for this system. 

C. Sizing PV Array 
Since the system requires 691Ah/day, at peak sun 691/4.5 

hour=153.6 A is required. When Coulomb efficiency of 90% 
and 90% temperature effect are assumed, the total array size 
would be determined by Equation (6),  

 
Array Size = 9.1kW

(0.9)(4.5)(0.9)
)(48V)(691Ah/day =  

  
 According to the annual report of thin film project by the 
National Renewable Energy Laboratory (NREL), the average 
commercial PV efficiency of the highest four modules (18.2, 
14.1, 14, and 13.4 [2]) is 14.92%. Therefore, total area of PV 
panels would be, 
 

2
2 61m
)(0.1492)(1kWh/m

9,100W
Efficiency

SizeArray Area ===
 

 
Since the battery capacity, PV panel size, and area increase 

when storage days are higher, few more cases for lower storage 
days and lower system availability are analyzed through the 
same steps as the example. In Figure 8 the system with a 1-axis 
tracking has a higher monthly average insolation during the 
winter. Table 1 shows comparison of peak sun hours, storage 
days, battery size, and PV panel size for the systems with a 
fixed angle and a 1-axis tracking system for two different 
system availabilities. 

D. The Backup Generator System 
According to Table 1, the system with lower availability 

would have a smaller sized battery, and at higher storage days 
the size of battery and panel would also be smaller. However, a 
tracking system requires more capital, and the lower system 
availability necessitates backup generators such as diesel or 
gasoline.  
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The backup generators should supply power during the time 
when there is no PV power. For 99% PV system, 1% of power 
should be produced by backup generators, and similarly for the 
95% PV system, 5% of power should be provided by backup 
generators. 

TABLE 1.SYSTEM COMPARISON 
 Fixed Angle 1 – Axis Tracking 

PSH 4.5 5.3 
System 

Availability 99 % 95 % 99 % 95 % 

Storage Days 8.79 3.11 7.36 2.45 
Battery Size 15,184 Ah 5,368 Ah 12710 Ah 4,232 Ah 
Number of 

String (800Ah) 19 × 4 7 × 4 16 × 4 6 × 4 

Panel Size 9.1 kWp 9.1 kWp 7.7 kWp 7.7 kWp 
Area 61 m2 61 m2 51.8 m2 51.8 m2 

E. Cost Comparison  
Based on the data and analysis given above, alternative costs 

for various designs are calculated.  The composite results are 
shown in Table 2. The first column is for the stand-alone PV 
system with 99% availability. The second column is for 95% 
system availability, and the third column is for 95% availability 
with a 1-axis tracking system. For the calculations of PV 
modules, inverters, batteries, and charging controllers, prices of 
$2.42/WP, $0.712/W, $2.423/Ah (at 12V), and $8.32/W are 
selected. Calculation for the installation cost is estimated at 
20% of the sum of PV panels, batteries, and inverters. 

TABLE 2. CAPITAL COST COMPARISON 
Availability 

& Design 
Components 

99% Tilted 95% Tilted 99% 
1-Axis 

95% 
1-Axis 

Panel 9.1kWp / 
$22,022 

9.1kWp / 
$22,022 

7.7kWp/ 
$ 18,634 

7.7kWp/ 
$ 18,634 

Inverter 3.5kW / 
$2,492 $2,492 $2,492 $2,492 

Battery $147,318 $54,275 $124,058 $46,521 
Charging 
Controller 

153.6A/day 
$1,316 $1,316 130.3A/day 

$1,117 $1,117 

Tracker - - $5,580 $5,580 
Installation 

Labor $34,629 $16,021 $29,260 $13,753 

Backup 
Generator 
($0.50/W) 

3.5kW 
$1500 $1500 $1500 $1500 

Total 
$209,278 $97,626 $182,641 $89,597 

$23.0/Wp $10.73/Wp $23.72/Wp $11.64/Wp 

VI. CONCLUSION 
In this paper, the application of the PV solar energy system is 

discussed, and the procedures for sizing each component of the 
PV system are outlined. The costs of PV panels, inverters, 
batteries, charge controllers, and other costs are discussed and 
used to estimate the costs for a typical stand-alone PV system. 
For the case study, a typical residence was selected, and the 
electrical energy usage is assumed to be the average of 
residential customers in the U.S in 2009. For the cost, 
comparison four different systems are selected: PV systems at a 
fixed angle and a 1-axis tracking and systems with batteries 
sized for 99% and 95% system availabilities. The system with 
1-axis tracking would be more economical than the others 

studied (estimated cost of $89,600), and this is about 43.8% of 
the system at fixed angle with 99% system availability.  
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Abstract— This paper presents a maximum power point 
tracking (MPPT) scheme for a small photovoltaic (PV) system. 
The algorithm for the proposed scheme has been formulated 
using the mathematical equations which describe the non-
linear characteristics of a PV panel under different levels of 
insolation and temperature. The scheme uses only the open 
circuit voltage and short circuit current of the PV panel. The 
control strategy developed is simple and is implemented in 
Simulink using dSPACE. The scheme particularly suits small 
PV systems and is tested on a small PV panel illuminated by a 
sun-simulator assembly. The power-versus-voltage 
characteristics for the panel have been shown at different levels 
of insolation along with the tracked maximum power. 

Keywords- PV Panel; Maximum Power Point Tracking; 
Short-Circuit Current; Open-Circuit Voltage; dc-dc converter  

I.  INTRODUCTION  
Solar or photovoltaic (PV) energy has gained increased 

attention as a prominent renewable energy source. The 
progress made in semiconductor technology has helped 
immensely in designing efficient solar panels which are used 
in power applications. Solar energy is considered as one of 
the primary renewable energy sources because it is abundant, 
pollution free and recyclable but the high initial costs 
involved in the installation of PV systems has so far hindered 
its extensive usage. Moreover, the non-linear characteristics 
of the PV panels call for the implementation of complex 
control algorithms. The electrical power derived from PV 
panels is greatly affected by the prevailing atmospheric 
conditions such as illumination level and temperature. The 
maximum power (MPP) of the panel increases with 
insolation and decreases with ambient temperature. Many 
harvesting schemes for maximum power point tracking 
(MPPT) are based on a perturbation and observation (P&O) 
technique [1], [2]. But the main disadvantage of the P&O 
approach is that it leads to lot of oscillations. Some 
approximate methods also exist which use the linearity 
between current at MPP and the short-circuit current [3].  

This paper develops a control scheme for implementing 
the MPPT equation which is derived from the open-circuit 
voltage and the short-circuit current of a solar panel [4]. The 
power circuit uses a pulse width modulated (PWM) DC/DC 
buck-boost converter between the solar panel and the load. 
The MPPT is realized by sensing the short-circuit current and 

the open-circuit voltage and adjusting the duty-cycle of the 
buck-boost converter and hence the converter output current 
such that the MPPT equation holds. The control algorithm is 
modeled using Simulink and the PWM pulses for the DC/DC 
converter are generated using dSPACE [5].The proposed 
method focuses on the delivery of maximum power under all 
environmental conditions and eliminates complex control 
circuitry for the MPP tracker resulting in an efficient and 
inexpensive PV system. 

II. MATHEMATICAL ANALYSIS 
The approximate expression for the output current IPV of 

a PV panel at any operating point is given by [2] 
IPV = Isc – Isexp(KVPV)                                                   (1) 

 
where VPV is the voltage across the PV panel, ISC is the 
short-circuit current, IS is the dark saturation current and K 
is a constant that depends on the panel temperature and 
arrangement of cells in the panel.  
 
The power output of the PV panel is given by 

PPV = VPV IPV.                                                                 (2) 
 

Combining (1) and (2), 
KPPV = IPV ln [(ISC - IPV)/Is].                                          (3) 
 

For obtaining the value of current (IMP)  at MPP, (3) is 
differentiated with respect to IPV and equated to zero giving 

IMP = (ISC – IMP) ln [(ISC -IMP)/Is].                                  (4) 
 

The dark saturation current of the PV panel can be 
expressed as  

IS = Ior (T/Tr)3exp[(qEgo  /Bk)(1/Tr  - 1/T)]                    (5) 
    

where Ior is the cell’s reverse saturation current at a 
reference temperature Tr (=298K), T is the cell temperature 
in Kelvin, Ego is the band gap for Silicon in eV, q is the 
electron charge, B is ideality factor and k is Boltzmann’s 
constant.  
The open-circuit voltage VOC (T) at temperature T can be 
expressed as  
        VOC (T) = VOC (Tr) + (T - Tr)                                     (6) 
 
where VOC (Tr) is the open-circuit voltage at a reference  
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temperature Tr  and  is the temperature coeffi
         
The term (T/Tr)3  in (5) can be approximated a
practical temperature range of the PV panel. W
above approximation, the resulting equation fo
maximum power point becomes 

 where, A1 = VOC (Tr) - Tr  
             B1 = - ln (Ior exp(qEgo /BkTr))  
                    C1 =  qEgo /Bk . 

III. PRACTICAL IMPLEMENTATI

Equation (7) has to be implemented in orde
MPP of the solar panel. As can be observed
MPPT control circuit will force the PV system
the optimal current  so that the load w
maximum power from the PV panel. In ord
MPP of the panel, both the short-circuit curren
circuit voltage of the panel have to be
parameters for the different blocks have b
using the data for the panel under test.  

A. Power Circuit 
The power circuit of the proposed schem

Fig.1. The output voltage of the panel is applie
boost converter made up of the MOSFET M
capacitor L and diode D as shown in Fig. 1
panel and the DC/DC converter a small re
inserted for current measurement. Also, a po
assembly consisting of  and  is used for 
open-circuit voltage ). The buck-boost 
been chosen to cater to different loads at diff
In Fig.1 the load shown is a resistor and the po
operates in the buck mode. For applications su
batteries at higher voltage levels, boost action i

B. Control Scheme 
The Simulink model of the control schem

Fig. 2. Equation (7) suggests that in order to 
MPPT equation, the short-circuit current and th
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each 800ms. The pulses of “Short-circuit Pulse Generator” 
are fed as the on-time pulse for “  Measurement” block for 
recording the short-circuit current (Fig. 2). The “  
Measurement” subsystem of Simulink model has been 
shown in Fig. 3. There are two inputs to the subsystem. The 
first input (In 1) is the output of “Short-circuit Pulse 
Generator” and the second input (In 2) is the value of current 
through the measuring resistance . The block “Switch 
Case Action Subsystem I” collects the value of In 2 until the 
pulse (In 1) is high and gives the last stored value of In 2 as 
output of “  Measurement” subsystem once the pulse (In 1) 
goes low. The “  Measurement” subsystem is exactly the 
same as the “  Measurement” subsystem. The on-time 
pulse for “  Measurement” block generated by the “Open-
circuit Pulse Generator” serves as In 1, and In 2 is the 
voltage measured across .  

    

 

The inverse (complement) of the output of “Open-circuit 
Pulse Generator” block and the PWM pulses are first passed 
through a logic AND operation to ensure no pulses are fed to 
MOSFET M during open-circuit voltage measurement. The 
resulting signal is added (through logic OR operation) with 
output of “Short-circuit Pulse Generator” to apply a long 
pulse in order to measure short-circuit current. The resulting 
signal is the final gate signal to the MOSFET M which is 
sent out through the block DS1104DAC_C1. 

IV. CALCULATIONS FOR PV PANEL 
The proposed MPPT algorithm is implemented on a 

15W PV panel. The maximum short-circuit current value of 
the panel is 1A. The panel is made of polycrystalline silicon 
for which the value is 1.21eV. The reverse saturation 
current value for the panel at a reference temperature of 
298K is given as 50μA. The temperature coefficient of  
for the panel is -80mV/K and the  value at = 298K 
is 24V for the chosen panel. , and  have been 
calculated as: 

= 47.84, = -37.23 and = -1123.72.  

The power-versus-voltage characteristics of the solar   

panel under test are plotted for five different values of 
insolation level using MATLAB. The different insolation 
levels were obtained by varying the distance of the panel 
from the sun-simulator lamps (two 1kW lamps serving as the 
source of light). The level of insolation decreases with 
increasing distance of the panel from the light source while 
all other ambient conditions remain the same. The 
characteristics for the panel are shown in Fig. 4 in which the 
insolation level 1 is the highest and 5 is the lowest. The 
corresponding open-circuit voltage and short-circuit current 
values for the five levels are listed in Table I. 

TABLE I.  PANEL CHARACTERISTICS 

Insolation 
Level 

Open-Circuit Voltage    
(in Volts) 

Short-Circuit Current  
(in Amperes)

1                 24.13                   1.061 
2                 23.03                  0.86 
3                 21.84                  0.579 
4                 21.85                  0.405 
5                 21.66                  0.308 

V. RESULTS 
The proposed control scheme was implemented using 

dSPACE. The same five insolation levels used for plotting 
the panel characteristics were maintained for testing the 
MPPT scheme and the maximum power obtained from the 
panel at each insolation level during testing is compared with 
the actual value of maximum power at that level. 

TABLE II.  MAXIMUM POWER POINT VALUES 

Insolation 
Level 

Maximum Power from 
Characteristics (in Watts) 

Maximum Power tracked 
by the Scheme (in Watts)

1                 12.33                   11.28 
2                   9.38                   8.43 
3                   6.27                   5.11 
4                   4.42                   4.2 
5                   3.3                   3.3 

VI. CONCLUSION 
   In this paper, an approximate ‘MPPT equation’ is 

derived and a control scheme based on the equation is 
implemented using Simulink (MATLAB) and dSPACE and 
the results are compared with the actual values obtained from 
the panel characteristics. The minor discrepancies in the 
maximum power values can be due to the use of approximate 
MPPT equations instead of the actual ones.   
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Abstract—In this research, lead sulfide (PbS) nanocrystals 
were synthesized via a simple, effective and green method. 
Then, the effects of heat-treatment at different temperatures on 
the PbS nanocrystals were investigated. In addition, the 
average crystallite size using Scherrer’s formula, and lattice 
constant using Bragg’s equation were calculated and compared 
with the standard value. The obtained results showed that an 
increase in the heat-treatment temperature from 250 to 450 °C 
brought a significant increase in the average crystallite size D 
of PbS nanocrystals from 13.16 nm to 32.90 nm. The thermal 
stability of nanocrystals determines the possibility of using 
these materials in devices operating under conditions above 
room temperature. It suggests that an increase in the thermal 
stability extends the temperature range of practical 
applications. However, an increase in the operating 
temperature can lead to structural and phase transformations. 
 

Keywords- Lead sulfide; Termal stability; Green chemical 
route 

I. INTRODUCTION 
EAD SULFIDE (PbS) is an important direct narrow gap 
semiconductor material with an approximate energy 
band gap of 0.4 eV at 300K and a relatively large 

excitation Bohr radius of 18 nm [1]. These properties make 
PbS very suitable for infrared detection application [2]. This 
material has also been used in many fields such as 
photography [3], Pb2+ ionselective sensors [4] and solar 
absorption [5]. In addition, PbS has been utilized as 
photoresistance, diode lasers, humidity and temperature 
sensors, decorative and solar control coatings [6,7]. 

The oxidation of PbS nanocrystals in oxygen or air 
considerably changes the semiconducting and sensor 
characteristics of them. An understanding of the mechanisms 
of oxidation of these nanocrystals and the structure and 
properties of oxidized moieties is of great importance to 
many fields such as geochemistry, mineral processing [6], 
manufacture of optoelectronic devices and their functioning 
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and degradation, etc. Therefore, elucidation of the structure 
and characteristics of oxygen-containing centers of PbS NCs 
is an important task for both experimental and modeling 
studies [7]. The thermal stability of the composition and 
properties of luminescence nanocrystals determines the 
possibility of using these materials in devices operating 
under conditions above room temperature. An increase in the 
thermal stability of materials extends the temperature range 
of their practical applications. These changes are especially 
significant for PbS in the nanocrystalline state [8]. Heat-
treatment in air or oxygen atmosphere is known to increase 
the optical properties of PbS nanocrystals. However, the 
effect of oxidation conditions on the processes involved, 
phase composition of the nanocrystals, and their properties 
has not yet been fully investigated. Various and often 
contradictory data have been reported in the literature as to 
the phases resulting from the oxidation of PbS nanocrystals. 
It is important to note that, the phases mentioned most 
frequently are PbSO4, PbO·PbSO4, PbO, and PbO2. Detailed 
analysis of the surface processes underlying the oxidation of 
PbS and accurate identification of the forming phases are 
crucial for understanding the optical properties [9].  

In this research, we report a simple, clean and template-
free synthesis of PbS nanocrystals. The PbS nanocrystals 
were produced by the reaction of dissoluble lead nitrate and 
sodium sulfide through a simple wet chemical process. We 
also investigated the thermal stability of the composition and 
properties of the synthesized sample to determine the 
possibility of using this material in devices operating under 
conditions above room temperature because of the fact that 
an increase in the thermal stability of PbS nanocrystals 
extends the temperature range of its practical applications. 
Herein, we analyzed the effects of heat-treatment at 250, 
350, 450 and 550°C on the composition and structure 
properties of the synthesized PbS nanocrystals.  

II. MATERIALS AND METHODS  

A. Synthesis of PbS nanocrystals  
Typically, 10 ml of 0.1 M Pb(NO3)2 was diluted with 

water and stirred for 30 min. After the purging of air by N2 
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bubbling, 10 ml of 0.1 M Na2S was diluted with water was 
slowly drop-wised into the first solution. The solution was 
stirred for 1 h till the reaction became complete, and then 
kept for 24 h to precipitate. After filtration, the final product 
was obtained, and washed several times with distilled water 
and absolute ethanol. Finally, the product was dried in 
freeze-drier 24 h to obtaine the PbS particles.  

B. SEM analysis 
The synthesized sample was analyzed and observed by 

scanning electron microscopy (SEM: Philips XL30). Prior to 
examination, the sample was coated with a thin layer of 
Gold (Au) (to avoid charges accumulation at the surface of 
the analyzed material) by sputtering (EMITECH K450X, 
England). 

C. XRD analysis 
The resulting samples were analyzed by XRD with 

Rigaku-Dmax 2500 diffractometer. This instrument works 
with voltage and current settings of 40 kV and 200 mA, 
respectively and uses Cu-K  radiation (1.5405 Å). For 
qualitative analysis, XRD diagrams were recorded in the 
interval 20° 2 50° at scan speed of 2°/min. 

D. Characterization after heat-treatment 
In order to investigate the thermal stability and 

microstructural properties of the synthesized PbS 
nanocrystals and the chemical processes occurring during 
the heat-treatment in air at elevated temperatures, they were 
subjected to multiple heat-treatments in air atmosphere. The 
processes were performed in a muffle furnace from 250 to a 
temperature of 550 °C in steps of 100 °C and the rate of 5 
°C/min. The samples were kept for 2 h in each step and then 
they were spontaneously slowly cooled down in the furnace 
to avoid thermal shocks. Then, the XRD patterns of the 
samples were recorded and the microstructural and optical 
properties were characterized. 

III. RESULT AND DISCUSSION  

A. SEM observations 
In this research, SEM analysis was used to determine the 

morphology of the samples.  Fig. 1 shows the typical SEM 
micrograph of the synthesized PbS nanocrystals, which 
suggested that the products exhibited nearly sphere-shaped 
particles. Generally, the particles are made rapidly, but after 
few minutes, the particles are aggregated and their size gets 
larger due to the large surface to volume ratio. In fact, 
without using surfactant and due to the increase in surface 
area to volume ratio, the attractive force between the 
nanoparticles will increase, and the particles will be 
agglomerated. The PbS aggregated particles were composed 
of much smaller crystallites. 

 

 
Figure 1. SEM micrograph of the synthesized PbS 

nanocrystals 

B. XRD analysis 
Fig. 2 shows the XRD analyses of the synthesized PbS 

nanocrystals. All the distinct diffraction peaks correspond to 
the (111), (200), (220), (311), (222), (400), (331), (420) and 
(422) reflections of PbS in its cubic phase (JCPDS Card File 
No. 5-592). All the peaks were very much prominent and 
referred to the cubic rock salt structure of a crystalline PbS. 

 
Figure 2. XRD pattern of the synthesized PbS nanocrystals 

 
Fig. 3 shows the XRD analyses of the synthesized PbS 

nanocrystals after heat-treatment in air atmosphere at 
different temperatures (250, 350, 450 and 550 °C). The 
average nanocrystallite size was determined from the half-
width of diffraction major peaks using the Debye-Scherrer’s 
formula (1): 

  
D=k /  cos                                                                  (1) 

 
where D is the crystallite diameter, k is a constant (shape 
factor, about 0.9),  is the X-ray wavelength (1.5405 Å as 
mentioned before),  is the full width at half maximum 
(FWHM) of the diffraction line, and  is the diffraction 
angle. The average crystallite size was estimated 13 nm.  
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Figure 3. XRD patterns of the PbS nanocrystals (b) after 
250 °C (c) 350 °C (d) 450 °C (e) 550 °C heat-treatment  

(  PbSO4,  PbO.PbSO4) 
 

The lattice constant parameter of different samples before 
and after heat-treatment were found by approximation of 
diffraction reflections followed by determination of the 
position of each reflection and calculation of interplanar 
crystal spacings dhkl using Bragg’s equation and the period 
of the cubic lattice for each reflection as follows (2) and (3): 

 

                            (2) 
 

                       (3) 
 
The increase of heat-treatment temperature correlates with 

the increase in lattice parameter is shown in Table 1. The 
calculated lattice constant of PbS nanocrystals using Bragg’s 
equation was a=0.5950 nm, which was very close to the 
value in the standard card a0=0.5936 nm. In addition, the 
strong, narrow and sharp diffraction peaks indicate that the 
particles are highly crystalline. 

 
Table 1. Increasing of heat-treatment temperature correlated 

with the lattice parameter 
Sample Lattice constant parameter 

PbS 0.5950 
250 0.59540 
350 0.59550 
450 0.59552 
550 0.59558 

C. Average internal stress and micro-strain 
According to the explanations, the value of lattice constant 

of the synthesized PbS nanocrystals deviates from its bulk 
value (JCPDS Card File No. 5-592). This fact indicates that 
the PbS nanocrystals are under strain. The built-in average 
stresses developed in the PbS nanocrystals is determined by 
the following equation (4):  

 
S = {( 0 – a)/ 0}Y/2                                                        (4) 
 
where a and a0 are the lattice parameters of the prepared 
samples and bulk samples, respectively, and the value [= 
( 0–a)/ 0] is obtained from Williamson-Hall plot. In addition, 
Y and  are the Young’s modulus and Poisson's ratio of the 
bulk PbS sample and the value of them are 70.2 GPa and 
0.28, respectively.  

The breadths of the strongest main peaks were used as an 
indicator of crystal dimension in the direction of the 
scattering vector. The reflection broadening in the XRD 
pattern is attributed to the contribution of the crystallite size, 
micro-strain and the instrument itself. The graphic method 
for calculation of micro-strain is also Williamson-Hall plot 
that is according to the following formula (5): 

 
 cos  =D/λ+ 4  sin                                                    (5) 

 
In this representation,  is peak width at half maximum 
intensity (in radian),  is the wavelength for Cu-K  ( = 
1.5406 Å) and  is micro-strain. Therefore, if we plot  cos  
versus sin , micro-strain is calculated from the slope. The 
total stress in the PbS nanocrystals is due to crystallographic 
defects that present in the samples. In Fig. 4, Williamson-
Hall plot for the samples are shown. 

Figure 4. Williamson-Hall plot of the PbS nanocrystals 
before and after heat-treatment at different temperatures 

 

D. Phase composition  
The phase compositions of heat-treated PbS nanocrystals 

in air at different temperatures were determined by XRD 
analyses. The oxidation products obtained below 550 °C 
were found to consist of lead sulfate and lead oxide sulfite. 
After the first heat-treatment stage at 250 °C, some new 
peaks related to PbSO4 were appeared. The formation of 
PbSO4 was due to the reaction of PbS nanocrystals with 
oxygen, which was found out by XRD analysis by the 
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following reaction (7): 
  

                            (7) 
  
By increasing the heat-treatment temperature from 250 °C 

to 550 °C some main peaks of PbSO4 at 27.7 ° (102), 29.75 ° 
(211) and 33.2 ° (020) were gradually disappeared and the 
intensity of some other peaks related to PbS and PbSO4 
became too small, accompanied by a significant increasing 
in the intensity of other peaks related to PbO·PbSO4. Also, at 
the final stage of heat-treatment some peaks merged with 
each other because they were really close to each other. 
Finally, according to the JCPDS file number 33-1486 the 
existence of PbO·PbSO4 at 550 °C became totally clear.  

E. Microstructural properties  
It can be seen from the XRD patterns that, after heat-

treatment of the samples at temperatures above 350 °C, 
some of the XRD peaks of PbS nanocrystals became 
narrower. The observed narrowing of these peaks suggests 
that the nanocrystals underwent a partial primary structural 
relaxation. The effect of heat-treatment temperature on the 
average nanocrystallite size using the Debye-Scherrer’s 
formula of PbS nanocrystals is illustrated in Table 2: 

 
Table 2. Structural parameters of PbS nanocrystals before 

and after heat-treatment 
Sample crystallite size 

(nm) 
Micro-strain 

PbS 13.16 0.0037 
250 21.93 0.0073 
350 32.90 0.0051 
450 32.90 0.0034 
550 16.45 0.0032 

 
In addition, this table demonstrated that an increase in the 
heat-treatment temperature from 250 to 450 °C brings about 
a significant increase in the average crystallite size D of PbS 
nanocrystals from 13.16 nm to 32.90 nm [10, 11]. Moreover, 
the XRD analysis revealed that at the temperature of 550 °C 
the crystallite size of PbS nanocrystals decreases from 32.9 
to 16.45 nm. This decreasing in the crystallite size was 
caused by the oxidation of nanocrystals in the presence of 
atmospheric oxygen and by the formation of the lead oxide 
sulfate phase PbO·PbSO4 with a loose structure on the 
surface of particles. 

IV. CONCLUSIONS 
In conclusion, we present a facile, effective and 

surfactant-free route for the synthesis of PbS nanocrystals 
through the reaction between lead nitrate and sodium sulfide 
by virtue of its strong reduction and selective interaction 
abilities. Furthermore, the phase compositions, structural and 
optical properties of heat-treated PbS nanocrystals in air at 
different temperatures were determined. The microstructural 

parameters like lattice constant, crystallite size, internal 
stress, micro-strain and optical properties of the synthesized 
PbS nanocrystals were determined and were found to be 
affected by the heat-treatment temperature.  
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Abstract— Nearly 60% of the world’s energy is wasted as heat. 
Thermoelectric materials can play an important role in green 
energy harvesting with their ability to convert waste heat into 
electricity. In this report, thermal and thermoelectric 
properties of p-type nanostructured silicon germanium (SiGe) 
as an important high temperature thermoelectric material was 
studied and compared with those of crystalline SiGe. The 
materials were synthesized via mechanical alloying and 
sintering approach. The different synthesis procedures resulted 
in two different conformation of SiGe. The first one was in 
nanostructure configuration and the other was in crystalline 
configuration containing large grains. Thermal and 
thermoelectric properties of both configurations were 
investigated in this manuscript. Although, differential thermal 
analysis (DTA) did not show significant differences between the 
thermal characteristics of nanostructured and crystalline SiGe, 
there were major changes in their thermoelectric properties. 
The nanostructured SiGe had lower electrical conductivity 
owing to the large scattering rate of electron at the grain 
boundaries. However, the lower mobility was accompanied by 
small thermal conductivity in nanostructured SiGe. The 
Seeback coefficient was grown in nanostructured SiGe as a 
result of lower carrier concentration. Considering the influence 
of all these factors, the nanostructured SiGe was 
thermoelectrically preferred as the figure-of-merit was 
increased specially at high temperatures.    

  
Keywords- thermoelectric, SiGe; nanostructured bulk; crystalline; 
thermal properties 

I. INTRODUCTION 
During the last several decades, silicon germanium (SiGe) 
has become an important material for several applications, 
and recently a great attention has been paid to study 
thermoelectric properties of this material [1,2]. Since the 
first studies in the late 1970s most of the researches on SiGe 
alloys have been motivated by their potential applications in 
micro, opto and electronic devices. Subsequently, SiGe as an 
important class of materials was commercialized by the first 
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industrial production of SiGe based integrated circuits in the 
90s.  

SiGe has been one of the main thermoelectric materials 
for power generation at high temperatures above 800°C, 
which possess high mechanical strength, high melting point, 
low vapor pressure and resistance to atmospheric oxidation. 
Therefore, this material seems to be suitable for device 
applications at high temperatures [3], subsequently different 
structures of this material have been investigated as a hot 
topic for many years.  

There have been several attempts to obtain nanostructured 
materials with new properties. Due to the unique properties 
of quantum-confined devices at nanoscale levels, several 
studies have been dedicated to the fabrication of 
nanostructures to confine carriers motion in reduced 
dimensions [7, 8]. Hence, potential applications of 
nanostructured SiGe on large scale integrated devices are 
promising in future electronic and optoelectronic devices [4-
6]. 

When the characteristic length scale of SiGe alloy is 
typically in nano range, electronic properties are dominated 
by some new physics phenomena which have their origin 
either in classical effects or in new phenomena arising from 
the reduction of the size, for example when the surface to 
volume ratio of the crystals becomes large enough the 
thermodynamically stable structure could be easily changed. 
In addition, changes in nanostructural scales have significant 
effects on the behavior of this material in high temperatures 
which shows the interesting correlation between the 
operating temperature and the nanostructured morphology.  

In another point of view, the thermal stability of the 
composition and properties of SiGe alloy determines the 
possibility of using these materials in devices operating 
under conditions above room temperature [9-11]. An 
increase in the thermal stability of materials extends the 
temperature range of their practical applications. However, 
an increase in the operating temperature can lead to 
structural and phase transformations, as well as changes in 
the sizes of crystals in the SiGe alloy. These changes are 
especially significant for SiGe in the nanostructured form. 
The objective of the present study is to investigate the 
thermal and thermoelectric properties of p-type 
nanostructured SiGe in comparison with a crystalline SiGe.   
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II. MATERIALS AND METHODS  
The powders of Si (99.9% purity), Ge (99.9% purity) and 

B (99.9% purity) were weighted to the stochiometric ratio of 
80% Si and 20% Ge with 1.6% B and loaded into two 
separate bowels. Powder one was loaded into the steel cup 
and milled with ball to powder ratio of 1:2 in a vibratory 
mill for 76 hours then filled into a Boron Nitride crucible 
and melted at 1450 C for 1 hour. The resulted ingot (sample 
1) was cut into a rod and a small disk for thermoelectric 
properties measurements. The second powder was milled in 
Fritsch-P7 planetary mill for 10 hours at 1000rpm with ball 
to powder ratio (BPR) of 3:1. The powder was then annealed 
in a quartz crucible at 1100 C for 3 hours and subsequently 
milled for 58 hours. This powder was sintered in a graphite 
die with an internal diameter of 12.7 mm at 1200 C under 
108 MPa.  This procedure which was carried out at the 
temperature below the melting temperature of the material 
was to allow the perfect alloying of Si and Ge while the 
nanostructured configuration was remained intact. The 
sintered sample (sample 2) was cut into a rod and a disk, 
which was a nanostructured sample.  

Seebeck coefficient and electrical conductivity were 
measured with four probe method by commercially available 
equipment (Ulvac ZEM-3).  

The thermal conductivity of samples was measured by a 
laser flash apparatus (Netzsch LFA 457).  The differential 
thermal analysis (DTA) and thermogravimetric analysis 
(TG) was carried using Netzsch STA 449 F1 in Argon 
environment (50 ml/min flow). The temperature was 
increased 20 C per min from 20 to 1550 C. The 
acquisition rate was 10 points per degree centigrade and 200 
points per minute. 

III. RESULT AND DISCUSSION  
Fig. 1 shows the DTA and TG analysis of both samples. 

As depicted in this figure, the DTA thermographs of 
crystalline and nanostructured SiGe are roughly similar and 
the main melting temperature is between 1330-1340 C.  

The TG analysis of the crystalline sample does not show 
significant mass changes as a function of temperature. 
However, the TG of nanostructured SiGe indicates a small 
increase in mass after reaching to the melting point. We 
observed similar trend in most of the nanostrcutured 
samples. The reason for the mass change is not clearly 
understood. In all of the nanostrcutured samples the mass 
gain was about %2-3 which may indicate a reaction 
happening at or close to the melting point. This may be due 
to oxidation with the residual air captured in the 
nanostructured sample. The larger surface area in the 
nanostructured sample compared with the crystalline one can 
capture larger amount of oxygen. Although the chamber is 
filled with Argon, there may still be some residual oxygen in 
the chamber or the oxygen molecule may have been 
absorbed in the material. Therefore, nanostructured sample 
is more prone to oxidation due to its larger surface area.  

 

 

 
Figure 1. Differential thermal analysis (DTA) and thermogravimetric 

analysis (TG) of nanostructured and crystallineSiGe. 

 
The structure of sample 1 was not changed when melted 

during thermal analysis as it was melted once during the 
sample preparation. However, the structure of sample 2 with 
nanostructure configuration was changed more significantly 
after reaching to the melting point. Although the thermal 
properties of the two samples were not significantly altered, 
the thermoelectric properties of the two samples differed 
considerably.  

As it can be seen in Fig. 2, the electrical conductivity of 
crystalline SiGe is much higher than the nanostructured one. 
In the crystalline sample where the grains are very large, the 
mean free path of holes is large; hence, the carrier motilities 
and the electrical conductivity are larger. In contrast, the 
hole mobility in nanostructured configuration is low due to 
the higher scattering of holesat grain boundaries.  

The higher Seebeck coefficient of the nanostrcutured 
sample as shown in Fig. 3 indicates its smaller carrier 
concentration. The maximum Seebeck coefficient of sample 
1 is only 160 μV/K.  

The electrical conductivity of nanostructured SiGe is 
lower than the crystalline one due to both its smaller carrier 
concentration and mobility as shown in Fig. 4. However, the 
thermal conductivity of the nanostrcutured sample is also 
smaller which has resulted in overall enhancement in ZT. 
The main reason for the smaller thermal conductivity of this 
sample is scattering of phonons by the extra interfaces in the 
material.  

 
 

DTA

TG 
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Figure 2. Comparison of electrical conductivity of nanostructured and 

crystallinep-type SiGe.  Sample 1 (Crystalline SiGe)  Sample2 
(Nanostructured SiGe)  

 

 
Figure 3. Comparison of Seebeck coefficient of nanostructured and 
crystallinep-type SiGe.  Sample 1 (Crystalline SiGe)  Sample2 

(Nanostructured SiGe) 
 

 

 
Figure 4. Comparison of thermal conductivity of nanostructured and 

crystallinep-type SiGe.  Sample 1 (Crystalline SiGe)  Sample2 
(Nanostructured SiGe) 

 

Based on Fig. 5, the maximum power factor times 
temperature of crystalline SiGe is 3.5 W/mK at 900 C 
which is very high compared to typical thermoelectric 
materials. The main reason for such a high power factor is 
the large doping concentration attained by melting the 
material with the dopants.  

 

 
Figure 5. Comparison of power factor times temperature of nanostructured 

and crystallinep-type SiGe.  Sample 1 (Crystalline SiGe)  Sample2 
(Nanostructured SiGe) 

 
 
Fig. 6 shows the figure-of-merit of both samples. 

Themaximum figure-of-merit is 0.7 at 950 C in sample 2, 
while maximum figure-of-merit drops to 0.55 at 950 C in 
sample 1 due to its high thermal conductivity. Based on this 
figure, as a result of the factors discussed above, the ZT of 
nanostructured SiGe is higher than the crystalline SiGe in 
any temperature above 100 C. This clearly indicates the 
advantage of nanostructured configuration versus the 
crystalline one in SiGe thermoelectric materials especially at 
high temperature.  

 

 
Figure 6. Comparison of figure-of-merit for nanostructured and 

crystallinep-type SiGe.  Sample 1 (Crystalline SiGe)  Sample2 
(Nanostructured SiGe) 
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IV. CONCLUSIONS 
The crystalline and nanostructured SiGe were synthesized 

and their thermal and thermoelectric properties were 
investigated. The DTA and TG results did not show 
significant difference between the two samples. However, 
the thermoelectric properties including electrical 
conductivity, Seebeck coefficient, and thermal conductivity 
are considerably different as discussed in this manuscript.   
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Abstract— The thermoelectric (TE) properties of magnesium 
silicide (Mg2Si) fabricated through mechanical alloying and hot-
pressing have been characterized by measurements of electrical 
resistivity ( ), Seebeck coefficient (S) and thermal conductivity 
( ) between 300 K and 970 K. TE samples of 2-at% Bi doped and 
2-at% Al doped specimens were sintered at 1173 K and 1123 K, 
respectively. Structural analysis of the sintered samples was 
performed by scanning electron microscopy. The effect of 
inclusion of a minuscule quantity (0.25-vol%) of Mg-Si-B-R 
based conductive glass-frit in order to reduce the brittleness of 
samples has been investigated on the Al-doped Mg2Si samples. 
Power factors (S2 T) of greater than 2 W/mK were obtained from 
samples doped with Al. The samples mixed with conductive glass 
frit have also exhibited higher stability at temperatures greater 
than 900 K when compared to samples doped with Bi.  The 
Mg2Si:Bi and Mg2Si:Al samples showed a maximum figure-of-
merit (ZT) of 0.53 and 0.66  at 970 K, respectively.  
 
Keywords-thermoelectric; magnesium silicide; glass inclusion, Al 
doping, Bi doping  
 

I.  INTRODUCTION  
Harvesting waste heat through thermoelectric (TE) 

materials for generating electricity is a technology primarily 
favoring the global energy-sustainability initiative. Apart from 
many attractive features like miniature size, absence of 
moving parts and high reliability, TE devices are considered 
environmental friendly because of nearly negligible emissions 
during the device operation. Many TE materials have been 
identified as suitable for various ranges of temperatures [1, 2]. 
Among them, the medium temperature TE materials based on 
alloys of Magnesium (Mg) and Silicon (Si) are known to hold 
many attractive properties like non-toxicity of the constituent 
elements, abundance in nature and suitability for recycling. 
These compounds are known to possess high electrical 
conductivities and low thermal conductivity in the temperature 
ranges of 500 K – 800 K [3]. Thermoelectric materials with 
higher performance were also realized by forming 
intermetallic compounds of Mg with Si, Ge or Sn [4, 5, 6, 7]. 
It is also known that n-type conduction in Mg2Si can be 
obtained by doping with Sb, Al and Bi while p-type Mg2Si can 
be prepared by doping with Ag and Cu [8, 9, 5]. Although 

Mg2X (X = Si, Ge or Sn) exhibits desirable properties like 
high melting temperature, low density, high hardness and a 
low thermal expansion coefficient, their applicability has been 
restricted by their low graded mechanical properties [10, 11]. 
While doping of Mg2Si has been widely studied in view of 
obtaining the required TE characteristics of low thermal 
conductivity and high electrical conductivity, methods to 
overcome inherent problems like high brittle nature of Mg2Si 
compounds have not been explored extensively. Many reports 
in the literature have presented observations on the 
deterioration or poor quality of Mg2Si based TE samples 
mainly due to the high brittleness and low stability of the 
samples [11, 12].  
 In this work, we report the preparation and 
characterization of Bi-doped and Al-doped Mg2Si TE 
materials. A novel method of inclusion of commercially 
available Mg-Si-B-R (R is an alkaline earth metal) based 
conductive glass-frit aimed to improve the quality of the 
samples is presented. The objective of this work was to 
develop a method to overcome the problem of brittle 
properties in Mg2Si. It is expected that the preliminary 
experimental results can be significant in promoting the 
development of fabrication of high quality Mg–Si system 
alloys.  

II. EXPERIMENTAL PROCEDURE  
Powder of commercial high-purity polycrystalline 

Mg2Si (>99.9%) manufactured by Litop Non-ferrous Metals 
Co., Ltd. was used in the present experiments. It was mixed 
with 2-at% Al (>99.999%) and 2-at% Bi (>99.9%) in separate 
tungsten carbide (WC) vials for ball milling. Both vials were 
loaded with ~60 gm of 10 mm WC balls and were sealed in 
Argon environment. The powders were then ball milled in a 
Fritsch P-7 planetary ball mill at speed of 1000 rpm. The Bi-
doped and Al-doped powders were milled for 40 hrs and 20 
hrs respectively. The powders were mixed manually at regular 
time intervals during the milling process and were sealed in 
Argon environment. The Mg2Si powder doped with Al was 
mixed, after 15 hrs of initial milling, with 0.25-vol % of Mg-
Si-B-R (R is an alkaline earth metal) based conductive glass-
frit obtained from Ferro Inc.. The conductive glass-frit was 
chosen to have a melting point close to 1000 K which is less 
than the sintering temperature of the Mg2Si:Al samples. The 
molten glass-frit is expected to fill the cracks in the samples 
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under grant no. FA9550-10-1-0010 and the National Science Foundation 
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during the sintering process and improve the quality of the 
samples.  

 The ball-milled powders were then loaded into 
graphite dies for sintering of cylindrical samples with a 
diameter of 1.27 cm and height of 0.5 cm. The samples doped 
with 2-at% Bi were hot-pressed at a sintering temperature of 
1173 K for 15 min under 107 MPa pressure. A heating rate of 
50 K/min was applied during the heating process. The samples 
doped with Al and mixed with conductive glass-frit were 
sintered at 1123 K for 10 min under 98 MPa pressure. The 
samples were cooled to room temperature before ejection from 
the graphite dies. The sintered samples were structurally 
evaluated by performing scanning electron microscopy (SEM) 
using a Hitachi S-4800. The cylindrical samples were cut into 
rectangular bars and circular discs for electrical resistivity and 
thermal conductivity measurements, respectively. To 
determine the thermoelectric properties, the Seebeck 
coefficient (S) and electrical resistivity ( ) were measured 
from room temperature to 970 K using a ZEM system 
(ULVAC Riko Co.) equipped with a four probe contact. The 
density of the samples was measured with Archimedes 
technique for both samples. The Bi-doped samples showed a 
density of ~85% of the theoretical value while the Al-doped 
samples showed ~98% of the theoretical density. The thermal 
diffusivity ( ) was measured for each sample with a Netzsch 
LFA-457 laser flash apparatus. The thermal conductivity was 
then determined from the well-known relation = / Cp, in 
which  is the bulk density of the sample and Cp is the specific 
heat. The specific heat, Cp of the samples was determined by 
simultaneously measuring and comparing with the  of a 
reference sample made of Pyroceram whose  is already 
known.   
 

III. RESULTS AND DISCUSSION 
 

A. Structural analysis 
Figure 1(a) and 1(b) show the SEM images of the sintered 

Mg2Si samples doped with 2-at% Bi and 2-at% Al mixed with 
0.25-vol % of conductive glass-frit, respectively.  As can be 
observed from Figure 1(a), the samples doped with Bi 
demonstrated highly granular structure with an average 
crystallite size of about 1 m. The sample was also found to 
have micro cracks on the surfaces which resulted in a low 
density (85%). On the other hand, the sintered samples doped 
with Al and mixed with 0.25-vol% conductive glass-frit 
demonstrated a crack free surface and a non-granular structure 
as shown in Figure 1(b). 

 

 

 
Figure 1(a). Scanning electron microscopy (SEM) image of Mg2Si:2-at% Bi 

 
 

Figure 1(b). Scanning electron microscopy (SEM) image of Mg2Si:2-at% Al 
mixed with 0.25-vol% of Mg-Si-B-R based conductive glass frit 

  
The density of these samples was also high (98%) 

probably due to the absence of surface cracks. The conductive 
glass-frit which melted before reaching the sintering 
temperature fills the cracks in the samples and also decreases 
the brittleness of the samples.   
  
B. TE  properties of Bi-doped Mg2Si 

Figures 2(a) – 2(e) show the measured thermoelectric 
properties of Mg2Si samples doped with 2-at% Bi. As can be 
observed from Figure 2(a), the sample depicts an increase in 
electrical conductivity ( ) up to about 680 K and reaches a 
maximum at about 800 K and reduces with further increase in 
temperature. This low temperature (below 700 K) behavior in 
electrical conductivity is consistent with that of undoped or 
very low doped Mg2Si samples whereas the high temperature  
is closer to that of highly doped samples. One may attribute 
this low temperature  to the inadequately activated dopants in 
the Mg2Si:Bi system. However, the Seebeck coefficient shows 
the typical pattern of a highly doped Mg2Si sample with an 
increasing trend with temperature as shown in Figure 2(b). 
The negative sign of the Seebeck coefficient also confirms the 
consistent n-type behavior of Bi doped Mg2Si samples. 
Therefore, the low Seebeck values at temperatures close to 
room temperature indicate that the sample is doped with high 
concentration of electrons similar to the results reported by 
Choi et. al. and You et. al for Bi-doped Mg2Si thermoelectric 
samples [13,14]. Theoretical modeling can help better 
understanding of such type of behavior of  at lower 
temperatures. 

The power factor (S2 ×T) of the Bi doped Mg2Si 
sample is shown in Figure 2(c). The power factor increases 
consistently until 880 K due to simultaneous increase in both  
and S. A peak power factor of 1.78 W/mK was obtained at 880 
K. With further increase in temperature the power factor 
decreases pertaining to the decrease in  at higher 
temperatures due to intrinsic conduction [2]. Figure 2(d) 
shows the thermal conductivity ( ) behavior of Bi-doped 
Mg2Si sample. The  has a value greater than 4 W/mK at room 
temperature but decreases with increase in temperature up to 
820 K owing to an increase in 3-phonon scattering [15]. A 
minimum  of 3.2 W/mK was obtained at 820 K. At higher 
temperatures,  increases due to the contribution from bipolar 
conductivity [16]. Figure 2(e) shows the dimensionless figure-
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of-merit (ZT) for the Mg2Si:Bi sample. A maximum ZT of 
0.53 was obtained at temperature of  970 K. 

 

 

 
 

 

         
Figure 2(a)-(e). Thermoelectric properties of Mg2Si doped with 2-at% Bi.: (a) 

electrical conductivity, (b) Seebeck coefficient and (c) power factor×T 
(S2 ×T)  (d) thermal conductivity, (e) figure-of-merit, ZT  

 
C. TE properties of Al-doped Mg2Si mixed with Mg-Si-B-R 

based glass-frit 
As discussed in the previous sections, the samples 

sintered with Al-doping possessed high levels of brittleness.  
In order to improve the quality of such samples, the 2-at% 
Aluminum doped Mg2Si samples were further mixed with 
0.25-vol% conductive glass. The glass-frit possessing a 
melting point that is much lower than the sintering 
temperature diffuses into the cracks of the samples during 
sintering. The cracks are then filled with the molten 
conductive glass-frit material resulting in a reduction in the 
brittleness of the sintered samples as was observed in our case.  

 

 

 
 

Figure 3(a)-(c). Thermoelectric properties of Mg2Si doped with 2-at% Al 
mixed with 0.25-vol% glass-frit: (a) electrical conductivity, (b) Seebeck 

coefficient, (c) power factor×T (S2 ×T) 
 

A considerable improvement was also seen in the 
power factor of the samples with the peak values going above 
2 W/mK at temperatures above 900 K. The samples were also 
consistent during measurements at high temperatures and did 
not show any deterioration even though the melting point of 
the glass-frit was comparatively low. Figures 3(a) and 3(b) 
show the  and S of the Al-doped samples mixed with 
conductive glass-frit. The  in Figure 3(a) ranges consistently 

(a) 

(b)

(d)

(e) 

(a)

(b)
(c) 

(c)
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between 350 S/cm – 450 S/cm with a peak value at 900K 
indicating a high concentration of carriers in the sample. The S 
shown in Figure 3(b) depicts negative Seebeck voltage 
indicating that the conduction is primarily due to the dominant 
electrons. The S peaks at 610 K with a maximum value of 250 

V/K. At higher temperatures (> 750 K), the S value saturates 
near 230 V/K.  Pertaining to the high values of  and S at 970 
K the power factor peaks to a value of 2.26 W/mK at 970 K as 
shown in Figure 3(c).   

 

 

 
Figure 3(d)-(e). Thermoelectric properties of Mg2Si doped with 2-at% Al 
mixed with 0.25-vol% glass-frit: (d) Thermal conductivity, (e) Figure-of-

merit, ZT  
 

The thermal conductivity and figure-of-merit of the 
Al-doped Mg2Si sample mixed with the conductive glass-frit 
are shown, respectively, in Figures 3(d) and 3(e). The thermal 
conductivity has a very high maximum of nearly 9.7W/mK at 
room temperature may be due to the high natural thermal 
conductivity of Al. The high  can be associated with the large 
grain size in the Al-doped Mg2Si powder as the powder was 
only milled for only 20hrs. The  decreases consistently with 
increasing temperature mainly due to the dominant 3-phonon 
scattering [15]. The  saturates after 850 K and does not show 
considerable bipolar contribution at higher temperatures. The 
figure-of-merit (ZT) as shown in Figure 3(e) hence increases 
to maximum value of 0.66 at a temperature of 970 K.  

 
 

D. Comparison of Bi-doped and Al-doped Mg2Si samples 
A comparison of the power factor (S2 ×T), thermal 

conductivity ( ) and figure-of-merit (ZT) for the samples 
doped with Bi (dotted line) and Al (solid line) is shown in 
Figures 4(a) – 4(c) respectively. The power factor of the Al-
doped sample mixed with conductive glass-frit is consistently 
higher than that of the Bi-doped sample largely due to the 
higher density of Al-doped samples reinforced with glass-frit 

as can be seen from Figure 4(a). The higher density of Al-
doped sample resulted in better electrical conductivity and 
Seebeck coefficient over the entire temperature range. On the 
other hand, the thermal conductivity of the two samples as 
shown in Figure 4(b) differs significantly at low temperatures 
but converges to a value of nearly 4 W/mK at very high 
temperatures. The huge difference in thermal conductivity at 
room temperature can be attributed to the high  value of Al at 
room temperature when compared to that of Bi. The higher  
in Al-doped samples could also be a result of the lower milling 
time when compared to that of Bi. 

 

 
 

 
 

 
Figure 4(a)-(c). Comparison of TE properties of Mg2Si doped with 2-at% Al 
mixed with 0.25-vol% glass-frit and Bi-doped Mg2Si: (a) power factor×T 

(S2 ×T), (b) Thermal conductivity, (c) Figure-of-merit, ZT  
 

Figure 4(c) comprehensively depicts the higher 
figure-of-merit obtained by the Al-doped sample when 
compared to the Bi-doped sample over the entire temperature 
range. While the ZT of Bi-doped samples at temperatures 
greater than 850 K tend to saturate, the ZT of Al-doped 
samples with conductive glass-frit show an increasing trend in 
ZT even at higher temperatures. At a peak temperature of 970 
K, the ZT of Al-doped sample with conductive glass-frit is 
nearly 15% greater than that of the Bi-doped samples.  

(d)

(e) 

(b)

(c)

  (a)
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IV. CONCLUSION 
In conclusion, Bi-doped and Al-doped Mg2Si 

thermoelectric compounds were successfully prepared by 
mechanical ball-milling and hot-pressing methods. The 
temperature dependence of the Seebeck coefficient, electrical 
conductivity and power factor were characterized through 
measurements. A novel method of inclusion of Mg-Si-B-R 
based conductive glass-frit in order to improve the quality and 
reduce the brittleness of samples was investigated. A peak 
power factor of more than 2 W/mK was obtained at 970 K for 
2-at% Al-doped mixed with 0.25-vol% conductive glass-frit. 
A maximum figure-of-merit (ZT) of 0.53 and 0.66 at 970 K 
was obtained respectively for 2-at% Bi doped and 2at%-Al 
doped Mg2Si samples.  
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Abstract — With the progress in nanoscale thermoelectric 
materials and devices the need for accurate characterization of 
these structures has become more apparent. Among the main 
three thermoelectric material properties of electrical 
conductivity, Seebeck coefficient, and thermal conductivity 
accurate measurement of thermal conductivity seems to be the 
most challenging due to its strong sensitivity to parasitic heat 
transfer paths. In this report we present a method for accurate 
measurement of the thermal conductivity of a thermoelectric 
nanowire structure. The method takes into account the heat loss 
to the substrate and the supporting materials which are the main 
parasitic heat conduction paths. The method can be extended to 
measure the thermal conductivity of other thermoelectric 
structures such as superlattice thin films and nanoparticles.  

 

Keywords—Thermoelectric, nanowire, thermal conductivity, 
characterization techniques 

I. INTRODUCTION 

The performance of a thermoelectric material is usually 
defined by its thermoelectric efficiency or figure-of-merit 
(ZT). ZT is a temperature dependent entity expressed as:  

 

                                                 (1) 

In which S, , and k are the Seebeck coefficient, electrical 
conductivity, and thermal conductivity, respectively. For an 
efficient thermoelectric conversion process a high ZT is 
desired. From Eq (1), it can be seen that thermal conductivity 
(k) should be minimal to obtain a high ZT. A well-known 
equation for the calculation of thermal conductivity based on 
the applied heat flow Q and the resulting temperature drop T 
is:  

 

                                                 (2) 

In which d and A are the length and cross section area of the 
sample respectively [1].  

Semiconducting nanowires have attracted attention as 
efficient thermoelectric material due to their potentially low 
thermal conductivity and large Seebeck coefficient [2,3]. For 
example it was reported that decreasing the cross section of 
silicon nanowire can lead to a higher (ZT) [4,5,6,7]. Various 
simulations and theoretical works indicated that there is a 
large reduction in thermal conductivity with the decrease of 
cross sections of nanowires [8,9,10,11]. Experimental works 

have been reported on the thermal conductivity measurement 
of silicon nanowires and the reported results indicate a 
consistent decrease in k with decrease in the cross section of 
nanowires [4,6,12,13,14]. This reduction in k is due to the size 
effect on phonon scattering with the decrease in cross section 
of nanowire. From theoretical and experimental data, ZT 
values in the range of 0.11  1.2 have been reported for 
silicon nanowires [4,5,6,7]. This range of ZT is considered 
promising for thermoelectric applications. The highest 
reported ZT for silicon nanowires is 1.2, which is more than 
100 times larger than that of bulk silicon [5]. 

In general accurate measurement of thermal conductivity 
is a difficult process. For thermal conductivity measurements, 
a micro-fabricated structure was used which contains two 
heater pads in reported literatures [4,5,12,13,14,15]. The 
structure was suspended by several micro-scale beams. The 
heat losses through the beams were ignored in the reported 
results [4,5,12,13,14,15]. There are different ways through 
which heat transfer occurs and this makes the measurement of 
the accurate heat flow through the nanowire very challenging. 
In this work, we have proposed a mathematical model to 
calculate the heat flow through nanowire more precisely.  

II. METHODOLOGY  

Figure 1 shows a schematic of our device design. The 
device consists of Slab1 and Slab2 holding the suspended 
nanowire from both sides. The metal layer of thickness t and 
width w is deposited on top of the SiO2 substrate. The distance 
from x1 to x2 indicates the length of Slab1 and from x3 to x4 is 
the length of Slab2 along the x-axis. The heat flow through the 
nanowire passes through a plane perpendicular to the x      -
axis. The plane perpendicular to x-axis located at x2 was 
considered for our calculation. The relation between the 
changes in heat flow with distance along the x-axis is 
discussed in the following sub-section.  

 
Figure 1: Schematic view of the measurement device 

This report is partially based upon work supported by Air Force Office of
Scientific Research (AFOSR) High Temperature Materials program under
grant no. FA9550-10-1-0010, the National Science Foundation (NSF) under 
grant no. 0933763, and Oklahoma EDGE program. 
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A. Derivation for the heat flow 

Slab1 was considered for the mathematical modelling. It 
was assumed that the slab is heated up with an input heat flow 
Qo at x1. The slab was assumed to be divided into small blocks 
with an infinitesimal length x. The inset of Figure 1 shows 
the details of a single block. R is the thermal resistance 
across the length x and Rs is the thermal resistance of the 
substrate block through its thickness. As shown in the inset of 
Figure 1, with numerous such infinitesimal blocks the thermal 
circuit of the system can be represented as Figure 2.  Each 
block is associated with one R and Rs pair. Re is the 
equivalent resistance of the circuit. Q is the heat loss through 
Rs. The heat conduction through the substrate is assumed to be 
the dominant heat loss. The radiation heat loss can be ignored 
at low temperature and the convective heat loss is negligible if 
the experiment is conducted in vacuum.  

In figure 2, it can be assumed that there is negligible 
change in Re from point A to point B. Therefore considering 
the equivalent resistance Re excluding and including the first 
R and Rs, the equivalent thermal circuit diagram can be 

obtained as in Figure 3.  

 
Figure 2: Thermal circuit diagram for the system 

 
Figure 3: Equivalent thermal circuit diagram for the system 

 

From figure 3 at point C the heat loss Q can be estimated as: 

                                (3) 

In Eq (3), the negative sign indicates heat loss. The equivalent 
resistance Re is: 

 

                         (4) 

Solving Eq (4) in its quadratic form gives the solution: 

 

               (5) 

As R is very small compared to Rs, R and R2 can be 
ignored.  The positive value for Re is considered as the 
solution which gives: 

                                           (6) 

Assuming km as the thermal conductivity of the metal layer, 
the following equations for R and Rs can be deducted from 
figure 1,   

                                                (7) 

                                                     (8) 

Where = 1/(kmwt) and  is a constant that determines the 3D 
thermal resistance of the substrate as a function of its 
thickness and width. Substituting for R and Rs in Eq (6): 

                                                    (9) 

Following Eq (3),  

                                             (10) 

Simplifying Eq (10) under the assumption that Re x is much 
smaller than : 

                                                 (11) 

Integrating both sides: 

 

                              (12) 

                                       (13) 

If ( / )1/2x << 1, Eq (13) can be approximated as: 

                                   (14) 
The resulting Q(x) in Eq (14) is a linear equation with a slope 
Qo 1/2/ 1/2. Figure 4 shows the plot of Eq (14). In figure 1, 
from x1 to x2, Q(x) is following the linear equation. Since the 
nanowire is suspended, there is no heat loss to the substrate 
along x2 to x3 and Q(x), it remains constant. Again from x3 to 
x4, Q(x) follows the linear curve.    

 
Figure 4: Heat flow across the device.  
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In Eq (14), there are three unknown parameters ,  and . If 
these constants are known, heat flow at any point of x can be 
calculated by Eq (14).   

B. Measurement considerations 

From Eq (14), it is clear that heat flow Q(x) should be 
known at minimum three points to calculate ,  and Qo. In 
practical, heat flow is a difficult quantity to measure, but the 
temperature corresponding to a heat flow can be easily 
measured. Taking the problem into consideration, a device has 
been designed. 

 Figure 5 shows the schematic of our device design. In this 
figure, the metal coils are acting as RTDs to measure the 
temperature. The electrical insulating layer is to separate the 
metal coil and the metal layer. There are four coils to measure 
the temperatures T1, T2, T3, and T4 at four points P1, P2, P3, 
and P4, respectively. The fifth coil is to measure the 
temperature of the right end of the nanowire. 

 
Figure5: Schematic view of the proposed device. 

 

As shown in Figure 1, the temperature drop across the length 
x is: 

                                  (15) 

From equation (14) & (15):  

                 (16) 

Ti and Tj are the temperatures of any arbitrary point xi and xj, 
respectively. After integrating, the temperature drop across the 
length (xj-xi) is,  

 

    (17)                                           

In equation (17), three unknown parameters Qo, , and  can 
be calculated by measuring T12, T23 and T34 (Figure 5). 

After the constants are determined, the heat flow at any point 
on x-axis can be calculated from equation (14). In figure 5, 
heat flow at the beginning of the nanowire i. e. at x2 is: 

               (18) 

If the temperature drop across the nanowire is TNW, then the 
thermal conductivity of the nanowire is, 

                                            (19) 

Where An and ln are the cross-section area and length of the 
nanowire respectively. 

III. CONCLUSION 

A method is presented to measure the thermal conductivity of 
a nanowire.  In this method the heat flow through the 
nanowire is precisely calculated from a four-point temperature 
measurement. The heat loss through the substrate is taken into 
account. Another advantage of this method is that the thermal 
conductivity of the nanowire is calculated without the knowledge 
of the thermal conductivity of the metal layer or the substrate.  
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Abstract—In the last few years, the emergence of multicore ar-
chitectures has revolutionized the landscape of high-performance
computing. The multicore shift has not only increased the per-
node performance potential of computer systems but also has
made great strides in curbing power and heat dissipation.
As we look to the future, however, the gains in performance
and energy consumption is not going to come from hardware
alone. Software needs to play a key role in achieving a high
fraction of peak and keeping the energy consumption within the
desired envelope. To attain this goal, performance-enhancing and
energy-conserving software needs to carefully orchestrate many
architecture-sensitive parameters. In particular, the presence of
shared-caches on multicore architectures makes it necessary to
consider, in concert, issues related to both parallelism and data
locality to achieve the desired power-performance ratio.

This paper studies the complex interaction among several code
transformations that affect data locality, problem decomposition
and selection of loops for parallelism. We characterize this
interaction using static compiler analysis and generate a pruned
search space suitable for efficient autotuning. We also extend a
heuristic based on number of threads, data reuse patterns, and
the size and configuration of the shared cache, to estimate good
synchronization interval for conserving energy in parallel code.
We validate our choice of tuning parameters and evaluate our
heuristic with experiments on a set of scientific and engineering
kernels on four different multicore platforms. Results of the
experimental study reveal several interesting properties of the
transformation search space and demonstrate the effectiveness
of the heuristic in predicting good synchronization intervals that
reduce energy consumption without a significant degradation in
performance.

I. INTRODUCTION

The last few years have witnessed the meteoric rise of multi-
core systems, from being a fledgling experimental platform to
becoming the defining technology shaping the future of high-
performance computing. However, the promise of multicore
cannot be realized through hardware alone. It is widely agreed
that to achieve a high fraction of peak, while maintaining
power consumption within reasonable levels, software needs to
play an important role. In particular, performance-enhancing
tools like optimizing compiler needs to be more proactive
in discovering hidden parallelism, automatically transforming
code for parallel execution and exploit parallelism and data
locality at multiple levels. Most importantly, all of these
actions need to be performed not only to improve performance
but also with an eye on overall energy consumption.

Exploiting data locality and parallelism for power and per-
formance, becomes particularly challenging on today’s archi-
tectures because of the presence of multiple shared resources
among the cores. Specifically, shared-caches pose an intricate
trade-offs between data locality and parallelism [1]. On one
hand, any parallel decomposition of a program inevitably
influences data reuse patterns in each concurrent thread. On
the other hand, transformations for improving locality often
impose constraints on how much parallelism can be extracted.
For example, if a data-parallel decomposition of an applica-
tion creates a working set of size WSi for thread ti, then
to improve data locality, the compiler needs to ensure that
Σk

i=0WSi < CS, where CS is the size of the shared cache.
To satisfy this constraint, the compiler may consider several
options including tiling each WSi, finding a suitable schedule
for t0 − tk or reconfiguring the decomposition itself. Each
approach will not only impact the data reuse of an individual
thread but also the synchronization cost and task granularity.
Furthermore, poor choice schedule is likely to increase cache
miss which creates pressure on the memory subsystem leading
to increased power consumption. Thus, when parallelizing
an application on a multicore architecture, it is important to
strike the right balance between data locality and parallelism,
which involves considering a large number of transformations
and architectural parameters. Since information about many
hardware and runtime parameters is not readily available, static
compiler techniques face significant challenges in this regard.

In response to this daunting challenge, several research
groups have proposed methods and techniques for automatic
performance tuning [2], [3], [4], [5], [6], [7], [8]. In an
autotuning framework, a code is analyzed, alternate code
variants are generated with tuning parameters and then a
heuristic search is performed based on execution time feedback
to obtain an implementation that yields optimal or near-
optimal performance for the target platform. Although many of
these tuning efforts have achieved significant success, a major
challenge that remains, however, is finding effective ways to
adopt this strategy not only to improve performance but also
improve energy efficiency.

In this paper, we take a systematic approach to charac-
terizing and exploring the search space of transformation
parameters that affect both data locality and parallelism,
with the aim of achieving good performance-power ratios
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in multithreaded applications. We focus on scientific kernels,
since the issue of portable high-performance is often more
pronounced for numerical code in scientific domains, where
applications are characterized by high degrees of temporal
reuse and large working sets which often do not fit in the
higher-level caches. We identify code transformations and
transformation parameters that can be used to control both
the granularity of parallelism and memory access patterns of
concurrent threads. We establish a set of criteria to characterize
the relationship of transformation parameters that affect both
data locality and parallelism. Since multicore systems with
shared-caches give rise to both intra and inter-core locality,
we consider both types of reuse in constructing the initial
search space. In terms of parallelism, we consider problem
decomposition and thread creation at all levels of a given
loop nest. We combine all of these parameters into one unified
multi-dimensional search space.

We devote particular attention to pipelined parallelized code
and develop a cost model that captures the interaction between
data locality and parallelism and establishes a criteria for
choosing a suitable synchronization interval. This model is
constructed empirically through the use of a synthetic bench-
mark. The benchmark embodies the memory reuse patterns
and exploitable parallelism characteristics of several applica-
tions that exhibit the general producer-consumer behavior at
various stages of computation.

The main contributions of this paper include:

• extension of an architecture-sensitive cost model for
estimating optimal synchronization interval for pipeline
parallelized code that achieves a balance between energy
consumption and achieved performance.

• identification of key transformation parameters for op-
timizing parallel numerical code for power and perfor-
mance

• a non-orthogonal exploration of a search space that
includes parameters for exploiting both parallelism and
data locality

The rest of the paper is organized as follows : in Section II,
we describe related work, in Section III we describe the
synthetic benchmark and the heuristic for estimating syn-
chronization interval; in Section IV, we present the analysis
for characterizing the search space and present our tuning
framework; in Section V, we present experimental results and
finally we conclude in Section VI.

II. RELATED WORK

The dominance of multicore technology within the proces-
sor industry has lead to a plethora of work in code improve-
ment techniques for this platform. Software-based approaches
have been proposed to create new parallel abstractions, extract
more parallelism, exploit data locality in the shared memory
hierarchy, improve thread schedules, and control synchroniza-
tion delays. In our treatment of related research, we limit the
discussion to work most relevant to our approach, namely
strategies for exploiting parallelism and data locality.

thread0 read thread0 write

thread1 write

D2n D2n + 1

thread1 read

j
k

i

0

Fig. 1. Data access in pipeline parallel code

Many techniques for extracting parallelism and controlling
granularity is described in the literature [9]. Recent work has
focused on extracting fine-grained parallelism and exploring
different models of parallelism such as pipelined paralleliza-
tion. Buttari et al. present algorithms for Cholesky, LU and QR
factorizations, where operations are represented as sequences
of small tasks that can operate in parallel on square blocks of
data [10].

Papadopoulos et al. show that adding more execution
threads is not beneficial and can be prohibitively difficult to
implement for database applications [11]. Locality transfor-
mations described in this paper have been widely studied [9].
Loop blocking or tiling is the predominant transformation for
exploiting temporal locality for numerical kernels [12]. The
use of unroll-and-jam to improve register reuse is also common
in both commercial and research compilers.

Relatively few papers have addressed the issue of autotun-
ing for improved energy efficiency. Singh et al. propose an
analytical model based on performance counters that is able
to estimate power consumption on a per-core basis [13]. This
model can be use in the context of an autotuning framework,
although no such system has yet emerged. Rahman et al.
apply a regression-based technique to to tune for energy
efficiency. However, their approach does not consider locality
and parallellism in concert, as is done in this work [14].

Some of the autotuning work has transitioned into multicore
architectures and have made great strides in improving perfor-
mance on these systems. Autotuning techniques for multicore
processors have also been applied to stencil computations and
other numerical code within the scientific domain. Hall et al.
developed the Chill framework that can tune numerical code
on a wide range of memory transformation parameters [15].
Datta et al. propose a framework that can tune stencil code for
both parallelism and locality on current multicore systems [3].
The work by Datta et al. comes closest to the work presented
in this paper. The key difference between their approach
and ours is that our framework explores a multi-dimensional
search space, whereas their framework performs an orthogonal
search, looking at one dimension at a time.
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III. A HEURISTIC FOR ESTIMATING OPTIMAL

SYNCHRONIZATION INTERVAL

In this section, we describe a cost model (and the associated
computational model) for estimating an optimal synchro-
nization interval for pipeline parallelized code, that aims to
reduce power consumption without a commensurate loss in
performance. The model was originally designed for reducing
synchronization [16]. In this work, we extend it to cover
power parameters as well. Although, the model can be applied
statically, our goal is to use it to generate pruned search spaces
for tuning. We refer to this model as SIE (synchronization in-
terval estimation). SIE encapsulates the memory reuse patterns
and parallelism characteristics of many workloads that exhibit
temporal producer-consumer behavior at some point during
execution.

The major computational component of SIE involves a large
dataset that can be thought of as a three-dimensional physical
space. During each iteration, each member of the dataset is
updated as a function of its adjacent neighbors and it’s current
value, such that the data at timen+1 is a function of the
data at timen. Since the data in position x at timen+1 is
dependant on the data at position x and all of x’s neighbors at
timen, the data at x cannot be updated to its timen+1 value in
place without storing the timen value for use by its neighbor’s
update functions. One approach to this type of iterative, time-
step update is to create a duplicate of the dataset. One dataset
represents the current state, or timen, and the other represents
the state of the data at timen+1, or the next state. Let the
current state dataset be called Dn and the next state dataset
be Dn+1. Data is read from Dn, the update function is applied,
and the result is written to the corresponding element in Dn+1.

The two datasets can be thought of as the even iteration
data and the odd iteration data. For example, thread0 would
be deployed, reading from D2n and writing to D2n+1. After
thread0 had read enough of the D2n set and written enough
of the D2n+1 set, thread1 could begin reading from D2n+1

and writing to D2n. At some point, thread1 would be far
enough along to allow thread2 to begin reading from D2n

and writing to D2n+1. This would continue until either m
threads had been deployed or, thread0 reached the end of
D2n and can begin again at the top of D2n making the update
for the next necessary state (Figure 1).

In order to preserve data dependencies, the threads must be
prevented from colliding. If a thread that is making an update
for timet+1 gets too close, in terms of data, to the thread that is
making the update for timet the data necessary for the timet

update will be overwritten by the update for timet+1 and
the final result will be corrupted. Thus, some synchronization
device must be implemented to keep the threads sufficiently far
apart. In SIE, a second synchronization limit is put on threads
operating in parallel. In addition to preserving data depen-
dence by preventing threads from getting too close together,
an attempt is made to exploit data locality by preventing
threads from getting too far apart. This introduces the concept
of an execution window. Synchronization for the threads is

performed such that the threads of execution operate within
a minimum and maximum window size (Wmin and Wmax,
respectively), measured by data distance on the innermost
index of the dataset.

The execution window allows for the concept of a syn-
chronization granularity. The synchronization granularity is the
number of iterations that either thread may safely execute and
still maintain the execution window constraints. If thread0 and
thread1 are the ideal distance from one another, then either
thread may execute no more than 1/2(Wmax − Wmin − 1)
iterations on the innermost index of the dataset without regard
for the other thread’s progress.

To describe the heuristic in picking the optimal
synchronization window, we introduce the following notation

U = amount of cache consumed by data that thread0 has accessed
but that threadn has not yet accessed

Cs = cache size
Tn = total number of threads deployed to update the dataset
Ls = size of one cache line
Ds = the size of one element of the dataset
Ln = number of lines in cache
l = number of cache lines accessed when calculating the next state

for one element of the dataset
α = cost, in terms of cache, of updating the elements that threadn

has not yet updated in this pass but thread0 has finished
updating for this pass

β = number of elements in the dataset for each unit of Wi

γ = measure of the cost, in terms of cache, of evaluating the next
state for one element in the dataset

The optimal synchronization interval would maximize the
exploitation of data locality while incurring the least amount of
synchronization overhead, both of which will lead to reduced
power consumption. Synchronization overhead decreases as
the synchronization interval grows, and the synchronization
interval grows as Wmax and thus Wi increases. For these
two reasons, the synchronization interval should be as large
as possible. However, if the synchronization interval between
thread0 and the last thread (threadn) is too large, threads
coming after thread0 will compete with thread0 for cache
rather than being able to capitalize on the data that is already
in cache from thread0’s previous accesses. For this reason,
the distance between thread0 and threadn, in terms of the
amount of data between them, should be within the size of the
cache. Ultimately then, the optimal synchronization interval
is the largest interval such that the data between thread0

and threadn fits within cache. In other words, the ideal
situation has threadn accessing the oldest data in cache while
thread0 accesses the newest data in cache. The fraction of the
cache between thread0 and threadn can be expressed by the
following equation:

U = α/C (1)

The cache cost factor can be expressed as:

α = (T − 1) × Wi × β × γ (2)

Here, Tn must be ≥ 2, since if there are fewer than two
threads there can be no cache consumption cost between the
first thread and the last thread. Also worth noting here is that
because data moves in and out of cache on the granularity of
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Fig. 2. Overview of Tuning Framework

cache lines rather than bytes, γ must be considered in terms
of cache lines and not bytes. The γ term may be expressed in
the following way:

γ = l/(S/d) (3)

Finally, U may be explicitly defined as U = (T − 1)(Wi ×
β × l × Ds)/(Ls × Ln). Ln replaces C in equation 1 since
here cache costs are defined in terms of cache lines and not
bytes. However, since Ln can be rewritten as C/S, where C
is the total last-level cache size in bytes, by replacing β with
the second and third dimensions of the dataset, we derive

Wi = U × C/((T − 1) × j × k × l × Ds) (4)

The ultimate goal, as stated earlier, is to maximize U
without exceeding the capacity of the cache. By maximizing
U , the synchronization overhead is reduced to the minimum
value that still allows exploitation of the data locality inherent
in the pipeline parallel execution model. Thus, the target for
U is one.

IV. TUNING FRAMEWORK

Fig. 2 provides an overview of our autotuning framework.
The major components of the framework include a source-
to-source transformer (LoopTool), a set of performance mea-
surement tools (HPCToolkit) [17], and the search module,
PSEAT [18] which uses the measurements to guide selection
of program transformations. HPCToolkit is capable of probing
a large number of HW performance counters, which allows us
to estimate power consumption rates at runtime. We use the
WattsPro Power Meter attached to each experimental platform
to validate these estimates.

At each step in the tuning process, the search module
generates a set of transformation parameters that are applied to
the input program by LoopTool. The program is then compiled
using the native compiler and run on the machine. During
program execution, performance measurement tools collect a
variety of performance measurements to feed to the search
module. The search module uses these metrics in combination
with results from previous passes to generate the next set
of tuning parameters. This process continues until some pre-
specified optimization time limit is reached or the search
algorithm converges to a local minima.

The tuning framework implements a number of search
strategies including genetic algorithm, direct search, window

search, taboo search, simulated annealing and random search.
We include random in our framework as a benchmark search
strategy. A search algorithm is considered effective only if it
does better than random on a given search space.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

1) Platforms and Benchmarks: We present experimental
results on four Intel and AMD based multicore systems.
Table I shows main hardware configurations on each system.
GCC 4.3.2 with the -O2 flag was used to compile variants
on each platform. In the rest of the section, the platforms are
referred to using the names listed in Table I. Performance
metrics are computed through HPCToolkit by probing the
performance counters. Power is measured using a Watts Up
PRO Power Meter. The system is in an unloaded state while
is the programs are running. Hence, we assume the power
meter measurements closely correspond to the actual power
required to run each benchmark. For this study, we select
two application from two different domains: knapsack, a
parallel knapsack algorithm, and mgrid, a multi-grid solver
from SPEC 2000.

B. Validating the Search Space

To determine the quality of the search space, we conduct
experiments where we examine impact of various of optimiza-
tion parameters on energy consumption.

1) Block Size and Power Consumption: We first examine
the blocking search space. Although we examined all three
kernels, we choose mgrid as a case study here. A blocking
search space is divided into two levels : loop selection and
block sizes. The loop selection level refers to which loops are
selected for blocking. For example, in a two-dimensional nest,
we may choose to block just the inner loop, just the outer loop,
both the inner and outer loops or none of the loops. These
choices can be represented with a bit string of size two and
represents a search space of size 22. For each loop selection
level, there is a multi-dimensional search space that consists
of all the valid block sizes for each loop that is blocked.

Fig 3 shows how selection of blocking loops and choice of
blocking factors impact performance and power consumption
of mgrid. The numbers presented are from experimental
runs on Quad. As we can see, there is significant variation
in execution time and power consumption as we vary the
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Core2 Quad Athlon Opteron
Cores 2 4 2 4
Processor 2.33 GHz 2.4 GHz 2.33 GHz 3 GHz
Proc Type Core 2 Duo Core 2 Quad Athlon 64 X2 Opteron
L1 16 KB, 4-way 32 KB, 8-way 16 KB, 4-way 32 KB, 4-way
L2 4 MB, 4-way 2 x 4 MB, 8-way 512 KB, 4-way 2 x 1 MB, 4-way
Sharing L2, per core L2, per socket Private L2, per socket

TABLE I
EXPERIMENTAL PLATFORMS
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(a) Execution time sensitivity
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(b) Power consumption sensitivity
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(c) L2 miss rate sensitivity

Fig. 3. mgrid performance sensitivity to block size
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Fig. 4. Performance sensitivity to parallelization parameters

block sizes. This is not surprising, since scientific code like
mgrid are known to be sensitive to changes in the blocking
factor. We notice that power consumption in generally higher
for smaller block sizes and gradually go down as the block
sizes are increased. Fig. 3(c) shows the normalized L2 miss
rates for mgrid. We observe that the much of the variation
in power consumption (and execution time) can be explained
by the L2 miss rate numbers. The results for mgrid (and
the other benchmarks) indicate that the blocking parameters
selected for tuning cause enough variations in the cache miss
rates to have a significant influence on multithreaded program
power consumption. Thus, these results reiterate the need for
tuning to find the optimal block size, even for parallel code.

2) Thread Granularity and Power Consumption: Similar
to blocking, selecting loops for parallelization can have a
significant impact on power consumption. Here, we evaluate
the impact of thread granularity on the power consumption of
mgrid. We consider parallelizing loops at each level of the
three dimensional loop nests in resid psinv subroutines.
For each variant, we also explore implementations with two,
four and eight threads.
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Fig. 5. knapsack performance sensitivity to synchronization interval

Fig. 4 shows performance of five different parallel variants
of mgrid on four platforms. In the figure, P1TK means that
the outermost loops in both resid and psinv is parallelized,
and the parallel variant used K threads. P2TK means the
middle loop is parallelized. We do not show numbers for
parallelizing the innermost dimension, as they always ran or-
ders of magnitude slower because of extreme fine granularity.
AF, indicates an affinity constraint is used. We observe that
generally, parallelizing the outermost loop is most profitable in
terms of power consumption. However, this is not uniformly
true. For example, on Core2, the variant where the middle loop
is parallelized performs best. In terms of number of threads,
as expected, setting the thread number to the available cores
appear to work best.

C. Effectiveness of the SIE Model

To evaluate the effectiveness of the SIE model across
different architectures, we apply the model to knapsack
and run experiments on all four platforms listed in Table I.
We choose knapsack because it can be parallelized in
a pipelined fashion. The platforms provide good variation
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in terms of number of thread contexts, cache capacity and
sharing. In spite of the variations, we found in our experiments
that the dominant architectural parameter in this case was the
number of cores.

The performance patterns for pipelined knapsack on
Athlon and Quad are shown in Fig. 5. knapsack exhibits less
sensitivity to the window size over the long run. Most of the
changes occur for very small window sizes, between 16 and
32. These variations, however, are massive. The large increase
in execution time is attributed to the high synchronization to
computation ratio of smaller window sizes.
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Fig. 6. Accuracy of SIE prediction

In spite of the different performance patterns, the SIE model
did reasonably well in selecting the optimal synchronization
window. Fig 6 summarizes the effectiveness of the SIE model
for both benchmarks on all four platforms. Proximity to best
value is computer as Proxp = (Ep/MAX(1/Ei)) × 100.
SIE fares better on the dual-core machines, where the model
is able to get to within 90% of the best value for both mgrid
and knapsack. Performance on the quad-core machines is
not as good. In most cases, SIE failed to pick the best value
because of its conservative nature. Generally, SIE will stop
at the first indication of an upward spike in the cache miss
rates. For example, for mgrid on Athlon, SIE pick a window
size of 4, when clearly there are better performance points for
larger window sizes. One exception to this was the case with
knapsack on Quad. SIE failed to determine the caused of
cache miss rate changes in this case and thus picked a poor
window size.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we presented a strategy for exploring the
search space of parallelism and data locality on current multi-
core architectures that achieves good energy efficiency without
sacrificing performance. Our strategy uses static compiler
analysis to derive and prune a representative search space.
The experimental results suggest the parameters chosen by our
model do indeed deserve their place in the autotuning search
space. This research also provides a model for predicting
a profitable synchronization window for pipeline parallelism
given the target platforms cache size and configuration as well
as properties of the workload to be parallelized.
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Abstract—Smart grid systems have been actively discussed in
order to achieve a sustainable, low-carbon society that efficiently
consumes electric power and introduces photovoltaic power
generation via renewable energy or electric vehicles. In this study,
we focus on the smart meter system based on an agent model to
manage electric power use in residential homes that are equipped
with solar panels and a storage battery. We evaluated the system
with an electrical power management simulation.

Keywords-agent model; smart grid; electrical power manage-
ment.

I. INTRODUCTION

Smart grids continue to attract attention worldwide [1]. Var-
ious developments are anticipated in living environments by
introducing the efficient control of electric power, renewable
energy, or electric vehicles. The role played by information
technology in smart grids is especially crucial. Since one con-
cept of smart grids is to construct advanced power networks by
fusing existing power networks and communication facilities,
we must appropriately control all of the devices in the power
network with information technology. However, such control
of power networks in smart grids is difficult. For example,
although the green energy produced from sunlight, wind, or
waves is focused on as are thermal power, hydropower, and nu-
clear power, which are the main generation methods, systems
must be developed that correspond to the decentralization and
uncertainty of electric generation. In addition, many problems
arise in controlling each home’s electricity in each home when
we trade the electricity generated at home with an electric
power company and operate electric vehicles.

In this study, we developed an agent-based model to manage
electric power in homes equipped with photovoltaic power
generation and a storage battery. To practically reproduce a
real situation, we applied the electrical power consumption
data and photovoltaic power generation of Japanese homes.
We assumed that each agent has a charge/discharge strategy
to control the power from the storage battery. One key issue,
the amount of photovoltaic power generation, is greatly af-
fected by the weather. Therefore, we also considered storage
strategies that are not affected by the weather. We evaluated
the impact of the photovoltaic power generation and batteries
through a simulation experiment.

The remainder of this paper is organized as follows. We first
describe our smart grid and agent-based electrical power man-

Fig. 1. Image of smart grid

agement models. Second, we present an agent-based electrical
power management model for households. We then present the
experimental results and, finally, we describe future planned
work and draw conclusions.

II. ELECTRICAL MANAGEMENT WITH THE SMART GRID

A. Smart grid

The smart grid is attracting attention as a next-generation
advanced power network (Fig. 1). Its characteristics include
automatic adjustment of electric power supply and demand
based on computer operation and communication functions.
Energy savings, cost reduction, and reliability are also ex-
pected.

With the smart grid, a computer controls everything from
the power station in the power network to meters in the
house. Because the solar power gathered from roof panels is
green or renewable energy, it is an attractive means of saving
money and reducing emissions. However, drawbacks exist; the
production of electricity depends on the weather and is only
available in the daytime. In addition, advanced management
of home energy is required to sell surplus electricity.

We concentrated on a storage battery to solve these prob-
lems. In a smart grid, homes or electric vehicles are equipped
with storage batteries that are expected to play an important
role in the future. Because the time periods during which solar
panels can generate electricity are limited by the weather or
daylight, we must introduce a storage battery to save surplus
electric power for later discharge. This study manages the
electrical power for a house equipped with a storage battery
and a photovoltaic unit.

978-1-4673-0967-7/12/$31.00 ©2012 IEEE100



Fig. 2. Electricity consumption patterns

B. Related works

In electric power management with smart grids, an effective
approach models the characteristics of each device as an
agent because we must autonomously control various appa-
ratuses. Such agents can be strategically used for advanced
autonomous control by acting as a substitute for the device on
a power network. Moreover, in a smart grid, since we assume
the installation in each home of a high-performance electric
power meter called a smart meter, we can install and use a
software agent as a smart meter. Therefore, we developed
an agent-based management model for residences to utilize
photovoltaic power generation and a storage battery.

An agent-based storage management model was studied in
[2], proposing an agent-based management model and agent
strategies in the UK electricity market. This study introduced
strategies for purchasing electricity with price determined
dynamically based on load and evaluated their model based
on cost reduction and load balance. Agent-based demand-side
management was also studied in [3], in which they classified
the various power demands in the home and rescheduled the
time of power usage. Since load balancing is crucial in this
area, their approach is different from ours.

PowerMatcher [4] is a general purpose coordination mech-
anism for balancing demand and supply in clusters of dis-
tributed energy resources. PowerMatcher achieved efficient
control of multiple devices in a smart grid. However, the
instability of renewable energy was not considered.

Agent-based electricity trading and pricing mechanisms
were proposed in [5] and [6] . In [5], an effective electricity
trading mechanism based on a broker agent and tariff market
was proposed. This method is effective economically, but they
renewable energy and specific settings of energy consumption
were not considered . In [6], an electricity pricing method
based on market mechanisms was proposed. This method
can determine a fair price for buyers and sellers. However,
renewable energy was not considered, and the main concern
was pricing, which differs from the aim of our research.

An auction-based mechanism is widely used for small
distributed storage devices. A trading-agent mechanism based
on the Continuous Double Auction (CDA) was proposed in

Fig. 3. Electricity consumption pattern and Photovoltaic power generation
in sunny weather

[7]. The CDA mechanism is used to balance different traders in
the market, and has demonstrated high efficiency in simulation
experiments.

Electrical power management studied in the multi-objective
optimization area was discussed in [8]. Even though this
research is not agent based, its aim is the same as ours. This
study described a solution to electrical power management
problems using multi-objective optimization and introduced
efficient techniques.

There are also studies on the effective use of electric
vehicles. Routing mechanisms for electric vehicles were dis-
cussed in [9] and [10] to reduce the environmental impact of
carbon dioxide (CO2). In [11], an implemented and deployed
system was proposed for integrating a group of Electric
Drive Vehicles (EDVs) into the electricity grid. This system
achieved coordination of the electricity grid and EDVs using
a multi-agent system. In our research, we plan to use electric
vehicles as storage batteries. Therefore, we study the effective
coordination between our method and electric vehicles.

Fig. 4. Image of agent-based electrical power management model
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III. AGENT-BASED ELECTRICAL POWER MANAGEMENT

MODEL FOR HOUSES

A. Electricity consumption patterns

The electricity consumption patterns are applied from actual
data to achieve a realistic simulation [12][13]. There are two
types of residential power consumption patterns(Fig. 2). One
peaks in the morning and at night and is flat in the daytime,
while the other increases in the daytime and peaks in the
morning and evening. The differences in these types reflect
whether the residents are at home in the daytime or using
such appliances as air conditioners. In this study, we set two
kinds of power consumption patterns converted as a single-
family house in August, which is generally the hottest month
in Japan.

B. Photovoltaic power generation pattern

Renewable energy is attracting attention worldwide in an
effort to use fewer fossil fuels and to reduce CO2 emis-
sions [14]. In a smart grid, renewable energy and proper
control are required. Therefore, we also added photovoltaic
energy generation to our model. The residence in this study
is equipped with photovoltaic units. Although solar energy
production peaks in the daytime, since the house does not
consume much power, a huge electric power surplus is created
(Fig. 3). Such situations precisely reflect our study’s main
purpose: To efficiently manage such surplus electric power
with a storage battery. Since photovoltaic power generation is
affected by the weather, daylight hours, and location, clearly
defining electricity production is difficult. We assumed that
in sunny weather due to various influences, the solar panels
will generate approximately 60-70% of their rating output,
which is 3.5 kW. This is the same level as the daily power
consumption for one house if it efficiently generates electricity
in the daytime during sunny weather. In this case, we assume
an average-sized home in Japan. Since photovoltaic power
generation production is affected by the weather, we consider
weather a key factor. The probability of sunny, cloudy, or rainy
days is based on the results for August over the past five
years in Nagoya. In addition, electricity production in cloudy
weather is about 30-60% of sunny weather and about 0-10%
on rainy days.

C. Agent-based electrical power management model

In this section, we explain the agent-based electrical power
management model for a house whose power consumption is
equipped with a storage battery and photovoltaic units. We
assume that an agent, who controls the electricity demand in
each house (Fig. 4), can undertake three actions to satisfy
the domestic electricity demand: Purchase electricity from the
power company; utilize solar power; or utilize power from the
storage battery. The agent performs a minimization strategy
by reducing the purchase of electricity. Therefore, each agent
must coordinate the volume of surplus electric power with
the uncertainty of the photovoltaic source in the daytime and
the capacity of the storage battery. However, selling surplus
electricity remains the subject of future work because the

main objective of this preliminary study is to manage surplus
electricity with a battery.

D. Agent’s basic strategy

The above agent’s strategy can be defined as a minimization
problem with the constraints of the following algorithm.

Algorithm 1 Agent’s basic strategy

1: argmin
∑

t(d(t) − r(t) + b(t)+ − b(t)−)
2: subject to the following constraints

3: Constraint 1 : b(t)−≤ α(e0+
∑t−1

j=1(b(j)+-b(j)−))

4: Constraint 2 : b(t)+≤ ecapa-e0+
∑t−1

j=1(b(j)+-b(j)−)

5: Constraint 3 :
6: if if d(t)≥r(t) then

7: r(t)≤d(t )+b(t)+

8: b(t)−≤d(t)-r(t)

9: else if d(t) ¡ r(t) then

10: b(t)+≥r(t )-d(t)

11: b(t)−=0

12: end if

where d(t) is the electrical demand (in time period t), r(t)
is the electricity generated by the photovoltaic units, b(t)+ is
the amount charged to a storage battery, b(t)− is the amount
discharged from a storage battery, ecapa is the capacity of the
storage battery, e0 is the initial value of the charged amount in
the storage battery (remaining power from the previous day),
and α is the energy conversion efficiency.

E. Extensions

In this section, we propose an agent nighttime purchasing
approach that switches strategies according to the weather
(5). The first measures solar power for instability due to
the weather. The power output of the photovoltaic units
varies greatly depending on the weather. The instability of
solar power prevents stabilizing the amount of charge in the

Fig. 5. Nighttime purchasing strategy
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storage batteries. Thus, we also propose a strategy of nighttime
charging that includes more than just solar power surplus. In
Japan, since nighttime electricity rates are about half that of
daytime rates, nighttime purchasing is effective.

The second measure is the prevention of battery deteriora-
tion. Storage is important for the effective use of renewable
energy and research has been focused on designing low-cost
effective storage devices that are capable of storing electricity
for a long time. However, if we exhaust the storage capability
every time, we accelerate storage deterioration. Therefore, we
must retain a certain amount of storage to prevent storage
deterioration. We will focus on the amount of storage in
determining the strategy and we believe that a nighttime
purchasing strategy will effectively maintain the amount of
storage.

Third, the agent switches strategies depending on the
weather. For example, the agent stores the surplus solar power
on a sunny day and buys cheap electricity at night for daytime
use on a rainy day. This switching strategies according to the
weather and time is an effective approach to achieve the stable
use of renewable energy on a smart grid.

We added the following constraints to our basic strat-
egy(Algorithm1). In this formula, we defined three new vari-
ables, t, wtoday, and wpreviousday . t represents time (0 ≤ t ≤
23), while wtoday and wpreviousday represent today’s weather
and the previous day’s weather.

Algorithm 2 Nighttime energy purchasing strategy

1: wtoday, wpreviousday = 0 : sunny
2: wtoday, wpreviousday = 1 : cloudy
3: wtoday, wpreviousday = 2 : rainy
4: if 23 = t or t < 7 then
5: if (wpreviousday = 2 or wpreviousday = 1) then
6: b(t)+ ≥ α × ecapa

7: else if (wtoday = 2 or wtoday = 1) then
8: b(t)+ ≥ β × ecapa

9: else
10: b(t)+ ≥ γ × ecapa

11: end if
12: else
13: b(t)+ ≥ δ × ecapa

14: end if

We selected an additional constraint based on nighttime
versus daytime, today’s weather, and the previus day’s weather.
α, β, γ and δ are coefficients to determine the amount charged
to a storage battery. We set a large value to the coefficients
for nighttime, rainy day, and cloudy day.

IV. EXPERIMENTS

A. Setting of experiments

This experiment simulates electric power management by
supposing a community of 100 residences. According to the
time course, there were changes in the following parameters:

Fig. 6. Results of 100 households, 3 days, diffusion rate of 10%, and only
basic strategy(III-D)

Fig. 7. Results of 100 households, 3 days, diffusion rate of 10%, basic
strategy, and extensions(III-E)

Electricity demand; the amount of purchased energy; the
amount of photovoltaic power generation; the charged amount;
the discharged amount; and the storage battery capacity. We
also simulated one residence’s electrical power management.
In this case, the value of each parameter in the result graph
is the total of one residence. This experiment’s program was
described by JAVA using Mac OS X on a computer with
Core i5 2.4GHz memory 4GB. ”lp solve” was used for the
optimization problem.

B. Results

Figure 6 shows the results of a three-day simulation under
situations where the diffusion rate of the photovoltaic power
generation was 10%. The weather conditions changed every
day. The first day was sunny, the second was rainy, and the
last was cloudy. Since power was sufficiently generated by
the solar panels in the daytime on the first day, electricity
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Fig. 8. Results of one household, one day, and only basic strategy(III-D)

Fig. 9. Results of one household, one day, basic strategy, and
extensions(III-E)

was stored in the afternoon. The power stored in the battery
was discharged after 19:00 because the peak load of the
electricity demand had leveled off. Based on photovoltaic
power generation and battery utilization, we purchased less
power (differences between demand (blue lines) and energy
purchases (red lines)) from 10:00 to 22:00. The second
day was rainy, so little photovoltaic power generation was
performed and most energy had to be purchased. Because
photovoltaic power generation is impossible on rainy days,
discharging electricity from a battery during peak hours is
expected in such situations. The production of electricity by
sunlight decreases during cloudy weather, so there was no peak
load cut at night on the third day. However, we reduced the
amount of purchased energy in the daytime.

Figure 7 shows the results of a three-day simulation under
situations where the diffusion rate of the photovoltaic power
generation was 10%. Based on the features of this result, our

Fig. 10. Results of 100 households, one month, diffusion rate of 50%, and
only basic strategy(III-D)

Fig. 11. Results of 100 households, one month, diffusion rate of 50%, basic
strategy, and extensions(III-E)

nighttime purchasing strategy differed from Fig. 6. The amount
of storage increased between the nighttime hours of 23:00 -
7:00 due to the nighttime purchasing strategy, which was not
affected by the weather. We also ensured a certain amount
of storage for three days. Keeping some stored energy might
also help to prevent battery deterioration and may become a
measure for the instability of solar power. In future work, we
must improve storage stability.

Figure 8 shows the results of a 24-hour simulation on a
house with the photovoltaic power generation unit. Because
sunny weather was assumed, the photovoltaic power genera-
tion performed well in the daytime and the charged and stored
power increased with the surplus electricity. Moreover, the
battery simultaneously discharged energy during a night peak.
Such management reduced the amount of purchased power
because the agent appropriately employed battery storage
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based on the power demand or generation with solar panels. In
this case, since the agents consumed all the stored electricity,
there was no surplus for the following day.

Figure 9 shows the results of a 24-hour simulation on
a house with the photovoltaic power generation unit using
a nighttime purchasing strategy. The amount of storage in-
creased during the nighttime hours of 23:00 - 7:00 due to
this nighttime purchasing strategy. Compared with Fig. 8, the
amount of storage was clearly more stable. One feature of this
strategy is the amount of storage for the following day. If the
weather is bad the next day, we can use the stored electricity.
Storing a certain amount of electricity for a long time prevents
battery deterioration.

Figure 10 shows the simulation results for one month when
the weather was randomly determined and the diffusion rate of
the photovoltaic power generation was 50%. Our agent-based
electrical management explained in the experiment (Figs. 6 -
9) was effective for houses equipped with photovoltaic power
generation and a battery. However, even if we can effectively
control energy consumption on a daily basis, the daily power
purchase fluctuates because photovoltaic power generation
greatly depends on the weather. This is because the agent’s
strategy consumes the stored electricity.

Figure. 11 shows the simulation results for one month when
the weather was randomly determined and the diffusion rate of
the photovoltaic power generation was 50% using a nighttime
purchasing strategy. We improved the result compared with
Fig. 10 because the amount of storage (orange line) is stable at
about 130 kWh. In Fig. 10, the amount of storage (orange line)
is almost 0 because we consumed all of the stored electricity
every day. Our method is not affected by the weather and also
maintains a certain amount of storage. However, since with our
result (Fig. 11) purchased power (red line) remains unstable,
we still have to improve our strategies in the future. One
concrete idea is to vary the amount of electricity purchased
depending on the weather and devise possible purchasing
strategies during the daytime. We will study these ideas to
make our models more effective and more stable.

We have succeeded in maintaining a certain amount of stor-
age by introducing a nighttime purchasing strategy. Therefore,
our approach is effective as a management model for the
instability of renewable energy. Our approach also shows the
effect of reducing the amount of power purchased. Moreover,
introducing renewable energy makes it possible to reduce CO2
emissions. For example, CO2 emissions per 1 kWh from solar
power generation are about 1 / 20 of those from thermal power
generation [15].

V. CONCLUSION AND FUTURE WORK

In this paper, we developed an agent-based electrical power
management model in a smart grid. Focusing on houses
equipped with photovoltaic units and a storage battery, the
agent in our model effectively controls surplus electric power
in the daytime from photovoltaic power generation. The
amount of the electricity consumption pattern and the photo-
voltaic power generation are set from data that closely resem-

bles actual use in Japanese houses. The strategy of each agent
is defined to purchase less electricity. The simulation results
confirmed that the surplus electric power of the photovoltaic
units is efficiently utilizable with a storage battery and the
total amount of the purchased electric power is reduced. We
also evaluated our nighttime purchasing strategy and the ex-
perimental results indicate that our strategy effectively stores a
certain amount of energy. Such long-time storage will prevent
battery deterioration and is a measure of the instability of solar
power.

Future work includes refining and extending our model in
order to manage a long-term view with a more advanced
strategy. We must develop an agent model that can adequately
supplement the uncertainty of photovoltaic power generation
and consider the effective use of the vast surplus of daytime
solar-power-generated electricity, specifically the power trad-
ing and electricity trading mechanisms.
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Abstract—While the multicore processors common today are
typically homogeneous (i.e. composed of multiple cores of
identical design), ever-more-stringent energy and performance
constraints are making heterogeneous multicore processors in-
creasingly attractive alternatives. Because applications vary sig-
nificantly in the computing resources that they can effectively
exploit, they observe drastically different energy consumption
and performance depending on the characteristics of the pro-
cessor core(s) they are running on. Heterogeneous computing
cores can more efficiently meet the specialized needs of varied
applications. However, while heterogeneous types of cores can
be beneficial, the added complexity of heterogeneity can sig-
nificantly complicate the scheduling of application threads to
cores of different types. To achieve energy efficiency, a scheduler
must attempt to minimize energy consumption by finding the
optimal application to core mapping. Most existing approaches
to mapping applications to heterogenous cores do so statically,
that is they determine a priori the fitness of a particular
application thread to a particular core type, or dynamically
but require knowledge of program characteristics in advance.
This paper demonstrates that significant reduction in energy
consumption can be achieved by dynamically adjusting this
mapping as application behavior changes with new program
phases. This paper further proposes an online scheduler that re-
evaluates the program-to-core assignment when a phase-change
of a program occurs, in order to optimize the scheduler for energy
consumption. Our results show significant energy reduction over
random scheduling of programs within a heterogeneous multicore
processor.

Index Terms—Energy-efficient scheduling, single-ISA heteroge-
neous multicore processors, heterogeneous multicore scheduling,
phase-aware scheduling, phase identification

I. INTRODUCTION

As microelectronic technology advances, the size of transis-
tors continues to shrink rapidly, thus the number of transistors
that can be placed in an integrated circuit increases. Exploiting
this, computer architects have made use of these additional fast
transistors on a chip by increasing frequency through deeper
pipelines, and improving the number of instructions executed
per cycle through enhanced branch prediction, caches, instruc-
tion dispatch and increased execution units. However, for more
than a decade, energy constraints have outweighed the demand
for improved single-core performance. Instead of designing
more-powerful individual cores, architects have exploited the
continually increasing number of transistors on a single chip
by adding more processor cores. Users can run more applica-
tion threads in parallel on these chip multiprocessors leading

to better performance for multiprogram and multithreaded
workloads. Most current desktop and even mobile platforms
have homogeneous multicore processors featuring two or more
identical cores.

Because even energy-efficient computing systems are typi-
cally multicore, programmers are increasingly focusing their
efforts to parallelize applications into multiple threads of
execution. The capability to handle relatively large numbers
of parallel threads is therefore crucial for high performance
computing. Ideally, processors would feature large number
of energy-efficient cores to support the execution of large
number of parallel threads. High thread throughput would
compensate for less-than-maximal single-thread performance
and these efficient cores would not inefficiently expend energy
in attempt to execute individual threads as fast as possible.
However, from Amdal’s Law we know that the speedup of a
program using multiple processors in parallel is limited by the
time needed for the execution of the sequential fraction of the
program [1]. Therefore, even in well-parallelized programs,
executing serial portions of these programs is crucial. Un-
fortunately, a processor with homogeneous high-single-thread-
performance cores tend to be relatively inefficient for a large
number of threads. Fewer of these high-performance cores
can be implemented in the same chip area and power budget
than the numerous simple, energy-efficient cores that are more
desirable for the performance of parallelizable program pieces.
For this purpose and other reasons, a heterogeneous mix of
core types are being increasingly proposed. Heterogeneous
multiprocessor systems can be exploited to simultaneously
achieve less energy consumption and better throughput [2],
[3]. In particular, single-instruction-set-architecture (single-
ISA) heterogenous cores, sets of dissimilar cores that share
a common instruction set, are attractive due to their capability
to run any application thread on any of the core types.

With heterogeneous cores, a chip multiprocessor can be
designed with a greater number of cores compared to a typical
homogeneous, general purpose processor with the same area.
A small in-order (IO) core occupies less area and consumes
less power than a big powerful superscalar out-of-order (OoO)
core. Small, power-efficient IO cores can be combined with
big aggressive OoO cores on the same chip to achieve an
advantageous design in terms of both power and performance.
Unfortunately, effectively scheduling applications to dissimilar

978-1-4673-0967-7/12/$31.00 ©2012 IEEE106



Fig. 1. The energy-delay product for bzip application on an energy efficient in-order core a less efficient out-of-order core.

cores is challenging. Different program-to-core assignments
result in a different energy consumption and performance.
In addition, program behavior changes during the course of
execution, which results in different energy consumption and
performance for each phase of execution (a portion of the
program with similar behavior). In this paper, we correlate
phase changes to changes in energy consumption within each
program. We also present an energy-efficient, phase-aware
scheduling method for heterogeneous multicore processors
(HMPs) that identifies executing program phases, evaluates
energy consumption and reschedules programs to cores dy-
namically in order to achieve minimal energy-delay product.
The rest of the paper is organized as follows: Section II
shows the motivation behind this work. Section III describes
the related work. Section IV discusses our energy-efficient
scheduler using phase identification and Section V presents our
scheduling results. Finally, Section VI concludes the paper.

II. MOTIVATION

In HMPs, execution of a given application on different
types of cores results in different energy consumption. Further,
an application’s behavior changes over time [4], transitioning
through different program phases, which in turns results in
different energy consumption for each phase. Different execu-
tion phases include different types and numbers of executed
instructions, degree of instruction-level parallelism and utiliza-
tion of available resources. Thus, each execution phase may
behave differently and may consume a different amount of
energy running on different core types. For instance, a program
phase that contains many memory accesses with last-level-
cache misses (and thus main memory accesses) would likely
consume more energy than other phases. These differences
also result in different performance running on dissimilar types
of cores. For example, an OoO core typically performs better,
due to its ability to better tolerate long latencies, than an IO
core. However, the considerable hardware support for OoO
execution consumes more energy compared to a smaller IO
core.

Figure 1 shows the energy-delay product (EDP) of an
application, bzip2, run on two different cores optimized re-
spectively for low-energy and high single-thread performance.
This product is computed over 2 500 windows of 100 000
application instructions. The energy-delay product is a com-
mon metric for evaluating energy-efficiency, but it is one that
favors performance over energy consumption. In this example,
the high-performance core has a lower EDP for most of
the intervals because while it consumes more power in any
instant, the latency of execution is significantly less. However,
for certain periods of execution, the energy-delay product
is significantly different than others. Over some substantial
periods of execution, the EDP for the energy-efficient core
is less or very similar to that of the high-performance core.
This is similar to the variation of performance, over various
phases of execution on different cores, that has been previously
shown [5]. For these intervals, bzip2 should use the energy-
efficient core to achieve lower EDP and energy consumption
in HMPs.

Reduced energy consumption can be achieved by running
an application on the core with the lowest EDP. However, in
order to efficiently use an asymmetric set of cores, threads
must be migrated between the cores dynamically depending
on changes in their EDP for each phase of execution. To
do this, an on-line scheduler needs to detect relatively short
changes in program behavior and energy consumption, and re-
assign jobs to cores dynamically. Rather than schedule based
on a programmer-specified mapping to a particular core type,
a dynamic scheduler can choose the best schedule for any
particular set of executing program phases.

III. RELATED WORK

There have been several previous approaches to power
and thermal management in multicore processors [6]–[10].
Exploiting scheduling tasks for power and thermal manage-
ment in uniprocessor systems [11]–[13], and multiprocessor
systems [14]–[17] has also been proposed. Isci et al [18]
proposed a technique to determine long-term phases. Their
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phase analysis is composed of a value prediction of certain
metrics, such as IPC, and duration prediction to predict the
interval during which the prediction value will remain the
same. They applied this method to predicting the intervals of
programs where the processor can switch to a lower frequency
to save energy with little impact on performance. Coskun et
al [16] proposed a dynamic algorithm that schedules jobs
in multicore processors to minimize thermal hot spots and
temperature gradients based on the history of temperature
over previous windows. Kumar et. al [2] proposed a mix of
single-ISA heterogeneous multicores as a potential design to
reduce power consumption. They also developed a heuristic-
based dynamic scheduling algorithm that sampled one or
more cores every one million instructions. An executing job
switches to a neighbor core if the sampling results in a reduced
energy-delay product. This method does not consider program
behavior changes, instead it samples on one or more cores
after a fixed interval of instructions. Chen and John [19]
proposed a scheduling method for HMPs that uses fuzzy
logic to calculate the suitability of programs microachitecture-
independent characteristics to the hardware configuration of
processor cores. The jobs are mapped into the cores based on
the degree of suitability. Although this scheduling technique
considers program characteristics, it is a static scheduling
technique that is based on a priori profile of these program
characteristics and does not adapt to the dynamically changing
workloads.

There are many proposed scheduling techniques for het-
erogeneous multicore and multiprocessor systems focusing
on performance rather than energy-related metrics. Some of
these techniques are static (off-line) [20]–[23], while others
are dynamic [3], [24]–[29]. In one relevant technique, Sondag
et al [30] developed an HMP scheduler that detects and
marks program phases offline. At detected phase-transition
points, phase-marker code fragments were instrumented in
an application’s executable binary. At runtime, these markers
are responsible for handling core switching after analyzing
performance. Our approach utilizes dynamic detection and
identification of program phases without any modifications
made on the program, and the core switching is based on
the energy consumption information.

IV. ENERGY-EFFICIENT SCHEDULING ALGORITHM

We propose an online phase-aware scheduling method that
dynamically maps applications to cores of various types on
a single-ISA HMP processor targeting reduced energy con-
sumption. In this approach, program execution phase “signa-
tures” are calculated on the fly. When a phase change occurs
the scheduler re-evaluates the assignment to optimize for
energy-delay product. Sawalha et al [5], [31] proposed phase-
guided algorithms for scheduling on HMPs using performance
information–optimizing the schedule for best performance.
In this work we apply phase-aware scheduling for energy
consumption reduction using energy-delay product as an eval-
uation metric rather than performance.

A. Program Phase Detection

A program’s phase of execution represents a temporal set
of operations that together have a roughly similar behavior.
In our experiments, the working set signature method [32]
is used to calculate signatures to identify current phases. A
512-bit signature identifies the blocks of instructions that are
executing during the current phase of program execution. It is
calculated from hashing selected bits of executing instructions’
addresses. A signature is thus calculated over a window of
executed instructions. The signature of the current window
is compared to that of the previous window to determine if
the two windows are in the same phase of execution. If the
signature of the two windows are dissimilar, then a new phase
of execution is detected. A window size of 100 000 retired
instructions is used in this work.

B. Scheduling Algorithm

Our proposed energy-efficient phase-identification based
scheduling approach, Phase EDP, exploits the correlation
between repeating program phases and the EDP of each phase
on a processor core. When a phase repeats, the EDP of the
repeated phase is expected to be similar to the EDP of the
first occurrence of that phase. Figure 1 shows that the EDP
behavior of 100 000 instruction intervals repeats over time
for the bzip2 application. Similar behavior was observed for
the other simulated programs. Thus, the EDP information
calculated over the first window of the first occurrence of a
phase is used to predict the schedule that leads to the lowest
total EDP, for all set of phases, when a phase change occurs in
one or more of the executing programs with repeated phases.

In our scheduling method, when a previously unidentified
phase is encountered, the scheduler evaluates the EDP for
the thread in that phase on each core type by sampling the
execution of that thread on each core. The EDP for each
currently executing application thread is recorded separately
in a Signature History Table (SHT). When a detected phase
signature matches one in the SHT, the previously observed
EDP of that phase on the respective core types is used
as a prediction of the EDP for the current detected phase.
This is used to predict the minimum EDP arrangement of
threads for the available core types. Through the use of these
signatures to identify repeated occurrences of previous phases,
actual EDP evaluations are necessary only when a previously
unencountered phase is detected.

Figure 2 shows a flow chart diagram of the scheduling
process. First, after each instruction in the pipeline finishes
execution, a bit in the signature vector is set. The signature
is calculated over a window of instructions. At the end of
each window, the signature of the window is compared with
that of the previous window. If the difference between the two
signatures is below a certain threshold (τ ), the two windows
are assumed to be in the same execution phase. Otherwise,
a phase change is detected, in which case the signature is
compared to the ones recorded earlier in the SHT to find if
the current phase is a repeated phase. If the difference between
signatures is above τ , a new phase is detected and recorded in

108



Reuse information from SHT 
and update schedule

Start Instruction 
retired

Update signature

End of 
window 

?Compare signature 
with that of  previous 

windowDiffer. 

> 
Same phase, don’t 
update schedule Phase change

Is 
phase 
in SHT 

?

Perform sampling & 
record information 

in SHT

Yes

No

NoYes

Yes

No

Reuse information from SHT 
and update schedule

Start Instruction 
retired

Update signature

Compare
with that 

winDiffer. 

> 
Same phase, don’t 
update schedule Phase change

Is 
phase 
in SHT 

?

Perform sa
record info

in SH

No

NoNYes

YYes

No

T 
Is

Fig. 2. Flow chart of Phase EDP scheduling technique.

the SHT. The new phase is sampled on the different core types
for EDP and the EDP value is also recorded in the SHT. Next,
the scheduler chooses the assignment that leads to the lowest
EDP. On the other hand, if the signature was similar to one
in the SHT, the phase is considered a repeated phase, and the
EDP value from the SHT is used to predict the schedule with
the lowest EDP. In the experiments discussed in Section V,
we use a 0.5 value for τ , which is consistent with the work
in [32].

V. RESULTS

Simulated evaluation of our scheduling technique was per-
formed using Soonergy [33], a cycle-accurate simulator. For
these experiments, a multicore processor was chosen consist-
ing of a mix of one simple energy-efficient IO core and larger,
higher performance OoO cores with different configurations as
shown in Table I. All cores posses private level one (L1) and
level two (L2) caches. The OoO cores vary in instruction issue
width, L1 cache size, reorder buffer (ROB) size and number of
reservation stations (RS) listed for each type of core. For OoO
cores, the higher the issue width the better the performance
is, but the more energy consumption associated with extra
overhead needed to find the instructions to run in parallel is.
Similarly for L1 cache, ROB and RS, the bigger the size the
better the performance and the greater energy consumption
is. Different integer and floating point applications from the
SPEC CPU2006 suite were used in our evaluations.

TABLE I
PROCESSOR CONFIGURATIONS

Parameter Core 0 Core1 Core 2 Core 3
Execution IO OoO OoO OoO

Issue width 4 2 3 4
L1 cache 32KB 16KB 16KB 32KB
L2 cache 256KB 256KB 512KB 512KB

ROB – 64 96 128
RS – 16 24 32

Our scheduling method, Phase EDP, was performed for
different benchmarks on a quad-core processor consisting of

one core of each type. Energy-delay product information was
computed over 250 million instruction runs of all programs
using an architectural power modeling approach based on [34].
Sets of four different applications were chosen to create several
multiprogrammed workloads. Figure 3 shows the results of the
energy-delay product for our scheduling algorithm compared
with those of the average of the 24 static different possible
assignments of applications on each of the core types. The
assignment with the maximum EDP and the assignment with
the minimum EDP are also shown. For most workloads,
the EDP of the phase-aware scheduling approach results in
a reduced energy-delay product compared to the average
assignment. Note that this average represents the EDP of
a randomly chosen static assignment. Figure 4 shows the
percentage decrement of EDP of our scheduling method over
the average. The mean percentage of EDP reduction is 15.9%
over a random static assignment. Although some workloads
show a slight reduction in EDP of Phase EDP over the
average in Figure 3, the percentage decrement of EDP is
significant as shown in Figure 4.

Figure 5 shows a comparison of the weighted speedup for
Phase EDP and the average of the 24 different possible static
assignments. The weighted speedup represents the sum of
the ratios of the performance of each application over the
performance of that application on the best performing core.
While the Phase EDP method provides 16% reduction in
EDP over the average, it typically does not result in a worse
speedup. The weighted speedup of the Phase EDP is very
similar to that of the average of the 24 assignments and even
better in some cases. Thus, Phase EDP results in a reduced
EDP without harming the performance.

VI. CONCLUSION

This work demonstrated that the energy efficiency of appli-
cation codes running on cores of different types varies along
with program execution phases. We proposed a scheduling
technique (Phase EDP) in order to demonstrate the utility of
phase identification for energy-delay-aware scheduling of ap-
plications on single-ISA heterogeneous multicore processors.
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Fig. 3. Energy-delay product for four-tuple of programs (250 million instructions) for different scheduling methods.

Fig. 4. Percentage reduction of phase EDP over random assignment.

Unlike many previous approaches, the Phase EDP technique
does not require evaluating energy consumption (or perfor-
mance) by permuting all application threads across each core
type. Simulated evaluation of the Phase EDP approach shows
16% on average and up to 29% reduction in energy-delay
product compared to the average of EDP for all possible static
assignments. At the same time, though a significant reduction
in EDP is achieved, there is only a very slight reduction in
program throughput.
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[12] H. Aydin, R. Melhem, D. Mossé, and P. Mejia-Alvarez, “Dynamic and
aggressive scheduling techniques for power-aware real-time systems,” in
Proceedings of the 22nd IEEE Real-Time Systems Symposium, December
2001, pp. 95–105.

[13] C. Hsu, U. Kremer, and M. Hsiao, “Compiler-directed dynamic volt-
age/frequency scheduling for energy reduction in microprocessors,”
in Proceedings of the First International Workshop on Power-Aware
Computer Systems, August 2001.

[14] F. Gruian, “System-level design methods for low-energy architectures
containing variable voltage processors,” in Proceedings of the First
International Workshop on Power-Aware Computer Systems, 2001.

[15] E. Seo, J. Jeong, S. Park, and J. Lee, “Energy efficient scheduling of
real-time tasks on multicore processors,” IEEE Transactions on Parallel
and Distributed Systems, vol. 19, no. 11, pp. 1540–1552, November
2008.

[16] A. K. Coşkun, T. Š. Rosing, K. A. Whisnant, and K. G. Gross, “Static
and dynamic temperature-aware scheduling for multiprocessor SoCs,”
IEEE Transactions on Very Large Scale Intergration (VLSI) Systems,
vol. 16, no. 9, pp. 1127–1140, September 2008.

[17] H. Wong, A. Bracy, E. Schuchman, T. M. Aamodt, J. D. Collins, P. H.
Wang, G. Chinya, A. K. Groen, H. Jiang, and H. Wang, “Pangaea: A
tightly-coupled IA32 heterogeneous chip multiprocessor,” in Proceed-
ings of the 17th International Conference on Parallel Architectures and
Compilation Techniques, October 2008, pp. 52–61.

[18] C. Isci, A. Buyuktosunoglu, and M. Martonosi, “Long-term workload
phases: duration predictions and applications to DVFS,” IEEE Micro,
vol. 25, no. 5, pp. 39–51, September - October 2005.

[19] J. Chen and L. K. John, “Energy-aware application scheduling on a
heterogeneous multi-core system,” in IEEE International Symposium on
Workload Characterization, September 2008, pp. 5–13.
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Abstract- This paper reports the results of a study that aims to 
identify where it would be possible to reduce the energy 
consumption of IT equipment at BT’s (British Telecom) site at 
Adastral Park in the UK.  We studied a small sample of the 
equipment (routers, switches and servers) which were owned by 
the research team. The paper identifies practical steps that 
system administrators can take to reduce their power use and 
achieve Power-Workload Proportional (PWP) IT.  We propose a 
model to calculate the average power consumption of servers 
and network devices, and propose a new metric “Waste” that 
measures how “green” a device is by calculating wasted energy 
consumption per performance/throughput e.g. the “Waste” per 
Gbps for the network and “Waste” per GHz for the server. 
Based on this study, we estimate that it would be possible today 
to save 38.6% of server energy consumption and up to 19.9% of 
network equipment energy consumption at the BT site. 

Keywords- Waste Metric; Power-Workload Proportionality; 
Power Saving; Green Switch; Router; Server; Data Centre 

I. INTRODUCTION 
Reducing the likelihood of significant Global Warming 

leading to Climate Change and reducing Energy Dependence 
are key, inter-related problems for both industry and 
government. In November 2008 the UK government passed 
the Climate Change Act setting legally binding targets for 
reducing emissions by 80 per cent on 1990 levels by 2050 
[15].  The ICT industry is estimated to be responsible today 
for around 2% of the world’s carbon emissions.  As a result, 
the demand for power for computer and communications 
systems could increase 13-fold by 2020, equivalent to 4% pa 
[2].  Given Government and industry commitments to reduce 
emissions, both academia and industry have been motivated 
to investigate how these trends can be reversed.  Many 
corporations have followed suit with their own targets [17].  
Adastral Park is BT’s global innovation and development 
centre, with over 3,000 employees and in addition to normal 
office equipment, there is a significant quantity of computing 
and communication equipment that supports systems under 
development.  This paper reports the results of a study that 
aims to identify where it would be possible to reduce the 
energy use of the IT equipment at Adastral Park. We studied a 
small sample of the equipment (routers, switches and servers) 
owned by the research team, validating that this was 
representative of the type of equipment used generally on site. 
This study excluded from analysis those ICT  
which must accurately reflect the actual current live-network 
implementation, focusing on the office and development 
equipment.  Based on this study, we estimate that it would be 

possible today, at this site, to save 38.6% of server energy 
consumption and up to 19.9% of energy consumption 
associated with network equipment. We identify practical 
steps that system administrators can take to reduce their 
power use and achieve Power-Workload Proportional (PWP) 
IT.  However, there are administrative and practical issues to 
be resolved to achieve these savings.  During the investigation 
it became apparent that automation will be required to 
identify opportunities for energy saving as well as for 
implementing energy saving actions. We propose a new 
metric “Waste” that measures how “green” a device is by 
calculating wasted “Watt” per performance/throughput e.g. 
“Watt” per Gbps for network equipment and per GHz for 
servers.  We also propose a model to calculate average power 
consumption of servers and network devices by normalized 
power rates.  

The structure of this report is as follows: Section 2 
investigates the IT equipment at Adastral Park, as well as the 
PWP and power consumption of IT devices, Section 3 
discusses the implementation of any identified saving 
opportunities, Section 4 proposes a model for calculating 
realistic power consumption of IT devices and potential 
energy savings and is followed by recommendations and 
conclusions. 

 

II. EQUIPMENT POWER CHARACTERISTICS AND RELATED 
WORKS 

BT maintains a database that holds records of ICT 
equipment (switches, routers, servers, storage units, firewalls) 
that includes details of vendor, model and estimated power 
characteristics. This database demonstrates that there is a 
large quantity of equipment on site - over 14,000 devices. 
Further, there is no one owner of this equipment and no 
centralized management system. A MATLAB program was 
used to examine the data in this database.  Pie charts in Figure 
1 show that most power (30%) is consumed by SUN 
equipment, with Cisco devices consuming almost as much.  
This identifies the power hungry devices and suggests that 
our research effort should focus primarily on network 
switches and routers.  Furthermore, the improved power 
characteristics of modern servers are such that there is less 
opportunity for energy saving in these devices. Our ideal 
device consumes little power while idle, with power 
increasing linearly with device utilization. Figure 2, from 
SPEC [12], shows the power consumption of two Hewlett 
Packard DL380 servers, one produced in 2006 and the other 
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in 2011. This shows that there have been significant 
improvements in recent years with server equipment, with a 
significant drop in power as the workload is reduced.  Where 
new equipment is workload-power proportionate, there is less 
opportunity to save energy through system optimization. 
However, there is still a significant (100W) “base-load”. With 
such power characteristics, virtualization could enable us to 
turn off whole devices during periods of very low utilization 
in order to save power.  

Whilst we see power proportionality occurring in server 
devices, networking equipment is responsible for most of the 
energy use at Adastral Park.  Access network equipment often 
exhibits PWP within BT’s network; for example legacy PSTN 
line cards draw three times as much power when a voice call 
is active. Moving forward, recent BT trials [17] have shown 
that the modern ADSL2+ broadband systems can be 
configured to use 30% less power when traffic levels are low. 
The recent Energy Efficient Ethernet standard [18] has 
enabled Cisco to develop its first campus access switch series 
with power adaptivity, with an energy saving of 16% being 
achieved in test conditions. To date, there is very little 
installed equipment that utilizes the Energy Efficient Ethernet 
standard. In general, we have seen little evidence of power-
workload proportionality in general switching and routing 
network equipment. The Energy Efficient Ethernet standard 
that Cisco has used in its power-workload proportional switch 
does not apply to fibre Ethernet systems which make up the 
vast majority of BTs Ethernet systems.   

Moreover most networks are typically underutilized. 
Reasons for under-utilization include (i) equipment is made 
available as a backup in case of failure (ii) equipment is left 
active all the time because it takes a long time to power up 
when needed – especially true in complex networks where 
boot-order can be significant, (iii) equipment is provisioned 
ahead of time so that it is quickly available when growth in 
traffic or user base occurs, (iv) traffic load varies with time of 
day; networks are provisioned to ensure an adequate quality 
of service at peak times. We contend that a PWP and 
comparison metric is urgently required.  In the longer term, 
we expect that such behaviour should become dominant in all 
ICT equipment. We note however that current energy 
efficiency metrics would not easily reward such behaviour.  
Several good energy consumption (comparison) metrics are 
available, such as EPI [4], EER, ECR [11], ECRW [10], 
TEER [1].  However these do not take into account the power 
wasted by on-the-fly performance of device, especially those 
that are underutilized most of the time.  None of the current 
energy comparison metrics provide a true PWP comparison.  
We note that EPI does consider PWP, but it does not consider 
the performance achieved by the device.   

We have defined a new metric “Waste”, that can be used 
to measure the adaptivity of a device is.  The higher the Waste 
value, the lower power-to-workload proportionality is 
achieved, and the more wasteful of energy the device is.  
Thus, lower Waste is greener.    

 

 

where is wasted Watt per Gbps (WpGb) for network 
devices and Watt per GHz (WpGHz) for servers;   is the 
measured power consumption of an idle device (no load), 
and,  is the measured Power consumption when a device 
100% utilized;  is the maximum switching capacity of a 
device in Gbps (Network) or GHz (server);  is the 
normalized average utilization where 0  . Here, we 
show , where a corporation deploys a new device, 
without any utilization data, and makes apple to apple 
comparison between the same device range.   

In order to see the PWP (with EPI metric) and Waste 
metrics of servers and network equipment, we analyze 
publicity available measurement data in the next section.  

A. Server Power Proportionality 
We analysed the data from 40 servers whose 

characteristics are available from [12]. These include Dell, 
HP, Acer, NEC, IBM, Huawei, Hitachi, Fujitsu and SUN 
machines from different years. The servers are categorized 
into five groups in Table I.  The servers’ weighted average 
EPI (PWP) is plotted in Figure 3 against the year of 
manufacture. The weights are the percentage values 
established in Figure 1. It can be seen that HP has a higher 
contribution than Compaq and Dell.  Also, Figure 3 shows 
that newer devices, selling after 2009, have some energy-
workload proportional behaviour, with the EPI rising from 0.3 
to nearly 0.74 over the last two years. These changes are the 
result of  the power saving techniques provided by 
sleeping/standby, efficient ASICs, FPGAs, TCAMs etc., 
architectures and dynamic scaling techniques such as DVFS 
(Dynamic Voltage Frequency Scaling) [19][20][7].  

B. Network Power Proportionality 
Here, we gathered publicly available physical 

measurements of 25 LAN, Edge, and Core switches/routers 
from Cisco, Dell, HP, 3Com, H3C and Juniper, ranging from 
1.6Gbps to 768Gbps switching capacity [3][4][5][6][11].  
Figure 4 shows the Waste value of the 21 network devices 
with .  We eliminated some of the old routers that 
provide huge Waste because their capacity is less than 5Gbps.  
For network devices, we could not categorize Waste 
according to year, capacity or power rating due to noise in our 
data.  This is because: i) there are not enough measurements 
publicly available; ii) no single measurement methodology 
has been applied (e.g. in vendor’s datasheet); iii) no room for 
PoE provisioning; iv) the high variety of switch fabric, 
modular design, forwarding engines architectures, and 
functionality requirements (LAN, WAN, wireless, core, layer 
2-3,  etc.).  Even devices and models from a particular vendor 
can vary. 

We categorize power usage of network devices according 
to capacity in Table II.  This clearly identifies those network 
devices that are not power proportional.  For these, the power 
consumption remains high even when the device is idle and 
the differences between idle and max power are very small. 
We have been unable to find evidence that PWP at the 
processor and links limits transmission speed. Therefore we 
investigated how to move towards energy proportionality in 
the network equipment using available techniques as 
discussed in the next section. 

113



 

Figure 1.  Power consumption and number of devices in BT Adastral Park. 
The top power hungry vendors comprise 95% of total power.  The rest of the 

vendors are grouped as others and comprise 5% of total power.  

 
Figure 2.  PWP comparison of the HP DL380 produced in 2006 and 2011.  

Most savings observed between idle and 10% utilization on newer HP. 

 
Figure 3.   Weighted average of EPI (PWP) according to number of devices 
in figure 1 and our proposed Waste metric.  Devices become more efficient 

with new technology and techniques.  They consume less power when lightly 
utilized. 

 
Figure 4.  Waste of 21 network devices. Waste varies with models even with 

same capacity.  Higher capacity does not always provide Greener device. 

III. METHODS USE TO IDENTIFY ENERGY SAVINGS 
A. Network and Cacti 

In order to determine the usefulness of PWP, we need to 
determine the typical utilization of the network equipment. To 
achieve this, we collected information from a number of 

devices. The information collected included: (i) The traffic 
history of various time periods, (ii) CPU utilization, (iii) 
Links utilization. A CACTI monitoring tool was used to 
collect this information. This powerful tool reports each link’s 
traffic load over various time periods using a Round Robin 
Database (RRD) methodology uses SNMP [9] to collect such 
data.  

TABLE I. AVERAGE POWER CONSUMPTION OF RANDOM SELECTED 40 SERVER 
MODELS CATAGORIZED BY SERVER POWER RATINGS * 

Server Power 
Rating (W) 

Idle Power 
 Min / Ave / Max  (W) 

100 % Load Power  
Min / Ave / Max  (W) 

250 - 430 24.3 / 52.6 / 93.7 60 / 108.8 / 135 
430 - 800 56.9 / 96 / 174 175 / 241.5 / 295 

1100 - 1300 142 / 384 / 575 509 / 648.7 / 833 
< 3000 Enclosure 101 / 128 / 175 463 / 532.7 / 660 
> 3000 Enclosure 1048 / 1058 / 1068 2507 / 3363 / 4219 

 

* Measurements based on single storage unit for a single server.  Each 
HDD adds minimum 27W.  There is no year categorising. 

  Since we know that the equipment has no dynamic PWP, 
alternative possible actions include: 

• Identify and switch off an unused port  
• Identify and switch off “chatter” ports 
• Identify and switch off unused devices  
• Identify underutilized links and slow down to an 

appropriate transmission speed [16].  

Firstly we need to know if any of these actions would save 
energy if they could be implemented.  To do this, we use 
clamp meter measurements on a Cisco WS-C3560-24TS 
switch to find out how much power is consumed by a single 
link in different cases. First we measured base line power 
consumption of the switch with only the management port 
connected.  Than we turned all ports “on”, but with no 
physical cable attached. Then we connected the ports using 
1Gbps links. Finally we reduced the link speed to 100Mbps 
and consequently to 10Mbps.  Table III shows the average 
power readings per case (the meter shows power up/downs 
for a case). To the best of our knowledge, these figures are 
truly representative, with publicly available physical 
measurements giving similar results e.g. [14].  We find that 
switching off each 1Gbps link saves 1 W, and reducing 
1Gbps link’s transmission speed to 100Mbps saves 0.7 W.  
Reducing the rate further to 10Mbps saves 0.85W due to a 
simpler communication and encoding scheme. 

TABLE II. POWER CONSUMPTION OF NETWORK DEVICES (23 NETWORK 
DEVICES) CATAGORIZED BY SWITCHING CAPACITY *  

Device Capacity 
(Gbps) 

Idle Power (W) 
Min / Ave / Max 

Max Power (W)  
Min / Ave / Max 

24 port LAN 
switches 16 - 32 59 / 71 / 86 61 / 78 / 98 

LAN switches 48 - 256 104 / 136 / 179 102 / 159 / 184 
Routers (old) 1.6 - 40 555 / 1843 / 5358 656 / 2049 / 5922 
New / edge 

switches and routers 480 - 768 295 / 438 / 846 340 / 470 / 890 
 

* Measurements exclude PoE (Power over Ethernet) and columns mins / 
maxs can be belonging to different devices.  Cisco 2950G-24 9 Gbps switch 
consumption is 30W and not included to table.  However a couple examples 
of this model are available in our network. 

SUN
30%

Cisco
29%

HP
24%

COM
PAQ
4%

DELL
4%

Net.A 
4%

Other
5%

Power (kW)

SUN
32%

Cisco
22%

HP
19%

COM
PAQ
5%

DELL
6%

Net.A
5%

Other
11%

# of Device

0%

50%

100%

150%

0 50 100 150 200 250 300

U
til

iz
at

io
n

Power W

Load vs Power HP DL380 G5, Year 2006
HP DL380 G7, Year 2011

0
10
20
30
40
50
60

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

2004 2005 2006 2007 2008 2009 2010 2011 2012

W
as

te
 (W

/G
H

z)

PW
P

Year

Server EPI and Waste metrics

Average (weighted) PWP
Average Waste

0.1

1

10

100

10 100 1000

W
as

te
 (W

pG
b)

Forwarding Capacity (Gbps)

Network Dev. Power Waste per Gb

waste WpGb

114



We note that these are the power savings on the 
equipment itself.  Much of the communication equipment is 
held in special rooms with air conditioning and temperature 
control.  Typically, in such environments, for every watt of 
power used, an additional watt is used on power distribution 
and cooling [13].  Although we are not able to measure the 
overhead energy at this site, it is worth remembering that real 
savings are likely to be higher than those quoted in this paper 
as a result of these incidental savings.  

1) Identify connected links and unconnected “on” ports: 
As demonstrated by our measurements, “on” ports draw 
power even if they are not connected. Whilst it would be 
unusual to build a network with many un-connected links, the 
networks we investigated have clearly evolved in use over a 
number of years, as research programmes changed.  Thus our 
first activity is to simply identify useless ports.  This typically 
involves querying the switch or router’s operating system.  
We turned off any links that report “not connected” in the 
status report. 

2) Chatter Links: A number of network protocols send a 
series of control packets in order to maintain state and their 
operation, e.g. HELLO, control, keep alive, status and update 
packets.  Some links were found to only be carrying this type 
of data – they were carrying no “useful” traffic. These links 
are easily identified by their load - they carry no user data and 
their peak data transmission rates are typically less than 
10Kb. We identify chatter links as those that do not transmit 
user data and have a maximum traffic spike of less than 10Kb 
over a month and these links can also be switched off. In 
some cases however such links may have a special role, for 
example in backup. In this case we can slow the link speed.  

3) Unused Device: If all ports on a switch are turned off, 
then there is no need to keep the device on.  While it is 
possible to identify unused device by their CPU utilization, it 
is best to observe link utilization as well. 

4) Under Utilized Links: Most links can be set to transmit 
data at a variety of speeds. We can examine a link’s traffic 
history to identify any underutilized links.  On these links we 
could therefore set the link speed lower to accommodate 
usual load.  Care needs to be taken in setting the data rate, as 
an average load might not accurately reflect the actual 
workload.   

Our laboratory experiment showed that the peak point 
exponentially increases when the averaging interval is 
smaller, and that the first order estimation between 300 
second and 1 second average peak load rate is approximately 
1/30. Thus a 3Mbps peak load in 300 secs average is equal to 
90Mbps in 1 sec observation.  Therefore, if a link had a peak 
point that is less than 300Kbps in 300 secs interval we would 
consider lowering the data rate to 10Mbps, while links with a 
maximum observed data rate of 3Mbps or less could have the 
link speed lowered to 100Mbps.  Due to the long-tailed 
characteristics of averaging, 1/30 is still true for an averaging 
interval of more than 300 sec (e.g. 30 mins) for switching 
between 100 and 1000Mbps transmission rates.  More than 
the 1/30 threshold may result in significant performance 
degradation by noticeable delay. Figure 5 shows the daily 
(300 sec average) traffic traces over a 217 link, 1Kb is the 

threshold for chatter link, while 3Mbps and 30Mbps are the 
thresholds for 100Mbps and 1000Mbps links respectively.  
For the sake of visibility we remove the lines between dots.  
In daily traces the averaged highest bit rate is 22900 Kbps, 
this may be the equivalent of 500Mbps for a 1 sec actual load.  

B. Servers and VMware  
With server equipment, different actions can be taken.  

The servers at the Adastral Site already use virtualization 
techniques to make efficient use of the available hardware. 
However, there was little active management of the 
virtualization assignments. Thus, here we investigate if it is 
possible to migrate VMs onto a host that has sufficient free 
capacity with the intention that after migration it would be 
possible to switch off unused (empty) hosts. To identify this, 
we used VMware vSphere Client [8]. VMware vSphere is a 
scalable powerful virtualization platform for management of 
large pools of Virtual Machines (VMs) and physical hosts. 
With vSphere we were able to have access to servers on the 
research testbed and are able to collect the CPU, memory, 
storage and network usage of each physical host, as well as 
the VMs running on the hosts.  Then we used this data to 
calculate the available capacity on each physical host and 
migrate VMs onto the server that is best able to provide for 
our resource. Practically we calculated each host’s (physical 
machine) occupation levels (sum of all VM’s resource usage 
on that host), and identified the free resources on the physical 
host. We assume no shared storage and apply the following 
steps to be able to switch off some of the Hosts. 

Step 1: Calculate each host resource usage: CPU and 
Memory with following formula (Total and free storage 
shown in exported summary spreadsheet)  

  

  

where, , , Host’s processor and memory used 
by all VMs respectively,  is number of processors 
[15],  is Maximum Capacity of each processor, 

is average utilization. 

Step 2: Calculate each hosts available resources with 
following formula (Total and free storage shown in exported 
summary spreadsheet) 

 

 

 

where, ,  and  are Host’s free 
processor , memory and storage capacity respectively,  is 
safety gap,  and 0.2. This is 20% of total capacity, so 
we do not use this resource in order to compensate for 
fluctuations in all resources and have a better performance 
[16].  

Step 3: Sort all hosts’ CPU capacity in descending order, 
this will help us to eliminate power hungry older devices. 
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Step 4: Start from bottom host and seek place to replace 
entire host from top to down.  Consider storage requirement 
first, if storage requirement meets check for other resources.   

Step 5: Repeat Step 4 until all possibilities have finished. 

IV. RESULTS AND POWER SAVING 

The previous section explained how we could look for 
areas for potential energy saving in the servers and network 
equipment at Adastral Park.  This section explains how to 
calculate device power consumption and potential savings.  
One problem we encountered is that apart from some of the 
new servers, the servers and network did not report on-the-fly 
power consumption.  In this case we looked for a power 
characteristic revealed by either an independent organization 
that performs measurement or by the device’s datasheet.  
Most of the servers and network equipment’s datasheets have 
a Power Supply rating, . However, only a few LAN 
switches have physical measurements.  Thus, due to limited 
data availability and calculation simplicity we need a method 
to calculate the realistic power consumption.  We used 40 
servers and 25 network devices (section II-A and II-B) to 
deduce the average normalized power draw when a device is 
idle  and the normalized power differences between 
maximum and idle power  over .  Table IV 
and Figure 6 show normalized power for servers by year and 
Table V presents similar detail for network equipment.  

We obtained the power rate from datasheets of the 
network device, the year for servers that do not report power, 
and the average CPU utilization from vSphere and Cacti. The 
following formula determines the average power 
consumption: 

 

Here,  is the average power consumption,  is the 
Power Supply rating in “W”,  
is the normalized power when device is idle,  is the 
normalized power between the idle and maximum power 
consumption,   , is the average CPU utilization in % .  

 
Figure 5. Bitrate and threshold for transmission speed. Max average (300 sec) 

incoming traffic is 22.9Mbps and most of the links can be lowered to 
100Mbps.  

 

TABLE III. SINGLE PORT/LINK POWER MEASURMENT 

Case Average 
Power 

Variation 
-/+ 

Power 
per port 

No port is on (except management port) 44.1W 30mW - 
All ports are, on no link connected 44.23W 50mW 5.5mW 

1Gbps link is connected (chatter link) 45.1W 80mW 1W 
100Mbps link connected (chatter link) 44.4W 70mW 300mW 
10Mbps link connected (chatter link) 44.25 55mW 150mW 
1Gbps link from full to half duplex - - 50mW 

Our observation identified 20 switches/routers ranging in 
capacity from 1.6Gbps to 160Gbps, and 10 servers ranging in 
capability from 2.8 GHz to 19.2GHz. Although this is a small 
subset of the total equipment on site, BT’s IT database shows 
us that this sample is representative of the general equipment 
on site.  We used 1 scenario for servers (server migration) and 
4 scenarios for network equipment saving (explained in 
section III) : off(iD&iP) - Switching off unused/inactive 
device (iD) and unused/inactive port (iP), off(iD&iP&cP) - 
Switching of  iD, iP and chatter port (cP), off(iD&iP) + 
slow(cP&uP) - Switching off iD, iP, and lowering 
transmission rate of cP and underutilized port (uP), 
off(iD&iP&cP) + slow(cP&uP) - Switching off iD, iP and 
cP, and slowing transmission speed of uP only. 

We found that up to 25% of server hosts could be 
switched “off” after suitable migration.  On the networking 
side Figure 7 shows a link analysis that demonstrates that 
30% of the links are inactive, nearly 25% of links are chatter 
and rest of the links are active. We identified that we could 
slow down 90% of the 1000Mb to 100Mbps and 75% of the 
100Mb active links to 10Mb without having a noticeable 
impact on performance.  However, switching the transmission 
rate of the link needs to be handled carefully as it causes TCP 
disconnection – i.e. the system needs to switch the port “off”, 
switch it “on” again and carry out synchronisation that might 
take 0.5-2 seconds.  

If the savings we observe were replicated over the entire 
Adastral Park, Figure 8 illustrates that the site would be able 
to save around 38.6% of its server consumption and up to 
19.9% of network energy consumption.  

V. RECOMMENDATIONS AND CONCLUSIONS 
We have analyzed the ICT equipment at BT’s major 

research and development site in the UK.  We proposed an 
energy efficiency metric “Waste” that can identify how 
effective a system is at responding to varying traffic load 
alongside the practical energy saving techniques.  We found 
that significant energy savings of up to 38.6% savings for 
servers and 19.9% for networks are possible without PUE.  
These savings however are not trivial to realize: all equipment 
needs to be individually assessed and the typical energy 
savings on any piece of equipment can be low and time 
consuming to implement.  Without automation, manpower is 
required firstly to make the optimizations and then to “undo” 
the optimizations when the additional resources are actually 
needed.  For example, it is easy to write a script to turn off a 
server; it is much harder to write a script that brings the server 
back up.  
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TABLE IV. SERVER NORMALIZED IDLE POWER AND POW
BETWEEN IDLE AND MAX POWER (PWP) PER

 2005 2006 2007 2008 200
 0.42 0.36 0.26 0.23 0.17

 0.18 0.17 0.15 0.11 0.28

TABLE V. NETWORK NORMALIZED DEVICE IDLE POW
DIFFERENCES BETWEEN IDLE AND MAX POWE

 minimum average m
 0.152 0.534 

 0.008 0.057 
 

Figure 6.  Normalized power (over PS) for server by y
publicitly available data mentioned in section II-A. P

differences between power supply rating and maximum p
Pidle and Pidle are power differences between max and m

power draw respectively. 

Figure 7.  Link analysis showing that 30% of the links a
25% of links are chatter and rest of the links a

Automation of capacity management is 
short timescales, to respond to varying traffi
longer timescales, where equipment could b
state.  ADSL2+ and the energy efficient Ether
both good steps towards solving some o
However, Energy Efficient Ethernet is on
solution. Within access and LAN environ
functionality is needed in a range of techno
voice ATA ports, wireless LANs, VDSL syst
PWP technologies are also needed over fib
systems and in large scale core routers.  
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Abstract— Integrating residential-level photovoltaic (PV) power 
generation and energy storage systems into the smart grid will 
provide a better way of utilizing renewable power. This has 
become a particularly interesting problem with the availability of 
dynamic energy pricing models in which electricity consumers 
can use their PV-based generation and controllable storage 
devices for peak shaving on their power demand profile from the 
grid, and thereby, minimize their electric bill cost. The 
residential-level storage controller should possess the ability of 
forecasting future PV-based power generation and load power 
consumption profiles for better performance. In this paper we 
present novel PV power generation and load power consumption 
prediction algorithms, which are specifically designed for a 
residential storage controller. Furthermore, to perform effective 
storage control based on these predictions, we separate the 
proposed storage control algorithm into two tiers, one which is 
performed at decision epochs of a billing period (e.g., a month) to 
globally “plan” the future discharging/charging schemes of the 
storage system, and another one performed locally and more 
frequently as system operates to compensate prediction errors. 
The first tier of algorithm is formulated and solved as a convex 
optimization problem at each decision epoch of the billing period, 
while the second tier has O(1) complexity. 

Keywords-PV; storage; prediction; hierarchical control 

I.  INTRODUCTION 
The traditional static and centralized structure of electricity 

grid consists of a transmission network, which transmits 
electrical power generated at remote power plants through 
long-distance high-voltage lines to substations, and a 
distribution network, which delivers electrical power from 
substations to local end users. Since the end user profiles often 
change drastically according to the day of week and time of 
day, the Power Grid must be able to support the worst-case 
demand of power to all end users [1].  

To avoid expending a large amount of capital for expanding 
the power generation capacity to meet the expected growth of 
end user energy consumption at the worst case, integration of 
smart meters aims to transform the Power Grid to a 
decentralized Smart Grid, which can monitor and control the 
power flow in the Grid to match the amount of power 
generation to that of the power consumption, and to minimize 
the overall cost of electrical power delivered to the end users 
[2]. Utility companies can deploy dynamic electricity pricing 
strategies incentivizing consumers to perform demand side 
management by adjusting their loads to match the current state 
of the network, i.e., shifting their loads from the peak periods 
to off peak periods. There are several ways to perform demand 
side management, including integration of intermittent energy 
sources such as photovoltaic (PV) power or wind power at the 
residential level, demand shaping, etc. [3]. In this paper we 
focus on the former solution, or more specifically, integrating 
PV power generation with the Smart Grid for residential usage. 

Although integrating residential-level renewable energy 
sources into the Smart Grid will prove useful in reducing the 
usage of fossil fuels, one critical problem needs to be 
addressed. There exists a mismatch between the peak PV 
power generation time (usually at noon) and the peak load 
power consumption time for the residential user (usually in the 
evening.) This timing skew results in cases where the generated 
PV power cannot be optimally utilized for peak power shaving. 

One effective solution of the above-mentioned problems 
will be incorporating storage system into the PV assisted Smart 
Grid for residential users. The proposed residential-level 
storage system shall store power from the Smart Grid during 
off peak periods of each day and (or) from the PV system, and 
provide power during the peak periods of that day for peak 
power shaving and energy cost reduction (since electrical 
energy tends to be most expensive during these peak hours.) 
The design of energy pricing-aware control algorithm for the 
residential storage system, which controls the charging and 
discharging of the storage system, is hence an important task. 

A realistic electricity pricing function consists of both an 
energy price component, which is a time of usage (TOU) 
dependent function indicating the unit energy price during each 
time period of the billing period (a day, or a month, etc.), and a 
demand price component, which is an additional charge due to 
the peak power consumption in the billing period. The latter 
component is added to the price of energy consumed in order to 
prevent a case whereby all customers utilize their PV power 
generation and energy storage systems and/or schedule their 
loads such that a very large amount of power is demanded from 
the Smart Grid during low-cost time slots, which can 
subsequently result in power delivery failure for all customers. 

Moreover, the size of the storage system is limited due to 
the relatively high cost of electrical energy storage elements. 
Therefore, it is important for the controller to forecast the 
future PV power generation and load power consumption 
profiles so that it can perform optimization of the total cost. 
References [4][5][6] are representative of PV power generation 
and load power consumption profile predictions. However, 
these methods are general profile predicting methods, not 
specifically designed to help a residential-level storage 
controller. The controller may not perform optimal electrical 
energy cost reduction with such prediction methods. 

In this paper we consider the case of a residential Smart 
Grid user equipped with local PV power generation and energy 
storage systems. We consider a realistic electricity price 
function comprised of both energy and demand prices. First, 
we present novel PV power generation and load power 
consumption profile predictors specifically designed for the 
residential-level Smart Grid controller. Furthermore, to perform 
effective storage system control utilizing such prediction 
results to minimize total electricity cost, we separate the 

This work is sponsored in part by a grant from the National Science 
Foundation. 
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proposed control algorithm into two tiers, one performed at 
each decision epoch of the billing period to globally “plan” the 
future discharging and charging schemes of the storage system, 
and another one performed locally as system operates to 
compensate the prediction errors. The first tier of the control 
algorithm can be effectively implemented by solving a convex 
optimization problem at each decision epoch, while the second 
tier has a time complexity of O(1). Experimental results 
demonstrate the accuracy of PV generation and load 
consumption predictions, as well as the effectiveness of the 
proposed residential-level storage control algorithm. 

II. SYSTEM MODEL AND COST FUNCTIONS 
In this paper, we consider an individual residential Smart 

Grid user equipped with PV power generation and energy 
storage systems, as shown in Figure 1. The PV system and 
storage system are connected to the residential-level DC bus 
via DC-DC conversion circuitries. The AC bus, which is 
further connected to the Smart Grid, is connected via an 
AC/DC interface to the residential-level DC bus. The 
residential-level AC load is connected to the AC bus.  

We adopt a slotted time model, i.e., all system constraints 
as well as decisions are provided for discrete time intervals of 
equal length. More specifically, each day is divided into T time 
slots, each of duration D. We use T = 96 and D = 15 minutes. 

 
Figure 1.  Block diagram showing the interface between PV array, storage 

system, residential load, and the Smart Grid. 
We adopt a realistic electricity price function consisting of 

both the energy price component and the demand price 
component, with a billing period of a month [7]. Consider a 
specific day i of a billing period. The residential load power 
consumption at the jth time slot of that day is denoted by 

. The output power values of PV and storage systems 
at the jth time slot are denoted by  and , 
respectively, in which  can be positive (discharging from 
the storage), negative (charging the storage), or zero. Therefore 
the power required from the Smart Grid, i.e., the grid power, at 
the jth time slot of the ith day, denoted by , satisfies 

  (1) 

where  can be positive (if the Smart Grid provides 
power for the residential usage), negative (if the residential 
system sells power back into the Grid), or zero.  

As specified in [7], the electricity price function is pre-
announced by the utility company just before the start of each 
billing period, and the price function will not change until the 
start of the next billing period. Reference [7] also specifies five 
different time periods of each day, denoted by the term price 
periods, with (potentially) different unit energy prices and 
demand prices. These price periods are: the 1st off peak (OP) 
period from 00:00 to 09:59, the 1st low peak (LP) period from 
10:00 to 12:59, the high peak (HP) period from 13:00 to 16:59, 
the 2nd LP period from 17:00 to 19:59, and the 2nd OP period 
from 20:00 to 23:59. We denote the 1st OP, 1st LP, HP, 2nd LP, 
and 2nd OP price periods of a day as the 1st, 2nd, 3rd, 4th, and 5th 
price periods of that day. We use  to denote the statement 

that the jth time slot belongs to the kth price period. We use  
and  to denote the start time and end time of the kth price 
period in each day, respectively. Obviously, we have 

, , and  for . 
We use , , and  to denote 

the unit energy price in the OP period (the 1st and 5th price 
periods), the LP period (the 2nd and 4th price periods), and the 
HP period (the 3rd price period) of each day, respectively, and 
use , , and  to denote the 
monthly demand price for the peak power demands drawn from 
the Grid during the LP period, the HP period, and the overall 
peak power demand of a billing period (a month), respectively. 
Obviously we have , 
and . Hence, the cost we pay of a 
billing period due to the energy price component is given by 

 

 

(2) 

and the cost we have to pay of a billing period due to the 
demand price component is given by 

 

 
(3) 

Obviously, the total cost for the residential user of a billing 
period is the sum of two aforesaid cost components. 

III. PV AND LOAD POWER PROFILE PREDICTION 
Accurate prediction of the PV power generation and load 

power consumption profiles is extremely important for the 
development of residential-level storage control algorithms. 
Due to the fact that predicting the complete load (or PV) power 
profile is difficult and unnecessary, we use predictors to 
forecast the peak and average load power consumption (or PV 
power generation) values for different price periods in each 
day, i.e., one predictor for the 1st OP period, one for the 1st LP 
period, one for the HP period, one for the 2nd LP period, and 
one for the 2nd OP period. Subsequently, we shall reconstruct 
the approximate load (or PV) power profile for each day based 
on the predicted average and peak values in each price period.  

In the following we describe the peak power predictors; the 
average predictors can be realized in the same way. We present 
the peak load power consumption predictor in Section III-A 
and peak PV power generation predictor in Section III-B. The 
proposed load power consumption and PV power generation 
prediction algorithms consist of an initial prediction phase 
followed by an intra-day refinement phase, as explained below. 

Consider the peak power (consumption or generation) 
prediction for the ith day of a billing period (i.e., a month.) The 
initial prediction of the peak power refers to prediction 
performed at time 00:00 ( ) of the ith day, for the peak load 
power consumption (or PV power generation) in all five price 
periods of the ith day. The intra-day refinement of peak power 
prediction may be performed at the start time of the kth 
( ) price period, i.e., , of the ith day, with the goal 
of refining the initial prediction of the peak power values in the 
kth, (k+1)st, …, 5th price periods. Motivation for the intra-day 
refinement is that at time  ( ), the actual peak load 
power consumption (or PV power generation) values in the 1st, 
2nd, …, (k-1)st price periods of the ith day are known. This 
information can thus be used to improve the accuracy of peak 
power prediction for the remaining price periods in the day.  
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A. Prediction Algorithm for Peak Load Power Consumption 
For the initial prediction phase of peak load power 

consumption, an adaptive regression-based algorithm is used. 
Consider that we are at time  of the ith day. The 
peak load power values in the kth price period of the ith day 
( ) are predicted as follows: 

  (4) 

where  is a dynamically-
updated coefficient vector with n elements initialized to 1/n. In 
addition, the feature vector 

 captures the actual values 
of peak load power consumption sampled at some points of 
interest. We have found that a value of n=5 with the feature 
vector defined as follows yields the best prediction results:  

  
  

(5) 

where denote actual peak load power consumptions 
in the kth price period of the (i-1)st day, the (i-2)nd day, the (i-7)th 

day, the (i-14)th day, and the (i-21)st day, respectively.  
Utilizing a stochastic gradient descent optimization method 

(see [8] for details), the vector  is updated as follows: 
  (6) 

where  is a learning parameter. 
For the intra-day refinement phase of peak load power 

consumption prediction, consider that we are currently at time 
instance  of day i, and we intend to refine the initial 
prediction results of the peak load power consumption values 
in the th ( ) price period of that day. We denote the 
result of refinement as . Since at that time  the 
actual peak load power consumption in the (k-1)st price period 
is known, we calculate  as follows: 

  (7) 

where  is another learning parameter. 
The intuition for this update equation is that if the actual 

peak load power consumption in the (k-1)st price period is 
higher than the predicted peak load power consumption in that 
period, i.e., , it is highly likely that 
the actual load power consumption in the th price period 
( ) will also be higher than the predicted peak load 
power consumption in that period, and vice versa. 
B. Prediction Algorithm for Peak PV Power Generation 

For the peak PV power generation prediction, an important 
observation is that the actual peak PV power generation over a 
specific price period (e.g., the kth price period) in the ith day of a 
billing period may be viewed as the peak PV power generation 
over the kth price period for a sunny day, multiplied by a decay 
factor, representing the effect of clouds, if that day is cloudy. 
Obviously, such sunny day peak PV power generation over the 
kth period ( ) varies with the change in seasons, i.e., it 
is higher in the summer and lower in the winter. This effect is 
however captured by a smoothing operation as described below 
(cf. equations (8) and (9).) Therefore, for each day, we use the 
initial prediction, performed at the beginning of the day, mainly 
to predict the sunny day peak PV power generation over each 
price period of that day of the billing period. Next, we rely on 
the intra-day refinement, performed at the start time of the kth 

( ) price period, i.e., , of that day, to predict the 
decay factors (and subsequently, the actual peak PV power 
generations) in the remaining price periods.  

In the initial prediction phase, we adopt a variant of the 
well-known exponential average based prediction method, for 
effectively predicting the sunny day peak PV power generation 
in each price period of day. Consider that we are at time 

 of the ith day, and we want to derive the 
prediction value of the sunny day peak PV power generation in 
the kth ( ) price period of that day, denoted by 

, based on the prediction of sunny day peak PV 
power generation in the kth price period of the (i�1)st day, 
denoted by , and the actual peak PV power 
generation in the kth price period of the (i�1)st day, denoted by 

. Note that we must also capture and predict 
seasonal change of the sunny day peak PV power generation 
values, while filtering out random power decaying effects due 
to the presence of clouds. This is a smoothing operation. Thus 
the  value can be calculated as follows: 

  
  

(8) 

In the above equation, the learning rate function 
 is set to: 

  
  

(9) 

where  is basis learning rate, and  is a decaying parameter. 
The motivation for this smoothing operation is as follows. 

Since (i) we want to predict the seasonal change of sunny day 
peak PV power generations while filtering out the effect of 
clouds and (ii)  <<  only if there are 
clouds, it is natural that our new predicted sunny day peak PV 
power generation value  should not be so much 
influenced by the  value (which is strongly affected 
by the clouds.) Therefore we adopt the exponentially decaying 
learning rate function (9), instead of the constant learning rate 
in the original exponential average based prediction algorithm.  

The intra-day refinement phase of PV power generation 
prediction, which is performed at the start time of the kth (

) price period of each day to predict the decay factors 
(and subsequently, the actual peak PV power generations) in 
the remaining price periods, can be implemented via exactly 
the same algorithm (Eqn. (7)) as the intra-day refinement phase 
of load power consumption prediction. 

IV. RESIDENTIAL-LEVEL STORAGE CONTROL 
In this section, we discuss the proposed residential-level 

storage control algorithm, which could effectively utilize the 
combination of PV power generation and load power 
consumption predictions to minimize the total electricity cost 
over each billing period. The proposed storage control 
algorithm is hierarchical in that it consists of a global control 
tier, which is performed at each decision epoch (to be precisely 
defined later) to “plan” the future discharging and charging 
schemes of the local energy storage for the remainder of the 
day, and a local control tier, which is performed locally (and 
much more frequently) at regular fixed-length timing intervals 
called time slots to mitigate the effect of prediction errors. 

Consider that we are currently in the ith day of a billing 
period (a month.) Then the decision epochs in that day are 
defined to be the start times of each price period of that day 
(excluding the 1st OP period), i.e.,  for . At each 
decision epoch, the storage controller gets information about 
the PV power generation and load power consumption profile 
characteristics (peak and average power) over the kth, (k+1)st, 
…, 5th price periods from intra-day refinement phase of PV and 
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load predictors performed just at that decision epoch , and it 
is going to globally “plan” the discharging and charging 
scheme of the storage in the remaining price periods of the day. 
Obviously the “globally planned storage charging/discharging 
scheme” on the (k+1)st, …, 5th price periods obtained at 
decision epoch  may be modified in the global planning 
process at the following decision epoch . Note that the 
start time of the 1st OP period is not considered as decision 
epoch. This is because it is very unlikely to have a peak power 
demand to be drawn from the Grid during that price period. 
Therefore during the 1st OP period, the storage system is being 
charged, instead of being discharged as in the following 1st LP, 
the HP, and the 2nd LP periods. Hence we simply assume that 
peak power demand to be drawn from the Grid, which may 
affect the monthly demand price, will not occur during the 1st 
OP period, and furthermore, at the end of that price period (at 
time ), the storage system will be (nearly) fully charged.  

We use  to denote the available storage energy at 
decision epoch  of the ith day, and we have  in 
which  is the storage energy when fully charged, and 

, since storage is being discharged in 
the 1st LP, the HP, and the 2nd LP period. 

A. The Global Control Tier 
In contrast to the other parts of the paper, in the global 

control tier of the storage control algorithm, we use a 
continuous-time based system model. Consider that we are 
currently at decision epoch  ( ) of the ith day. In 
this algorithm we use the predicted net load power 
consumption profile of the remaining of the ith day, denoted by 

, which equals to the predicted 
load power consumption profile minus the predicted PV power 
generation profile. Such predicted  profile can be 
reconstructed from the intra-day refinement phase of PV and 
load peak and average power predictions, as shall be discussed 
later. The storage output power, which is the control variable of 
the global tier of the storage control algorithm, is denoted by 

. Therefore the (predicted) power drawn from the Grid 
(the grid power), denoted by , can be calculated via 

. 
Consider a specific price period (the kth price period with 

, for instance) of the ith day, as shown in Figure 2. 
We use  and  to denote the predicted peak and average net 
load power consumption values in that price period, 
respectively. Furthermore, we use  and  to denote 
the predicted peak and average load power consumption 
values, and use  and  to denote the predicted peak 
and average PV power generation values, over the kth price 
period of the ith day, respectively. Note that the index i of such 

, , etc. values has been dropped for the conciseness in 
notation. The above-defined , , , and  
values can be obtained from the intra-day refinement of PV and 
load predictions, and the  and  values can be 
approximately calculated in the following way: 

  
  

(10) 

Then the net load power consumption during the kth (
) price period of the ith day, i.e., , is 

assumed to be uniformly distributed between the lowest value 
 and the highest value . We draw such predicted net 

load power consumption curve as line segment (a) in Figure 2. 

The role of storage discharging in the price period of 
interest is to make the power drawn from the Grid  
lower than the net load power . It can be proved that 
when the total predicted energy drawn from the storage system 
during the kth price period of the ith day is fixed, then the 
optimal (predicted) grid power profile in terms of grid power 
peak minimization is given by  for 

, in which the  value can be determined 
by the aforesaid total predicted storage energy drawn in such 
price period. The optimal (predicted) grid power profile in the 
kth price period of the ith day is shown as curve (b) in Figure 2. 

 
Figure 2.  Relationship between the predicted net load power, storage output 

power and grid power profiles in the kth price period of the ith day. 

We use  to denote the maximum power reduction 
between the predicted net load power profile and the predicted 
grid power profile in the kth price period of the ith day, i.e., 

, as shown in Figure 2. We use  to 
denote the total predicted energy drawn from storage during 
such price period. Obviously,  is a function of , denoted by 

. In fact,  is a convex and monotonically 
increasing function of , because: (i) , and 
(ii)  is the smallest at the beginning ( ), and 
then gradually increases as  becomes larger. 

 
Figure 3.  The optimal control problem at decision epoch . 

Now we return to the optimal storage control problem at 
decision epoch  ( ) of the ith day, as illustrated in 
Figure 3 (  in this case.) At that time, the predicted  
and  values for  can be derived from the intra-
day refinement of PV power generation and load power 
consumption predictions at decision epoch , as well as Eqn. 
(10), and the storage energy at decision epoch  is given by 

. Furthermore, we denote the peak grid power (actual peak 
power) consumptions observed so far over the OP, LP, and HP 
price periods in this billing period of interest by , 

, and , respectively. Obviously, such , 
, and  values are initialized to be zero at the 

beginning of billing period. The  values for  in 
this optimal storage control problem are variables, and we have 

. The objective of the optimal 
storage control problem is to find the optimal  values for 

, subject to storage energy constraint 
, for helping minimize the total cost over the billing period 

of interest, with total cost function given in (2), (3). 
Then the proposed (near-) optimal storage control algorithm 

at decision epoch  is given by the following. First we check 
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whether storage has enough energy for peak shaving such that 
the (predicted) cost due to demand price in the billing period 
will not increase in the ith day, i.e., the (predicted) grid power 

 in the LP, HP, and OP periods in the remaining of the 
ith day does not exceed , , and 

, respectively. More specifically, we set: 
  (11) 

  (12) 

  (13) 

  (14) 

Then we compare between  and  , 
and have the following two cases based on comparison results. 

Case I ( ): In this case the storage 
energy is adequate for peak shaving such that the (predicted) 
cost due to demand price in the billing period will not increase 
in the remaining of the ith day. In this case we further minimize 
the (predicted) cost due to unit energy price in the remaining of 
the ith day, subject to the constraint that the (predicted) cost due 
to demand price will not increase in that day. We call such 
problem cost minimization with adequate energy (CMAE), 
with deterministic solution as follows: 
(1) If  we set 

, and then  will become larger than its original 
value . We keep the ,  and  
values the same as before. This is because the unit energy 
price in the HP period is the highest among each day, and 
thus we are going to use all the (predicted) surplus storage 
energy in the HP period for total cost minimization. 

(2) If  we set , and 
keep the  and  values unchanged.  

(3) If  we set , and keep the  
value the same as before. 

(4) If , we simply leave the  value as it was. This is 
because the unit energy price in the 2nd OP price period is 
the lowest among each day. 
Case II ( ): In this case the storage 

energy is not adequate for peak shaving and hence we have to 
make the predicted peak grid power consumption over at least 
one of the LP, HP and OP price periods of the ith day exceed the 

, , and  
values, respectively. We are going to solve the following 
optimization problem, called the peak shaving with inadequate 
energy (PSIE) problem, such that the (predicted) cost increase 
due to demand price in the ith day will be minimized. 

The PSIE Optimization Problem 
Find the optimal values  for . 
Minimize: 

  
  

  
  

(15) 

in which  is the indicator function, which equals to one if 
statement  is true, and equals to zero otherwise. 
Subject to: 

  (16) 

  (17) 

Remember that the function  is a convex and 
monotonically increasing function over  for , the 
above PSIE problem is a convex optimization problem since it 
has convex objective function and convex inequality 

constraints, and therefore it can be solved in polynomial time, 
using convex optimization techniques such as [9]. 

B. The Local Control Tier 
The local control tier of storage control algorithm shall be 

performed with system operates to compensate prediction 
errors. In this part we return to the slotted time model described 
in Section II. Consider that we are currently at the jth time slot, 
which belongs to the kth price period ( ), of the ith day 
of a billing period. At that time we have the  value 
which equals to  of the kth price period, derived from 
the global tier of storage control algorithm performed at 
decision epoch . Besides, we also have the actual net load 
power consumption value . 
Generally speaking, the basic job of the local tier of storage 
control algorithm is to seek to make the grid power 

 no more than the  value through 
controlling the storage output power . Moreover, such 
algorithm should also make sure that the physical limitations of 
the storage system are not violated, i.e., the stored energy in the 
storage system will not exceed the maximum value , or 
become less than zero, at the end of the jth time slot. The 
proposed local tier of storage control algorithm is given by: 

 
 

 
 
 
 
 
 

 

V. EXPERIMENTAL RESULTS 
In this section we present the experimental results on load 

power consumption and PV power generation prediction 
algorithms proposed for residential-level Smart Grid users, as 
well as on the effectiveness of the proposed residential-level 
storage control algorithm. The PV power profiles used in our 
experiments are measured at Duffield, VA, in the year 2007, 
while the electric load data come from the Baltimore Gas and 
Electric Company, also measured in the year 2007.  

A. Load and PV Power Profile Predictions 
In this section we show some representative experimental 

results on the accuracy of the peak load power consumption 
and PV power generation predictions. The average load power 
consumption and PV power generation prediction results are 
similar, and are not shown in this paper due to space limitation. 

 
Figure 4.  Comparison between the peak load power consumption prediction 

results from initial prediction (top) and from intra-day refinement at time 
 (bottom) and actual peak load power consumption results. 

Local tier of storage controller at time slot j, price period k, day i 
Assume that at the beginning of the j-th time slot, the stored energy in the 
storage system is . 
If  

. 
Else If we are currently at the 2nd OP period, i.e.,  

. 
Else . 
Set . 
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Figure 4 compares between the peak load power 
consumption prediction results and the actual peak load power 
consumption results in the HP period of each day in a year. The 
peak load power consumption prediction results shown in the 
top subfigure of Figure 4 come from the initial prediction 
performed at time  of each day, while the prediction 
results shown in the bottom subfigure come from the intra-day 
refinement performed at time . Data in the first 
120 days of the year are used for initial training, and thus the 
peak power consumption prediction results over those days are 
not shown in Figure 4. It can be observed from Figure 4 that 
our proposed adaptive regression-based initial prediction 
algorithm is effective in load power consumption prediction, 
resulting in an average prediction error of about 8%. The 
average prediction error can be further reduced to less than 4%, 
i.e., less than 50% of the average prediction error in initial 
prediction, by the use of intra-day refinement. 

 
Figure 5.  Comparison between the peak PV power generation prediction 

results from the initial prediction (top) and from intra-day refinement at time 
 (bottom) and actual peak PV power generation results. 

Figure 5 compares between the peak PV power generation 
prediction results with the actual PV power generation results 
in the 1st LP period of each day in a year. The peak PV power 
generation prediction results shown in the top subfigure of 
Figure 5 come from the initial prediction performed at time 

 of each day, while the prediction results shown in the 
bottom subfigure come from intra-day refinement performed at 

. Data in the first 90 days are used for initial 
training, and thus the peak PV power generation prediction 
results over those days are not shown. It can be observed that 
our modified exponential average-based initial prediction 
algorithm is effective in predicting the sunny day peak PV 
power generation over each day in a year. The proposed intra-
day refinement technique also proves itself effective in 
predicting the decay factors due to clouds. 
B. Residential-Level Storage Control Algorithm 

In our experiments, the residential Smart Grid user is 
equipped with the load devices and PV system with power 
consumption and generation profiles same as the profiles used 
in Section V-A, as well as a storage system which could 
perform peak shaving and energy cost reduction. We define the 
cost saving capability of a storage control algorithm to be the 
average monthly cost saving due to the additional storage 
system, compared to the same residential Smart Grid user 
equipped only with the PV system. We compare the cost saving 
capabilities of our proposed storage control algorithm, with two 
baseline algorithms. The first baseline algorithm is a relatively 
simple algorithm which charges the storage system from the 
Grid during the OP period with constant power, and distributes 
all the available energy stored in the storage system evenly in 
the HP and LP periods. The second baseline algorithm is a 
relatively advanced algorithm which, although still charges the 

storage system from the Grid during the OP period with 
constant power, distributes its available energy with constant 
storage output power  in the HP period and with 
constant storage output power  in the LP period. 
Moreover, the  and  values satisfy: 

 (18) 

 
Figure 6.  Comparison of the cost saving capabilities between proposed near-
optimal residential-level storage control algorithm, and baseline algorithms. 

Figure 6 shows the comparison results on the cost saving 
capabilities between our proposed storage control algorithm 
and the baseline algorithms. The x-axis of this figure is the total 
storage capacity, and the y-axis is the ratio of the cost saving 
capability of a storage control algorithm to the cost saving 
capability of our proposed algorithm. We can see that our 
proposed near-optimal storage control algorithm consistently 
outperforms the two baselines, with an average cost saving 
capability improvement of 51.93% than the first baseline 
algorithm and 27.25% than the second baseline algorithm. 

VI. CONCLUSION 
This paper addresses the problem on integrating residential-

level PV and storage systems into the smart grid for 
simultaneous peak shaving and total electricity cost 
minimization, making use of the dynamic energy pricing 
models. We first propose novel PV power generation and load 
power consumption profile forecasting techniques, specifically 
developed for the residential storage controller for performing 
peak shaving. We further propose the effective residential 
storage control algorithm, which consists of a global control 
tier performing at each decision epoch of a billing period to 
globally “plan” the future discharging/charging schemes of the 
storage system, and a local control tier performing along with 
system operation to compensate for the prediction errors.  
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Abstract— Small sized synchronous generator based 

distributed generators (DG) often have low start-up times, and 
therefore serve as valuable dispatchable generators in a 
microgrid environment. The advantage is that it allows the power 
network to operate in a true smart grid environment. The 
disadvantage is that such DGs typically tend to have low inertia 
and the prime movers driving these resources need to be 
controlled in real time for them to operate effectively in islanded, 
grid-connected modes and during transition. When multiple DGs 
are present in the microgrid, the overall control can become 
complicated because of the need for sharing the resources. A 
smart grid environment is then necessary to control all dispersed 
generation sources in the microgrid. The most common control 
strategy adopted for multiple DGs connected to a network is 
droop control. Droop control ensures that the load needed to be 
served is shared by all the generators in the network in 
proportion to their generating capability. Preliminary test results 
performed on a laboratory microgrid test bench is presented to 
demonstrate the ability to serve the load at nominal voltage and 
frequency irrespective of the support received from the main 
grid. 

Index Terms—Microgrid, synchronous generator, droop 
control, smart grid 

I.  INTRODUCTION 
ith the increasing demand of power, the burden on the 
transmission network is increasing at an unexpected 
pace. Since updates to the transmission network are 

economically challenging, microgrids have evolved to become 
an economically viable alternative. In microgrids, generating 
units are commissioned within the scope of the conventional 
distribution network so that power can directly flow from the 
generators to the load without having to pass through the 
transmission network. The other advantage of using such an 
architecture is that loads can be served even if the 
transmission network is down due to a fault, increasing the 
overall reliability of the system. A microgrid is generally 
known as the system consisting of small distributed generating 
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stations along with the loads which is capable of going into 
islanded operation at times of need [1].  

Among the many benefits of having a microgrid, one is 
that it facilitates distributed generation (DG) and high 
penetration of renewable energy sources [2-4]. They increase 
power quality and reliability of electric supply. A microgrid 
having renewable energy sources will help to alleviate some of 
the environmental issues related to burning fossil fuels.  

There is extensive literature on the various challenges 
posed by microgrids. Despite having some benefits of 
microgrid architecture in the grid environment, there are some 
challenges related to this also.  Implementation is an issue. 
Microgrid protection is also considered one of the most 
important challenges facing the implementation of microgrids.  
Once a microgrid is formed, it is important to assure that the 
loads, lines, and DGs on the island are protected because 
conventional unidirectional power flow protection method is 
no longer viable [5]. Solid regulatory base is another issue 
related to microgrids. 

Control of the voltage and frequency during islanded 
operation of DGs is also a major challenge. A method for 
intentionally islanding a single DG to feed a local load was 
proposed in [6]. A much more complex and challenging task is 
to operate more than one DG on the island. With more than 
one DG on the island, it is necessary to regulate the voltage 
during microgrid operation, which could be achieved by using 
a voltage versus reactive power droop controller [7]. There 
needs to be an algorithm that should complete the 
resynchronization process once the grid is restored. A 
supervisory control mechanism will monitor the overall 
process and provide information to the local controller to 
respond accordingly.  

In this paper, a local control scheme is tested using a 
laboratory based microgrid setup for validating the voltage 
and frequency control. The following tasks are accomplished 
in this work: 

1. Setting up a microgrid having two synchronous 
machine based microsources. 

2. Development of local control for the machines. 
3. Controlling the machine operating modes based on 

the availability of grid power supply. 
 

Section II presents the different types of control available 
for the microgrid environment and their operation. Section III 
presents the laboratory setup. Section IV presents the test 
results obtained for the setup.  

Laboratory-based Microgrid Setup for 
Validating Frequency and Voltage Control in 

Islanded and Grid-Connected Modes 
Shyam N. Bhaskara, Student Member, IEEE, Md. Rasheduzzaman, Student Member, IEEE,  
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II.  CONTROL AND OPERATION OF MICROGRIDS 
The major control architectures proposed for the 

operation of microgrid are classified into four different 
categories: (i) autonomous control architecture [8], (ii) 
hierarchical control architecture [9], (iii) agent based control 
architecture [10-11], and (iv) neural network based energy 
management system [12].  

In autonomous control, the microgrid is designed to run 
autonomously ensuring stable, sustainable and reliable 
operation.  

In hierarchical control architecture, micro-source 
controllers (MC) and the load controllers (LC) are used. The 
MGCC provides the MCs with the demand requirements 
among other control functions.  

In agent based control, the several control functions are 
represented in terms of agents which can be software or 
hardware components.  

In a neural network based system, multi layer perceptron 
neural networks have been used for performing control 
functions within the microgrid. 

Stability is ensured by the control strategy employed in a 
microgrid. In many cases, transient stability has been 
improved by increasing the inertia of rotating machines in a 
microgrid. In this paper an autonomous operation is presented 
with the current laboratory setup. It is found that the microgrid 
system remains stable after being disconnected from the grid.  

Two droop controller techniques are commonly discussed 
in the microgrid literature [12] - real power (P) vs. frequency 
(f) droop, and reactive power (Q) vs. voltage (V) droop. The P 
- f droop gives a frequency set-point for the DG unit based on 
the real power generated. This frequency is the basis for the 
speed with which the prime-mover must be run. The Q - V 
droop gives a voltage set-point for the DG unit based on the 
reactive power being generated by the DG. This set-point is 
used by the DG in different ways depending on whether the 
DG is a conventional fossil-fired unit or an inverter-fed unit. 
In the case of a conventional synchronous machine, the set 
point is used to generate the field current required for the 
synchronous machine.  

Microgrids can operate in two modes - grid connected and 
islanded modes. In the grid connected mode, the grid support 
exists for the machines in terms of the voltage and frequency 
set-points. Since the grid, which acts as an infinite bus, 
decides the voltage and the frequency, droop control cannot be 
adopted in the grid connected mode. So, constant power mode 
control is activated. In this mode, the machines are controlled 
to serve a set P and Q to the system depending on the 
requirement. On the other hand, in the islanded mode, there is 
no reference for voltage and frequency. The machines will 
have to be operated using droop control. Thus, depending on 
the mode of operation, the control scheme will have to be 
revised. The purpose of the microgrid will not be served 
unless the load is served with nominal voltage and frequency 
by a stable system during both the modes and also while 
transitioning from one mode to the other. It is also important 
to realize that the transition from a grid-connected to an 
islanded mode is not always planned. There might be a 
situation in the grid which might warrant the microgrid to shift 
to an islanded mode with no prior notice. 

III.  LABORATORY MICROGRID SETUP 
A test bench for demonstrating the controller operation 

for synchronous machine based DGs is developed in the 
laboratory where two synchronous machines coupled to DC 
machines work as microsources and are controlled using 
LabVIEW. The DC machine represents the turbine connected 
to the synchronous generator. In a real world situation, this 
can be a gas turbine or a diesel turbine. Passive resistive loads 
have been setup along with an induction machine to act as a 
reactive load. It has been demonstrated that the microgrid can 
serve the load during the both modes of operation and during 
transition from one mode to the other while maintaining stable 
operation of the machines at all times. Synchronization was 
accomplished using the standard three light bulbs connected 
across the synchronizing switch to indicate any mismatch in 
voltage, frequency or phase sequence. Intentional and 
unintentional islanding, as well as resynchronization to the 
grid has been tested on the machine for different load levels to 
prove that the control system is capable of serving the load at 
nominal voltage and frequency at all times. 

A one-line diagram for the laboratory setup is provided in 
Fig. 1. The ratings for the machines and loads are given in 
Table I. 

 

G1

 

Main Grid

RLoad1

G2

RLoad2RLLoad1

 
 

RLLoad2

S1

S2 S3

 
Fig. 1. System under test 

 
TABLE I.  Synchronous machine and load ratings 

Synch. Machine 
G1 and G2 

RLoad RLLoad 

230V, 2.5 kVA, 
1800 rpm 500 W 500 W and 500 VAR 

 
The control parameters for the synchronous generators are 

the torque that is provided to the shaft of the machines. This is 
equivalent to the output torque of the DC machine to which 
the synchronous machine is coupled. In grid connected mode, 
the torque controls the speed of the machine and hence the 
frequency of the supply; in islanding mode it controls the 
active power generated by the machine. The field voltage of 
the synchronous machine is also a control parameter. In 
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islanding mode, the field voltage controls the voltage and in 
grid connected mode, it controls the reactive power generated 
by the machine. 

Further, in this setup the entire load is assumed to be less 
than the total generation available in the system. If the load is 
more than the generation, loads will have to be categorized 
into critical and non-critical loads and the non-critical loads 
will have to be shed in the event of islanding. 

 
IV.  TEST PROCEDURE 

During this test, it is assumed that the system starts with 
the grid serving the entire load. The generators start-up and 
synchronize to the grid and start serving a share of the load. At 
a certain time when the grid support is lost, the machines are 
switched into droop mode and the load in the system is shared 
according to the ratings of the machines. The following is the 
procedure for the test run on the laboratory microgrid. 
Alongside every step of the procedure the approximate time 
instant is presented to match with the voltage and frequency 
waveforms in Fig. 2, active and reactive power waveforms in 
Fig. 3-4 in the Appendix. 
1. Synchronous machine G1 is commanded to run at a 

constant speed of 1800 rpm, which is equivalent to 60 Hz, 
and generate grid voltage. [t = 10 sec] 

2. When the synchronization lamps across S2 are all off at the 
same time, the synchronization switch (S2) is closed. [t = 
60 sec] 

3. Now machine G2 is commanded to run at a constant speed 
of 1800 rpm and generate grid voltage. [t = 70 sec] 

4. When the synchronization lamps across S3 are off, the 
synchronization switch (S3) is closed. [t = 130 sec] 

5. Machines G1 and G2 are commanded to generate a portion 
of the power being drawn by the microgrid. During the 
test, we command the machines to generate 1000 W and 
500 VAR each. Thus the grid is now supplying about 500 
W and 250 VAR. [t = 175 sec] 

6. At some arbitrary moment, we assume that the grid support 
is lost. At this instant, the switch S1 is turned off and the 
controller is shifted to droop control. Now the machines 
share the load equally. [t = 200 sec] 

7. Now we turn off the RLLoad1 to demonstrate the sharing 
of the load. With RLoad1, RLoad2 and RLLoad2 in the 
system, each machine can be seen to generate about 750 W 
and 300 VAR. [t = 250 sec] 

8. At another arbitrary instant, we assume that the fault 
preventing grid support to the microgrid was cleared and 
that the grid support is back. [t = 280 sec] 

9. At this instant, the grid frequency and voltage do not match 
the system voltage and frequency. Hence the machines are 
commanded to increase voltage and frequency to match the 
grid. [t = 375 sec] 

10. At an instant when the synchronization lamps across S1 are 
all off, the synchronization switch S1 is closed again and 
the droop controllers are turned off. [t = 425 sec] 

11. Now the loads in the microgrid are again served at nominal 
voltage and frequency by the grid and partly by the 
machines in the microgrid ensuring that the machines G1 
and G2 are stable. 

Figure 2 shows the voltage and frequency waveforms 
during the entire test described above. It can be seen after 130s 
that when both generators are in the system and supplying 
power, the load is served with nominal voltage and frequency 
irrespective of the support from the grid. There are some 
transients in the voltage and frequency at 200s when the 
system transitions from grid connected to islanded modes. 
Also, switching transients can be observed at 250s when there 
is a change in the load, and at 375s we can observe that the 
system voltage and frequency are increased by shifting the 
droop curve to facilitate the re-synchronizing process. 

Figures 3 and 4 show the active and reactive power 
waveforms. Once both machines G1 and G2 are synchronized 
to the microgrid at 130s, the load power is shared by the grid 
and the machines. At 200s, the microgrid islands and the 
machines G1 and G2 increase their generation to compensate 
for the loss of grid support and share the power according to 
their droops to continue to serve the load. When there is a step 
change in load at 250s, both generators decrease their output 
and continue serving the remaining load. The transients in the 
reactive power waveforms can be attributed towards the use of 
synchronization lamps for synchronizing. It is very difficult to 
close the switch exactly at the moment when all bulbs are off. 
This can be avoided by automating the synchronization 
process. 

V.  CONCLUSION 

A laboratory test bench is created for demonstrating 
microgrid operation and control. Test results prove that the 
system can run without grid support and continue to provide 
the real and reactive power demanded by the connected loads 
when they are operated in droop control mode. Furthermore, 
the control schemes make sure that the system voltage remains 
at nominal value even when it does not have a reference value 
from the main grid. The local controller is flexible enough to 
control the machines in grid connected mode when they are 
resynchronized with the grid and operate in a constant power 
mode of operation.  
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Fig. 2. Voltage and frequency waveforms from the test system 
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Fig. 3. Active power waveforms from the test system. 
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 Fig. 4. Reactive power waveforms from the test system. 
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Abstract— The common elements and major components of the 
“Smart Grid,” and the integrated communication platforms that 
allow for these components to become an integrated 
infrastructure are discussed. The basis for the definition of a 
“Smart Grid” will parallel the US government’s definition as 
defined in the Energy Independence & Security Act ’07 (EISA of 
2007). Title XIII of EISA of 2007 is the basis for the practical 
solutions to the current issues regarding: bulk generation, 
transmission systems, power distribution, and the customer 
domain of the power system. Through integrating new modern 
microprocessor-based devices with various communication 
networks and protocols, information systems to manage the data 
of these emerging technologies can enable new applications for 
utilities and the customers alike. Through this integration and 
defining applications, the purpose of the smart grid will be 
developed and meaning will be brought to the new-coined term 
“smart” grid. 

I. INTRODUCTION 
The change in technology over the recent years has started 

to influence the power industry in the form of network 
communication, digital technologies, and new means of 
reliability and management; this appeal is a robust, greener, 
and safer grid which has been coined as the “smart grid” by 
proponents. Although generic words, the idea behind making 
the grid “smarter” is through the implementation of digital 
equipment along with creating means of communication and 
automation throughout the power grid. Driving factors such as 
environmental concerns, reliable operation, and economics are 
many of the inspirations behind the growth into a more modern 
power grid. These necessitating factors never generated much 
momentum in the growth of the smart grid until this decade. 
After events such as the Northeast Blackout of 2003 and the 
California blackouts [6], the legislators of the US have moved 
forward with initiatives and funding for the development of a 
smart grid. Many pieces of legislation exist, but the most 
modern definition of the “smart grid” is summarized in the 
Energy Independence & Security Act ’07. It is defined in Title 
XIII [1] as: “(1) Increased use of digital information and 
controls technology to improve reliability, security, and 
efficiency of the electric grid. (2) Dynamic optimization of grid 
operations and resources, with full cybersecurity. (3) 
Deployment and integration of distributed resources and 
generation, including renewable resources. (4) Development 
and incorporation of demand response, demand-side resources, 

and energy-efficiency resources. (5) Deployment of `smart' 
technologies (real-time, automated, interactive technologies 
that optimize the physical operation of appliances and 
consumer devices) for metering, communications concerning 
grid operations and status, and distribution automation. (6) 
Integration of `smart' appliances and consumer devices. (7) 
Deployment and integration of advanced electricity storage and 
peak-shaving technologies, including plug-in electric and 
hybrid electric vehicles, and thermal storage air conditioning. 
(8) Provision to consumers of timely information and control 
options. (9) Development of standards for communication and 
interoperability of appliances and equipment connected to the 
electric grid, including the infrastructure serving the grid. (10) 
Identification and lowering of unreasonable or unnecessary 
barriers to adoption of smart grid technologies, practices, and 
services.” 

 
This piece of legislation is essentially the end-goal of the 

“smart grid” summarized through the words of congress. In this 
case, it is a mandated definition of the smart grid for the US, 
which makes it the best definition of what the smart grid is 
defined to be during the writing of this paper.  The purpose 
behind the legislation is to combat upcoming challenges for the 
power grid and be ready for the necessities faced in the 
advancement of technology, a new political climate regarding 
energy efficiency and environmentalism, and potential threats 
from outside entities. Another goal in mind was to enhance the 
services already provided by the utilities and allowing the 
customer to become an interactive part of the services they 
provide. These are all great means to create an enhanced power 
grid; nevertheless, regardless of how much the smart grid can 
help, the apprehension faced in touching a legacy, stalwart 
system, which has been trusted for many years, is one that 
many engineers and decision makers must face and turn from 
feelings of apprehension into perceptions of opportunity. 

II. ISSUES 
As time progresses, society has begun to embrace electrical 

technology beyond the realm electronic devices. The 
development and production of Hybrid Plug-in Electric 
Vehicles (HPEVs) and PEVs have incited a new use for 
electricity that was unforeseen: the widespread use of it as a 
fuel for transportation. It is foreseeable that electric vehicles 
have the potential to replace fossil fuel combustion engines in 
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commuter vehicles. This new potential rise in demand for 
electricity has inspired a rethinking of the current system. In 
order to accommodate the inevitable growth of electric 
vehicles, the system must be reinforced, integrated, and 
dynamic. This new infrastructure has given meaning to the 
essence of a “smarter grid” as the system will have to be able to 
think in order to cope with the demand. 

Another challenge facing the US power grid is the need to 
cope with every new alternate energy systems being 
implemented outside of the bulk generation supplied by the 
utility on both the grid level and the customer level. Moving 
from a centralized power generation infrastructure to a 
decentralized infrastructure, composed of many different 
energy generation technologies such as solar, wind, 
geothermal, and etc., has been a challenge for transmission and 
distribution. Furthermore, in the recent decades, some people 
are taking energy generation into their own hands to offset both 
costs and become environmentally friendly. In the 
consideration of a normal power grid, voltage distortions, 
asymmetry, and frequency deviations are largely negligible; in 
the microgrid environment, due to the nature of such a small 
load and generation source, much of the negligible terms of the 
conservative power theory (CPT) needs to be revised [4]. 
These are just some of the issues that will be introduced 
through the implementation of microgrids and distributed 
generation (DG) throughout the US. 

There are many challenges that will be faced in 
implementing the smart grid, but most can be mitigated and 
overcome through the right management and control 
infrastructures. This all reflects back to creating platforms for 
communications in order to maintain control over these many 
variables that will be encountered in the future. 

A. Legacy Systems 
The main challenge in implementing a smart grid is rooted 

in the paradigm of the power industry and utilities. Due to the 
legacy and static nature of power delivery and the need for total 
reliability, the utilities have been slow to immediately change 
over to more cutting-edge components and technologies due to 
the risks involved in changing over to less time-tested, secure, 
and sometimes less stalwart electrical equipment. Despite being 
slow to change, the utilities have implemented means to assure 
reliability over the years with: fuses, breakers, protective 
relays, load tap changers, reclosers, sectionalizers, switched 
capacitor banks, and newer technologies like Flexible AC 
Transmission Systems (FACTS). Utilities have also carefully 
implemented digital equipment since the 1980s to monitor, 
measure, and protect the grid while also establishing one-way 
and rudimentary two-way communication platforms in the 
transmission domain. Regardless of that improvement, it is still 
an industry of long-term legacy equipment use and life cycles 
of 15 years or greater on virtually all pieces of equipment. With 
this in mind, many electromechanical devices were used 
heavily and are still in use to this day with no need to change. 

This mindset follows the old motto of “don’t fix it if it isn’t 
broken.” However, the current power grid is starting to see 
demand climb as new power-hungry technologies are 
introduced, such as the plug-in electric vehicle (PEV). 

Considering this fact, many pieces of equipment such as 
transformers will have to be replaced in the coming years. 
Much of the power grid needs to upgrade just to handle the 
new upcoming demand of production-ready PEVs introduced 
this decade. The current situation of capacity can indeed be 
severe, as there are neighborhood-level distribution systems 
that were scaled to capacity prior to the introduction of air-
conditioning system, and with the introduction of air-
conditioning as a staple of an American home over the past few 
decades, the low voltage feeders are sometimes at max capacity 
as they sit. Even high voltage substations need to be upgraded 
to handle the influx of populations in certain areas [5]. Given 
the case of having to spend capital for added capacity, much of 
the smart grid will be hard to implement concurrently as capital 
projects by the utilities will be directed towards increasing 
capacity as necessary and not enhancing the current 
infrastructure.  

B. Justification 
The smart grid faces an uphill battle in many considerations 

for both implementation and justification. The utilities are 
limited in how much capital they can provide to improvement-
type projects each state’s regulatory commissions, who may 
focus on immediate necessities rather than future-forward 
projects such as the smart grid. Demand necessities and 
capacity projects are the typical choices of many capital 
projects. The cost and business justification is a hard to make 
initially for the smart grid although the evidence for ROI is 
there [6]. Through funding from the government and 
congressional measures to assure improvements in the grid, 
managing the cost of future-forward improvements is being 
overcome slightly. Currently there are $100 million dollars 
being given each year until 2012 to utilities across the US 
solely dedicated to smart grid technology improvements [1]. 
Creating justification for the smart grid boils down to its 
immediate effects and how these effects can be translated into 
ROI and increased capacity. 

III. THE SMART GRID 
As discussed, there are many issues driving the need for the 

smart grid, and there are issues and challenges limiting its 
adoption and implementation. The focus will be on the 
technologies that foster the development of many new 
proactive services by the utilities, reliability and cost 
improvements brought by the smart grid, and the other business 
drivers that would incite the need for one. 

There are many major smart grid components such as: 
distributed energy resources (DER), distribution automation 
(DA) or distribution management systems (DMS), advanced 
metering infrastructure (AMI) & meter data management 
(MDM), demand response (DR), SyncroPhasor measurements, 
and within those components, specific applications of each will 
be discussed, such as: control information systems (CIS), 
enterprise resource planning (ERP), outage management 
systems (OMS), and wide area management systems (WAMS). 
The integrated communication platforms for these components 
will be the main area of focus instead of the individual 
components.  
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A. Management & Control 
For existing management practices, the utilities have 

various levels of command-and-control functions. Many 
typically use supervisory control and data acquisition 
(SCADA) for transmission domain automated meter reading 
(AMR) and control systems. Although such systems give utility 
companies control over the transmission systems, the 
distribution domain remains outside their real-time control [6]. 
However, the establishment of new communications 
architectures in the power grid and new protocols for doing the 
communications will allow for the eventual evolution to an 
automated metering infrastructure (AMI) for both distribution 
and transmission domains. Having the infrastructure and data, 
the smart grid elements of the distribution domain will finally 
be realized where distributed control mechanisms can be 
implemented on an integrated platform.  

As stated in the research conducted in the journal “The Path 
of the Smart Grid,” utilities require that the AMI systems now 
being implemented will ensure an evolutionary path to the 
smart grid outlined in congressional acts such as the EISA 
2007 Title XIII [6]. The systems being implemented currently 
are simply stepping stones to establish a more advanced 
system. Each step, such as smart meter implementations, is a 
progression towards the envisioned smart grid. 

Another aspect of management in the smart grid is meter 
data management (MDM). This infrastructure requires both 
information and communication systems. Information systems 
include the servers and technology for processing, databasing, 
and other uses. MDM functions to allow AMI deployments to 
be used meter reading, maintaining system health, managing 
assets remotely, and analyzing data for statistical usage. The 
statistical usage of the MDM platform can be tailored for 
energy-usage projections, fault event data, and gaining deeper 
insight into the functions of the entire grid. MDM will also 
harness the capability for billing data determination with tiered 
rate structures, daily consumption logs, and net metering for 
customer viewing. Future MDM functions can also include 
outage notifications, on-demand meter reading, integration with 
APIs and web services, and other types of useful applications. 
The future of MDM is being extended to demand response 
(DR) and distribution automation (DA) through allowing 
capacity control, faulted circuit indication, and distributed 
generation monitoring in the microgrid. The driving necessity 
behind MDM is the desire by the utilities for geographic 
information system (GIS) interfaces that allow for asset 
management and location control. By having GIS in the 
metering system, mapping and coordination of physical assets 
can be done, which can be tied into the on-line power flow 
(OLPF) systems in place by the utility to create physical 
mapping of both power flow and the meters. 

These many features will allow the utility to have 
automated meter-reading and billing data validation, 
estimation, and auditing. Even more complex billing engines 
and tiered-pricing systems can be achieved through MDM’s 
features; both customers and the utilities could benefit from 
this system if it is implemented properly. Another use of MDM  
is to automatically generate work orders, create outage 
management scenarios based on meter trends, and allow for a 

customer portal to bring more value and tangibility to the 
services provided to the customer. With all the remote features, 
the ROI is noticeable and frequently worthwhile in 
implementation with regards to the many enabling applications 
the smart grid has to offer. 

In the issues section, HPEV/PEVs were mentioned as a 
strong motivation to enable the grid to make smarter decisions 
to help cope with these new loads. These vehicles introduce a 
whole new set of problems that are now becoming evident. For 
example, transformers which serve residential customers are 
usually loaded heavily during the daytime and can cool down 
at night through normal usage cycles. This allows for the 
dielectric oil inside the wet-type transformer to cool down 
before peak-time occurs. Introducing the electric car as a 
common mode of transportation, which users charge through 
the night for use the next day, will create heavy loads at night. 
This gives rise to a transformer life-cycle problem since the oil 
is no longer allowed to cool overnight; thus creating major 
coping issues for distribution systems. That is just one of the 
many engineering problems incited by the introduction of these 
types of vehicles. An example of research into a feasible 
solution to this problem is summarized in the IEEE transaction 
“Real-Time Coordination of Plug-In Electric Vehicle Charging 
in Smart Grids to Minimize Power Losses and Improve 
Voltage Profile.” In this journal, it becomes evident that 
communication infrastructures in the customer domain are 
necessary for managing these types of loads. As stated in the 
paper, “although the details and standards for smart grids have 
yet to be finalized, it is clear that a high speed bidirectional 
communications network will be necessary. This will provide 
the framework for real-time monitoring and control of 
transmission, distribution, and end-user consumer assets for 
effective coordination and usage of available energy resources” 
[2]. In order to implement the control mechanisms and 
algorithms proposed in their research, integrated information 
and communications technology (ICT) standards must be 
established and of automated metering infrastructures (AMIs) 
will have to be developed.  

The aforementioned journal does not concentrate on the 
communication platforms used in the implementation of the 
coordinating algorithms, but it does enlighten the reader as to 
the importance and need for the infrastructures for management 
and metering. The implementation of demand side 
management (DSM) schemes to deal with the new load from 
the large PEV batteries, the need to shave demand during high 
peak-time usage, and the utilization of the vehicles as 
frequency regulators and energy storage devices [2] [3] are all 
drivers behind the shift to intelligent electrical devices (IEDs) 
such as microprocessor-based electrical equipment and digital 
meters on the distribution-side (allowing for integrated for 
communication). In order to bring to fruition the Real-time 
Smart Load Management (RT-SLM) algorithms as proposed in 
this research, communication from the high voltage feeder to 
the local neighborhood low-voltage distribution must be 
established and data to the low voltage distribution from the 
coordinated PEVs will also be utilized in making distributed 
and coordinated decisions on the local and grid level in order to 
prevent: system losses from the stress of severe voltage 
fluctuations, unnecessary generation resource dispatching, 
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potential system stability issues (i.e., preventing blackouts and 
network overloads), transformer lifecycle problems, and many 
other various issues [2]. The type of control mechanism 
highlighted here has been proven successful by 
experimentation in preventing all of issues listed, but 
implementation is a distant reality at this time. It is evident that 
the HPEVs and PEVs would be an issue ameliorated by the 
smart grid when the infrastructures become available. 

B. Protection & Reliability 
One application of the smart grid is to perform decisions 

autonomously to optimize, protect, and enhance the overall 
reliability of the power grid. In the transaction, “Smart Grid 
Technologies for Autonomous Operation and Control,” the 
authors propose a system that would add further functionality 
to already existing distribution management systems (DMS). 
The paper proposes a communications infrastructure that would 
allow the combination of GPS for time-stamping purposes and 
smart meter devices in one unit called a “Universal GPS 
Synchronized Meter” (UGPSSM) to perform synchronized 
voltage and current phasor measurements to be used in decision 
making [7]. Integrating two-way communication with a 
purpose-built short range wireless infrastructure using the 
IEC61850 communications protocol for substation control, the 
system proposes advanced algorithms to perform state 
estimations to be able to detect system changes/faults and 
reconfigure the grid. The algorithms are based on real-time 
statistical inferences gathered for the system and function to 
identify states of connectivity, build a measurement model, 
perform active system state estimations, detect and identify 
outlier information, and perform smart grid decisions. This 
technology can be used to conduct downed line detection, 
perform local and grid load levelization, and help minimize 
system losses through intelligent Volt/VAR control schemes to 
eliminate power factor loss and correct phase imbalance [7]. 
These advancements help to promote the smart grid as a means 
for enhancing reliability and protection overall. This type of 
improvement would be weighed heavily as an aspect worth 
pursuing by the utility.  

The smart grid promotes the ability for consumers to 
generate their own electricity.  There is a necessity to have 
proper calculations to determine what variations and changes 
are occurring in these microgrid environments. In the paper 
“Accountability in Smart Microgrids Based on Conservative 
Power Theory,” the authors develop a system of measurement 
implementing a variety of poly-phase, intermittent power 
generation sources and analyzing their influence of frequency 
variation, voltage deterioration, and other factors that could be 
on included in the smart grid. Their research also gives 
credence that utilities must also hold users accountable for their 
own grid. Under current CPT revenue metering techniques, 
much of the responsibility is lost for generating reactive power, 
voltage asymmetry, and distortions that are seen by the utility. 
The research done in the journal develops a suitable means to 
calculate these variations listed, which will be necessary to 
hold customers accountable for their own generation impacts 
[4]. This becomes more important as some customers are 
adding their own generation sources to their homes and land. 
This adds to the reliability of both the microgrid and prevents 

adverse effects upon the macrogrid, which will allow the utility 
to easily adjust to a future where customers are establishing 
their own generation resources and in balance with the utility’s 
grid. 

In the previous section, calculations and profiles of the 
microgrid were discussed. This leads into the condition of 
“what-ifs” regarding users and their microgrid. One of the 
issues that can occur is the creation of an electrical center. This 
is a condition created under a disturbance in the system that 
affects bus voltages or system frequency, and because such a 
condition, sudden changes in system stability and phase can 
occur. When two phase angles become exactly 180 degrees out 
of phase, the system forms the so called “electrical center” [8]. 
In the transaction entitled “A Conceptual Framework for the 
Controlled Islanding of Interconnected Power Systems,” they 
discuss the topic of islanding, which occurs when the electrical 
center happens after the relays between the electrical center trip 
offline to protect both ends of the system. Disturbances like 
this can indeed cascade as was shown by the Northeast 
Blackout of 2003 [8]. It is a valid consideration that protection 
measures must be developed to never allow this to occur again. 
Through the smart grid and intercommunications, the paper 
proposes using phasor measurement units (PMUs) to detect 
occurrences of system instability and provide a controlled 
islanding strategy to protect the grid through predictive 
transient stability algorithms that allow for the system to detect 
and control such a condition [8]. A protection scheme such as 
this can be implemented through AMI and communication 
platforms to allow IED-type devices, such as protective relays 
and reclosers, to mitigate and provide solutions upon demand. 
This is one very important aspect of protection and reliability 
that the smart grid hopes to address in its implementation. 

Predictive protection and enhanced reliability have infinite 
value to both the utility and the consumer. Although the smart 
grid has many higher-level goals, this is the most important and 
necessary goal to achieve and the initial step in providing a 
smarter grid as outlined by congress.  These were just some of 
the aspects of protection, mitigation, and reliability that are 
available using various components of the smart grid; however, 
there are many more possibilities that can be developed 
through the power of integrated communications, which will be 
discussed in the next section.  

C. Integrated Communications 
In this overall discussion of the smart grid, the most 

important key feature of the smart grid is the integrated 
communications platforms, standards, protocols, network, and 
computer systems that help to be “the brains” of the smart grid. 
In this report, there will be an overview discussion of all the 
known protocols and technologies that are available and being 
implemented in the smart grid, but not all of the protocols will 
be discussed in detail. 

Many technologies currently exist for the smart grid to 
allow for communication; however, there are problems with 
current networking technology. The control and protection 
systems in an electrical system requires deterministic protocols 
and low latency communication. The system must make 
protection decisions within two sinusoidal cycles if a fault is 
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detected. Two cycles on a US 60-hz grid is equivalent to 
33.33ms in latency from the time the fault occurred to the time 
in which a decision must be made. This is a relatively small 
window of time in which data must be sent over a network, and 
in some communications protocols and transmission channels, 
the assurance of a quick response in a fault may not be 
possible. In order to overcome the shortcomings of most 
communications standards, different protocols have been 
created along with various other new transmission technologies 
to overcome the issues of latency and route determination. 
However, system control and protection is fundamentally 
different from sending and receiving meter data. In customer 
domain’s AMI, real-time and absolute communication is not a 
necessity. In fact, meter data must have standards to prevent 
data overload due to the large number of nodes possible. This 
could outstrip the capacity of the communication network or 
information systems. Although many of these standards are 
new, they show potential in creating a platform for grid 
intercommunication. 

There are many communication methods that will help 
foster the next generation the of electrical power system. A few 
different types would include: cellular network, wireless mesh, 
ZigBee, Ethernet over copper, Ethernet over fiber, 
SONET/SDH, power line communications (PLC), and fixed 
circuit connections; each type has specific attributes and usages 
in a network. In the case of the home access network (HAN) 
and neighborhood-level communication, the best method 
would be wireless. One of the planned communication 
standards to be used for the home is IEEE 802.15.4 ZigBee. It 
provides the advantage of being low power (1-100mW) while 
providing reasonable range (10-100m) for machine to machine 
communication in the home. [10] Another standard being used 
in the home is Homeplug. This standard allows for devices to 
communicate through the existing electrical wiring using 
power-line communication (PLC), and even allows for existing 
electrical wiring to be used for internal local access networks 
(LANs) for computer environments [10]. 

For smart meter communication and AMI systems in 
general, there are many available standards for transmission 
channels. One could utilize power line communication, but the 
downside is the many disturbances that could arise on the 
power grid and the very low bit rate (20kb/s) for neighborhood 
area networks that is associated with PLC. For this reason, it 
becomes evident that the best choice for AMI communications 
for customer and distribution domains would be wireless due to 
the lower initial cost for equipment to provide communication 
and the advantages easy deployment [10]. However, PLC, as it 
is still evolving, could be utilized in the future for sure once 
better standards have been established to deal with the 
fluctuations and disturbances that occur in a power system. It 
has been implemented already, but the hope is that the 
technology will continue to mature enough to create a stable 
infrastructure for the “last mile” communication with the 
customer domain from the distribution level [11]. 

For this type of infrastructure, cellular network 
communication standards such as GSM, GPRS, CDMA, 
UTMS, and so forth are also a candidate so long as the 
communications are not mission-critical. Due to the nature of 
the cellular network being “best effort” services, wireless 

communications links may fail, so it is not a good choice for an 
application requiring assured latency, data rates, and link 
quality; however, smart meters on the customer level do not 
fall under this category. Another issue that could arise from 
cellular networks is the new set of management complications 
that can come using a wireless telecom provider where all 
management is outside of direct control. To get around this 
potential problem, some utilities deploy their wireless mesh 
networks in order to get around using the cellular 
infrastructure, but this comes with the burden initial equipment 
cost and the additional infrastructure needing to be managed 
[10]. These types of systems are best suited for the distribution 
domain where communication infrastructures must be 
established in small scale. As for the customer domain, the 
question of what type of system to use is still asked by many 
utilities. Many have their own means to accomplish 
communications to the customer premise for smart meters. 
None of the deployments of smart meter communications are 
usually alike and each one has their own advantages and 
disadvantages with whatever communication platform was 
chosen. 

For applications that are mission critical, like substation 
automation and transmission domain communication, fiber 
optical networks would be the best candidate for 
communication over long distances, and within the substation’s 
walls, Ethernet and RF wireless communication serve to 
establish IED intercommunication for control system protocols 
such as SCADA. Fiber communication platforms such as 
SONET/SDH are great for providing deterministic, low-latency 
data transfer through a network that requires data assurance and 
fault management. Although there are many types of 
communication media and platforms, these are some of the 
basic ones. There is not a simple answer in what to use, but the 
utility makes the decision based on what requirements the 
system has. The type of communications platform determines 
the response times and quality of service, and depending on the 
application, this can be either indifferent or critical to the 
operation of the grid. 

Communication infrastructures require more than just a 
media and a standard to communicate; they also require 
protocols in order to assure data transfer and properly transmit 
data given the requirements of quality of service (QoS), 
security, robustness, and system reliability. The protocols for 
smart grid communication are many and diverse. Some even 
conflict in interest as they accomplish the same task through 
different means due to many different utility, engineering, and 
telecom governing bodies producing their own standards for a 
different variety of tasks. At the beginning, this was a great 
hindrance in the deployment of the smart grid since many 
utilities could implement different standards from each other. 
In order to create energy markets and cohesiveness amongst 
each utility, seamless interoperability has to be achieved 
through the efforts of standards committees such as: National 
Institute of Standards and Technology (NIST), the American 
National Standards Institute (ANSI), the International 
Electrotechnical Commission (IEC), the Institute of Electrical 
and Electronics Engineers (IEEE), the International 
Organization for Standardization (ISO), the International 
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Telecommunication Union (ITU), the Third Generation 
Partnership Project (3 GPP) [9]. 

The details of the protocols and communication standards 
are divided into many different fields: smart metering, 
building/enterprise automation, substation automation, 
powerline networking, Home Area Network (HAN) standards, 
application-level energy management systems, inter-control 
and interoperability center communications, cyber security, 
electric vehicles, and control systems [9]. Currently there are 
over 25 different communication protocols and of those, some 
have separate standards for either transmission or distribution 
domain. One of the major control and communication protocols 
for transmission domain electrical substation automation and 
communication is IEC61850. The protocol was purpose built to 
run over TCP/IP, the majority-use Internet protocol, and to 
communicate using switched Ethernet while still achieving the 
necessary response times to perform protective relay 
functionality through the use of Generic Object Oriented 
Substation Events (GOOSE). It also has many subset protocols 
that are used in doing DER, controlling various alternate 
energy systems, and communicating syncrophasor information. 
The protocol attempts to be ubiquitous by support control 
mechanisms such as SCADA and OPC in order to provide 
more flexibility for the utilities. 

D. Case Studies 
Smart Grid technologies are useful for many future-forward 

applications, but in the case of Taiwan, some aspects of the 
smart grid were being used as a means to overcome the own 
present challenges.  In the paper “Distribution Feeder 
Reconfiguration for Load Balancing and Service Restoration 
by Using G-Nets Inference Mechanism,” the authors discuss 
the integration of Taipower’s (Taiwanese utility) transformer 
load management (TLM) system, customer information system 
(CIS), and outage management system (OMS). These elements 
fall under distribution automation system (DAS), and in the 
article, they detail how DAS can be used “for load balancing 
among distribution feeders” through the paper’s “G-net 
inference mechanisms” for providing “fast and effective feeder 
reconfiguration for the power distribution system” [6]. 
Essentially, it was a means for increasing capacity through their 
current equipment, which provided a stop-gap for meeting 
current demands of their rapidly growing population. This 
system is also used to distribute power more evenly to 
customers, enhance the life-cycle of both the low voltage 
distribution transformer and the transmission feeder 
transformers, and concurrently reduce demand on individual 
generation sources through load distribution. 

Another case of the smart grid being beneficial is shown in 
a set of studies conducted by the U.S. Department of Energy. A 
recent report from the agency “suggests that 100% penetration 
of smart grid technology in the United States could lead to an 
18% reduction in carbon dioxide emissions by 2030. It has 
been estimated that if the electrical grid were simply 5% more 
efficient, the efficiency gain could displace the equivalent of 42 
coal-fired power plants, and that would equate to permanently 

eliminating the fuel and greenhouse gas emissions of 53 
million cars” [12].  

IV. CONCLUSION 
In the coming generations, the smart grid will be integrated 

on all domains, but with prohibiting factors such as cost, 
business justifications, opposition from some members of the 
public, and the need for the power industry to develop and 
attract young engineers capable of pioneering the new digital 
technologies, the smart grid is currently in a state of slow 
development in the US and will be for some time. However, 
the transformation of the current power grid into a smart 
system is something that will be inevitable as customer usage 
changes. As legacy equipment reaches its end-of-life, IEDs 
capable of network communications will take their place. 
Through these changes, the smart grid will organically develop 
and integrate itself across all domains. 
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Abstract—This paper presents the comparison of different wind 
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I.  INTRODUCTION 
ENEWABLE energy has become an important energy 
source because of the increasing demand of fossil fuels, 

and pollution problems. Among the renewable energy sources 
wind energy is gaining particular attention day by day because 
of the technological advancement in Wind Energy Conversion 
system [1]. Wind turbine used in WECS are now capable of 
generating up to 7.5 MW which is almost three times greater 
than last decade [2]. At the end of 2006, the global wind 
electricity generating capacity increased to 74,223 MW from 
59,091 MW in 2005. By the end of 2020, it is expected that 
this figure will have increased to well over 1,260,000 MW, 
which is 12% of the world’s electricity consumption [3], [4].  

WECS with different generator systems have been 
developed to maximize the energy capture, to minimize costs, 
to improve power quality, and others [2]. Power can be 
extracted from wind turbine generator either at fixed speed or 
at variable speed mode. Variable speed Wind turbine system 
(VS-WTS) is gaining popularity compared with the fixed 
speed mode [5] because of its increased power extraction from 
wind, high efficiency, less mechanical stress, less noise and 
the ability to provide grid reactive power support [6]. Among 
the variable speed wind turbine generators, doubly fed 
induction generator (DFIG) and permanent magnet 
synchronous generator (PMSG) are two most popular wind 
generators [5].  

In variable speed wind turbine configuration a DFIG is 
used with multi stage gearbox and a power electronic 
converter connected with the rotor, the stator winding is 
directly connected with the grid. Another variable speed 
configuration exists including a PMSG which is gearless and 

use a full scale converter and can be used in variable speed 
configuration with single stage gearbox [7], [8]. 

In Bangladesh, the total installed capacity of wind power 
generation is 1.9 MW in the year 2011. According to 
Bangladesh Power Development Board the total installed 
capacity is going to be reached to 200 MW after few years [9].  
This paper focuses on to compare among 1G-PMSG, DD-
PMSG and 3G-DFIG WECS based on literatures and market 
data. Firstly an overview of these wind turbine generator 
topologies is studied and a comparison of these three types of 
generator is discussed. Finally an economical generator 
topology is proposed which will be efficient for wind 
condition of Bangladesh. 

II. OUTPUT POWER OF WIND TURBINE 
The kinetic energy of the wind can be evaluated by the 

following equation [10], [11]: 

 

where m is the air mass in kg, v is the velocity of the wind 
in m/s. The air mass m can be determined from the air density 
 and the air volume V according to 

 
Then, 

 
In a small time t, if air particles travel a distance , 

a volume of V results when the distance multiplied with the 
rotor area, A of wind turbine. 

Therefore, 
 

We know power is energy divided by time. Then the wind 
power is given by 

 

The mechanical power that the turbine extracts from the 
wind, Pm, is inferior to Pwind. This is due to the fact that the 
wind speed after the turbine is not zero (the air needs to be 
carried off after the turbine). So, the power coefficient of the 
turbine Cp can be defined by:  

R
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The recuperated power is given by: 

 

Here R is the radius of rotor. Cp depends on the tip speed 
ratio  of the wind turbine and angle of the blade . Where 
conventionally a tip-speed ratio  is defined as: 

 

where,  = rotational speed of rotor, R = radius to tip of 
rotor,         

A maximum value of  is defined by the Betz limit, which 
states that a turbine can never extract more than 59.3% of 
power from an air stream. In reality, wind turbine rotors have 
maximum  values in the range 25-45%. The wind turbine 
torque on the shaft can be calculated from the power:  

 

By 

 

 
 
The power output of a wind turbine at various wind speeds 

is conventionally described by its power curve shown in figure 
1. The power curve gives the steady-state electrical power 
output as a function of the wind speed at the hub height and is 
generally measured using 10 min average data.  

  
 

III. DIFFERENT WECS 
Based on the rotational speed wind turbine concepts can be 

classified into three categories that is fixed speed, variable 
speed with gearbox and variable speed without gearbox. 
Fixed-speed wind turbines are electrically simple devices 

consisting of an aerodynamic rotor driving a low-speed shaft, 
a gearbox, a high-speed shaft and an induction (sometimes 
known as asynchronous) generator [2]. In case of variable 
speed wind turbine they are either geared driven or direct 
driven. In geared-drive wind turbines, one general 
configuration is multiple-stage gear with a high-speed 
generator; the other one is the multibrid concept which has a 
single stage gear and a low-speed generator. In direct driven 
concepts the turbine shaft is directly coupled (without 
gearbox) with generator rotor. Based on the rating of power 
converter related to the generator capacity, they can be further 
classified into wind generator systems with a partial-scale and 
a full-scale power electronic converter [8]. 

A. Fixed Speed WECS 
Fixed-speed wind turbine configuration consists of a 

squirrel-cage induction generator (SCIG) with a multiple-stage 
gearbox connected to the grid through a transformer as 
illustrated in Figure 2. As the generator operating slip changes 
slightly (less than 1%) with the operating power level changes, 
that is the SCIG operates only in a narrow range around the 
synchronous speed so the wind turbine equipped with this type 
of generator is often called the fixed-speed wind generator 
system [2] ,[3],[12].  

Squirrel-cage induction machines consume reactive power 
and so it is needed to provide capacitor banks for power factor 
correction at each wind turbine. Soft-starter unit used to build 
up the magnetic flux slowly and so minimize transient currents 
when the generator energized. First network voltages are 
applied to the generator slowly to energize it, once done then 
it brings the drive train slowly to its operating rotational speed 
[13]. 

 

      Although SCIG are robust, easy and relatively cheap for 
mass production but lacking in optimization of aerodynamic 
efficiency, large mass of gearbox and problem with reactive 
power control makes it unsuitable for large amount of power 
generation.  

B. Variable speed with gear box 
Variable speed with gear box configuration uses two 

generators. One is DFIG with partial scale power converter 
and multi-stage gearbox and the other one is PMSG with full 
scale power converter and single stage gearbox [14]. The 
gearbox is designed so that maximum rotor speed corresponds 

Figure 2 Fixed speed wind turbine with SCIG 

Figure 1 Power curve for a 2MW wind turbine 
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to rated speed of the generator.  
A system is depicted in Figure 3 consists of a wind turbine 

with doubly-fed induction generator. Stator of the DFIG is 
directly connected to the grid while the rotor winding is 
connected via slip rings to a converter. The power converter 
controls the rotor frequency and thus the rotor speed. This 
concept supports a wide speed range operation, depending on 
the size of the frequency converter. Typically, the variable 
speed range is +30% around the synchronous speed [3], [13]. 

Figure 4 shows a single-stage gear drive Permanent magnet 
synchronous generator (PMSG) system. In this scheme, a 
variable speed wind turbine is connected to a single-stage 
planetary gearbox that increases the speed by a factor of 
roughly 10 and a low-speed permanent-magnet generator [15].   

This concept has gained the attention because it has the 
advantages of a higher speed than the direct-drive concept and 
a lower mechanical component than the multiple-stage 
gearbox concept. A single-stage gearbox with multiple output 
shafts that drive a number of medium speed, medium-torque 
PMSGs, has also been introduced. Each of the generator 
outputs is connected to a dedicated power electronic converter 
[2], [16]. 
 

 

C. Variable speed without gearbox 
        Variable speed without gearbox configuration also 
known as direct driven configuration consists of a PMSG 
directly coupled with hub of the wind turbine as shown in 
Figure 5. Because of its gearless configuration it rotates at a 
low speed. To deliver a certain power at lower speed it has to 
produce a higher torque. A higher torque makes the generator 
larger in size. Therefore for direct-drive generators, the low 
speed and high torque operation require multi-poles. Direct-
drive generators are usually designed with a large diameter 
and small pole pitch to increase the efficiency, to reduce the 

weight of the active parts and to keep the end winding losses 
small [6], [17]. The advantages of direct-drive wind turbines 
are the simplified drive train, the high overall efficiency, the 
high reliability and availability by omitting the gearbox. 

 
 

 A most significant part of the wind energy 
conversion system is the generator. Generator converts the 
mechanical energy extracts from wind by the turbine to 
electrical energy. Different types of generator are being used 
with wind turbines. As the diameter of wind turbine is 
increasing, variable speed configuration has become the first 
choice for extracting maximum wind power. Main generators 
used in variable speed configuration are 3 types which are 
geared DFIG (3G-DFIG), single stage geared PMSG (1G-
PMSG), direct drive PMSG (DD-PMSG). 

D. Doubly fed induction generator 
Doubly fed induction generator (DFIG) is based on 

induction generator with a multi-phase wound rotor and a 
multi-phase slip ring assembly with brushes for access to the 
rotor winding [4]. The mechanical power generated by the 
wind turbine is transformed into electrical power by an 
induction generator and is fed into the main grid through the 
stator and the rotor windings. The rotor winding is connected 
to the main grid by self-commuted AC/DC converters 
allowing controlling the slip-ring voltage of the induction 
machine in magnitude and phase angle [18]. 

It is the advantage of a DFIG that the speed is variable 
within a sufficient range with limited converted cost. The 
stator active and reactive power can be controlled 
independently by controlling the rotor currents with the 
converter. Furthermore, the grid side converter can control its 
reactive power independently of the generator operation. This 
allows the performance of voltage support towards the grid. 
However, DFIG system has disadvantages as follows [19]: 

 
a. Heat generates by friction of gear. 
b. Need regular maintenance of gearbox. Gearbox 

generates audible noise. 
c. Under grid fault condition machines torque overshoots 

and large stator peak currents. 
d. The brush slips ring needs maintenance which is set to 

bring power to the rotor. 

Figure 3 Variable-speed wind turbine with a DFIG 

Figure 4 Variable-speed wind turbine with a single stage drive PMSG 

Figure 5 Variable-speed wind turbine with a direct drive PMSG 
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e. External synchronization circuit required between the 
stator and the grid to limit the start-up current. 

f. In case of grid disturbances, the ride-through capability 
of DFIG is required so that the control strategies may 
be very complex. 

E. Permanent Magnet Synchronous Generator 
A permanent magnet synchronous generator is a 

synchronous generator where the excitation field is provided 
by a permanent magnet instead of a coil. In a permanent 
magnet generator the magnetic field of the rotor is produced 
by permanent magnets. Others types of generator use 
electromagnets to produce a magnetic field in a rotor winding. 
The direct current in the rotor field winding is fed through a 
slip-ring assembly or provided by a brushless exciter on the 
same shaft [2]. 

The direct driven permanent magnet synchronous generator 
system has high potential for the wind turbines because of its 
reduced failure, increased energy yield and reliability. The 
advantages of permanent magnet machines over electrically 
excited machines can be summarized as follows [18]: it has 
high efficiency and energy yield; magnetic field excitation 
needs no additional power supply; absence of field losses 
improve thermal characteristics of the machine; higher 
reliability due to the absence of mechanical components such 
as slip rings and light weight and therefore higher power to 
weight ratio. However, permanent magnet machines have 
disadvantages which can be summarized as follows: the cost 
of permanent magnet is high and it is difficult to handle 
demagnetization of permanent magnet at higher temperature 
[18]. 

IV. WIND CONDITION IN BANGLADESH 
In Bangladesh, enough information on the wind speed over 

the country is not so much available and wind speed data at 
hub height of the wind turbine is rare. A survey was conducted 
at 1986 by Bangladesh Meteorological Department (BMD) 
which showed that at 10 meter height wind speed was very 
low. Better wind speeds investigated at Chittagong – Cox’s 
Bazar seacoast and coastal off-shore islands. Measurements at 
20m and 30m heights have been made later on by Bangladesh 
Center for Advanced Studies (BCAS), Gesellschaft für 
Tchnische Zusammenarbeit (GTZ) and Bangladesh Council of 
Scientific and Industrial Research (BCSIR).  A project entitled 
World Water and Environmental Resource Management 
(WERM) of Local Government Engineering Department 
(LGED) has been going on for measurements at the height of 
20 and 30m for 20 locations all over Bangladesh. It is still not 
sufficient because maximum wind turbines are made to 
generate power stand above 50m height. This Solar and Wind 
Energy Resource Assessment (SWERA) Program provides 
predictions for wind speed and wind power density at different 
heights including 50m height to look for the possibility of 
wind power generation [20]. 

For prediction of wind speed at different heights and for 

assessment of wind energy in the coastal part of Bangladesh, 
Wind Atlas Analysis and Application Program (WAsP), 
micro-scale modeling software has been used. WAsP develops 
models for obstacles, roughness and terrain surrounding a 
measuring station and then generates a regional wind climate 
or a wind atlas for the region around 100 km2 in area. The 
developed wind atlas of four coastal locations of Bangladesh, 
Charfassan, Chittagong, Kutubdia and Cox`s Bazar using one 
year data of BCAS shows that at 50m height for the roughness 
value from 0 m (open sea, water areas) to 0.03m (farm land 
with very few buildings, trees, airport areas etc) the wind 
speed varies from 4.1 to 5.8 m/s with a power density of 100 - 
250 W/m2. BCAS time series data on wind speed and direction 
at 25m height have been employed using WAsP techniques to 
obtain predictions of wind speed and power density at 50 m 
around the stations at Kuakata, Patenga, Charfassan, Kutubdia 
and Cox’sBazar which is shown in figure 6. Monthly wind 
speed variation at 25m height is shown in the figure 7 from 
BCAS, GTZ and BCSIR data for three locations [20]. 

 

 
 

Table 1 shows the wind speed and power density at 25, 30, 
50 and 70m heights for two roughness conditions which have 
been taken from the developed wind atlas for the locations. It 

Figure 7 Wind speed variation at 25m 

Figure 6 Power density for different coastal area [20] 
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shows that wind speed at 50m height for all the locations 
varies from 4.0m/s to 5.8m/s for the coastal sea- shore areas 
(roughness in between 0.00–0.03m) [20].  

 
TABLE I 

PREDICTED WIND SPEED (SP) AND POWER DENSITY (PD) IN THREE 
PROSPECTIVE COASTAL LOCATIONS [20] 

 
Location 

 
Height 

(m) 

Roughness 
0.00m 0.03m 

Sp 
m/s 

Dp 
w/m2 

Sp 
m/s 

Dp 
w/m2 

 
Kuakata 

25 4.9 174 3.7 90 
30 5.0 181 3.8 97 
50 5.3 209 4.3 119 
70 5.4 237 4.6 136 

 
Charfassan 

25 4.7 149 3.5 76 
30 4.8 155 3.7 82 
50 5.0 179 4.1 101 
70 5.2 203 4.4 117 

 
Kutubdia 

25 5.4 208 4.1 105 
30 5.5 218 4.2 113 
50 5.8 251 4.7 141 
70 6.0 286 5.1 165 

 
Although wind speed of above mentioned coastal areas is 

very low for mass power generation but power density at the 
same height also shows that some of the locations are quite 
potential for wind generators. 

V. WIND GENERATOR FOR BANGLADESH 
Highest average wind speed of Bangladesh recorded in 

Kuakata and it is 8m/s. So wind turbine generator 
configuration must be geared driven otherwise direct driven 
generator that is DD-PMSG will make the system bulky as the 
average speed is very low. With this speed large power 
generation is quite difficult if size and weight of the generator 
is considered. DD-PMSG will not be good choice for WECS 
in Bangladesh. Among the other two configurations 1G-
PMSG will be the effective wind turbine configuration 
because of the following reasons [21]- 
a. Annual energy yield/total cost of 1G-PMSG is lower 

than 3G-DFIG. 
b. Full-scale power converter gives 1G-PMSG full control 

over reactive power, voltage and frequency, flickers and 
harmonics. 

c. Multistage gearbox of DFIG is to have some drawbacks, 
such as heat dissipation from friction, regular 
maintenance and audible noise. 

d. The slip ring is used to transfer the rotor power requires 
a regular maintenance, and maybe result in machine 
failures and electrical losses. 

e. Power electronics converter of the rotor side of 3G-
DFIG must be protected with high protection system 
because during fault condition high rotor current resulted 
by high stator current may destroy them. 

f. Ride through capability is required in 3G-DFIG so 
corresponding control strategies become complicated. 

VI. CONCLUSION 
This paper surveys literature on different wind turbine 

concepts as well as two main generator types. A comparison is 
shown between three mostly used wind turbine generator 
configurations based on literature and finally an effective wind 
turbine generator configuration is investigated for wind 
condition of Bangladesh. Single stage geared driven 
permanent magnet synchronous generator with full scale 
converter is chosen the suitable configuration for wind energy 
conversion system in Bangladesh. 
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Abstract- The present paper illustrates an experimental and 
comparative thermal analysis of reflective (white) and non-
reflective (black) roofing membranes paired with thin-film 
solar photovoltaic panels.  Tests were carried out on two 
different membranes, thermoplastic olefin (TPO), and ethylene 
propylene diene monomer (EPDM). Solar irradiance along 
with temperature readings on the surface, between the panel 
and membrane, and below the membrane were recorded for 16 
months at 15 minute intervals.  The data was processed and 
the temperature effect was observed.  The interface 
temperatures for TPO/PV and EPDM/PV assemblies were 
found to be different, which could affect the performance of 
solar panels at various levels depending on the material type 
used in fabricating the photovoltaic panels.  
 

I. INTRODUCTION 
Interest in energy savings and sustainable technology is       

increasing at a rapid rate and promoting research in green 
building technology and its associated benefits. Specifically, 
solar technology has advanced with the introduction of the 
thin-film photovoltaic panel. Coupling roofing technology 
with solar power technology is gaining popularity and 
reducing energy costs while helping to sustain a green 
environment. Reflective “cool roofs” such as roofs with 
thermoplastic olefin (TPO) membranes are replacing 
traditional ethylene propylene diene monomer (EPDM) 
membranes. Pairing thin-film solar technology with 
reflective cool roofs provides the benefit of reduced 
building load as well as renewable power generation. Thin-
film solar cells are gaining popularity as an integral part of 
modern building systems. In 2009, Aberle [1] noted that the 
industry has been expanding since 1999, at a rate exceeding 
30%. Manufacturing benefits, along with reduced 
semiconductor and material consumption have played a 
significant role in this rapid growth. The high optical 
absorption coefficient allows for thin absorber thicknesses. 
Furthermore, large area Si diode deposition can be 
performed at low temperatures (~200°C). An additional 
benefit is the ability to monolithically series-connect the 
cells.  

Levinson et al. [2] found that a light colored roof with a 
high solar reflectance and high thermal emittance maintains 
a lower temperature in the sun as compared to dark colored 
roofs. In agreement with this study and others, Berdahl et al. 
[3] found that dark materials provide a higher solar 
absorption thereby causing increased temperatures. 

A technical report of Unisolar [4] indicates that the 
performance of triple junction thin-film solar cells is not 

significantly impacted by module temperature. The cells 
experience notable initial light degradation for the first 3-10 
weeks, but performance remains nearly constant across the 
operating temperature range.  Minemoto et. al [5] evaluated 
the performance of amorphous silicon (a-Si) photovoltaic 
(PV) modules and the corresponding impact of spectral 
irradiance distribution and temperature. The outdoor 
performance test was performed in 1998 at Kusatsu city, 
Shiga prefecture in Japan using 1.98 kW a-Si modules as 
well as 5.076 kW multi-crystalline silicon (mc-Si) cells. In 
agreement with the Unisolar report [4], the research 
concluded that the output energy of a-Si modules is more 
dependent on spectral irradiance distribution than module 
temperature. Thin films experience a thermal recovery 
effect which offsets the corresponding degradation. 
Minemoto also worked with Fukushige and Takakura [6] to 
study the outdoor performance of 5kW sc-Si, 5kW mc-Si, 
2kW a-Si, 1kW a-Si/mc-Si, and 1kW a-Si/a-SiGe/a-SiGe 
modules. This test was also performed in Kusatsu city and 
the results, in agreement with the previous study, concluded 
that the outdoor performance of the bulk modules, sc-Si and 
mc-Si, is only dependent on the module temperature 
whereas the outdoor performance of the thin-film modules 
is more sensitive to changes in the spectral irradiance 
distribution. Yamawaki et al. [7] found that the thermal 
recovery effect of a-Si PV modules can be increased using a 
heat insulating material below the PV. The heat insulating 
material increased the temperature by an average of 4.2ºC 
and provided an average power increase of 7.3% over the 
standard uninsulated module.  

Yanagisawa [8] investigated the degradation of thin-film 
a-Si solar cells. Light intensity and temperature were varied 
to determine their effect on cell performance and 
degradation. Using a constant cell temperature, the results 
show that as light intensity (kW/m2) and exposure time 
increase, the normalized efficiency decreases. Furthermore, 
it was observed that with a constant light intensity, 
increasing the cell temperature increases the normalized 
efficiency due to thermal annealing, or thermal recovery. 

Although the independence of performance of some 
systems on temperature could reduce the negative effect of 
increasing temperature, PV panels of different 
manufacturers using different materials are still in the list of 
potential beneficiaries of a study on the evaluation of 
temperature-performance relation.  There is existing 
research and literature regarding cool roofing membranes, 
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but not much is found with a focus on overlaid thin-film 
photovoltaics.  In this study, TPO and EPDM are compared 
in terms of their effect on thin-film thermal degradation. 

 
II. THEORY 

The heat transfer for this assembly can be calculated by 
applying an energy rate balance to the system described in 
the following section. This balance is shown below in eqn. 
(1) where the received  is equivalent to the rate 
of heat lost to conduction through the thin-film, membrane, 
insulation, and construction assembly as well as heat lost to 
the surrounding fluid through convection. 

 
 (1) 

In this equation, the net solar radiation absorbed by the 
thin-film PV panel is equal to the reflected radiation 
subtracted from the total radiation received. The convective 
heat transfer of the thin-film PV can be calculated by 

      (2) 

where h, the convective heat transfer coefficient can be 
determined using eqn. (3) in which vw is the wind speed [9]:
              

                  (3) 

Conduction through the thin-film panel can be calculated 
using: 

      (4)   

where t is the thickness, k is the thermal conductivity, Ts the 
temperature of the surface, Tint the temperature of the 
PV/membrane interface, and A is the area. 

 
III. EXPERIMENTAL WORK 

The two roof assemblies used in this experiment are made 
up of a PV panel, TPO or EPDM roofing membrane, and 
identical roofing constructions. HOBO TMC6-HD high 
accuracy soil/water probes are used to measure temperature 
and data are recorded by HOBO U12-008 weatherproof 
outdoor data loggers. The accuracy of the probes is declared 
as ±0.25°C at 20°C by the manufacturer and the accuracy of 
the U12 data loggers is given as ±2 mV ±2.5% of the 
absolute reading. The probes are installed between the 
membrane and PV panel in the locations shown in Fig. 1. 
Temperature readings were obtained from each probe every 
15 minutes, continuously. 

Each setup is 8.9 ft x 35 in x 5.9 in (270 cm x 89 cm x 15 
cm). Eight temperature probes were used on each of the 
membrane samples. Seven of the probes on each system 
measured the desired surface temperatures while one was 
implemented for ambient temperature readings. The power 
generated by the panels was dissipated through heat 
rejection via electrical resistors. 

 
Fig. 1. Experimental setup. 

 
IV. RESULTS 

To compare PV panel temperatures in summer seasons, 
data from August 2011 was selected. The 25th of August had 
a high ambient temperature and is used as the sample day 
for the analysis.  Below, Fig. 2 shows the temperature of the 
photovoltaic panel and membrane interface on the 25th for 
EPDM and TPO, respectively. 
 

 
Fig. 2. PV/membrane interface temperatures for EPDM and TPO systems. 

 
As shown in these figures, the PV/EPDM interface 

reaches a higher temperature than that of TPO. The 
PV/EPDM interface peaks at a maximum temperature of 
65°C vs. the PV/TPO interface maximum of 62°C. 

Difference in temperature values at the interfaces of both 
the non-reflective (EPDM) and reflective (TPO) roofing 
systems would also be helpful in observing temperature-
performance relations of photovoltaic panels applied on 
such roofs. Fig. 3 below shows the absolute value of the 
temperature difference Tint,EPDM- Tint,TPO for the month of  
August of 2011. 

 

 
Fig. 3. Interface temperature differences in August, 2011. 
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Fig. 4 plots the absolute value of the same temperature 
difference for August 25, 2011, a hot sample day selected. 

 
Fig. 4. Interface temperature differences on August 25th, 2011. 

Additionally, solar irradiance directly affects the 
temperature of the membrane and thin-film panel. Solar 
irradiance was also recorded at 15 minute intervals in units 
of W/m2, and is shown in Fig. 5 for August 25th, 2011. 

 

 
Fig. 5. August 25th, 2011 solar irradiance data. 

Temperature coefficient (TC) of a solar panel determines 
its loss in maximum power output in percentage. The solar 
panel used in our study is amorphous silicon (a-Si). These 
panels can sustain their performances better under increased 
sunlight, compared to multi-crystalline silicon (mc-Si) 
panels. Fig. 6 plots a comparison of maximum power output 
performance for a-Si and mc-Si panels on the sample day. 

Fig. 6. Maximum output vs. temperature. 

V. CONCLUSION 
Interactions between thin-film solar panels and the 

roofing membrane types that they are laid on were studied. 
In the experimental studies, it was observed that the surface 
temperature of EPDM roof is significantly higher than the 
TPO roof, as expected.  

Changes in the reflectivity values of the two membranes 
were also observed to see the effect of aging, discoloration, 
and dirt. It was found out that the reflectivity of the EPDM 
membrane increased, while reflectivity of TPO membrane 
decreased in time. 

Regarding the roof membrane and thin-film solar panel 
interaction, the interface temperatures of the EPDM and 
TPO systems had a difference. While this difference does 
not affect the power output of the two panels in this study 
due to them being composed of amorphous silicon (a-Si) 
photovoltaic cells, it could yield performance differences for 
photovoltaic panels of different materials such as multi-
crystalline silicon (mc-Si) modules. 

Further studies on comparison of power outputs of panels 
from different materials should be conducted using these 
systems on reflective and non-reflective roof membranes. 
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Abstract— Climatologists attribute the warming of the Earth 
over the last 50 years to the increased greenhouse gases that are 
being expelled in the atmosphere in large part due to power 
production.  This paper analyzes the various methods used in 
fossil fuel and renewable power production discussing their 
respective emission and efficiency rates.  A closer look on solar 
power, specifically concentrated photovoltaic (CPV) systems, is 
presented.  Photovoltaic efficiencies have been shown to increase 
from the standard 12% to 30% by using concentrators and 
tracking systems.  A concept for sun tracking and Fresnel lens 
concentrator components using liquid crystal material is 
proposed.  Using inexpensive liquid crystal material, these 
concepts have potential to improve PV efficiencies while 
maintaining a low overall system cost.  

Keywords- Greenhouse Gases, Global Warming, Liquid Crystal, 
Fresnel Lens, Power Production Methods 

I.  INTRODUCTION 
While the exact cause of global warming is still under 

discussion, the notion that the temperature of the world is 
increasing has been well established.  In four papers presented 
at the Third Santa Fe Conference on Global and Regional 
Climate Change, Dr. Richard Muller presented the research 
collected by his team verifying that the temperature of the 
Earth has risen 1.6 degrees over the last fifty years [1].   

The Earth’s atmosphere provides a unique warming effect 
on the Earth, known as the greenhouse effect.  Molecules in the 
atmosphere absorb and reflect infrared radiation, keeping it 
from escaping into space.  This effect allows the Earth to 
remain at a temperate climate; in contrast, the moon, which 
doesn’t have an atmosphere, has severe temperature swings.   

The popularly held belief among climatologists is that 
global warming is due, in large part, to the increased release of 
greenhouse gases that has occurred due to the burning fossil 
fuels.  Fossil fuels like coal, oil, and gas are primarily 
composed of carbon and hydrogen.  When these fuels are 
heated, a chemical reaction takes place whose byproduct is, 
among other things, carbon dioxide.  This increase in carbon 
dioxide content to the atmosphere is why many scientists 
believe the Earth is increasing in temperature.   

The outcome of the increased temperature is increased 
water vapor in the atmosphere from ocean evaporation (also a 
greenhouse gas) and reduction of snow and ice that reflects 
visible radiation from being absorbed in the Earth’s surface.  
While these two effects can be decreased by natural regulators 
like clouds, volcanoes, plankton, and ocean absorption, other 
natural counter-effects also exist that produce additional 
greenhouse gases as a result of the warming [2].  The end result 
is that the increased amount of carbon dioxide and other 
greenhouse gases in Earth’s atmosphere has a significant 

impact on the warming of the Earth.  Reducing man-made 
greenhouse gases, such as those produced from burning fossil 
fuels for energy, is one approach to help reduce the increasing 
temperature of Earth. 

II. ENERGY PRODUCTION PROCESSES 

A. Non-Renewable Power Production 
The basic underlying structure of energy production is 

founded in a spinning turbine that powers a generator.  In the 
case of oil, crude oil is refined into petroleum products that 
when burned can heat water producing steam that travels to a 
large turbine.  The steam causes the turbine blades to spin 
around a generator.  The generator uses large magnets spinning 
around coiled wire to produce electricity, which then can be 
regulated and distributed as needed.   

Similarly, coal and natural gas are burned to create steam in 
order to turn the blades of a turbine.  This process of burning 
creates significant amounts of carbon dioxide (CO2), along 
with sulfur dioxide (SO2), nitrogen oxides (NO), and other 
emissions that have negative environmental impact when 
expelled in large quantities.  The amounts of these gases 
produced in pounds per megawatt-hour (lbs/MWh) in the 
process of creating power from fossil fuels are included in 
Table 1. 

TABLE I.  EMISSION AMOUNTS AS DETERMINED BY THE 
ENVIRONMENTAL PROTECTION AGENCY’S EGRID 2000 REPORT. [3] 

Power Production Material 
All measurements in lbs/MWh 

CO2 SO2 NO 

Coal 2,249 13 6 
Oil 1,672 12 4 

Natural Gas 1,135 0.1 1.7 
 

The efficiencies for the different fossil fuels vary by type.  
Oil can produce roughly 20,000 Btu/lb given system 
efficiencies of 35% to 42% [4].  Coal can produce 5,000 Btu/lb 
to 15,000 Btu/lb depending on the type of coal given system 
efficiencies of 32% to 42% [4],[5].  Natural gas can produce 
1,000 Btu/ft3 with system efficiencies of 32% to 38% [5].  In 
addition to the greenhouse gas emissions created by fossil-
fueled power plants, other environmental impacts can occur 
such as oil spills or ash (the solid waste produced from coal).   

The increased energy demands of the U.S. are being met 
almost exclusively on the reliance of these fossil fuels, with the 
next significant contributor being nuclear power plants.  While 
nuclear plants are able to produce power without emitting any 
carbon dioxide, sulfur dioxide, or nitrogen oxides, negative 
environmental impacts still can result.  Accidents like 
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Chernobyl and Japan’s Fukushima meltdown provide examples 
of the devastating impact that nuclear power can have on the 
environment.  

B. Renewable Power Production 
Given the advanced state of renewable energy technologies, 

power plants that are fueled by wind, solar, geothermal, and 
water can offer truly clean energy alternatives that can help 
minimize the role power production plays in global warming.  
Wind, geothermal, water, and solar power production all can 
use the same turbine and generator principle that is employed 
in power production using fossil fuels.   

In the case of wind energy, wind is used to directly move 
the turbine blades.  Wind turbines are able to operate with 30% 
to 45% efficiencies; however, these turbines rely on the wind in 
a given area to produce power efficiently [4].  For geothermal 
systems, the heat produced by molten matter under the crust of 
the earth heats underground water, whose steam is used to turn 
a turbine, thereby creating electricity.  The efficiency for this 
type of power production is around 35% [4].   

Water is probably the best known of the renewable 
energies, as there are several large scale hydropower projects in 
existence today, such as the Hoover Dam.  The flowing water 
spins the turbine blades to produce electricity.  The high 
efficiency of hydropower facilities, in the range from 85% to 
90%, is one of the reasons for the popularity of the technology 
[4].   

Solar power can be used to work similarly to other power 
production methods or it can work as a direct converter of light 
into electricity. The second is the more traditionally known 
solar power process where the photons emitted by the sun are 
collected using photovoltaic (PV) cells.  The light radiation 
excites electrons in the semiconductor material of the PV cell, 
inducing a current.  Solar power provides a clean method for 
power production however is limited by its base efficiency of 
12% and the sunlight availability variations throughout the year 
[4]. 

III. HOW SOUTHERN NEVADA CAN HELP REDUCE CLIMATE 
CHANGE THROUGH SOLAR POWER DEVELOPMENT 

Southern Nevada, as well as most of the Southwestern U.S., 
is uniquely suited to producing solar power.  Unfortunately in 
order for large-scale solar power plants to be viable, techniques 
to improve solar to electric efficiency must be developed 
further.  To increase the efficiency of solar radiation to 
electricity, several methods can be implemented, including 
more efficient PV material development, sun tracking systems, 
and concentrators.   

A. Concentrator Photovoltaic (CPV) System Description 
Concentrators allow solar power systems to operate either 

by using the thermal properties of the sun or by reducing the 
PV cells needed to produce the same amount of power.  
Concentrating dish and lenses are the most common methods 
used in CPV systems [5].  In the case of lens CPV systems, a 
lens is used to concentrate the light on a cell array placed at the 
focal point of the lens.  The preferred lens for this application is 
the Fresnel lens, given its thin profile and lightweight nature.   

Concentrators are generally categorized based on their 
geometric concentration ratio.  This concentration ratio is 
defined as the area of the aperture divided by the active or 
receiver area.  These ratios are used to classify CPV systems 
into low, medium, and high concentration types, each of which 
impose different requirements on the system.  Low 
concentration ratios are in the 2-10 range and do not require 
tracking, cooling, or anything more than high quality silicon 
PV cells.  Medium concentration ratios range from 10-100, and 
generally require at least one-axis tracking, passive cooling, 
and high-quality silicon PV cells.  Some medium concentration 
designs will require the use of better performing multi-junction 
PV cells.  High concentration ratios are those greater than 100 
and require dual-axis tracking, active cooling, and multi-
junction PV cells.  Fresnel lens systems generally fall into the 
high concentration ratios. [5] 

B. Proposed Concepts to Improve CPV Systems 
When an electric field is applied to a liquid crystal 

structure, the crystals react by reorienting themselves parallel 
to the electric field.  Because of this ability, liquid crystal can 
be used to create a lens given an electrical stimulus.  In the area 
of lenses, liquid crystal material can be used to create an 
electrically switchable Fresnel lens.  Two-dimensional steering 
techniques also have been developed using liquid crystal 
material.  These techniques could be used to perform non-
mechanical, two-dimensional sun tracking for a CPV system. 

C. Liquid Crystal Based Fresnel Lenses for CPV Systems 
The effectiveness of the Fresnel lens is defined using the 

concentration ratio and optical efficiency.  The ratio is defined 
as the area of the aperture divided by the active or receiver 
area.  The optical efficiency is calculated by dividing the 
radiation energy (in Watts) that is incident on the lens by the 
radiated energy in Watts transmitted through the lens to the 
receiver [6].   

When medium or higher concentration ratios are 
implemented, a multi-junction PV receiver is necessary to 
maximize the efficiency of the light-to-electricity conversion.  
In order to maintain high PV efficiencies, the Fresnel lens must 
control the flux characteristics of the concentrated light.  In 
addition, the irradiance over the PV cell needs to be kept 
constant.  If there is spectral mismatch between the light at 
which the Fresnel lens concentrates on the PV cell and the 
spectrum at which the multi-junction PV cells operates, this can 
lead to degraded performance as well.   

The concept proposed in this paper consists of replacing the 
Fresnel lens in a CPV design with an electrically switchable 
Fresnel lens using liquid crystal material.  The notion of a 
liquid-crystal-based Fresnel lens has been demonstrated in 
several studies [7]-[11].  In each of the methods, a binary 
Fresnel zone pattern was created using a photomask.  Glass 
plates coated with indium tin oxide (ITO) are used to sandwich 
the liquid crystal material.  In the inside of the glass plates, one 
plate contains a Fresnel zone electrode pattern; the other plate 
contains a common electrode that is used to control the voltage 
across the liquid crystal material. 

The liquid crystal is injected between the two glass plates to 
produce a lens that can be electrically controlled.  Ultraviolet 
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(UV) light is applied to the liquid crystals through a photomask 
that modifies the physical and chemical properties of the liquid 
crystal.  The even zones are shielded by the photomask and 
remain transparent while the odd zones receive more UV light 
and, as a result, become opaque. 

 
Fig. 1. Photomask shown with the corresponding liquid crystal configuration 
that results from UV exposure. The opaque zones refer to the odd zones, and 

the even zones are transparent [8] (Credit: Ren et al., 2003). 
 

When a differential voltage greater than the threshold of the 
liquid crystal material is applied to the even and odd zones, the 
liquid crystal begins to reorient itself, causing a phase 
difference to occur between the zones.  This phase difference 
creates the Fresnel lens, and concentrates the incoming light to 
the designed focal point.  The voltages necessary to create the 
concentrating Fresnel lens vary by design; however, most of 
the studies evaluated have found the optimal voltage to be 
around 1 volt.   

These studies demonstrate how a Fresnel lens can be 
created using inexpensive liquid crystal material, producing an 
even lower profile lens.  While all the studies reviewed 
analyzed small-aperture sizes with concentration ratios less 
than 13, the same theory can be used to produce designs with 
larger lenses and higher concentration ratios.   

D. Liquid Crystal Beam Steering for CPV Applications 
Liquid crystal has been proven useful in two-dimensional 

beam steering applications [12]-[16].  The liquid-crystal 
steering systems are designed by creating an eight-step grating, 
using electrodes attached to a liquid crystal element.   The 
liquid crystal element then acts as an adjustable prism, which 
can steer a beam in a direction , defined as:  

 ,   (1) 
where inc is the incident angle of the beam on the LC array,  
is the light wavelength, and 0 is the designed wavelength.  By 
knowing the incident angle of the incoming sun beam, the 
liquid crystal element can be electrically controlled to steer the 
incoming light in a desired direction.  

Given that the manner in which the Earth revolves around 
the sun is well defined, equations have been developed to 
predict the location of the sun in the sky at any hour of any day 
in the year.  Using these equations, the incident angle of the 
incoming beam of sunlight on the liquid crystal tracking system 
can be calculated.  Knowing the incident angle of the incoming 
light and the spectrum of light ideal to the PV receiver cell, a 
liquid-crystal element could be developed to direct the sunlight 
straight to a receiver.  The CPV system could then remain static 
while the steering system uses its non-mechanical method to 
track and direct the sun towards the PV receiver cells.   

IV. CONCLUSION 
Current power-generation methods, although effective, are 

not environmentally sustainable.  Building on current 

concentrating photovoltaic technology, liquid-crystal-based 
Fresnel lens and sun-tracking systems can be developed to 
continue to make CPV systems more efficient, reliable, and 
cost effective.  The proposed methods in this paper would 
produce low-profile, lightweight, and low-cost components that 
can be utilized in CPV systems.  The Fresnel lens and the 
tracking system can be designed to create a constant irradiance 
over the PV cells.  Both liquid-crystal-based concepts have the 
potential to meet the goals of both the U. S. Department of 
Energy and the National Renewable Energy Laboratory to 
lower the cost of performance and increase the reliability of 
CPV systems.   
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I.  INTRODUCTION 
Ocean energy comes in a variety of forms such 

tidal currents, geothermal vents, and waves. All
forms of solar or gravitational energy to some exten
energy provides “15-20 times more available energ
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Most importantly, waves are a regular source o
intensity that can be accurately predicted several
arrival [3]. Furthermore, wave energy is more predi
solar energy. Figure 1 depicts wave power levels 
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Figure 1.  Approximate global distribution of wave pow
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TABLE I.  MEANING OF VARIABLES IN WAVE DIAG

 

 

 

Figure 3.  Wave power density graph

A wave resource is typically described in terms 
of wave front (or wave crest). This can be calcula
the energy density by the wave celerity (wave 
equation (3) demonstrates [6].  Figure 4 character
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wave front. 
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IV. ENERGY POTENTIAL IN THE GULF COAST REGION 
According to a 2011 EPRI study the total recoverable wave energy 

resource, as constrained by an array capacity packing density of 15 
megawatts per kilometer of coastline, with a 100-fold operating range 
between threshold and maximum operating conditions in terms of 
input wave power density available to such arrays, yields a total 
recoverable resource along Gulf of Mexico continental shelf edge of 
60 TWh/yr [8].  As compared to other coastlines in colder waters this 
total is not significant so the question comes is to how to maximize 
this energy potential.  Also with the current energy potential, how can 
it be utilized in a sustainable market to help further develop this 
technology? 

A. Maximizing the GoM Resource 
The GoM presents a definite challenge when trying to harness its 

wave climate energy.  Of the methods listed in previous section the 
one that seems most beneficial in trying to convert the low-speed 
oscillating motion of the GoM waves is to employ a hydraulic, point 
absorber system. In a point absorber system, buoys move through a 
single degree of motion by the ocean waves, driving pumps, which 
pressurize fluid that is delivered to an offshore platform by a subsea 
pipeline and riser. Once on the platform, the high-pressure fluid is 
used to drive hydro turbines, generating zero-emission electricity.  
Waves in the GoM apply large forces at slow speeds and hydraulic 
point absorbing systems are well suited to capturing energy in these 
conditions.  The schematic in fig. 10 is a circuit diagram for a basic 
hydraulic power take off (PTO) system for a WEC. The rod of the 
hydraulic cylinder is forced up and down by a floating buoy, which 
moves fluid through check valves, rectifying the flow, to a hydro-
turbine or hydraulic motor. Accumulators are included in the circuit to 
provide energy storage and to maintain constant flow to the hydraulic 
motor or hydro-turbine. In addition, the low-pressure accumulator 
provides a small boost pressure to reduce the risk of cavitation on the 
low-pressure side. 

 
Figure 6.  Circuit diagram of a point absorber WEC 

B. Market Potential in the GoM 
Since the near shore development of WEC technology offering a 

power source for sea side communities seems insufficient for the wave 
climate in the GoM at this time, then a more feasible market needs to 
be considered.  The GoM offers a unique opportunity with its vast 
offshore oil and gas industry especially when considering deep water 
waves.  Oil and gas leaders are continually looking for ways to reduce 
emissions for their offshore facilities.  With sufficient research and 
development WECs could be adapted in the GoM to offshore facilities 
in an effort to reduce their dependency on gas turbines.  If successful 
this would not only lower costs associated with power generation but 
would also reduce the facilities carbon footprint.  Figure 7 is a map of 
the GoM with every black dot depicting a possible location for WEC 
use. 

 
Figure 7.  Platform locations in the GoM [4] 

C. Current Work and Further Studies 
Current work is underway at the University of Louisiana in an 

effort to research the possibility of developing this type of 
technololgy in the offshore environment.  The current goals are to 
meet between 15 to 20 percent of a typical offshore platforms power 
needs.  This includes work in mathematical and fluid dynamic anlysis 
of design and efficiency of a prototype as well as capital costs 
associated with production.  Future studies will be focused on 
prototype development and successful real world deployment in the 
GoM for future testing by the UL Ocean Energy and Technology 
Team.   

V. CONCLUSIONS 
The offshore ocean wave energy resource, as a derivative form of 

solar energy, has considerable potential for making a significant 
contribution to the alternative usable energy supply. The total 
available wave energy along the GoM continental shelf edge is 
estimated at 80 TWh/yr [8]. In the past several decades, various 
designs have been developed and tested to capture this energy 
resource, and several are now moving toward commercial prototype 
testing.  This offers a unique time and opportunity for the Gulf Coast 
to position itself as a future energy leader by developing WEC 
technology for the offshore oil and gas market. 
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Abstract— BiSeTe and BiSbTe have been two of the most efficient 
thermoelectric materials near room temperature applications for 
many years. In spite of recent progress in enhancement of the 
efficiency of BiSbTe thermoelectric materials, there has been 
little progress in developing efficient BiSeTe alloys. BiSeTe is an 
n-type thermoelectric material with negative Seebeck value and 
BiSbTe is p-type with positive Seebeck.  We observed BiSeTe 
changes to p-type with the addition of 5% arsenic doped SiGe. 
After annealing process the Seebeck value changed sign again 
resulting in n-type BiSeTe. The electrical conductivity and 
thermal conductivity also changed during the course of 
annealing. Interestingly the minimum thermal conductivity 
corresponded to the maximum electrical conductivity and power 
factor of the p-type mode. This effect may prove to be a 
cornerstone in the enhancement and fabrication of thermoelectric 
devices based on bismuth telluride based alloys. 

Keywords- thermoelectric; bismuth selenium telluride; silicon 
germanium; doping 

I.  INTRODUCTION 
The principle of thermoelectrics can be used for both 

cooling and power generation purposes. Waste thermal energy 
being produced can be efficiently harvested and used for power 
generation; the vice versa also finds potential application in 
refrigeration and air conditioning. Different thermoelectric 
materials are used for energy generation or air conditioning 
purposes depending on the operating temperature of the 
system. Bismuth telluride based alloys like bulk solid solutions 
including p-type BixSb2-xTe3 and n-type Bi2Te3-ySey, still remain 
the best TE materials used at near room temperature [1][2]. At 
higher operating temperature ranges, 873 K - 1270 K, silicon-
germanium (SiGe) alloys have proven to be the most efficient 
thermoelectric materials for power generation [3][4]. Silicon 
germanium when doped with 2% arsenic is an efficient n-type 
thermoelectric material [1]. The efficiency of thermoelectric 
devices is determined by the materials dimensionless figure-of-
merit, defined by the relation 

                                   (1) 

 
S, , k, and T are the Seebeck coefficient, electrical 

conductivity, thermal conductivity, and absolute temperature, 
respectively [1][3][6]. A figure-of-merit (ZT) value of more 
than 1 is preferable for effective thermoelectric applications. 
 

In recent times there have been many attempts in increasing 
the figure-of-merit of thermoelectric substances. A promising 
approach among these methods is nanostructuring [2-4]. Nano 
structuring essentially involves reducing the crystallite size to 
nano size to increase the mechanism of scattering of phonons 
[7][8].  Greater scattering of phonons at the alloy grain 
boundaries thus assisting in the reduction of thermal 
conductivity is the principle behind this method. However, the 
grain boundaries can also scatter charge carriers resulting in 
smaller power factor (S2 ). The main challenge is to reduce the 
thermal conductivity more than reducing the power factor, or 
ideally, reducing the thermal conductivity and increasing the 
power factor. Following such a logical path in the experiment 
conducted, a nanostructured alloy with the addition of 5% As 
doped Si80Ge20 into Bi2Te2.7Se0.3 was fabricated. Bulk 
nanostructured n-type Bi2Te2.7Se0.3 thermoelectric material has 
the highest ZT reported at 1.04 at 398K [5]. In an intuitive 
approach it was expected that such nanostructured composite 
mixture would dominantly reduce the thermal conductivity of 
the alloy. However, the annealing process following the 
fabrication of the thermoelectric sample revealed several 
interesting results. The characteristics of the sample changed 
from being an n-type material to a p-type material over 
annealing time and later returning back to higher value of 
negative Seebeck coefficient compared to the initial value. 
Since both Bi2Te2.7Se0.3 and SiGe:As are n-type thermoelectric 
materials, the resultant of a p-type material was unexpected 
based on thermoelectric properties of a composite material [10] 
[11]. This paper discusses the various trends observed in the 
thermoelectric properties of Bi2Te2.7Se0.3-Si80Ge20:As 
composite over about 400 hours of annealing. 

II. EXPERIMENTAL PROCEDURE 
In order to obtain the alloyed powders, appropriate amounts 

of high purity elemental Bi(>99.999%), Te(>99.999%) and 
Se(>99.999%) were weighted accordingly to the Stoichiometric 
ratio of Bi2Te2.7Se0.3. We will refer to this composition as 
BiSeTe in this manuscript. These powders were mixed and 
sealed in a stainless steel jar with chromium stainless steel hard 
balls under an argon environment. 

Similarly, high purity elemental Si(>99.999%), 
Ge(>99.999%) and As(>99.999%) were weighted and powders 
were alloyed and nanostructured following a similar milling 
technique to form the stoichiometric ratio Si0.78Ge0.20As0.2. We 
will refer to this composition as SiGe:As in the manuscript. 
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Planetary impact ball milling was employed to form the 
nanostructured alloy. 

To form the final composite alloy mixture 5 vol% SiGe:As 
was added to BiSeTe and was further ball milled for about 12 
hours to form the nanocrystalline alloyed powder. 

The milled powder was loaded into a graphite die with an 
inner diameter of 1.27 cm and cold pressed at 77 MPa for 5 
minutes in a Craver hydraulic press system. Following the cold 
pressing operation the powders were sintered to obtain the 
composite bulk alloy. The powders were subjected to a 
sintering temperature, time and pressure of 773 K, 90 seconds 
and 77 MPa respectively using a dc operated heating source. A 
cylindrical sample of diameter of 1.27 cm and 0.5 cm was 
obtained. 

To determine the thermoelectric properties of the sample, it 
was cut to form a rectangular bar and a disk shaped sample. 
The rectangular bar was used for electrical conductivity and 
Seebeck coefficient measurements, whereas the disk was used 
for thermal conductivity measurement. The disc and bar were 
polished for , k, and S measurements to remove any impurities 
and oxide layer on the surface. The electrical conductivity of 
the samples was measured by a four-point dc current switching 
technique and the Seebeck coefficient was measured by a static 
dc method based on the slope of the voltage versus 
temperature-difference curves using commercial equipment 
(ZEM3, ULVAC). The thermal diffusivity was measured by 
the laser-flash method with a commercial system (LFA-457, 
Netzsch Instruments, Inc.). The mass density of the sample was 
measured by the Archimedes method. Thermal conductivity (k) 
was then calculated as the product of thermal diffusivity ( ), 
specific heat (Cp) and volume density ( ) from the relation 

  (2) 

 

Following the initial measurement of the thermoelectric 
properties of the sample, the rectangular bar and the disk 
samples used for electrical and thermal conductivity 
measurements were annealed in a muffled furnace in ambient 
air. 

The five annealing cycles performed during this experiment 
were 623 K for the first 41 hours, followed by 72 hours at 623 
K, 68 hours at 653 K, 120 hours at 623 K and 96 hours at 673 
K. Each step was followed by thermoelectric property 
measurements. 

III. RESULTS AND DISCUSSION 

A. Electrical conductivty and Seebeck characteristics 
BiSeTe and SiGeAs are both inherently n-type materials 

with negative Seebeck, were extrinsic conduction happens by 
negative charges or electrons. Fig. 1 shows the variation of 
Seebeck coefficient versus the annealing time at room 
temperature. Starting out as negative Seebeck coefficient of  
�82.19 μV/k at room temperature, the material system 
behaved completely different after the initial annealing time of 

41 hours at 623 K. It became p-type with positive Seebeck 
value of ~140 μV/k. The trend became stronger when the 
magnitude of the positive Seebeck increased further from 140 
μV/k to 205 μV/k. The material showed peak positive Seebeck 
after annealing for about 113 hours, after which the material 
changed from a positive magnitude to negative magnitude 
Seebeck coefficient. A slow rising trend, i.e. the material 
shifting to a stronger n-type material was observed after about 
400 hours annealing. The electrical conductivities followed the 
trend depicted in Fig. 2. At low temperature the increase in 
electrical conductivity can be attributed to presence of holes at 
room temperature. The contribution of the electrons was 
negligible. Electrical conductivity slowly decreases as the 
mobility of the carriers, in this case, holes decreases and slowly 
increases at higher temperatures of about 523 K. At this stage 
the increase in electrical conductivity was noticed, which can 
be associated to the contribution from both holes and electrons. 
The electrical conductivity increases almost 3 times from 274.8 
S/cm, the initial unannealed sample value, to 782.8 S/cm, after 
about 400 hours of annealing. The dominant effect of the 
electrons as carriers can be the reason for this surge at low 
temperatures. As the temperature increases, reduction was 
witnessed because of the drop in mobility of the electrons as 
dominant charge carriers. These variations can probably be 
attributed to the defects and deformations induced in BiSeTe 
lattice upon inclusion of SiGe:As. Doping mechanism in 
Bi2Te3 solid solutions is through structural defects (or deviation 
from stoichiometry) namely antisites and vacancies. In the case 
of antisites, BiTe antisite (i.e. Bi atoms go to Te sites) donates 1 
hole and TeBi antisite contributes 1 electron. As in for 
vacancies, 3 holes are donated through Bi vacancy and 2 
electrons through Te vacancy [5, 12 – 15]. It is also known that 
plastic deformation changes Bi2Te3 from p-type to n-type [6] 
likely due to Te vacancy creation. However, annealing at high 
temperatures can restore to p-type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Fig. 1, Fig. 2 and Fig. 5 electrical conductivity and 
Seebeck coefficient increase simultaneously and a drop in 
thermal conductivity was observed up to 113 hours annealing, 
after which the electrical and thermal conductivities increase 
simultaneously. The highest value for electrical conductivity 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  Variation of Seebeck coefficient versus annealing time at room 

temperature. 
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was observed after annealing for about 400hours at room 
temperature. Starting out as low doped n-type material, the 
Seebeck coefficient becomes positive, indicating the material 
becoming a p-type material, where the positive holes become 
the dominant carriers. This trend was observed for increased 
annealing time till about 300 hours and after about 97 hours of 
further annealing. The highest value for the Seebeck coefficient 
as far as n-type material was attained after 400 hours of 
annealing, indicating the material tending to become a strong n-
type material. The highest value of ZT was obtained after 
annealing for 113 hours, where the power factor times 
temperature (S2 T) has the highest value of 0.48 W/mK and 
the thermal conductivity has its lowest value of 1.08 W/mK. 
Fig. 3 shows the change in Seebeck coefficient trends over the 
entire temperature range for each of the annealing cycles. 

B. Thermal conductivity characteristics 

 
 

Figure 2. Variation of electrical conductivity vs. temperature of SiGeAs doped 
with BiSeTe at different annealing time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. Variation of Seebeck coefficient vs. temperature of SiGeAs 
doped with BiSeTe at different annealing time. 

 

 
 

Figure 5. Variation of power factor vs. temperature of SiGeAs doped with 
BiSeTe at different annealing time. 

 

 
 

Figure 6. Variation of thermal conductivity vs. temperature of SiGeAs 
doped with BiSeTe at different annealing time. 

 

 
Figure 3. Variation of figure-of-merit (ZT) vs. temperature of SiGeAs 

doped with BiSeTe at different annealing time. 
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The thermal conductivity of the sample reduces and then 
later increases over the entire annealing cycle. Thermal 
conductivity reaches a minimal point after about 113 hours of 
annealing from Fig. 5. Thermal conductivity (k) is the sum of 
lattice thermal conductivity (kl) and electronic thermal 
conductivity (ke).  

(3) 

ke may be approximated by the Wiedemann-Franz law,  

       (4) 

where, L0 = 2.45 X 10   8 W K  2 is the Lorentz’s number. 

Contrary to this relation, after annealing the sample for 113 
hours, from Fig. 2 and Error! Reference source not found. 
we observed a decrease in thermal conductivity in spite of the 
increase in electrical conductivity.  The electrical conductivity 
of the sample at 113 hours of annealing was greater than 
electrical conductivities after 41 hours, 113 hours, 181 hours 
and 301 hours. Fig. 4 shows the change in power factor versus 
temperature for the different annealed samples.  From the 
relation (1), figure-of-merit (ZT) is inversely proportional to 
the thermal conductivity (k) and directly proportional to the 
electrical conductivity ( ). This increase in electrical 
conductivity and decrease in thermal conductivity was 
beneficial for the enhancement of thermoelectric figure-of-
merit. Error! Reference source not found. shows figure-of-
merit of the annealed samples. 

CONCLUSION 
In conclusion, anomalous thermoelectric properties were 

observed when Bi2Te2.7Se0.3 was doped with 5 vol% SiGe:As 
and annealed. The Seebeck coefficient transitioned from 
negative magnitude (n-type) to a positive magnitude (p-type) 
and on further annealing shifted back to a higher negative 
Seebeck coefficient than the initial measured Seebeck 
coefficient. Moreover, a potential thermoelectric ground 
breaking behavior was observed that after about 113 hours of 
annealing, there was a drop in thermal conductivity with a 
corresponding increase in electrical conductivity. This led to an 
enhancement in the figure-of-merit and the sample displayed 
the highest ZT after 113 hours of annealing during the entire 
experiment.  This composite structure is unconventional and 
our result may prove to be a stepping stone to enhancing 
thermoelectric properties of Bi2Te3 based solid solution alloys. 
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Abstract— Thermoelectric effect becomes one of the important 
elements in sustainable energy due to its capability in green 
conversion of waste heat into electrical energy. Among various 
thermoelectric materials, nanostructured-Si0.80Ge0.20 is being 
widely investigated owing to its efficient thermoelectric effect at 
high temperature. In this manuscript, we studied differential 
thermal analysis (DTA) of Si0.80Ge0.20 thermoelectric alloy in 
detail. Our DTA study revealed the fact that in almost all alloys 
of nanostrcutured Si0.80Ge0.20 prepared with mechanical ball 
milling, the sample is not in Si0.80Ge0.20 phase but is in 
composite mixed phases of Si0.88Ge0.12 and small amount of 
Si0.55Ge0.45. This phase impurity can hardly be seen in X-ray 
diffraction patterns and is often neglected.     

Keywords- thermoelectric, SiGe; nanostructured bulk; thermal analysis   

 

I. INTRODUCTION 
Silicon-Germanium (Si1• xGex) alloys have been known as 

high temperature thermoelectric materials1 which have a 
function of thermal–electrical energy conversion by 
employing a temperature difference.2 This class of materials 
has become important due to their applications in electronic 
and opto-electronic, and recently, much attention has been 
paid to study thermoelectric properties of this alloy.3,4,5 
   The wide applications of SiGe based materials have 
produced an increasing effort to study the properties of these 
compounds. In particular, since the 1970s, several studies 
were performed on the oxidation of SiGe alloys,6 in order to 
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determine the kinetics and mechanisms of the behavior of 
these materials in thermal processes. Although many results 
have been explained by theoretical models,7,8 an overall 
insight into thermal behavior of SiGe alloys is still lacking 
because of the difficulty in clarifying the role of several 
parameters such as crystal structure of the alloy, Ge 
concentration, oxidation ambient and temperature. For 
example, it is well known that high temperatures induces 
interstitial injection of some elements,9 while it is still under 
debate what kind of point defects (interstitial or vacancy) are 
injected during exposure of SiGe to high temperatures.10 In 
addition, the thermal stability of SiGe alloy determines the 
possibility of using these materials in devices operating 
under conditions above room temperature.11,12,13,14 An 
increase in the thermal stability of materials extends the 
temperature range of their practical applications. However, 
an increase in the operating temperature can lead to 
structural and phase transformations.  

Although the thermal behavior of thermoelectric materials 
is important, a detailed differential thermal analysis (DTA) 
of SiGe is scarcely reported. 

DTA involves measuring the temperature difference ( T) 
between the sample under study with the reference sample 
placed at the same temperature and pressure conditions on 
heating or cooling of both samples. This method can be one 
of the direct methods for studying thermodynamics of the 
phase segregation of SiGe.  

In this study, after synthesizing a p-type nanostructured 
SiGe, the thermal behavior and properties of the sample was 
analyzed by DTA to monitor the changes during thermal 
process. We will discuss the detailed information extracted 
from DTA study some of which could not be understood 
from X-ray diffraction analysis or electron microscope 
images.  
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II. MATERIALS AND METHODS  
   Powders of silicon (>99.9%), germanium (>99.999%) and 
boron (>99%) purchased from Alfa Aesar were mixed and 
milled in tungsten carbide bowls in a planetary mill (Fritsch 
P7 PL). The amount of Ge in the mixture was 20 at% of the 
total material. 1.6 at% boron was added to attain the desired 
p-type alloyed powders.  
   The milling was occurred at 800 rpm and under argon 
atmosphere for 10 hours. Ratio of ball-to-powder was 8:1. 
To avoid sticking of the materials to the bowl during the 
milling, the powder was manually mixed and reloaded in the 
bowl in regular time intervals (~ 6 hours). The powder was 
annealed in a quartz crucible at 1100 C for 3 hours and 
then milled again for 58 hours. 
   The properties of the milled SiGe nano powders, such as 
the mean particle size and the particle size distribution, the 
degree of disorder or grain formation, and the final 
stoichiometry can significantly affect the thermoelectric 
properties of the final material. These properties depend on 
the milling conditions and a complete control and 
monitoring of the milling conditions is required to 
systematically obtain the desired end product.15,16  
   The resulting powder was pressed for 10 minutes under 
108 MPa pressure in a cylindrical high strength graphite die. 
The internal diameter of the graphite die was 12.7 mm. The 
sintering temperature was 1200 oC.  
   The prepared samples were characterized with X-ray 
diffraction (XRD, Brucker AXS D8-Discover) with Cu K  
radiation and scanning electron microscope (SEM, Hitachi 
S-4800). The average crystallite sizes of the samples were 
identified using the XRD data recorded in the range of 2  
angles between 20  to 80 .  
   The differential thermal analysis (DTA) was carried using 
Netzsch STA 449 F1 in argon environment (50 ml/min 
flow). The temperature was increased 20 C per min from 
20 to 1550 C. The acquisition rate was 10 points per 
degree centigrade and 200 points per minute 

III. RESULT AND DISCUSSION  
   Fig. 1 shows the SEM image of the nanostructured SiGe 
bulk sample. As can be seen in this figure there are different 
grain sizes in the range of 10-500 nm. The large grains are 
made of smaller crystallites in the range of 10-30 nm.  
   The XRD data is shown in Fig. 2. The SiGe spectrum 
displays the diffraction peak between lines of Si at main-
2 =28.47  and Ge at main-2 =27.29 . Since during the 
preparation procedure Si and Ge form a continuous slid 
solution alloy, the diffraction line shifts from Si to Ge. The 
crystallite size was estimated by Sherrer’s formula by 
extracting the instrument broadening and ignoring the 
residual stress for the samples.17 The average crystallite size 
of our sample was calculated as 26.7 nm. The crystallite size 
of the other samples prepared with the same method is 
estimated to be in the range of 13-33 nm.  

 

 

 
Figure 1. SEM micrograph of nanostructured SiGe shows the distribution of 
crystallite size in the range of 10-500 nm. The large grains are composed of 
small crystallites. 
 
   The sharp line at main-2 =28.28  designates that alloying 
of SiGe is completed. However, it is not possible to identify 
the existence of different compositions of Si1-xGex using the 
XRD pattern due to line overlaps and instrument broadening. 
In other words the XRD data is not accurate enough to 
distinguish between different compositions of Ge. However, 
differential thermal analysis can provide us means to 
determine the amount of Ge in the synthesized alloy more 
precisely.   

 

 
Figure 2. X-ray diffraction pattern of the nanostrcutured SiGe bulk sample. 

 
   Solid line in Fig. 3 shows the DTA thermograph of 
nanostructured SiGe. The sharp endothermic peak indicates 
the main melting point of our sample which is occurred at 
1337.4 C. Using the phase diagram of SiGe 18,19,20,21,22, this 
melting point corresponds to Si0.88Ge0.12. 
   From the DTA of the various samples, we observed that 
the main melting point stands in the range of 1332-1340 C, 
which indicates 11-13% Ge in the crystals of SiGe for 
different samples. This result is surprising as we used 20% 
Ge for the sample preparation, but most of the SiGe is 
formed with the composition of ~12 % Ge.   
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   Closer inspection of the DTA thermograph revealed 
another endothermic peak which happens at lower 
temperature compared to the main melting peak. Although 
this peak is small, it was reproducibly observed in almost all 
of the synthesized samples. Interestingly in all such cases the 
peak consistently showed up around 1149 C. This peak can 
be interpreted as the existence of a different composition of 
Si1-xGex in our material. According to the phase diagram of 
Si-Ge, this melting temperature corresponds to Si0.55Ge0.45. It 
seems that most of the primary Ge, which was 20% of the 
starting composition, participates in the formation of 
Si0.88Ge0.12 and the rest forms the alloy of Si0.55Ge0.45. 

After performing the DTA, the nanostructured SiGe 
reached to its melting temperature, which diminished its 
nano-grained configuration. It is expected that the grains 
grow and diffuse into each other to form polycrystalline 
SiGe with large grains. 

  
 

 
 

Figure 2. DTA thermograph of Si 1-xGe x in first and second DTA run. 
 

   We performed a second DTA run on the resulting 
polycrystalline material. The thermograph of this DTA is 
shown as dashed line in Fig. 2. Both peaks are appeared in 
the second run. However an obvious shift to the lower 
temperature has been observed for both peaks. The main 
melting temperature is decreased to 1306.8 C and the 
second endothermic peak appeared at 1118 C. Both melting 
temperatures decreased by about 30 degrees at the second 
run of DTA for the melted sample. This occurrence which 
was observed reproducibly in different samples is not clearly 
understood and is in contrast with our expectation. It is 
known that the melting temperature of nanocrystalline 
materials is below the melting temperature of the crystalline 
material. This general occurrence is proven to be correct in 
many metallic,23,24,25,26,27 organic,28,29 and semiconductor 
crystals.30,31 However, our result is in contrast with this 
phenomena. Note that we cannot associate the change of 
melting temperature to the change of Ge content. Based on 
Si-Ge phase diagram, when the ratio of Ge to Si increases, 
the melting point decreases. However, since in our 
experiment both melting temperatures attributed to 
Si0.88Ge0.12 and Si0.55 Ge0.45 are decreased, the Ge content 

cannot be increased for both phases as the total Ge content is 
constant. It is however possible that silicon content is 
reduced due to oxidation, which must be small as the 
experiment was run under dynamic ultra-high pure argon 
flow.  

Also, two humps were observed at the first DTA run. The 
first hump (at 100-300 C) can be interpreted as the 
evaporation of the humidity in our sample and the second 
hump (at 600-1200 C) can be related to degassing of 
trapped gaseous elements in the nanostructured SiGe. Since 
the temperature were increasing rapidly during the DTA run 
(20 C/min), the evaporation of humidity or degasing is 
extended to a wide range of temperature. Note that the 
second hump did not show up at the second DTA run which 
indicates that in the polycrystalline ingot there were little or 
no trapped gas due to the lack of many grain boundary 
interfaces.  

  

IV. CONCLUSIONS 
    Various nanostructured SiGe samples with 20 at% Ge 
were synthesized via mechanical milling and sintering 
method. We examined in detail the results of differential 
thermal analysis of these samples. Although the XRD 
pattern confirmed the complete alloying of Si-Ge, it could 
not show the precise amount of Ge in the formed alloy. 
Detailed analysis of DTA thermograph revealed that 
although the starting material was mixed to 20 at.% Ge ratio, 
the formed alloy was not Si0.80Ge0.20 . Instead, most of the 
materials produced were in a composite form of Si0.88Ge0.12 
and small amount of Si0.55Ge0.45.  
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Abstract—Precipitation as the phenomenon responsible for the 
electrically inactive Boron in nanostructured Silicon-Germanium 
alloy (Si1-xGex) is reported and investigated. It is shown that SiB3 
and SiB6 are not responsible for the inactive boron as confirmed 
by X-ray diffraction analysis. The increase of the change of 
thermoelectric properties of Si1-xGex alloy with thermal cycling 
accompanies the decrease of the crystallite size as confirmed by 
our experiments. The dependence of the carrier concentration on 
temperature was obtained from detailed theoretical modeling. 

Keywords- Thermoelectric, boron precipitation, nanostructured 
Silicon Germanium, carrier concentration 

I.  INTRODUCTION  
The performance of thermoelectric materials is described 

by the dimensionless figure-of-merit (ZT), defined as  

ZT= ( 2 )/k T 

In which S is the Seebeck coefficient,  is electrical 
conductivity, k is thermal conductivity, and T is absolute 
temperature. Nano configuration is well-known to be an 
effective method to significantly decrease thermal conductivity 
k in order to increase ZT. Supersaturating the Silicon-
Germanium alloy by dopant has been an attempt to approach 
the optimal carrier concentration. Yet, the significant loss of 
carrier concentration along with the decrease of crystallite size 
has been observed in the experiments reflected by the increase 
of Seebeck coefficient and decrease of electrical conductivity 
[1]. In 1988, Cronin B. Vining hypothesized that in the Boron-
doped silicon system SiB3, SiB6 may be one of the reasons for 
the inactive dopant [2]. Whether these phases are also 
responsible for carrier loss in Silicon-Germanium alloy is under 
question. 

In 1979, D.M Rowe and N Savvides reported the reversible 
nature of precipitation in doped silicon-germanium alloys [3]. 
The activation energy was later calculated to be 56 kcal/mol [4] 
by Lifshitz-Slyozov model [5]. However, there is yet little 
report on Boron precipitation process in nanostructured SiGe 
alloy. The relationship between precipitation and crystallite 
size has not been reported yet. 

The increase of the change by precipitation along with the 
decrease of crystallite size was confirmed by our experimental 
data. Our model calculation revealed the carrier concentration 
as a function of temperature in the nanostructured SiGe alloy 
system. This valuable data is a key to further understand the 
nature of the electrically inactive boron in the nanostructured 
SiGe alloy and the potential to further enhance its ZT. 

II. EXPERIMENTAL PROCEDURE 
Silicon (Si), Germanium (Ge) and Boron (B) powders with 

an estimated purity of 99.9%, 99.99% and 99.99%, 
respectively, were weighed in an argon-filled glove box for 
compositions of Si83Ge12B5. Note that the actual dopant level is 
less than the expected 5 atomic weight percent due to 
precipitation. So the composition is not precisely Si83Ge12B5. 
The cups with mixed powder and tungsten carbide balls were 
sealed under an argon atmosphere. They were loaded into a 
planetary ball mill with a ball to powder weight ratio (BPR) of 
5 with the maximum speed of 1000 rpm. The powder was 
collected after three hours of milling and melted in an alumina 
crucible at 1450 ºC. Part of the as-melted ingot was cut and 
tested for the electrical properties, and the rest of the ingot was 
milled into powder. Samples of the milled powder from the 
ingot were taken at different time intervals from the ball mill. 
Each of them was loaded into a graphite die for the hot press 
with maximum temperature of 1200 ºC under 93 MPa for 6 
minutes. The sintered samples were cut into disks and rods for 
electrical characterization, and then annealed under different 
temperatures. Electrical and thermal properties were 
characterized again after annealing them for the purpose of 
comparison. 

The thermal conductivity was measured by a laser flash 
apparatus (NETZSCH LFA 457 Micro Flash). The Seebeck 
coefficient and electrical resistivity were measured 
simultaneously using a commercial apparatus (Ulvac-Riko’s 
ZEM-3). X-ray diffraction analysis and scanning electron 
microscopy were performed using Bruker AXS D8 with Cu K  
radiation and Hitachi S-4800, respectively. 

Parameters in the model together with hot press conditions 
are shown in Table 1. The doping level is a fitting parameter. 
These analytical forms are not accurate enough to reflect the 
apparent dopant precipitation at temperatures T>1000 K 
reflected from the experimental data, especially from the 
Seebeck coefficient. However, they are sufficiently accurate to 
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show the influence of crystallite size on boron precipitation, 
which is important for our purpose. 

Sample 1 is the ingot made directly from a melt of the 
mixed powder heated under 1450 ºC. Sample 2 is hot pressed 
from the powder milled directly from the ingot with milling 
time of 11 hours without annealing. Sample 3 was made 
directly from annealing sample 2 after it was characterized. The 
sample’s ID is formatted as below to include both the 
information of milling time and annealing temperature. 

Sample ID Format: 

Milling time (h)-Annealing temperature (ºC). 

TABLE I.  SUMMARY OF PRESS CONDITION AND DOPING LEVEL 

# 

Milling Conditions: 
BPR: 5 

Speed:650rpm 

Hot Press Conditions: 
Pressure:93MPa 

Temperature:1200 C 
Time: 6 minutes 

Anneal None or 10 h 

ID Doping level 
(cm-3) 

Av. crystallite Size 
(nm) 

1 Ingot 8.4×1026× 
(1-T/5200) >100 

2 11-NA 5.5×1026× 
(1-T/4400) 55 

3 11-1000 3.2×1026× 
(1-T/5700) 100 

4 23-NA 4.3×1026× 
(1-T/3600) 48 

5 23-1100 4.23×1026× 
(1-T/5700) 75 

6 105-NA 3.9×1026× 
(1-T/5700) 20 

7 105-1100 3.10×1026× 
(1-T/5200) 50 

 

III. EXPERIMENTAL RESULT AND DATA ANALYSIS 
Before you begin to format your paper, first write and save 

the content as a separate text file. Keep your text and graphic 
files separate until after the text has been formatted and styled. 
Do not use hard tabs, and limit use of hard returns to only one 
return at the end of a paragraph. Do not add any kind of 
pagination anywhere in the paper. Do not number text heads-
the template will do that for you. 

Finally, complete content and organizational editing before 
formatting. Please take note of the following items when 
proofreading spelling and grammar: 

A. Before Annealing 
Figure 1 reports electrical conductivity before the samples 

are annealed. The profile is close to the semi-classical theory. 
In the case of the sample with smallest average crystallite size, 
both the low level of carrier concentration and enhanced grain 
boundary scattering resulted in low electrical conductivity. The 
activation fraction of the dopant added into the sample 6 is less 
than 50% compared to the ingot doping profile. It also indicates 
boron precipitation already took place before samples were 
tested. Carrier concentration can also be reflected by Seebeck 
from figure 2. 

The solid lines in figures are the fitting of experimental 
results by parameters in table 1. 

 
Figure 1.  Electrical conductivity vs. temperature 

 
Figure 2.  Seebeck coefficient vs. temperature  

B. After annealing 
Figure 3 shows the electrical conductivity vs. temperature 

of samples 3, 5, 7 which are annealed form of samples 2, 4, 
and 6.  

 
Figure 3.  Electrical conductivity vs. temperature 
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Figure 4.  Seebeck coefficient vs. temperature 

 
The ingot sample has the largest carrier concentration and 

average crystallite size, so it has the highest electrical 
conductivity. Sample 3 has a larger average crystallite size 
than sample 5 because of a shorter milling time (11 hours). 
This is reflected from its thermal conductivity in figure 5. The 
lower annealing temperature (1000 ºC) of sample 3 compared 
with sample 5 (1100 ºC) resulted in a lower carrier 
concentration. Consequently, sample 3 has a lower electrical 
conductivity. Sample 7 has the lowest electrical conductivity 
due to both its low level carrier concentration and enhanced 
grain boundary scattering. 

 
Figure 5.  Thermal conductivity vs. contemperature  

C. Further discussions 
In order to learn more about the kinetics of the boron 

precipitation process and preclude the possible existence of 
phase SiB3 or SiB6 which might also be the reason of carrier 
density loss in nanostructured SiGe alloy, we further 
investigated the influence of electrical properties on 
temperature history of nanostructured SiGe sample. The 
sample was hot pressed under 1200 C for 6 minutes without 

annealing. The average crystallite size was around 20 nm 
according to the XRD analysis. 

The electrical conductivity and Seebeck coefficient as a 
function of temperature are shown in figure 6 and 7, 
respectively. Red diamond symbols refer to the data collected 
during the heating process. The blue symbols refer to the data 
collected during the cooling cycle. The solid lines refer to the 
best theoretical fitting by changing the doping concentration. 
Further loss of carrier concentration during the cooling cycle 
(indicated by the blue curve) is reflected by a higher Seebeck 
coefficient and a lower electrical conductivity when compared 
with the red curve under the same temperature. 

Figure 9 is the dopant concentration profile obtained from 
the best theory fitting.  

According to the dopant profile obtained from our model, 
the precipitation gets most enhanced when temperature is close 
to 800 ºC. After 800 ºC, the precipitated boron started to 
disaggregate. 

 
Figure 6.  Electrical conductivity vs. temperature for nanostructured SiGe 

alloy 

 

Figure 7.  Seebeck coefficient vs. temperature  
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Figure 8.  Thermal conductivity vs. contemperature of nanostructured SiGe 
sample 

 

Figure 9.  The change in dopant concentration vs. temperature during heating 
and cooling cycles  

 

Figure 10.  XRD pattern of nanostructured SiGe alloy  

 

D. Conclusions  
It is well known that grain boundaries are preferred sites for 

the precipitation due to its high interfacial energy and relatively 
weak bonding. The present work clarified the nature of inactive 
boron is in a precipitated phase in the nanostructured SiGe:B 
alloy. From the data of the experiments, although grain 
boundaries in p-type SiGe:B alloy can significantly reduce the 
thermal conductivity, the electrical conductivity is also reduced 
along with the decrease of crystalline size, which is not to the 
benefit of ZT. Verified by our semi-classical theory model, this 
trend is due to both the grain boundary scattering and the loss 
of carrier concentration. Cronin B. Vining points out that the 
kinetics of dopant depends on its diffusion rates and the 
number of nucleation sites such as impurities, dislocations, 
grain boundaries and other point, line, and plane defects [2]. 
From our experiments, more dopants are deactivated when 
there are more grain boundaries inside the sample, which 
indicates that the inactive dopant is closely related to the grain 
boundary. The information of carrier concentration profile 
extracted from the model also showed the reactivation of 
dopant when the sample was heated over 1100K, which further 
convinced us that the inactive dopant is in the precipitated state 
in the grain boundary. 
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Abstract— We report enhancement in doping concentration of 
p-type SiGe by small addition of CrSi2 into the matrix. P-type 
SiGe thermoelectric alloy was synthesized by melting the 
elemental powders with and without addition of CrSi2. The 
transport properties of both ingots were measured in 
temperature range of 25- 850°C. The results showed that the 
addition of CrSi2 to SiGe enhances its electrical conductivity 
which is explained by enhancement in carrier concentration. 
Power factor of the composite sample was improved. 
Consequently, its figure-of-merit, ZT, increased compared with 
that of SiGe. In this study, the effect of nanostructuring on the 
SiGe : CrSi2 composite was further studied and its transport 
property were compared with those of crystalline composite 
sample. The DTA thermograph of SiGe : CrSi2 suggested the 
possibility of reaction between Cr and Si during sample synthesis 
which may resulted in formation of small amount of Cr1-xGex 
(x=0.02-0.03) alloy in the matrix. 

 

Keywords- Thermoelectric; SiGe; CrSi2; Doping; Electrical 
conductivity 

I.  INTRODUCTION 
 

   There has been an increasing global interest in the research 
regarding renewable energy systems. Thermoelectric devices 
have a huge potential in both energy generation and harvesting 
[1,2]. The performance of thermoelectric materials can be 
characterized by its figure-of-merit, which is a dimensionless 
parameter defined as ZT= (S2 / )T, where  is the electrical 
conductivity, S is the Seebeck coefficient,  is the thermal 
conductivity, and T is the average temperature. SiGe is one of 
the well-known high temperature thermoelectric materials in 
the field of aerospace technology [3, 4, 5, 6].  Due to extensive 
solidification range, SiGe solid phase obtained by traditional 
casting processes is heterogeneous and exhibits different kinds 
of segregations. 
    To eliminate these problems, different processes have been 
introduced and applied. Mechanical alloying is a well-known 

method to increase the homogeneity of the material. It is also 
an efficient way to improve the thermoelectric properties by 
creation of smaller grains, which can reduce thermal 
conductivity by grain boundary scattering. Enhancement of ZT 
has been reported in several publications by nano-
configuration. Another method to enhance ZT is modulation 
doping[7,8,9]. 
CrSi2 is a highly degenerate p-type semiconductor. Its hole 
mobility is about two orders of magnitude higher than that of 
electron [10]. The maximum reported ZT of CrSi2 is 0.2 at 
600°C [11, 12]. However, CrSi2 is limited to achieve a higher 
ZT due to its small band-gap energy at high temperature (i.e. 
0.3 eV), which results in small Seebeck coefficient and large 
thermal conductivity by the enhancement of the thermal 
carrier excitation at high temperature [13, 14].  

In this paper, we have studied experimentally the 
thermoelectric properties of p-type SiGe with small addition of 
CrSi2. It was shown that the electrical conductivity of the 
composite structure is enhanced compared with that of SiGe. 
We further studied the effect of nanostructuring on 
thermoelectric properties of SiGe embedded with CrSi2. 

II. EXPERIMENTAL PROCEDURE 
   To prepare the composites with the stoichiometric ratio of 
(Si0.88 Ge0.12 B0.02)0.95  (CrSi2)0.05, the atomic volume of the 
Silicon (>99.9%, Alfa Aesar), Germanium (>99.999% Alfa 
Aesar), Boron (>99%, Alfa Aesar), and Chromium (>99%, 
Alfa Aesar) powders were loaded into a crucible. The powders 
were melted at 1450°C for 3 hours under Ar atmosphere. The 
melted powder (ingot) was cut into disks and rods for 
thermoelectric and differential thermal analysis (DTA) 
measurements. For comparison, an ingot of SiGe alloy was 
prepared by the same procedure. To study the effect of nano 
structuring on thermoelectric properties of SiGe-CrSi2, the rest 
of the composite ingot was milled in a sealed steel vial in a 
vibratory mill under argon atmosphere for 50 hours. The ball-
to-powder ratio was 5:1. The SiGe-CrSi2 milled powder was 
pressed in a cylindrical high strength graphite die with an 
internal diameter of 12.7 mm at 1250°C for 5 minutes under 
93 MPa pressure. The sintered sample was cut into disks and 
rods for different measurements. Seebeck coefficient and 
electrical conductivity were simultaneously measured in the 

This report is partially based upon work supported by Air Force Office of
Scientific Research (AFOSR) High Temperature Materials program under
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temperature range of 300-1273K with the four probe method 
using the commercially available equipment (Ulvac Riko 
ZEM-3). Thermal conductivity was measured from the disk 
samples of ~2mm thick by laser flash method (Netzsch LFA 
457). The structure of milled composite was measured by X-
ray diffraction (Brucker AXS D8-Discover) with Cu K  
radiation. The differential thermal analysis (DTA) was done 
using Netzsch STA 449 F1 in Argon environment (50 ml/min 
flow). The temperature was increased 20°C per min from 20 to 
1400°C. The acquisition rate was 10 points per degree 
centigrade and 200 points per minute. 

III. RESULTS AND DISCUSSIONS 
   Figure 1 shows the differential thermal analysis (DTA) of 
SiGe-CrSi2 composite alloy. As depicted in this figure, the 
DTA thermograph has a sharp endothermic peak at 1355 oC. 
The melting temperature of CrSi2 (1475oC) was higher than 
our DTA range. Therefore, its melting process is not observed 
in the thermograph. The sharp peak at 1355 oC is associated 
with the melting point of SiGe. Based on the synthesis 
procedure, we used 12 at.% Ge in our material expecting to 
have Si0.88Ge0.12 composition. However, based on Si-Ge phase 
diagram [15,16,17] the melting temperature of Si0.88Ge0.12 is at 
1337 oC. The increase in the melting temperature to 1355°C 
may be associated to 2-3% decrease in the composition of Ge 
in SiGe at the presence of CrSi2. We suspect that 2-3 at.% Ge 
has reacted with Cr forming small amount of Cr1-xGex 
(x=0.02-0.03) alloy in the matrix. Since according to the phase 
diagram of Cr-Ge [18-22] the melting temperature of the 
formed  Cr1-xGex alloy with small percentage of Ge is very 
high (>1800 oC), the corresponding endothermic melting peak 
was not observed in our DTA experiment.  

  

 

 

 

 

 

 

 

 
Fig1. Differential thermal analysis of SiGe-CrSi2 

 

   The electrical conductivity of both SiGe and SiGe-CrSi2 
samples versus temperature are shown in Fig. 2-a. As it can be 
seen, the electrical conductivity of the composite is much 
higher than that of the SiGe. At room temperature (25°C), the 
electrical conductivity of SiGe-CrSi2 is 3190 S/cm, while this 
value is 2500 S/cm for SiGe. This large enhancement in 
electrical conductivity can be associated with enhancement in 
doping concentration and/or carrier mobility. Fig.2-b shows 
the Seebeck coefficient of both samples. Since the Seebeck 

coefficient of SiGe-CrSi2 composite is lower than that of SiGe 
sample, the carrier concentration in SiGe-CrSi2 ingot is higher 
than in SiGe. The charge carrier mobility is expected to be 
similar as the dominant scattering mechanism in SiGe is by 
acoustic phonons. Considering this observations, it can be 
concluded that by adding CrSi2 either the solubility of the 
original dopant (boron) in SiGe-CrSi2 lattice is increased or 
CrSi2 acts as a dopant in the lattice. 
      
 

 
 

 
 
   Figure 2. (a) The electrical conductivity and (b) Seebeck coefficient versus 
temperature for SiGe and SiGe-CrSi2 ingots. 
 
   In order to investigate the effect of nano-structuirng, a part 
of the SiGe-CrSi2 ingot was milled into nanocrystalline power. 
The crystallite size of the composite was determined by 
Sherrer’s formula by extracting the instrument broadening and 
ignoring the possible residual stress. The crystallite size of the 
SiGe-CrSi2 powder was 30 nm. Figure 3 shows the transport 
properties versus temperature for nanostructured SiGe-CrSi2 
composite compared with that of the SiGe-CrSi2 ingot. Figure 
3(a) shows that electrical conductivity of the nanostructured 
SiGe-CrSi2 composite decreased in comparison with that of the 
ingot. Figure 3(b) shows that the Seebeck coefficient of the 
composite sample is more than that of the ingot. This indicates 
that that carrier concentration is decreased compared to that of 
the ingot, which can also explain the smaller electrical 
conductivity of the nanostrcutured sample.  The smaller carrier 
concentration can be associated with enhanced boron 
precipitation in the composite lattice.  
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Figure 3. (a) Electrical conductivity), (b) Seebeck coefficient, (c) thermal 
conductivity, and (d) figure-of-merit (ZT) versus temperature of 
nanostrcutured and crystalline (ingot) SiGe-CrSi2. 
 

   Figure 3(c) shows that the thermal conductivity of the 
nanostructured sample is lower than that of the ingot. 
Consequently as seen in Figure 3(d), the ZT of the 
nanostructured sample is slightly higher than that of the ingot.  
 

IV. CONCLUSION 
In this study the electrical conductivity and Seebeck 

coefficient of the crystalline p-type SiGe with small addition of 
CrSi2 were studied. The results showed that addition of 5% of 
CrSi2 to Si0.88Ge0.12 enhances the electrical conductivity 
compared to that of SiGe. We may conclude that CrSi2 
increases the solubility of boron in SiGe lattice or acts as a 
separate mechanism to enhance the carrier concentration in the 
SiGe structure. By milling the SiGe-CrSi2 ingot for 50 hours, 
nanocrystalline composite of SiGe-CrSi2 with the average 
crystallite size of 30 nm was prepared. The nanocrystalline 
powder was sintered at 1250°C by hot-pressing method. The 
electrical conductivity of this sample decreased and its Seebeck 
coefficient increased compared to those of the crystalline 
sample. The thermal conductivity of the nanostrcutured 
composite sample decreased significantly. Overall the ZT 
enhanced slightly compared to that of the crystalline 
composite. The DTA thermograph of SiGe-CrSi2 reveals the 
possibility of CrGe alloy formation in our material. 
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Abstract 
The explosive growth of mobile communications coupled with the recent findings regarding the 
health and environmental hazards gives rise to a compelling case to reduce the electromagnetic 
pollution (EMP). While the harmful effects of EMP have been widely reported, there appears to 
be no objective measure to quantify EMP from the mobile communications perspective. Such an 
objective measure is a prerequisite to model, measure, monitor and manage EMP. In this paper, 
an attempt is made to define EMP in mobile communications and propose electromagnetic 
pollution index (EPI) as the product of normalized polluted area and polluting energy in a cell. 
Assuming free space propagation and isotropic antennas, a model for EPI is developed and 
relationships are derived to understand the fundamental factors contributing to EPI. To illustrate 
the use of EPI, an example is presented along with insights into managing EMP. Suggestions are 
made regarding the scope for further work in extending the model and multi-disciplinary 
research in EMP. As managing EMP is emerging as an important aspect of preserving our 
biosphere, this paper serves the need for a first step towards ‘True’ Green Mobile 
Communications.  

Keywords  
Green Mobile Communications, True Green Mobile Communications, Electromagnetic 
Radiation, Electromagnetic pollution, Objective measure for electromagnetic pollution, 
Electromagnetic Pollution Index, EPI, Managing electromagnetic pollution, Reducing 
electromagnetic pollution 

Introduction 
The growing emphasis on reducing carbon footprint and emission of green house gases are 
necessary steps to preserve the biosphere. Green mobile communications is in tune with this 
trend. The carbon foot print from mobile towers in India is estimated to be approximately 12 
million tonnes [1] and Information and Communications Technology (ICT) industry accounts for 
about 2% of the global carbon foot print [1]. On the other hand, the rapidly growing 
electromagnetic radiation (EMR) from mobile communications has given rise to increasing 
concerns about the adverse effects on human health, flora and fauna. The adverse effects from 
non-ionizing radiation are categorized into thermal effects and biological effects. The guidelines 
[2] formulated by International Commission on Non-Ionizing Radiation Protection (ICNIRP) 
specifically ignored the potential long term biological effects such as increased risk of cancer. 
On 31 May 2011, WHO classified [3] RF exposure from mobile telephones as “possibly 
carcinogenic to humans (Group 2B)”. It appears that the biological effects on humans can no 
longer be ignored.  
Biological effects on the flora and fauna have been widely reported and summarized [4]. Council 
of Europe report [5] states that “EM fields from mobile telephony appear to have more or less 
potentially harmful, non-thermal, biological effects on plants, insects and animals, as well as the 
human body when exposed to levels that are below the official threshold values”. The report of 
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Government of India [6] recommended that radiation from mobile towers be recognized as a 
pollutant. 
The foregoing summary highlights the need to manage EMP. While the terms EMP and EM 
smog have been used extensively since a long time, there appears to be no definition or model of 
such pollution in the context of mobile communications. Such definition is a prerequisite to 
measure, monitor and manage EMP as pointed in [7], [8]. In this paper, a definition of EMP is 
presented and EMP Index (EPI) is suggested as an objective measure. A simplified model for 
EPI is developed and an example is presented to illustrate the use of EPI to compare alternative 
network designs. Further research directions are identified in this nascent and emerging multi-
disciplinary area.  

Definition of EMP and EPI in mobile communications 
EMR is considered to be harmful if the power density exceeds a threshold  [9]. The power from 
multiple sources is, in general, additive and may be expressed at a point (x,y,z) as 

 for all  
Where 

= Received power density from the ith emitter 
= Effective aperture area for the direction of arrival  

The polluting energy may be expressed as 

In the case of mobile communications, it is not practical to evaluate or measure the energy at all 
the points (or even ‘representative points’) to objectively assess or compare EMP. Based on the 
threshold concept, it is postulated that EMP is limited to a few areas where the Base 
Transmitting Station (BTS) and mobiles are radiating within a cell. Such areas may be termed as 
‘Pockets of Pollution’ (PoP) and an objective EMP Index (EPI) is proposed as a product of the 
normalized polluted area and polluting energy. 

Assuming =1,  

Where 
EPI = EMP Index in Watt-Hours 
A= Area of the cell 

=Area of ith PoP 
= Power measured by an omni-directional antenna at a distance of 1m on the bore-sight 

of the transmitting antenna 
 Time period (suggested as 24 hours)  

Simplified Model for EPI 
In this section, a simplified model of EPI is presented. Assuming free space propagation, 

Where 

168



S=Received power density 
P=Received power 
Pt= Transmitter power 
Gt= Gain of transmitter antenna 
= Wavelength in meters  

Gr=Gain of receiver antenna 

Assuming no power control, the minimum signal required at the maximum distance is given by 

Assuming isotropic antennas and substituting for in (7) yields 

Substituting in (4), EPI is given by 

The summations are required to be over all emitters i.e BTS as well as all mobiles. 
Separating the BTS related and mobile related terms in (10) gives rise to 

Where 
=Area of PoP due to BTS 

= Area of PoP due to jth mobile 
u = Number of channels per Trans Receiver (TRX) 
v= Number of TRX 

=Average transmit time for ith channel of BTS 
 =Average transmit time for jth mobile 

 
The maximum value for EPI occurs when all channels are occupied all the time. In such a case, 
M uv and 

 

Where 
=Radius of the circle of PoP 

Taking ratio of (12) and (13) gives 
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Illustration 
Consider a single cell of radius R1=3000m  as shown in fig 1.a. The same geographical area is 
covered by splitting into 7 cells, each of radius r1=1000m, as shown in fig1.b. 

 
Fig1.a Cell of radius 3000m       Fig 1.b Seven cells, each of radius 1000m

The values of u=8 and v=7 in larger cell and v=1 in the smaller cell satisfy the case of full 
loading in the large cell and smaller (split) cells. Using lower case letters for the smaller cell, 
from (12) and (14) the ratio of maximum value of EPI is given by 

here 

For comparison, the surface plots of power (dB ref 1 W/m2) in PoP due to BTS for 170 
W/m2 [9] are shown in fig.2.a for the large cell and fig.2.b for the small cell.  

 

 
Fig2.a PoP of cell of radius 3000m    Fig 2.b PoP of small cell of radius 1000m

Discussion 
Formulation of EPI as an objective measure is an important first step in modelling, measuring, 
monitoring and minimizing EMP. The derivation of EPI for the simplified case reveals important 
insights in managing EMP as listed below. 

a) epimax from mobiles is approximately equal to that of BTS. Thus, EMP from mobiles is 
negligible only if call density and call durations are very small and hence is a possible 
strategy for reducing EMP. 
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b) As  is defined for a particular technology, the normalized area of PoP is a function of . 
The recommendations for  are widely varying: from 4.7 W/m2 [2] to 170 W/m2 [9] at 
900 Mhz. There are many advisories even at much lower levels. Obviously, it is 
necessary to use the same value of   for valid comparisons. 

c) Smaller cells lead to much smaller EPI. The smallest cell sizes achievable are a function 
of power control and economics. This points to shared infrastructure as a strategy to 
reduce EMP.  

d) EPI could be reduced by delineating outdoor vs. indoor spaces and provide coverage 
from BTS only for outdoor spaces as suggested in [8].  

e) The smaller cells require less electrical power at BTS and hence are more amenable to be 
powered by alternate energy sources as opposed to the currently required power of 10-
15KVA [1]. Thus, small cell size is a key factor for Green Mobile Communications with 
the added advantage of better spectrum reuse.  

Further work 
The model presented here can be extended to directional antennas and accurate propagation 
models. Power control and call patterns can be included in the model. An important multi-
disciplinary research is to identify the components of the air interface that contribute to 
biological effects and reduce the energy in those components.  
Considerable amount of work has been done in the area of power density thresholds for humans. 
However, there is a wide disparity in the recommended thresholds. It is necessary to bridge the 
gap in the recommendations and begin research in the thresholds for flora and fauna. A related 
aspect is the threshold for energy, which may be more fundamental to minimizing EMP. 
Investigating such areas would involve theoretical and practical work in modelling the effective 
aperture area of humans, flora and fauna. An experimental test bed could catalyze the research in 
this emerging field of importance to preserve the biosphere [7], [8]. 

Conclusion 
It is critical to manage EMP to accomplish ‘True’ Green Mobile Communications. Defining an 
objective measure for EMP is a necessary first step. In this paper, EPI is proposed as the product 
of normalized area of PoPs and polluting energy. Such an objective measure is expected to help 
in quantifying EMP, comparing alternative network designs and managing EMP. A simplified 
model for EPI has been presented, along with an illustrative example. The model is helpful in 
gaining insights into this new field, leading to the identification of several multi-disciplinary 
research areas for further work. The simplified model validates the intuitive strategy to use 
smaller cells to reduce EMP. As smaller cell size also facilitates other green practices, the future 
points to pico and nano cells as the way for a greener and safer biosphere.  
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Abstract: Microbial consortia found in biological soil crusts can 
mitigate climate change and assist agriculture. Cyanobacteria and 
other biological soil crust (BSC) microorganisms have fulfilled 
essential roles in the global ecosystem by fertilizing arid soils and 
stabilizing them from wind and water erosion.  Using only 
photosynthesis, ambient minerals and water, these microorganisms 
directly capture atmospheric carbon dioxide and nitrogen.  As the 
crust matures, sugars and nutrients biologically manufactured by 
the crust infuse down into the soil for the benefit of other plants 
and microorganisms.  The development of aircraft and GPS based 
technology to selectively seed starter cultures of BSCs across large 
landscapes will enable the resultant colonies to become a highly 
scalable agent that naturally mitigates the effects of climate change 
and can find application both in arid or desert lands and for 
agriculture.   This paper will present the case for scaling up the 
research, development and application of a cyanobacteria based soil 
crust inoculant called TerraDerm when it is applied to arid land 
ecosystems and AgriDerm when it is formulated for agricultural 
ecosystems.  

Keywords: Biological Soil Crusts; Cyanobacteria; TerraDerm; 
AgriDerm; Photobioreactors; Carbon sequestration; Net Primary 
Productivity. 

INTRODUCTION: Global climate change, ground surface 
anthropogenic activity and livestock grazing have destroyed 
significant amounts of established soil crusts that normally 
would take decades or even centuries to naturally reestablish.  
The resulting erosion, dust generation and lack of natural 
fertilization have decreased the soil’s net primary productivity 
(NPP) and decreased the atmospheric CO2 sequestering 
capabilities of affected lands.  Global conversion of historically 
vegetated landscapes to agriculture, use of factory fertilizer and 
watershed mismanagement has resulted in soil being 
periodically exposed to wind and water erosion. In each case 
reestablishment of historical Biological Soil Crusts (BSC’s) or 
establish native cyanobacteria colonization will increase soil 
stability, fertility and ability to sequester atmospheric carbon 
dioxide.   
This paper discusses the prospective requirements, 
development, use and impact of a low-cost BSC inoculant 
designed to be capable of distribution in crop duster fashion 

over large scale landscapes where it would naturally propagate 
microbial consortia into stable crusts and create a positive 
environmental and economic result. Starter cultures made from 
indigenous microorganisms and formulated for agriculture will 
enable their use for soil erosion control and as a sustainable 
natural fertilizing agent for organic and dry land farming. 

 
Suitability Parameters for Establishing or Re-Establishing 
Cyanobacteria in Soil  
Cyanobacteria utilize solar energy to sequester atmospheric 
carbon into plant sugars, glue together soil grains and fix 
nitrogen for the benefit of other plant growth.  In order to 
propagate the photosynthetic microorganisms must be seeded 
onto, and remain on, the top illuminated skin of unshaded soil.    
With respect to hydration, soil cyanobacteria can be found 
surviving in some of the driest, hottest, and most inhospitable 
locations on the planet. However, the rate of colony 
establishment, soil stabilization and fertilization is dominantly 
throttled by the duration of illuminated hydration at moderate 
temperatures.  

The timing of inoculant application to correspond with 
surface stability and high moisture conditions is important to 
enable it to begin binding the soil grains before it itself is 
buried by adjacent windblown soil. Cyanobacteria fix their own 
nitrogen from the atmosphere and so in combination with 
ambient water and carbon dioxide they have over 97% of the 
elements needed to accumulate biomass. However, in areas that 
are undisturbed yet historically have never been colonized by 
soil crust then it is possible, if not likely, that there are missing 
micronutrients.  In this case, it may be practical to combine the 
addition of these missing micronutrients during airborne re-
inoculation.   

CYANOBACTERIAL USE, FORMULATION AND APPLICATION 

The focus of this paper is the aerial seeding of a viable 
inoculant to affect atmospheric carbon capture although erosion 

978-1-4673-0967-7/12/$31.00 ©2012 IEEE 173



control, dust abatement and natural fertilization are equally 
important. Experimental rates of application as small as 0.2 Kg 
per hectare of the active cyanobacteria component have 
increased the nitrogen and carbon uptake of soils.  However, 
considerably higher quantities of inoculant plus additional 
components such as soil tackifiers, water storage polymers, 
additional nutrients, vascular plant seeds, and distribution 
agents would all be combined in the design of an application-
specific mix.  We are proposing as much as 10 Kg/hectare of 
the active microorganism components that in addition to 
cyanobacteria would contain fungi, lichens, other bacteria.  
These would be combined with approximately 10 Kg/hectare 
of the non-biologic support components.  

  

 
TerraDerm and AgriDerm processing will consist of four 

steps.  First, soil crust microorganisms found in the sunlit skin 
of indigenous soils are mass cultured in liquid growth media 
using a combination of light fed photobioreactors and sugar fed 
bioreactors.  The microorganisms are strained from the media 
using a capillary belt arrangement that harvests various sizes 
and types of microorganisms equally onto a thin damp mat of 
undamaged living biomass.  To the damp mat are added a 
variety of 1) Anti-oxidants such as beta carotene 2) Xeri-
protectants such as trehalose and other sugars to prevent cell 
damage from rapid desiccation 3) Growth micro nutrients and 
sugars to feed the non-photosynthetic cohorts during initial 
establishment. 4) Quartz and clay fillers to facilitate mat 
granulation without cell damage. 5) Optional non-operational 
unique gene sequences to track growth propagation. 6) 
Vascular plant seeds like restorative grasses that may work in 
concert with the cyanobacteria.  And 7) Facilitating 
microorganisms that increase the physical distribution, 
germination and survival of the cyanobacterial based inoculant. 
Once all these components are layered on the wet mat it is 
dried on a continuous low-temperature belt process then 
reduced to millimeter sized spheres without harm to the 
viability of the microorganisms.  The spherical granules are 
then fed through a fluidized bed coating process to add 
functions of anti-caking, anti-friction, delayed-release, spread 
pattern tracers, and additional tackifiers or biologics that aid the 
viability and effectiveness of individual formulations.  

 
While ground spreading equipment could be used for 
distribution, the prospect of spreading using agricultural 
aircraft permits the cost-effective application at the landscape 
scale without disrupting or further damaging the existing soil 
surface.  As new soil crust matures, measuring the quantity of 
nitrogen and carbon found in the soil surface indicates the 
crust’s growth rate and its fertilizing and erosion stabilization 
influence. 

 

Technological and IP Approach to Landscape Scale 
Cyanobacterial Seeding:  

By enabling aircraft based soil crust inoculation projects 
from individual ranch to entire landscape scales can be 
considered. A cornerstone proposition of this paper is that an 
aircraft disbursable formulation of inoculant can be both 
effective on-the-ground and can be economically practical to 
produce and use.  A proof of principle laboratory 
demonstration is getting underway at the University of 
Colorado as this paper is being written.   Although considerable 
challenges remain, the environmental and economic benefits of 
successful commercial deployment are significant on a national 
and global scale.  For this reason the author has published the 
following fundamental intellectual property (IP) into the public 
domain to enable unrestricted research and development 
improvements: “Production and Application of an Aircraft 
Spreadable, Cyanobacterial Based Biological Soil Crust 
Inoculant for Soil Fertilization, Soil Stabilization and 
Atmospheric CO2 Drawdown and Sequestration”.  Information 
on this publication and others is provided at the end of this 
document.  

 

Particle Design and Equipment for Aircraft distribution:   

The use of agricultural aircraft to distribute inoculums 
enables large amounts of ground to be covered quickly without 
damaging existing ground flora by moving equipment across it.   
In example, the Air Tractor AT-802a, a 60 foot wingspan 
single engine agricultural aircraft, can carry 4000 Kg of 
agricultural dispersant.  At an envisioned distribution rate of 20 
Kg per hectare one flight would be able to inoculate 200 
hectares of surface area.     A review of literature on airborne 
distribution of particles suggests that a particle of 
approximately 0.8 mm diameter could be precisely laid upon 
the ground from a low flying aircraft.  At a nominal weight of 
0.2 milligram each, 20 Kg would yield 100 million particles 
sufficient to lay one particle on each square centimeter of a 
hectare.  This density attempts to balance the aerodynamic 
needs of air dispersal with minimizing the microorganism’s 
horizontal propagation distance required for infill. 

With electronically actuated drop systems having GPS 
controls the aircraft can be used somewhat like a giant ink-jet 
printer to lay inoculant precisely onto the GPS defined patches 
of landscape or fields.  The technology being proposed largely 
encases the inoculant components in a sugar matrix that when 
dissolved diffuses the microbes and other non-soluble 
components directly into the soil grain matrix.  
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Healthy Soil Crust Impact on Increasing Terrestrial Carbon 
Sequestration:  

The presence of a healthy soil crust increases terrestrial 
carbon storage via four mechanisms: a) A mature crust may 
uptake up to 30 gms C/m2-year;  b) Cyanobacterial crust may 
accelerate the growth or establishment of vascular plants such 
as grasses that, even in arid lands, may sequester up to 100 
GmsC/m2-year in combined above ground and below ground 
stores;  c) Crusts improve soil resistance to wind/water erosion 
and improve water retention which can reduce soil carbon 
uptake loss due to spreading desertification, and; d) Healthy 
crusts reduce landscape dust generation that can cause 
premature melting of mountain snowpack and diminished 
overall plant drawdown.  It can be provisionally estimated that 
by appropriately re-inoculating damaged soils they may have 
an increased aggregate terrestrial carbon sequestration and 
mitigation potential from all mechanisms totaling up to 
100gmsC/m2-year averaged across applicable lands.  This 
would be equivalent to one ton of increased yearly carbon 
uptake or mitigation per treated hectare of land that is further 
equivalent to the drawdown or mitigation of 3.6 tons of 
atmospheric carbon dioxide from each hectare each year.   

It is within reason that previously barren but receptive soils 
could amass a total of up to 1 Kg of additional carbon per 
square meter of soil in combined aboveground and 
belowground biomass over the decades following inoculation. 
How many decades this would require or whether an entire Kg 
of carbon or more could be amassed will be dependent on 
ambient nutrients, water, climate and the degree the land is 
protected from recurring damage as from over grazing.  
However, if each square meter were to ultimately draw down 1 
Kg of carbon then this would amount to 36 tons per hectare (15 
tons per acre) of CO2 being removed from the atmosphere over 
that time.   

Discussion:  
Depending on the quantity of applicable soils, globally 
significant carbon sequestration is possible. Of the world’s 13 
billion hectares of land mass, almost 2 billion hectares have 
been degraded by human activity including 1.1 billion suffering 
from water erosion, 0.5 billion from wind erosion, and 0.14 
billion from nutrient decline.  An additional 1.4 billion global 
hectares are considered non-used wastelands.  In agricultural 
lands, a portion of the 1.4 billion hectares of annual crops and 3 
billion hectares of grazing lands could benefit from periodic 
inoculation with a fast growing formulation of crust designed 
for higher moisture soils that increased soil stability and 
fertilization.   

Considering the sum of the above lands, it seems reasonable to 
propose as many as 1 billion hectares of combined agricultural 
and arid lands may be receptive and could significantly benefit 
from re-inoculation or new inoculation.  Conceptually, if this 
much land was treated over a decade or longer treatment plan 
then the aggregate long-term CO2 drawdown would be highly 
significant from a climate change mitigation perspective.  For 
example if, on average, each treated square meter’s ability to 
sequester carbon was ultimately increased at maturity by 100 

grams/year then this would enable the transfer of 1 billion tons 
per year of atmospheric carbon into terrestrial soil and plant 
life.  

This would constitute 1 climate stabilization wedge, as defined 
by Socolow et al 2004, of reduced atmospheric carbon loading 
and is 1/8th of the global GHG mitigation goal.  In addition to 
massive reductions in atmospheric carbon, potential 
improvements in organic agricultural, grazing yields and 
reductions in global dust, erosion, and fossil fuel-based 
fertilizer use would also ensue.  Certainly a key aspect of a 
calculation like this is how much land would be applicable, 
how much would actually be seeded and what would the actual 
carbon mitigation effect be over time.  The referenced round 
number of 1 billion hectares and 100 grams of carbon/m2-year 
are meant to illustrate the general magnitude of a global 
inoculation program’s benefit and not exact expectations which 
would vary widely between regions.   

Production of Soil Inoculant Is Enabled by Algal Biomass 
Industry Innovations:  

The algal biomass industry has produced important innovations 
in the areas of closed photobioreactors and algal harvesting 
technology applicable to producing a soil crust inoculant.  
Closed algal photobioreactors enable the production if pure 
strains of soil cyanobacteria in precise growing conditions.  
New disbursed air flotation and belt harvesting technology 
allows the live harvesting, compounding and drying of 
microorganisms without loss of viability.   

Work to be done: 

Demonstration of a mass producible inoculation particle across 
a variety or outdoor environments, development of a stable 
mass production process, permitting and evaluation of scaled 
field trials, and attracting funding attention to this relatively 
new but important field of research.   
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Abstract—Flares are used to safely dispose of waste gases in a 
plant.  Technology improvements have significantly improved 
flare performance.  These include reducing flare pilot fuel 
consumption, reducing purge flow rates, using steam more 
efficiently, and installing flare gas recovery units. 
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I. INTRODUCTION 
Flaring is the primary method used throughout the world to 

safely dispose of the flammable waste gases generated at 
facilities.  Flares are commonly found in oil refineries, 
petrochemical/chemical plants, landfills, near oil and gas wells, 
natural gas plants and loading terminals.  The waste gases are 
collected in pipes, called flare headers, and routed to the flare 
system where they are burned.  Flares are considered to be one 
of the most important safety systems in a facility [1].  They are 
designed to protect the public, the site employees and the 
operating facility [ 2 ].  If a flare system is not operating 
properly, the safety of the entire facility is jeopardized [3]. 

Waste gas routed to a flare can come from many different 
sources [4].  For example, the gas may be excess gas that is 
supplied commercially to customers [5].  At times, the gas may 
come from upset conditions in the plant or during equipment 
maintenance and installation.  Vapors collected at the tops of 
storage tanks while they are being filled may be routed to a 
flare.  Vapors may come from the flammable gas generated 
underground at landfill sites.  Sometimes gases that are stored 
at a facility need to be flared during a production shutdown.  
Occasionally gases need to be flared during an emergency 
situation, such as a power outage, to prevent tanks and 
equipment from over pressuring. 

Large amounts of waste gases are flared each year 
worldwide.  The exact amount is uncertain because flare gas 
flow rates are not typically monitored.  Estimates show that the 
US flared about 12 million tons of gas in 1974 [6].  Based on 
the extrapolated data, estimates show that about 16 million tons 
of gas were flared in the US in 1980 [7]. 

To the casual observer, it may seem like facilities are just 
unnecessarily wasting energy and generating pollution when 
they flare.  An obvious question is why not use this energy 
somewhere else, or just completely eliminate flaring 
altogether?  Although some facilities try to minimize flaring by 
recycling the waste gas, it is not always economically justified. 

The flow rate and composition of the waste gases going to 
the flare are often highly variable.  The unsteady flow and 

variable composition make it difficult to use the waste gases 
elsewhere in the plant where the energy demand is normally 
steady.  The variable composition makes it difficult to sell, 
unless some type of purification system is added to produce a 
more consistent composition.  The waste gases may have a 
fairly low heating value, which means that equipment such as 
burners must be specially designed for the low heating value.  
The waste gases may be off-spec product that is being flared 
because it cannot be sold and is not easily reprocessed to 
produce on-spec product [8].  Off-spec flaring may occur for 
some time during startup until the product is within 
specification. 

Since the inception of flaring, technology advancements 
have made some significant steps towards making flaring more 
environmentally-friendly.  These include: (1) reducing the fuel 
consumption of pilots, (2) implementing purge reduction 
devices, (3) using steam in a more efficient manner to achieve 
smokeless flaring and (4) installing flare gas recovery units. 

II. REDUCING PILOT FUEL CONSUMPTION 
After regulations enforced flaring of waste gases, a need for 

flare ignition systems was created.  Several unorthodox 
methods were initially used to ignite flares; for example, 
hoisting a burning oily rag to the top of the flare, shooting a 
flaming arrow over the top of the flare, or shooting a signal 
flare over the top of the flare [9].  These methods were not safe 
or reliable.  So in 1948, the John Zink Company developed the 
first pilot used to ignite and continually burn vented waste 
gases from a flare.  The supply of pilots to industry marked the 
beginning of the flare industry. 

The primary purpose of the flare pilot is to rapidly ignite 
the vent gases flowing out of the flare tip under all operating 
conditions [10 ].  Pilots are considered the most important 
safety feature of a flare system because if the pilots fail to light 
the waste gas stream, the flare cannot achieve its primary 
objective; the safe and effective disposal of gases and liquids. 

Pilots typically burn continuously and are positioned 
around the perimeter of flare outlets.  Multiple pilots are used 
for redundancy to ensure ignition of the vent gases.  Usually, 
more pilots are used on flare tips with larger diameter or on 
flares that are designed to burn gases that are more difficult to 
combust such as highly inert gas streams. 

Flare pilots used from the late 1940s to the mid 1980s were 
designed to burn about 9.9 m3/hr (350 ft3/hr) of fuel gas.  
However, in the mid 1980s, when gas prices were high, 
industry demanded pilots with lower fuel consumption.  In 
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about 1984, flare manufactures began to offer pilots with a fuel 
consumption of about 4.2 m3/hr (150 ft3/hr) (see Figure 1).  
With a continued demand for lower fuel consumption, flare 
manufacturers today can offer pilots that operate in the range of 
1.4 m3/hr (50 ft3/hr). 

These latest developed pilots offer about one-fifth the fuel 
consumption of the earliest pilots; a substantial savings in fuel 
cost and more environmentally-friendly.  To put this benefit 
into perspective, consider the following estimate: according the 
Texas Commission on Environmental Quality (TCEQ) there 
are over 1000 flares in Texas [11].  For estimate purposes, 
assume that Texas has 1000 flares with each flare having an 
average of two pilots.  Also assume that each pilot burns 
natural gas on a continuous basis at a fuel cost of $3 per million 
Btu.  The estimated fuel consumption, fuel cost and CO2 
emissions for each pilot are shown in Table 1. 

III. IMPLEMENTING PURGE REDUCTION DEVICES 
When the flow of gas through a flare stack reduces to a 

very low or no flow conditions, air can infiltrate into the flare 
tip and migrate into the flare system.  Infiltration of air into a 
flare system can lead to flame burnback (flashback), which in 
turn could initiate a destructive detonation in the system [12]. 

The most effective method for the prevention of air 
infiltration into a flare system is to continuously bleed a small 
amount of oxygen free hydrocarbon or inert gas, called purge 
or sweep gas, into the flare system.  The required quantity of 
purge gas depends on the size and design of the flare, the 
composition of the purge gas, and the composition of any waste 
gas that could be present in the system following venting or a 
relief event. 

Adding a purge reduction device to a flare system can 
substantially reduce the amount of purge gas required.  Purge 
reduction devices are typically installed immediately below the 
flare tip-mounting flange so as to minimize the air exclusive 
zone.  Two types of purge reduction devices are commonly 
used in the flare industry: molecular seals and velocity seals. 

The molecular seal was patented by Robert Reed of the 
John Zink Company in 1965 [13].  Molecular seals act to 
prevent air infiltration in two major ways: by preventing the 
wind from driving air deep into the stack and by producing a 
gas barrier to the ambient air trying to enter the stack. 

Velocity seals minimize air ingression by using a cone-

shaped baffle to impede air flow into the stack.  As ambient air 
flows down the inside walls of the flare stack, the velocity seal 
breaks the flow attachment and provides a velocity barrier to 
further air ingression. 

Purge rates for molecular seals and velocity seals are 
substantially less than flares without purge reduction devices.  
Table 2 shows a comparison of natural gas purge rates for a 36 
inch diameter flare tip with and without a purge reduction 
device. 

IV. USING STEAM MORE EFFICIENTLY 
After flaring was enforced in 1947, most hydrocarbons 

were burned in flares that typically consisted of a length of 
open-ended pipe supported by a structure; these flares are 
typically referred to as pipe flares.  One of the major problems 
with pipe flares was that they produced large clouds of black 
smoke when heavy hydrocarbons were burned.  At the time, 
there were no restrictions on how flares were to be operated.  
However, in the early 1950s, smoking flares became 
unacceptable in many urban areas.  In 1952, the opening 
statement at the American Petroleum Institute (API) session on 
flares was “We all know that refinery flares attract a great deal 
of attention; unfortunately, it is not favorable.  The general 
public does not think they are beautiful. …. People look at the 
black smoke and say: ‘That is air pollution.’” 

There were many attempts to redesign the simple pipe flare 
to suppress the smoke.  The first flare design to successfully 
suppress the formation of smoke on a pipe flare was designed 
by the John Zink Company in 1957 [14].  This flare was 
designed with steam nozzles positioned around the perimeter of 
the flare tip and is referred to as a steam-assisted flare. 

The purpose of these steam nozzles is to entrain the 
surrounding ambient air and inject it into the core of the waste 
gas.  The rapid mixing of the steam and air with the waste gas 
dramatically helps reduce the formation of smoke. 

As refinery and chemical plants grew in size over the years, 
flare relief capacities increased dramatically, requiring larger 
flare tips.  As these tips increased in diameter, it became more 
difficult to achieve smokeless performance because the steam 
and air mixture could not adequately penetrate into the central 

 
Figure 1.  (a) High heat release flare pilot developed in the late 1940s, 

(b) energy efficient flare pilot developed in the mid 1980s; 
approximately 1/5th the heat release of the 1940s pilot. 

TABLE I. ESTIMATIONS COMPARING FUEL CONSUMPTION, FUEL 
COST AND CO2 EMISSIONS FROM FLARE PILOTS IN TEXAS. 

 

TABLE II.  COMPARING NATURAL GAS PURGE RATES FOR A 36 INCH 
DIAMETER FLARE TIP WITH AND WITHOUT A PURGE REDUCTION DEVICE. 
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core of the waste gas stream; this condition resulted in a central 
core of waste gas burning in an extremely reducing atmosphere 
which is ideal for smoke formation.  Also, the amount of steam 
required to achieve smokeless burning could not be supplied 
because of perimeter area limitations at the tip.  In order to 
eliminate these problems on large diameter tips, the John Zink 
Company developed a more efficient steam-assisted flare that 
was introduced into the industry in the 1960s [15]. 

This new flare was designed with tubes located inside the 
body of the flare tip.  A portion of the steam was delivered to 
steam jets positioned at the inlet of each tube.  The momentum 
of the high pressure steam pulled surrounding air into the tubes 
and exhausted at the exit of the flare tip.  This design provided 
a substantial improvement in smokeless performance, 
especially on large diameter flares, because the steam and air 
could effectively mix with the central core of the waste gas 
stream. 

Today, steam-assisted flares are the predominant flare type 
found in refineries and chemical plants.  An important factor 
that influences the smokeless performance of these flares is the 
amount of air that is mixed effectively with the waste gas.  
Using the steam in the most efficient manner can dramatically 
improve the smokeless performance of a steam-assisted flare 
and reduce steam operating costs.  Over the years, flare 
manufactures have made modifications to the design to reduce 
the steam requirements for smokeless performance.  Although 
these flares are different in design, they rely on the same basic 
methods for mixing air with the waste gas.  Using the same 
amount of steam, today’s state-of-the-art steam-assisted flares 
can achieve about twice the smokeless capacity as the steam-
assisted flares developed back in the early 1950s. 

V. INSTALLING FLARE GAS RECOVERY UNITS 
A flare gas recovery unit (FGRU) is designed to capture 

waste gases that would normally go to the flare system [2,16].  
The FGRU is located upstream of the flare to capture some or 
all of the waste gases before they are flared.  There are many 
potential benefits of a FGRU.  The flare gas may have a 
substantial heating value and could be used as a fuel in the 
plant, which would reduce the amount of purchased fuel.  In 
certain applications, it may be possible to use the recovered 
flare gas as feedstock or product instead of purchased fuel.  
Depending on the composition, the recovered waste gases 
could even be sold.  The FGRU reduces the continuous flare 

operation, which subsequently reduces the associated smoke, 
thermal radiation, noise and pollutant emissions related to 
flaring.  It also reduces the negative public attention drawn to 
the facility.  Capturing waste gases may reduce odor levels in 
the plant.  Reduced flaring also reduces steam consumption for 
steam-assisted flares and can extend the life of the flare tips.  In 
refineries with excess process-generated waste gas beyond fuel 
gas requirements, an FGRU can provide a means to scrub the 
hydrogen sulfide (H2S) before the clean gas is flared.  Figure 2 
shows an example of a FGRU installed at Flint Hills Resources 
(FHR) in Corpus Christi, Texas where flaring has been reduced 
by more than 95% since 1997 [2]. 

VI. CONCLUSIONS 
Dramatic changes in technology have significantly 

improved the performance of flaring.  These changes include 
reducing the fuel consumption of flare pilots, reducing purge 
gas flow rates, reducing steam consumption, and installing flare 
gas recovery units.  These changes have made flaring more 
environmentally friendly by reducing both fuel consumption 
and pollution emissions. 
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Figure 2.  FGRU at FHR West Plant in Corpus Christi, Texas. 
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Abstract—Reactive power is very essential in maintaining 
voltage stability of power systems. The voltage constraint at 
network nodes due to reactive power deficit or insufficiency of 
reactive power sources restricts active power delivery to the loads 
and could result in forced load curtailment. Limited attention has 
been given to reactive power aspect in reliability evaluation of 
power systems with penetration of renewable energy sources. The 
reactive power issues become more significant in distributed 
generation using renewable energy sources such as photovoltaic 
(PV) Cells, which operate mostly at unity power factor. This 
paper investigates the effect of reactive power shortage on 
reliability of power systems with significant penetration of PV 
cells. The IEEE 14-Bus system is utilized to perform this study. A 
measure of Expected Energy Not Supplied (EENS) on account of 
reactive power shortage and voltage violation in network is 
calculated. By using conventional Monte Carlo simulation, the 
results are compared with the case without taking into account 
reactive power and voltage violation constrains. This paper 
suggests that placement of the PV in the network can greatly 
reduce active and reactive power shortage during the 
contingencies. The reactive power is studied here from design and 
planning perspectives for reliable and stable power system 
operation when high penetrations of PV energy sources are 
present. 
 
Keywords – Renewable Energy, Photovoltaic Systems, Reactive 
Power, Power System Reliability, Load Curtailment.  

I. INTRODUCTION 
enewable energy sources has gained significant attention 
in recent years because of economic and environmental 

concerns of fossil and nuclear fuel. The use of alternate 
sources such as wind and solar is continuously promoted by 
government policies by providing financial support and 
rewarding greenhouse emission reduction. Some governments 
have made renewable energy addition as an important target in 
their annual operating plan. For example, State of California 
has set target to have 33% renewable energy in total energy 
mix by 2020. As a result of such promotions, the penetration of 
solar and other renewable resources is increasing rapidly. 

Although the renewable energy sources such as solar 
enhance the generation capability and address the 
environmental concerns [1], they could impose serious 

stability and reliability challenges in the case they are not 
equipped with adequate control mechanisms. This issue is 
more serious in small isolated power systems with high level 
of renewable energy penetration. Methods have been 
developed to evaluate reliability of power systems with 
renewable sources [2-5]. However, less attention has been 
given to reactive power aspects in conventional reliability 
evaluation techniques of such power systems. 

Proper power systems modeling schemes assign 
limitations on the maximum and minimum reactive powers 
supplied by the synchronous generators and take into account 
the effect of reactive power shortage and voltage violations in 
the network for reliability analysis [6-7]. This paper focuses on 
reliability evaluation of power systems from the point of view 
of reactive power constraints of solar photovoltaic energy 
sources. Commercial PVs connected to grid through Grid-tie 
Inverters (GTI) operate at unity power factor and they are not 
usually a source of reactive power. During normal operation of 
power system the reactive power demand is majorly supplied 
by conventional generators and compensators in the system. In 
the contingency situations, reactive power flow changes 
significantly due to voltage variations as well as lines and 
shunt capacitors reactive power changes. Sufficient reactive 
power reserve is required to supply reactive power essential to 
maintain network voltage and system stability [9]. Reactive 
power delivery by network depends on location of reactive 
power sources, network configuration, etc. Adding distributed 
generation resources in the form of renewables such as PV 
cells improves the net available active power in the network 
during failure of network elements such as synchronous 
generators. However, the additional capacity from the 
renewables might not be utilized to fullest because of reactive 
power shortage during the contingency events. In this paper we 
calculate load curtailment during the failure events due to 
reactive power shortage and voltage violation.  

A typical load flow program is used to calculate the node 
voltages following the contingency and the amount of load 
curtailment essential to restore voltages to acceptable levels is 
calculated. Reliability indices [7] are obtained for expected 
energy not supplied (EENS) because of real power shortage 
EENS P as well as expected energy not supplied because of 
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reactive power shortage EENSQ . The system used for study is 
the IEEE-14 bus system, with conventional synchronous 
generators and solar PV Cells. PV output is time-varying as 
maximum power is produced during middle of the day and 
zero power is produced during night. Though PV generation 
apparently increases capacity of the system, the entire capacity 
of PV cannot be utilized to supply power in case of failure of 
conventional generators in the network due to reactive power 
limitations. In our case study, it is shown that active and 
reactive power demands during the normal operation and 
contingency situations vary greatly with the network 
configuration; that is, a proper configuration gives rise to 
increased reliability as opposed to an improper one. Proper 
placement of solar PV in the network is shown to reduce the 
active and reactive power losses to a large extent leading to 
reduced active and reactive power demand during the 
contingency situations. The rest of the paper is organized as 
follows. Discussions on reactive power requirements and 
reliability indices are introduced in sections II and III, 
respectively. In section IV, the system modeling is discussed. 
In section V, simulation results are presented followed by 
concluding remarks in section VI. 

II. REACTIVE POWER REQUIREMENTS 
The reactive power has a great impact on reliability as it 

plays an important role in maintaining power system voltage 
stability. Reactive power is often supplied locally as transfer of 
reactive power over long distances is not efficient. During the 
contingency situations sufficient reactive power reserve is 
required to meet the demand and maintain the voltage in the 
proper range. In order to maintain the voltage within the 
acceptable limits, different remedies are suggested in [7] and 
[14] such as reactive power injection at nodes with voltage 
violation or load shedding. Load shedding is not recommended 
and should be considered as the last option. Also, reactive 
power injection should be considered along with cost-benefit 
analysis as its use is limited by the cost of new compensators.  

In this paper, the proper placement of the PV generators is 
considered as the solution of reactive power shortage in the 
power system. Our study suggests that even though the PV 
generator is not a source of reactive power but the proper 
placement of the solar PV in the network can significantly 
reduce reactive power demand through reduced reactive power 
losses in the transmission lines. Hence, the EENS due to the 
reactive power shortage is reduced to a large extent. 
Consequently, the additional active power availability due to 
PV generators can help balance both active and reactive 
powers.  

III. RELIABILITY INDICES  
The reliability indices defined in [7] are used to evaluate 

reliability of the considered network in different scenarios, 
which will be discussed later. Based on failure rate λ and 
repair rateμ, the Mean-Time-to-Failure (MTTF) and Mean-

Time-to-Repair (MTTR) can be defined as λ/1 =MTTF and 
μ/1 =MTTR.   

In order to calculate EENS, the real power load 
curtailment due to active and reactive power shortage are 
defined. Then, the expected energy not supplied is defined as 
EENSP  and EENS Q  as EENS due to active power shortage 
and EENS due to reactive power shortage, respectively. The 
above indices can be defined as  

=
=

8760

1i
PiP LCEENS                                                (1)  

=
=

8760

1i
QiQ LCEENS                                                  (2) 

Where, LCPi and LCQi are the real power load curtailment due 
to real power shortage and reactive power shortage for state i , 
respectively. In calculating the indices EENSP  and EENS Q , a 
two-step procedure is adopted; first the load curtailment is 
performed to reach a positive active power margin followed by 
further load curtailment to provide a positive reactive power 
margin. 

IV.  SYSTEM MODELING 
This paper studies a network based on IEEE-14 Bus 

system consisting of two conventional synchronous and three 
solar PV generators. The load model is chosen from IEEE-
reliability test system with a peak load of 285 MW [12]. The 
conventional generators are modeled as two-state models as 
shown in Fig.1. In order to consider the availability of the 
generators, (i.e., up or down states as shown in Fig. 1,) 
operating and repair times are chosen as exponentially 
distributed events. In Fig.1, MTTF and MTTR can be obtained 
from failure rate λ and repair rate μ , respectively. Then, time-
to-failure (Tup) and time-to-repair (Tdown) can be calculated by 
using equation (3) and (4) [11].  

 

 
Fig.1 Two-state model for conventional generator 

  
UMTTFTup 1ln−=                                                    (3) 

UMTTRTdown 2ln−=                                                (4) 
where U1 and U 2  are uniformly distributed random 

numbers in the range [0,1]. Figure 2 shows sample operating 
cycles of the generators with up and down states referred to 1 
and 0, respectively, using equations (3) and (4). The PV four-
stage generation model is adopted in this paper, which is based 
on hourly solar radiation data over a twenty four hour period. 
Thus, PV generators can be modeled as four-state generators 
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with the states up, down, 50% de-rated, and 25% de-rated as 
shown in Fig. 3. 
 

 
 

Fig.2 Typical operating cycle of a generator 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Four-state model of solar PV 
 

The PV generation four-state model is developed based on 
solar irradiance received during different times of the day and 
are shown in Fig. 4. Here state 0 is the down state during night 
time, state 1 is 25% de-rated during early morning hours from 
7.00am to 9.00am, state 2 is 50% de-rated state form 9.00am to 
11.00am, and state 3 is full capacity from 11.00am to 1.00pm. 
A typical daily solar radiation profile is also shown in Fig. 4 to 
compare with the proposed four-state PV power profile. 

In order to evaluate the reactive power constraints on the 
power system with high penetration of PV generation, the 
IEEE-14 bus system shown in Fig. 5 is utilized where the peak 
load in the network is 285 MW and two synchronous 
generators each capable of providing 150 MW are placed at 
buses 1 and 2. In addition, PV generators of 50 MW each are 
placed at buses 3, 4, and 5. 

 
Fig.4 Daily solar radiation profile 

 

In order to perform the reliability studies, three different 
cases are considered where all the generators (synchronous and 
PV) are subject to failure; a) only conventional synchronous 
generators supply the network; b) two conventional 
synchronous generators and three PV generators supply the 
network; however, no reactive power constraint is considered 
in reliability evaluation; and c) case b is repeated with reactive 
power constraint being considered. Monte Carlo simulations 
are performed to obtain the total expected energy not supplied.  
When performing case c, load flow is performed to obtain the 
maximum allowed load to the network that doesn’t violate the 
reactive power limitations of the synchronous generators as 
well as the allowed voltage drop at network buses. 
Subsequently, active load curtailment due to reactive power 
shortage and/or voltage drop is considered and leads to an 
additional real power shortage. Different reliability indices for 
EENS due to real power shortage EENS P  and EENS due to 
reactive power shortage EENS Q , are obtained.  

V. CASE STUDIES 
Table 1 shows typical hours of healthy and failed 

operations for synchronous and PV generators. The MTTF and 
MTTR values for synchronous generators are obtained from 
IEEE reliability test system [12] whereas these values for solar 
PV generators are assumed to be the same as 50-MW 
synchronous generators’ due to lack of data. Table II shows 
reliability indices for cases a, b, and c for the selected system. 
While it is expected that the presence of PV improves 
reliability but this assumption may not be true as the 
commercial PVs are designed to operate at unity power factor 
are not able to supply reactive power.  

The Monte Carlo simulations are performed for cases a, b, 
and c where all the generators are subject to failure with the 
failure rates given in Table 1 and with the failure exponential 
distributions introduced in equations (3) and (4). In addition, 
the hourly load with the peak of 285 MW [12] as well as 
hourly PV generation from Fig. 4 is taken into account in cases 
b and c. Since the generator (synchronous and PV) failures are 
random, they might happen at night, when there is no PV 
generation to supply power, as well as in the middle of the day 
when there is maximum solar power available. Figures 7 and 8 
show the active power margins for cases a and b, respectively. 
As the figures suggest the active power margin is improved by 
introducing PV generation as expected. Although sufficient 
active power capacity might be available during the 
contingency events, the failure of reactive power sources such 
as generators results in voltage violation at some buses due to 
shortage of reactive power. This is observed when case c is 
simulated. Figure 9 shows hourly reactive power margins in 
case b. By comparing Figs. 8 and 9, it can be observed that in 
some cases even though the active power margin is positive 
the reactive power margin is negative. Such cases result in 
voltage violation at power system buses. Though reactive 
power injection could provide the required reactive power [7], 

Solar 
PV 

Up Down 

Derated-1 Derated-2 
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it may not be an economically viable solution as it is utilized 
only for the contingency situation. 

 
Fig.5 IEEE-14 Bus System 
 

Our approach suggests that the network voltage violations 
can also be reduced by proper placement of PV generators 
across the network. It can be shown that the PV generators 
locations can significantly reduce reactive power demand 
leading to higher reactive power margins.  
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Fig.7 Active power margin without PV 

 
The total EENS due to active and reactive power shortages 

are obtained hourly as the difference between the load demand 
and actual maximum active power supplied without reactive 
and voltage limits violations. This difference is calculated a 
systematic load shedding where the load is curtailed in small 
steps of 0.1% while maintaining the initial power factor. Next, 
by using equations (1) and (2) EENSP  and EENS Q for the 
entire year are calculated. Power factors of 0.9 and 0.85 are 
considered in the study. Different power factors result in 
different reactive power requirement and network behavior 
following the contingency. The PV generators, each with 
50MW maximum capacity, are placed in four arrangements in 
the network as follows: 1) at buses 3, 5, and 12,  2) at buses 6, 
10, and 12, 3) at buses 5, 10, and 13, and 4) at buses 11, 12, 
and 13. 
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Fig.8 Reactive power margin with PV   

TABLE I  
GENERATOR RELIABILITY PARAMETER  

 
 No. Mean time to failure  

(1/ ) (Hours) 
Mean time to repair 
(1/μ) (Hours) 

Generator 1 960 40 
2 960 40 

PV 
3 1980 20 
4 1980 20 
5 1980 20 

 
The simulation results show that even though PV 

generators do not supply any reactive power during 
contingencies, they can improve system reliability by reducing 
the reactive and active power demand due to reduced losses in 
the network.  

A. Contingency Selection 
In large practical power systems the total number of states 

of the network component is very high. Hence, here the most 
severe contingencies are selected; that is, the synchronous and 
solar PV generators failure. Load-flow determines the active 
and reactive power requirements in the network due to the 
active and reactive power demands based on the hourly load 
curve.  

When the PV generators are placed at buses 5, 10 and 13 
(case 3) Figs. 8 and 9 show active and reactive power margins 
using hourly load and total system capacity. The hourly 
generation is based on the synchronous generators active and 
reactive power limits and PV generators active power limits, 
according to Fig. 4 at different times of the day. Those 
contingencies, which violate the maximum generator active 
and reactive power capacities, are selected. Subsequently, 
loads are curtailed in very small steps maintaining the power 
factor till the synchronous generators active and reactive 
powers as well as PV generators active power limits are met. 
This load shedding program is utilized to calculate real power 
load curtailment LCPi and LCQi   introduced in section III. This 
procedure is performed for different PV placements and load 
power factors.  
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Fig.9 Hourly active and reactive power margin 

B. Reliability evaluation procedure 
The method explained above is described in a systematical 

way as shown below in order to calculate reliability indices 
explained in section III for the three different cases mentioned 
in section IV. 
Step   1) Calculate the instantaneous load active and reactive 

power demand PDi  and QDi
 from hourly load curve, 

Step 2) Calculate the total required generators active power 
PGi  and reactive power QGi

 for state i ,(note that PV 
generators do not supply reactive power) from load-
flow, 

Step  3) Check the generator active and reactive power limits 
and network voltages. If they are within the specified 
limits go to step 8. 

Step 4) If there are active power limit violations (because of 
active shortage,) curtail the load proportionally at all 
buses till  PGi  fall below the generators limits, then 
update reliability index EENS P , 

Step 5) If there are reactive power or voltage violations 
(because of active or reactive power shortage,) curtail 
the load proportionally at all buses till  PGi  and QGi

 
fall below the generators limits, then update reliability 
indices EENS P  and EENS Q ,  

Step 6) If all the contingencies are checked, go to step 7; 
otherwise, go to step 3,  

Step 7)   Increment the time instant and repeat steps 1 through 
6 till the time period under consideration is covered, 

Step 8)  Update reliability indices. 
 
Table II shows reliability indices when PV generators are 

locate at buses 6, 10 and 12 (case 2) and under 0.9 power 
factor. Figure 10 shows the comparison of different PV 
generators placements where the network power factor is 0.9. 
It can be seen from Table II that the reliability has improved 
because of addition of solar PV generators in the system.  

However, when we take into account reactive power 
shortage and voltage violations it is observed that just active 
power margin calculation does not provide accurate estimate of 
system reliability. Reactive power shortage results in 
additional real and reactive power load curtailment to maintain 
voltages, therefore the actual reliability is lower. Here, the 

solution to this issue is proposed as proper location of solar PV 
generators in the network. It can be observed from Fig. 10 that 
placing PV generators at bus 3, 5 and 12 (case 1) offers best 
reliability.  For lower power factors the network has higher 
active and reactive power losses; hence, contribution of PV 
generators will be even more significant as shown in Table III. 
For the power factor of 0.85, the best locations for solar PV 
generators are found to be at busses 5, 10, and 13 (case 3).It 
can be observed from Table .II and III, that the EENS because 
of reactive power shortage EENS Q

, has increased from 110.4 
MWh/yr to 189.2 MWh/yr compared to the case with 0.9 
power factor. 

 
TABLE II 

 RELIABILITY INDICES POWER FACTOR 0.9 
 Case A Case B Case C 
EENS P  (MWh/yr) 21939 9396 9449.2 
 EENSQ  (MWh/yr) - - 110.4 

 
TABLE III 

 RELIABILITY INDICES POWER FACTOR 0.85 
 Case A Case B Case C 
EENS P  (MWh/yr) 21939 9396 9459.1 
 EENSQ  (MWh/yr) - - 189.2 

 
 

 
 
Fig.10 PV locations and EENS for 0.9 Power factor. 
 

 
 
Fig.11 PV locations and EENS for 0.85 Power factor. 
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C. PV Locations Selection 

From Table II it is revealed that adding PV generators in 
the network improves reliability due to the extra active power 
available in the network. As discussed in the previous section 
if placed in proper locations, PV generators can significantly 
improve reliability by decreasing reactive power demand. 
Reduced reactive power requirement is the result of reduced 
reactive power losses in the network. Placement of the PV 
generators in the network is very important as buses far from 
the source tend to have voltage violations. Figure 10 shows 
that the PV generators at bus 3, 5 and 12 (case 1) provide 
better reliability for 0.9 power factor as EENS is lowest in this 
case. Also, if larger number of PV generators are utilized in the 
network, the reliability will further improve. We can observe 
from Fig.11, that EENS Q has increased due to more reactive 
power shortage in the network for the lower power factor of 
0.85. As shown in Figs. 10 and 11, the minimum values of 
EENS P and QEENS are higher with 0.85 power factor compared 
to 0.9 power factor case. Also, the best reliability in this case is 
offered by solar PV generators at buses 5,10 and 13 (case 3.) 
This is very important form the network design point of view 
and planning perspectives as improper PV locations in the 
network may not lead to the reliability improvement as 
expected. In addition, in placement of the PV solar generator, 
the normal operating power factor should be accounted for as 
different power factors require different PV locations. 

VI. CONCLUSIONS 
This paper investigates reliability evaluation of power 

networks with high penetration of PV generation. Most 
commercial PV generators do not supply reactive power. 
Consequently, in the case of failure of synchronous generator, 
a major source of reactive power, the network may not be 
provided with the required reactive power resulting in load 
reduction and reduced reliability. However, in spite of their 
inability to produce reactive power, PV generators may 
significantly help overcome load curtailment.  Our study 
suggests that proper network configuration and PV location 
reduce the active and reactive power shortages by reducing 
active and reactive power losses. This technique is very simple 
and more economical to improve reliability of the systems with 
high PV penetration that does not require additional reactive 
power compensators. 
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Abstract: This paper presents an intelligent control 
framework in smart grids that integrate three renewable 
and nonrenewable energy sources for superior economical 
and environmental operations. The hydro and steam 
power plants are considered to be controllable energy 
sources while the wind turbine is treated as an exogenous 
energy source. The proposed intelligent feedback control 
framework optimizes the smart grid power generation by 
perfectly tracking the load demand fluctuations or by 
maximizing economical and ecological benefits under an 
uncertain renewable wind energy source.  

Numerical results demonstrate that the proposed 
framework is a viable approach to integrate various 
energy sources for real-time smart grid implementations.   

I. INTRODUCTION 
A smart grid is a power generation and distribution 

configuration, includes renewable and nonrenewable energy 
sources integrated via DC bus links, and optimizes the energy 
generation according to consumer patterns to maintain optimal 
economical and ecological operations. Uncertainties associated 
with renewable sources and fast changes in the load demand 
imply the need for efficient control algorithms to ensure 
acceptable overall power generation for the distributed power 
system and renewable source emphasis. Strategies such as 
Automatic Generation Control (AGC) are used to optimize the 
energy generation and, when available, renewable energy usage 
while providing sufficient power for the consumers.   

The AGC approach utilizes the power consumption data to 
adjust the power generation levels. In addition to efficient 
short- and long-term load demand forecasting algorithms [1-
4], recent widespread implementation of smart meters to 
estimate accurate and reliable actual power demand has 
accelerated the AGC infusion in smart grids. However, the 
AGC implementation complexity increases as the number of 
renewable and nonrenewable power sources increases, 
resulting in complicated controller design for efficient and 
cost-effective operations. The complexity further increases 
when uncertainty is involved with a power source such as a 
wind turbine. A number of AGC based algorithms have 
successfully been utilized to improve smart grid operations [5-
14]. The AGC approach complexity in interconnected power 
systems can be handled by intelligent control systems. 

Intelligent system frameworks with fuzzy logic controllers 
(FLCs) have provided a viable option to circumvent non linear 
model complexities in real-time implementations. Fuzzy logic 
[15] provides a potential framework for superior results when 
mathematical input-output relationships are vague, highly 

nonlinear, or likely yielding intractable solutions [16] in a 
number of applications [16-19].   

This paper presents an intelligent system AGC framework 
for a hydro, steam, and wind energy grid operation, utilizing 
the load demand and the current power generation under 
optimal power generation or environmentally-friendly 
operations. The load demand is obtained from historical 
profiles while on-line smart meter measurements can easily be 
integrated. The study introduces power management 
approaches in Section I. Section II reviews the source dynamics 
and a demand curve. The feedback control design procedures 
for a FLC are explained in Section III. Section IV presents the 
numerical results while Section V concludes. 

II. BACKGROUND 
A. A Hydro Power Plant [20, 21]: The hydro plant mechanical 
power on the turbine shaft can be controlled by controlling the 
amount of water flowing into the turbine that is obtained by 
speed governing systems by controlling the valve gates.  The 
water flow to the turbine can be regulated by wicket gates and a 
servomotor via a first order model. For negligible hydraulic 
friction losses, the linearized hydro turbine mechanical power 
and change in power at the gate model is expressed as 

, with corresponding 
system coefficients. The synchronous generator is also 
modeled as a first-order linear system. Due to the varying 
speeds of the synchronous generator, a pulse-width-modulated 
rectifier is used to control the output voltage of the 
synchronous generator. The DC power is again converted to an 
AC form by using an inverter that provides balanced three-
phase voltages to the load. Thus, the converter-inverter 
subsystem can be modeled as a power gain. The hydro power 
plant installed capacity is assumed to be 1.2GW and the 
complete hydro power plant transfer function with a non-
minimum phase zero results in a 6-7 sec. settling time.                   
B. A Steam Power Plant [22, 23]: The plant mechanical power 
at the steam turbine shaft depends on the turbine inlet steam 
pressure, that, in turn, exhibits a non linear relationship 
between the super heater steam pressure and the position of the 
governing valve, controlled by manipulating the firing 
command and by adjusting the valve gates via speed governing 
systems, respectively. For the sake of clarity, this research 
assumes a fixed gate valve level while the power generation 
control is achieved by using the firing command. The boiler 
model in a modern fossil-fuel powered steam power plant 
regulates the change in pressure of steam inlet to the turbine by 
the change in the firing command and the change in the 
governing valve position. The firing command input results in 
slowly varying mechanical power generation due to a large 
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time delay between burning of coal and steam transmission 
process. On the other hand, the governing valve input can 
produce faster variations of the mechanical power while 
resulting in larger amount of coal usage. Thus, a fixed gate 
valve level is assumed while the firing command is 
manipulated to control the power output. The steam turbine 
model contains a high, an intermediate, and a low pressure 
cylinder. For high pressure levels, each cylinder power output 
is proportional to its steam inlet pressures. The boiler power 
change is manipulated through linear models and associated  
power fractions for high, intermediate, and low pressure 
cylinders. In addition to the nonlinear boiler model, the 
generator can be modeled as a first order system while the 
converter-inverter subsystem is modeled as a pure gain. The 
steam power plant step response, with the coefficients [22, 23], 
results in a settling time of 400 seconds. 
C. A Wind Turbine System [24, 25]:  A horizontal axis fixed-
speed wind turbine with an induction generator is considered, 
yielding the maximum power extraction only at a particular 
wind speed, i.e., 15 m/sec with coefficients [25]. The wind 
turbine power extraction model can be described by 

, where R denotes the radius of the area covered 
by the turbine blades, v indicates the wind speed, represents 
the air density and Cp denotes the power coefficient depending 
on the pitch angle of the wind turbine and the tip speed ratio. 
The rotor, generator and converter-inverter subsystems can be 
represented by a first order system.  
D. A Load Demand Curve [27]: A load demand curve 
indicates the actual power demand that is estimated by using 
historical data. However, widespread deployment of smart 
meters allows real-time measurements, yet poses economics 
and confidentiality concerns.  

III. INTELLIGENT CONTROL DESIGN 

 
Fig.1 The Intelligent system framework for a smart grid 

A. Feedback Control System Configuration: The smart grid 
operation including nonrenewable steam and renewable hydro 
as well as wind energy system models is used to design an 
intelligent controller in a closed-loop unity feedback control 
system, shown in Fig. 1, by utilizing the tracking problem 
concept to ensure desired power level availability. The power 
sources with different speeds, voltage and power levels can be 
connected in a grid with the support of PWM power electronic 
converters, FACTS devices and power system devices. The 
power generation optimization is accomplished by considering 
a load demand curve for a 24-hour period [27], scaled to the 
project power generation capabilities, as a reference input to 
reflect practical conditions and by determining the required 
power plant input parameters for various power generation 

preferences such as perfect tracking or environmentaly-
friendly approaches. 

The intelligent system framework presents challenging 
controller design issues due to the non minimum phase 
transfer function of the hydro power plant, a very large settling 
time of the steam power plant, a highly non linear model of 
the wind turbine, wind speed uncertainty and relatively fast 
load demand fluctuations. The energy sources are bounded by 
hard-limiters to reflect practical power generation capabilities.  

B.  A Fuzzy Logic Controller Design: The intelligent system 
FLC variables, their associated membership functions (MF) 
and rules are designed according to the smart grid operation 
principles that are obtained by studying each power plant 
operations. The FLC receives the error and error difference 
signals while the error difference is numericaly calculated by 
using , where E(k) denotes the error difference 
and E(k) denotes the error. The two input variable 
fuzzification is achieved using nine and five MFs with 
different types, respectively, as shown in Fig. 2, after a 
number of attempts for optimal performance. The fuzzy sets 
associated with each MF are the same for the inputs and 
outputs, i.e., n4, n3, n2, n1 denote different negative levels 
while p4, p3, p2, p1 denote different positive levels and z 
denotes zero. 

 
                    (a)                                             (b) 
Fig. 2 The FLC a) error and b) error rate MFs 

 
                      (a)                                          (b) 
Fig.3 The FLC output MFs for (a) Steam and (b) Hydro plants 

The FLC two output variables are also fuzzified by using 
five MFs, as shown in Fig. 3. Each power plant input variable 
is updated by using the incremental variations from the FLC, 
given by , where U(k) denotes the 
current plant input, U(k) denotes the FLC current 
incremental output and U(k+1) denotes the next step plant 
input. Larger incremental variations are expected to generate 
overshoots or highly oscillatory responses while smaller 
incremental changes to result in slow output responses, i.e., 
large settling times. 
      FLCs are designed for two different strategies: a) perfect 
tracking of the load demand curve, i.e., optimal power 
generation, (Case-1), and b) maximum economical benefits, 
i.e., environmentally-friendly, (Case-2). Case-1 aims to 
optimize the power generation by perfectly following the load 
demand. Since the steam power plant generates long settling 
times, it is mostly operated at full capacity, while the hydro 
power plant is manipulated to ensure satisfactory power 
availability for the load demand curve and for the uncertain 
wind power generation. Case-2 focuses on environmentally-
friendly power generation policies by utilizing the renewable, 
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low pollution as well as low cost power sources, i.e., the hydro 
and wind power sources.  Thus, the hydro and wind power 
sources are fully utilized when feasible while the steam power 
plant is manipulated to ensure power availability to the 
consumers. The FLC inference rules for Case-1 and Case-2 are 
developed, with the expectation that comprehensive inference 
rules yielding superior system performances. However, the 
number of MFs and nonlinearity of the power sources may 
further complicate the inference rule development. 

IV. NUMERICAL RESULTS 
The intelligent feedback system framework was verified by 

using Matlab Fuzzy Logic Toolbox [28] by involving a wind 
speed profile [26] for a 100-turbine wind farm.  
Case-1: The associated load demand, i.e., the reference input, 
and the actual intelligent system response are shown in Fig. 4-
a, indicating a perfect tracking of the load demand curve. Due 
to fully utilized steam power plant most of the time, the power 
generation cost is high. 
Case-2: The associated load demand, i.e., the reference input, 
and the actual intelligent feedback system output response are 
shown in Fig. 4-b, indicating a tracking error of the load 
demand curve due to a different set of the inference rules 
imposing the desired power generation policy. Due to 
minimally utilized steam power plant most of the time, the 
power generation cost is low. 

 
 (a)                                            (b) 
Fig. 4 The a) Case-1 and b) Case-2 FLC performances 

V. CONCLUSION 
A real-time intelligent system feedback control framework 

has successfully been demonstrated to optimize a demand-
driven smart grid operation. Three energy sources are 
manipulated to increase the renewable energy source usage 
with different policy priorities such as perfect demand curve 
tracking or acceptable demand curve tracking with economical 
and environmental benefits.    
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Abstract—The new Smart Grid communications architecture
for the distribution power grid and customers needs to be reliable,
effective in terms of delay, and secure. To manage reliability
and latency, a novel adaptive admission control algorithm is
defined for a recently proposed Smart Grid FiWi communications
infrastructure. To show one of the benefits of the proposed
admission control algorithm, a scenario of power blackouts
during a security breach is performed with an experimental
FiWi network testbed. Results show that the proposed admission
control algorithm effectively controls latency and reliability in
the event of power blackouts, even under a DDoS attack.

I. INTRODUCTION

IEEE P2030 [1] is one the first attempts to standardize the
future Smart Grid. The two main quality attributes of the Smart
Grid communications architecture are latency and reliability.
Reliability is the ability to execute a task given a number of
conditions and time [1]. Another important quality attribute in
the power grid is security, which is related to reliability. The
two major cyber security threats in the Smart Grid communica-
tions architecture concern network availability, data integrity,
and information privacy [2]. Network availability degradation
can occur for example when a malicious attacker performs
a distributed denial-of-service (DDoS) attack when multiple
attackers try to corrupt the same target by sending multiple
packets. Information privacy threats occur when attackers try
to intrude into the system without initial authorization in
order to get sensitive information. In [3], interesting guidelines
related to integrity assurance have been provided for the home
area network (HAN). However, no implementation details
were provided to protect and control the data link layer, which
is the focus of this work.

One of the significant challenges of the Smart Grid is
to build a new cost-effective communications infrastructure
to link the power distribution network and customers in a
secure manner. In [4], we recently proposed a FiWi network
decomposed into two main subnetworks: (i) a private Smart
Grid wireless neighborhood area network (NAN) and (ii) a
broadband access network, which can be either an EPON,
where optical network units (ONUs) and fiber are available,
or WiMAX subscriber stations (SSs). The NAN is composed
of three node types: (i) mesh access point (MAP) to provide
access from the HAN to the NAN, (ii) mesh portal point

This work was supported by NSERC Strategic Project Grant No. 413427-
2011.

(MPP), which acts as an interface between the NAN and
broadband access network, and (iii) mesh point (MP), which
acts as a relay node between MPPs and MAPs, in case MAPs
cannot reach MPPs. The distribution management system
(DMS) provides the automation, protection, and control for the
remote control center, distribution networks, customers, and
substations. To maintain reliability, control latency, and tackle
security threats, we introduce a new adaptive admission control
algorithm for our recently proposed FiWi Smart Grid commu-
nications architecture. In our experimental Smart Grid FiWi
testbed, we demonstrate the effectiveness of our proposed
admission control algorithm. In the experiment, we assume
that information privacy is breached and network availability
is under threat. We show that the proposed algorithm allows to
control latency and reliability in the event of power blackouts
and a DDoS attack taking place in the network.

The remainder of this paper is structured as follows. Section
II describes our novel admission control algorithm. We present
experimental results in Section III. Section IV concludes the
article.

II. ADAPTIVE ADMISSION CONTROL

Our recently proposed FiWi Smart Grid communications
network implements the customer and distribution domains
of IEEE P2030 by combining 802.11b/g/n or 802.15.4 based
wireless mesh, EPON, and WiMAX networks. Note that the
underlying medium access control (MAC) protocols do not
provide quality-of-service (QoS) protection as no admission
control schemes are used at the data link layer. In addition,
the power system can be degraded by a variety of events,
e.g., natural calamities such as tornadoes and hurricanes,
electromagnetic interference, and cascading outages. Thus,
for reliable Smart Grid communications, a robust admission
control is required to control the three main quality attributes,
namely, latency, reliability, and security. The well-known token
bucket algorithm is widely used for shaping and policing
purpose in order to control resource allocation and guarantee
QoS in routers. Our proposed multidimensional token bucket
algorithm for adaptive admission control addresses these key
factors as follows:

• Latency: Packets marked with high priority have a lower
latency since they are processed first.

• Reliability: Packets from hosts, which do not respect
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Fig. 1. Adaptive admission control for the Smart Grid.

their limit, are dropped when the queue is full such that
resources are controlled.

• Security - Network availability: During simultaneous
power blackouts and DDoS attacks, the system adapts ef-
ficiently and continues functioning unhindered, as shown
in Section III.

As depicted in Fig. 1, we propose to encapsulate a packet
class (PC) for packet class differentiation and a host priority
(HP) field in the payload of Ethernet frames. A host can be an
MAP, MP, MPP, or any Smart Grid communications network
element. When a DMS control packet (at the network or
transport layer) containing a customer ID and a HP is received,
this information is converted and encapsulated in the payload
of the frame (layer 2) so that the Smart Grid nodes can manage
priorities and adapt the token distribution process.

Each host Hosti has a token bucket, whereby a certain
number of tokens is allocated dynamically based on HP. The
tokens are distributed into the packet classes token buckets
of Fig. 1, thus forming a multidimensional token bucket
mechanism. Let AHPh be the adjusted host priority of host
h such that the following condition is met:

M∑
h=1

AHPh = 1, (1)

where M represents the number of hosts. AHPh is defined
based on the HP sent by the DMS, but adjusted such that the
overall number of tokens does not exceed the maximum bit
rate (denoted by the number of tokens Rmax). The maximum
burst size of host h is given by:

MBSh = AHPh ∗ υ ∗ Rmax, (2)

where υ is a weight set such that the maximum burst size
is larger than the number of tokens per second. Thus, the
following condition must be met:

M∑
h=1

MBSh ≤ Rmax (3)

The number of tokens of host h at time t is given by:

ηh,t =
{

Ψh,t if Ψh,t < MBSh

MBSh otherwise,

(4)

where MBSh represents the capacity of a host token bucket
and the current available number of tokens Ψh,t is given by:

Ψh,t = ηh,t−1 + AHPh ∗ Rmax − Ch,t−1, (5)

where Ch,t−1 represents the number of tokens consumed at
time t−1. Each packet class c has a predefined priority PCPc

such that the following condition is met:

∀h ∈ [1..M ] ∀c ∈ [1..N ] ηc
h,t = ηh,t ∗ PCPc, (6)

where ηc
h,t represents the number of tokens in the packet class

c token bucket.
When a new packet arrives at a node, it is marked based

on the associated packet class token bucket by using the PC
and HP fields. When there are not enough available tokens
for the frame it is marked red, yellow if the number of tokens
equals the number of tokens required, or green otherwise. This
process corresponds to a three-colour metering process.

Next, we define N priority queues (PQs), one for each
packet class (see Fig. 1). Packets in priority queues are sorted
based on their color and HP. To select the next packet to
forward, a combination of priority and round-robin scheduling
is used. Each priority queue has an associated probability.
When a new green packet arrives and there is no place in
the corresponding priority queue, a red or a yellow packet
is dropped and replaced with the green packet. This is the
policing process applied in our work.

The overall process enables the Smart Grid communications
architecture to control latency and reliability.

III. EXPERIMENTAL RESULTS

In this section, we investigate a DDoS attack during em-
ulated blackouts in our Smart Grid FiWi testbed, depicted
in Fig. 2. We assume that information privacy is violated
by a malicious attacker and network availability is under
threat. Two laptops using IEEE 802.11b/g are used to emulate
multiple MAPs: the first laptop emulates a DDoS attack of 9
MAPs, each generating 50 packets per second, and the second
laptop ((2) in Fig. 2) emulates normal MAPs and an MAP
(MAP9) experiencing successive emulated blackouts. MAP9

normally consumes between 1 and 9 kWh, whereas in the
event of a blackout, it consumes 0 kWh. Thus, only the DDoS
and blackout events are emulated, while the rest of the testbed
uses state-of-the-art wireless and fiber equipment. A Zyxel
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Fig. 2. Smart Grid communications FiWi network testbed.

NWA570n wireless access point ((3) in Fig. 2), supporting
IEEE 802.11b/g/n, represents an MP. The MPP ((4) in Fig. 2)
is emulated by an IEEE 802.11b/g/n laptop. An EPON SUN-
GE8100 (1 Gbps) is used ((6) in Fig. 2) with 5 kilometers of
fiber between 4 ONUs ((8) in Fig. 2) and the optical coupler
and 15 kilometers between the coupler and the optical line
terminal (OLT) ((7) in Fig. 2). The MPP is connected to an
ONU port and the DMS ((5) in Fig. 2) is connected to an OLT
port. All MAPs send notification packets to its MPP through
the MP node and the DMS is reached through the EPON.

In order to combine all components of our testbed and
conduct Smart Grid experiments, we developed an Experi-
mental Smart Grid System, which comprises several programs
to investigate custom algorithms. We define two packet/host
priorities P1 and P2, which are used in the priority queues.
In our experiment, we implement our admission control algo-
rithm of Section II for notification packets and control packets
at the MPP. In our experiment, P1 hosts can send 10 packets
per second and P2 hosts 1 packet per second. The DMS is
responsible for receiving notification packets, feeding the local
database, and sending control packets. The DMS sends change
priority request packets to the MPP based on the following
conditions: (i) P1 when the power consumed equals 0 (detected
blackout) and (ii) P2 otherwise.

TABLE I
EXPERIMENT CONFIGURATION

Time (in sec.) Event

[0..100] Network initialization and MAPs
registration.

100, 225, 345 Blackouts start.
110 DDoS attack with 9 MAPs starts.

175, 280 Blackouts stop.
400 End of the experiment.

The configuration used in the experiment is given in Table
I. The delay is measured between the MPP and DMS, where
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the proposed admission control algorithm is implemented. We
observe from Fig. 3 that the delay is significantly reduced in
MAP9 in the event of blackouts even during a DDoS attack
(Fig. 4).

IV. CONCLUSIONS

We proposed a novel multidimensional token bucket algo-
rithm for adaptive admission control of the Smart Grid in order
to control latency and reliability. We investigated emulated
blackouts during a DDoS attack in a FiWi network testbed,
where the Smart Grid nodes are integrated with an Experi-
mental Smart Grid System we have developed. Experimental
results show that the proposed adaptive admission control
algorithm is able to effectively control latency and reliability.
It also efficiently prioritizes areas under blackout by handling
multiple packet class priorities even under a DDoS attack.
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Abstract—In traditional electric grid planning, the uncertainty
arises due to the random consumption patterns of households.
However, in future smart-grids there is to be a second source
of uncertainty due to the inherent intermittent natures of
distributed renewable generations such as solar, wind and tidal
resources at customer premises that would also be integrated to
the electric grid. In this short paper, we propose a non-stationary
Markov chain model for the time transient household load. A
maximum likelihood estimator is also derived to estimate the
time variant parameters of the Markov chain. We then develop
a stochastic reference dynamics-based tracking scheme for the
utility-maintained central power plant to ensure grid reliability
in the presence of time-varying load demands and integrated
renewable distributed generators (RDG’s). Optimal controller
is derived for each tracking scheme and tracking performance
simulation results are also presented.

I. INTRODUCTION

In terms of its overall vision, the Smart Grid is supposed to
be intelligent, efficient, resilient and green [1]. As renewable
generation, which is mostly based on solar, wind and tidal
resources, grows at a rapid pace, renewable distributed gen-
eration (RDG) becomes a necessary and desirable component
of a cleaner energy future. Different demand response and
demand side management schemes have been proposed to
affect customer load profiles [2], [3], but not much work
has been focused on mitigating the uncertainty due to this
ever-increasing penetration of renewable generation. Different
approaches have been proposed for load demand modeling [4],
[5]. However, little, if any, work gives enough emphasis on the
power consumption transition property.

In this short paper, we propose a non-stationary Markov
chain model for the time transient household load. A maxi-
mum likelihood estimator is also derived to estimate the time
variant parameters of the Markov chain. We then focus on
formulating and solving a linear quadratic stochastic tracking
control scheme, in which the central power plant generation
fills the gap between the total load demands and total renew-
able generations over all households.

II. PROBLEM FORMATION

In the assumed electricity market, there is one central
conventional power plant which supports load demands from
all households. This conventional power plant is assumed to be
fully controllable and has a stable power output. Households
are equipped with renewable generation facilities, such as solar
panels and wind turbines. The main purpose of integrating
renewable generation to the utility’s own electric grid is

Fig. 1. Interaction framework for distributed households and central conven-
tional plant: Central plant power generation is supposed to track the reference
signal which is the sum of net power requirements over all households.

enabling households to at least partly support their loads
by consuming locally generated renewable power. However,
renewable generation is highly environment-dependent (such
as insolation or cloud movement), thus is intermittent and
difficult to predict. Thus, the conventional central power plant
need to fill the gap between the total load demands and total
renewable generations. The control framework proposed in this
paper is shown in Fig. 1, which consists of (1) Modeling of
power consumption of households and renewable generations
and (2) tracking control design of the central power plant.

III. HOUSEHOLD LOAD DEMAND MODELING

Denote by {pij |0 ≤ i, j ≤ m} the entries of transition
matrix and denote by Xt the state in step t, where pij is the
transition probability from state i to state j and m is the num-
ber of states. For any pair of initial and final states x1 and xn,
the likelihood is given by L(p) = Pr(X1 = x1)

∏n
t=2 pxt−1xt

.
Define the transition counts nij as the number of times that
state i is followed by state j, then rewrite the maximum
likelihood estimation problem as

maximize
pij

Pr(X1 = x1)
m∏

i=1

m∏
j=1

p
nij

ij

subject to
∑

j

pij = 1, i = 1, 2, . . . , m

Solving the convex optimization, we get the MLE estimator
of transition matrix as p̂ij = nij/

∑
j nij . To validate the
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Fig. 2. Mean values and standard deviations of real load and load predicted
based on a 6-state Markov chain

proposed Markov chain model with the transition matrix
estimator derived above, we select some real measured data
from the huge data pool of the Electric Reliability Council of
Texas [6], in which both forecasted and actual power loads
from clusters of households were recorded every 15 minutes
for nearly 200 different locations. The Markov chain we adopt
has 96 time steps corresponding to all 15 minute intervals
in a day. Starting with the same initial distribution of the
data, we generate load distributions using the derived MLE
estimators of transition matrices for all time steps thereafter
using half of the available data and find the load distribution
in each time step of the Markov chain. The statistics of the
distributions are then compared to that of the other half of
the data. Well matched results with average mean error below
1% and average standard deviation error below 10% can
be observed. Figure 2 shows the mean values and standard
deviations over time of the real load distribution and the
predicted load distribution generated by a Markov chain with 6
states, with average mean error of 0.53% and average standard
deviation error of 8.1%.

IV. STOCHASTIC TRACKING CONTROL OF THE

CONVENTIONAL CENTRAL POWER PLANT

As demonstrated in previous sections, the active power
generated by the central conventional power plant is supposed
to track the total net-load demands from all households. The
tracking control problem diagram is shown as in Fig. 3, where
zr is the total load demands that the central plant needs to
support.

We first consider wind energy plant with synchronous
generators as the RDG. If we assume that the wind changes
rapidly (which infers uncorrelated increments) and blows from
all directions with equal probability (justifying the zero mean),
then the input of each wind turbine can be approximated by a
white Gaussian noise. Thus, the dynamical model for the RDG
system can be obtained based on the state-space representation
of a synchronous generator [7]. To develop the dynamical
model for the household load demands, note that the non-
stationary Markov chain model is only one option to model
the household load demands, other possible approaches such as
auto-regressive process model can also be used. Thus, based on
the dynamical systems of household load demands and RDG,

+
central conven-

tional generation 
plant

Kalman-Bucy filter

_

reference power

generated 
powerController

control 
signal

estimated 
state

tracking error

Fig. 3. Tracking control diagram: The power generation control is imple-
mented by a state feedback control design.

we can model the reference signal (the difference between
the two uncertainties) as an output of a dynamical system
driven by a white Gaussian noise [8], taking into account the
fact that different households are independent with each other.
Consider the following dynamical system equations for the
central power plant:

x[i + 1] = Ax[i] + Bu[i] + w1[i]
z[i] = Cx[i], y[i] = z[i] + w2[i]

where z[i] is the system output and y[i] is the noisy output
measurement. Process noise w1 and measurement noise w2

are both zero mean white noises with auto-covariance matrix
intensities V1, V2. The cross covariance matrix of w1 and w2

is V12. The initial state x[0] is a random vector with mean x̄0

and covariance matrix Q0. In a similar manner, we can define
the reference system

xr[i + 1] = Arxr[i] + wr1[i]
zr[i] = Crxr[i], yr[i] = zr[i] + wr2[i]

all the other quantities Vr1, Vr2 and Vr12 are similarly
defined. The quadratic objective function defined over [i0, i1]
can be written as

U =
i1∑

i=i0

(z[i] − zr[i])
T

R1[i] (z[i] − zr[i]) + uT [i]R2[i]u[i]

where R1[i] is positive semi-definite and R2[i] is positive
definite. Consider the augmented system:

[
x[i + 1]
xr[i + 1]

]
︸ ︷︷ ︸

x̃[i+1]

=
[

A 0
0 Ar

]
︸ ︷︷ ︸

Ã

[
x[i]
xr[i]

]
︸ ︷︷ ︸

x̃[i]

+
[

B
0

]
︸ ︷︷ ︸

B̃

u[i]

+
[

w1[i]
wr1[i]

]
︸ ︷︷ ︸

w̃1[i]
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z̃[i] = z[i] − zr[i] = [C,−Cr]︸ ︷︷ ︸
D

[
x[i]
xr[i]

]

[
y[i]
yr[i]

]
︸ ︷︷ ︸

ỹ[i]

=
[

C 0
0 Cr

]
︸ ︷︷ ︸

C̃

[
x[i]
xr[i]

]
︸ ︷︷ ︸

x̃[i]

+
[

w2[i]
wr2[i]

]
︸ ︷︷ ︸

w̃2[i]

With the augmented system introduced above, the original
objective can be written as U = E

{
z̃T R1z̃ + uT R2u

}
. The

original tracking problem has been converted into an output
regulator problem of the augmented system. The initial state
and covariance matrix are given by x̃0 and Q̃0. We assume
that the initial state is uncorrelated to both process noise and
measurement noise. Thus, [w̃1[i], w̃2[i]] is a joint white noise
vector process. The covariance matrix intensities of the initial
state and white noises are given by

Q̃0 =
[

Q0 0
0 Qr0

]
Ṽ1[i] =

[
V1[i] 0

0 Vr1[i]

]

Ṽ2[i] =
[

V2[i] 0
0 Vr2[i]

]
Ṽ12[i] =

[
V12[i] 0

0 Vr12[i]

]

According to the separation principle [9], the solution to this
problem is given by u[i] = −F [i]ˆ̃x[i], i = i0, i0+1, . . . , i1−1,
where feedback gain is given by

F [i] =
{

R2[i + 1] + B̃T
[
DT R1[i + 1]D + P [i + 1]

]
B̃

}−1

· B̃T
[
DT R1[i + 1]D + P [i + 1]

]
Ã

The sequence of matrices P [i] satisfy the matrix difference
equation

P [i] = ÃT
[
DT R1[i + 1]D + P [i + 1]

] [
Ã − B̃F [i]

]
with terminal cost weight matrix P [i1] = P1 =

DT R1[i1]D. Furthermore, ˆ̃x[i] is the minimum mean square
linear estimation of x̃[i] given ỹ[i], i = i0, i0 + 1, . . . , i1 − 1.
Since we assume the nonsingular case (Ṽ2[i] > 0), ˆ̃x[i] can be
obtained as the output of the optimal observer [9]:

ˆ̃x[i + 1] = Ãˆ̃x[i] + B̃u[i] + K[i]
[
ỹ[i] − C̃ˆ̃x[i]

]

Denoted by e[i] the reconstruction error e[i] = x̃−ˆ̃x, then the
optimal observer minimizes the mean square reconstruction
error E{eT [i]W [i]e[i]} = tr[Q[i]W [i]] for any predefined
positive definite matrices W [i]. The optimal gain matrices Ki

can be obtained from the recurrence relations:

K[i] =
[
ÃQ[i]C̃T + Ṽ12[i]

] [
Ṽ2[i] + C̃Q[i]C̃T

]−1

Q[i + 1] =
[
Ã − K[i]C̃

]
Q[i]ÃT + Ṽ1[i] − K[i]Ṽ T

12[i]

tracking performance
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Fig. 4. Tracking performance based on reference dynamics: The reference
signal is one realization of the stochastic output of reference dynamical system
driven by white noise.

where Q = E
{

(x̃ − ˆ̃x)(x̃ − ˆ̃x)T
}

is the covariance matrix

of the reconstruction error with the initial value Q[i0] = Q̃0.
The initial condition of the observer state is ˆ̃x = ¯̃x0. Figure
4 shows the tracking performance for one realization of the
stochastic reference signal.

V. CONCLUSION

In this short paper, we proposed a non-stationary Markov
chain model for the time transient household loads. A max-
imum likelihood estimator was derived to estimate the time
variant parameters of the Markov chain. We then developed a
stochastic reference dynamics-based tracking scheme for the
utility-maintained central power plant to ensure grid reliability
in the presence of time-varying load demands and integrated
renewable distributed generators (RDG’s). Optimal controller
was derived and the tracking performance simulation results
were also presented.
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Abstract 

Solar energy is renewable energy par excellence. Environmentally friendly, it has many specific 
advantages because of the foreseeable depletion of fossil energy resources. The solar cells are 
currently dominated by silicon and expensive, hence the widespread enthusiasm of researchers 
interested in the possibility of manufacturing solar cells from plastic materials or organic. 

 
These new cells have the advantage of being simpler and more malleable than those made from 

a silicon [1]. 
Several organic dyes, such as styryl [2], coumarines [3], polyenes [4] and indole derivatives [5], 

have been proposed as potential candidates for solar cells. 
 
Rhodanine derivatives, electron acceptors are used in a wide range of organic molecules "Push-

Pull" These have applications in optics and more recently non linéaire [6] are used in the manufacture 
of DSSCs [7] and are obtained with a high conversion efficiency compared to other. 

 
We were interested in the synthesis of new chromophores containing the pattern rhodanine, a 

molecule from the leader aminothiazoline thione as a synthetic strategy developed previously in our 
laboratory. 
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Chromophores obtained and intermediate compounds were identified by spectroscopic methods 
(1H NMR, 13C, IR and mass spectrometry). 
 
Keywords: DSSCs, Rhodanine, Merocyanine, Dye, Photovoltaic cells. 
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Biomass Torrefaction: Improving the Fuel Properties of Biomass 

Ethan Wyble and Philip Aucoin  

Global energy demand has been rising and will continue to rise at a rapid pace. According to the 
International Energy Agency (EIA), by 2035 global energy demand will increase by 53%.  The 
EIA also mentions that Renewable Energy is projected to be the fastest growing source of energy 
over the next 25 years. Although fossil fuels will dominate the energy market, there is an urgent 
need to transition from fossil fuels to renewable sources of energy, which offers several benefits 
such as energy independence and cleaner energy.  Renewable energy sources include wind, solar, 
biomass, hydro, and geothermal. Advantages of alternative energies are that they are renewable, 
better for the environment, and energy independent. To encourage the use of alternative energy 
sources in the United States, many States have introduced policies such as renewable portfolio 
standards that require an increased production of energy from alternative renewable energy 
sources. Biomass is a promising alternative energy source that can potentially replace coal in 
power plants, but several properties of biomass such as high moisture content, low heating value, 
fibrous nature, biomass handling and storage make it difficult to be used. This is where 
torrefaction comes into picture as a substitute for coal. 

Torrefaction is an important step in using biomass as fuel source. The actual process of 
torrefaction involves heating biomass to temperatures of 230-300oC in the absence of an 
oxidizing agent and under atmospheric pressure. The advantages of torrefaction are in the 
product. The product is a dried biomass that has a higher mass energy density, is hydrophobic, 
and is more uniform, in composition, compared to unprocessed biomass. Also, the grindability 
(ie, resistance to crushing) characteristics of torrefied biomass greatly improve and are 
comparable with coal and coke. Tests have been conducted on lab scale to evaluate the effect of 
torrefaction on several biomass feedstock properties including pine, willow, arundo, and 
bamboo. The effect of torrefaction on heating value, grindability, and hydrophobicity of biomass 
have will be discussed.  
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EXPEDIENT WIND ENERGY POTENTIAL IN 
LOUISIANA 
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Abstract—Year after year, the world improves upon new ideas 
and forms of practical ways of applying green energy to 
humanity’s daily life. Some of these types include solar, nuclear, 
and natural gas energy, but wind power is growing in the ranks 
as far as popularity and usage. Countries such as China, the 
United States, and Germany have led the interest of using 
renewable resources via windy energy in recent years. The 
United States is currently building more wind farms and finding 
more ways to incorporate wind power usage in the lives of 
average Americans. Certain states are quite advantageous for 
benefiting from wind power and some have not implemented the 
use of wind power yet. Louisiana’s current involvement with 
wind energy is absent because Louisiana is primarily an oil and 
gas state. Since oil and gas are fossil fuels, they will eventually 
run out and people will need new sources for energy. Renewable 
energy sources are a practical choice of sources because they are 
replenished naturally. With the development of wind energy 
growing each year, Louisiana could greatly benefit from investing 
in wind projects. An overview of the development of this industry 
worldwide and a breakdown of wind energy economically and 
environmentally will validate that wind energy is a feasible 
source of green energy for Louisiana. 
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Energy Assessments: Improving Manufacturing 
Efficiency 

Poster Abstract 
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Abstract—Green energy is beginning to become a highly important issue within the manufacturing world.  Frequently businesses do not 
fully understand what “going green” entails.  The reduction in energy consumption often results in more efficient practices that reduce 
not only the amount of energy used, but also the company’s utility expenses.  In order to achieve this, either an on-site or outside team 
can be brought in to perform an energy assessment.  An assessment generally consists of several steps.  The first step is that a team 
gathers information about a company’s use of energy in several main areas such as:  lighting, air conditioning, compressed air, steam, 
heat losses, and overheated equipment.  The next step is to perform research to find more efficient alternatives and to compute the 
energy and cost savings.  The information is then compiled into a report and given to company executives in order to approve the 
implementation of the recommendations.  This electronic document is a “live” template. The various components of your paper [title, 
text, heads, etc.] are already defined on the style sheet, as illustrated by the portions given in this document.  

Keywords- green energy; industrial assessment; manufacturing efficiency 
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 INTRODUCTION AND OBJECTIVES: 
• Integrate aging management, obsolescence and 

economic planning tasks. 
• Optimize maintenance, reliability and service life of 

systems, structures and components. 
•  Maintain an acceptable level of performance and 

safety. 
• Maximize the return of investment. 

TURBINE DRIVEN AUXILIARY FEEDWATER PUMPS 
• The primary function is to provide water injection to 

the steam generators for decay heat removal 
following reactor shutdown and a loss of the normal 
source of coolant.  

• The secondary function is to provide a means of 
circulating, flushing and filtering feed water during 
plant heat up and cool down. 

• Unattended, cold, quick startup is the key 
performance requirement.  

LIFE CYCLE MANAGEMENT PLANNING PROCESS 
 

 
Fig. 1. LCM process chart 

DATA INPUTS REQUIRED FOR LCM PLAN 
• Equipment operations and maintenance manuals   
• EPIX/NPRDS database 
• Plant work order history  
• Plant failure and event reports  
• OEM generic notices 
• Plant personnel interviews 
• Surveillance test and condition monitoring reports  
• Obsolescence 

                                                           
 

AFW TURBINE DRIVEN PUMP FAILURE ANALYSIS 
Component Classification According to Failure Rate 

PUMP TURBINE 
Packing and Seals Trip Throttle Valve 

Bearings Governor Valve 
Oil system Bearings 

Water Piping Turbine Shaft Seal and 
Steam Seals 

Casing Turbine Oil sysem 
Impeller Governor Valve Controls 

Shaft and Rotating 
Components 

 Overspeed Trip System 

Coupling Turbine Casing 
 Turbine Rotor, Shaft/Wheel 

Assemblies 

CURRENT MAINTENANCE PRACTICES AND EQUIPMENT 
OPERATING HISTORY 

• Maintenance and operating history are derived from 
work order history, plant event and trip reports, 
operating personnel interviews. 

• CM work orders are indications of No of failures and 
inadequate preventive maintenance trend. 

• In the graphs below we have shown the number of 
corrective maintenance work orders from the year 
2005 to 2011 and we observe an increasing trend.  

 
  
CONCLUSION AND FUTURE WORK 

• An overview of the Life Cycle Management Plan 
process has been developed.  

• Important data relating to formulation of LCM plan 
has been analyzed and conclusions are drawn on the 
basis of the data.  

• Using failure rates of various components and costs, 
a suitable economic planning tool will be used to 
obtain the most optimum LCM alternative plan.  
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Abstract—Organic semiconductor technology has advanced 
rapidly in the last 15 years.  Organics are more environmentally-
friendly than silicon. This paper reviews the history of organic 
semiconductors, then discusses the author’s research into circuits 
made with squid ink and with other edible common materials. 

Keywords: field effect transistor, flip-flop, melanin, micro-
processor, NOR gate, organic semiconductor, pigment, squid ink 

I.  INTRODUCTION TO ORGANIC SEMICONDUCTORS 
Electrical conductivity in the organic chemical polyaniline 

was discovered in 1862 by Henry Letheby [1]. The electrical 
switching properties of melanin, a tyrosine-derived natural 
pigment, were described 38 years ago [2]. The first organic 
field effect transistor (OFET) was created in 1987 [3]. Use of 
organic semiconductors is growing in popularity because of 
their favorable physical properties, low-temperature fabrication 
techniques, and decreased environmental damage compared to 
metallic semiconductors such as silicon and germanium [4]. 

The author has made OFETs and other circuits using squid 
ink melanin for semiconductors, cooked pasta for resistors, 
food-grade shellac for insulation layers and capacitors, rice 
paper for substrates, inert metallic gold or silver for conductors, 
and other nontoxic  (edible) materials.  

 

Figure 1.  Author’s organic, edible squid ink OFET transistor. 

II. MELANIN IN SEMICONDUCTOR CIRCUITS 
Melanin is a mixture of polyacetylene, polypyrrole, and 

polyaniline, each of which have electroconductive properties. It 
is a natural, nontoxic, environmentally-friendly, recyclable, 
biodegradable material found in animals and plants, suitable for 
transistorized circuits combined with other natural substances. 
It can also be used to make solar cells for powering circuitry, 
light sensors, and organic light emitting diodes for visual 
displays [5]. Miniature transistors and printed circuits can be 
made using bakery inkjet printers and silkscreen techniques [6]. 

 

Figure 2.  Schematic of an organic transistor two input NOR gate. 

Melanin is sold as squid and octopus cephalopod ink. The 
author employed an OFET methodology to create transistors 
(Fig.1), two-input NOR gates (A, B inputs and Q output, Fig.2) 
and RS flip-flops (R, S inputs and Q, nQ outputs, Fig.3), which 
are the basic building blocks of an organic microprocessor.  

 

 

Figure 3.  Diagram of an RS flip-flop using two cross-coupled NOR gates. 

III. CONCLUSION 
With simple refinements this nontoxic, environmentally 

friendly, economical technology could soon provide unique 
medical, veterinary, biological and other Green IT sustainable 
computing niche products and interfaces to living tissues. 
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Abstract— Building envelopes fulfill many functions: 
structure, climate control, energy savings and generation, 
aesthetics, psychological well-being, and occupant comfort. 
Building envelopes are closely interdependent to building 
service systems and can further reduce building energy 
consumption by 7 to 20% depending on building type and 
size. As contemporary buildings increase to use high 
quantities of glazing in building envelopes, challenges exist in 
not only economic viability but also energy code compliance 
and environmental stewardship. A highly glazed building 
requires performance-based design, employing an integrative 
design and comprehensive whole building performance 
verification process. The primary objective of this presentation 
is to address the sustainability of contemporary building 
envelopes and to establish a performance assessment 
methodology.  

The case study building is New York Times Building 
(NYT) in New York, USA designed by Renzo Piano Building 
Workshop and Fox & Fowel Architects. The NYT building is 
located in a climate zone 4 in accordance with ASHRAE 90.1, 
which is mixed and humid climate. The curtainwall has 
approximately 75% WWR (window-to-wall ratio) and utilizes 
low-e coated insulated glass unit (IGU). The ceramic coated 
rod in front of the curtainwall blocks unwanted solar heat 
while maximizing daylighting performance. The building 
mass and ceramic rods of the NYT building were built in 
Revit Massing platform and exported a 3D model as Green 
Building xml (gbxml). Once the gbxml file was imported in 
DesignBuilder, the gbxml file transferred information about 
building mass, ceramic rods, WWR, and thermal and 
perimeter zones. DesignBuilder is a building energy 
simulation program performed on hourly-recorded weather 
data mainly consisting of sub-hourly weather data and 
illumination data. The vision curtainwall was set to provide an 
assembly U-factor of 0.45, SGHC-0.31 and VLT-0.56. These 
values are calculated based on VE13-2m low-e coating which 
is also conforming to ASHRAE 90-1 building envelope 
requirements. Three sustainability indicators in this 
presentation focus on 1) solar gain through a curtainwall 

system 2) daylighting contribution and 3) solar energy 
potential. 

Solar gain through vision curtainwall is important in that 
it contributes to internal heat gains and affects interior cooling 
load. In order to understand the shading effect of ceramic rods, 
the building energy simulation was carried out for the building 
without ceramic rods and with ceramic rods. The result shows 
that the ceramic rods reduce the solar gain through vision 
curtainwall (26.4kBtu/hr) by 50% compared to the solar gain 
without ceramic rods (42.4kBtu/hr). Further, daylighting 
benefits were measured by applying the daylighting control 
function in DesignBuilder. The analysis reveals that 
daylighting control can reduce artificial lighting load by 40%, 
measuring a lighting load of 55kBtu/hr with daylighting 
control and 85kBtu/hr without daylighting control. Lastly, the 
annual solar energy potentials were estimated to be 
184kBtu/hr based on 5% electricity efficiency of a thin film 
photovoltaic system, which equates to annual electricity 
saving of ~$8,000.  

It can be concluded form the energy analysis that building 
envelopes of an integrated tower in an urban setting provide 
opportunities to enhance building energy savings and solar 
energy generation. Further, integration of BIM and energy 
simulation tool provides timely efficient energy verification 
process that could solve many problems in building 
sustainability. 
 
Keywords-Contemporary Building Curtainwall System; 
Integration of BIM and Energy Simulation; Solar Gain; 
Lighting Power Intensity; Solar Energy Potential 
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HOW HAITI CAN SECURITIZE RELIABLE DOMESTIC 
ENERGY PRODUCTION, COMMODITY EXPORTS, AND 

SOCIO-ECONOMIC PROGRESS FROM SUGARCANE AND 
ITS BIOMASS RESIDUALS 

 

 
 

Abstract—Bioenergy if implemented properly can mitigate the 
negative effects of fuelwood and charcoal consumption, which 
include adverse impacts on the surrounding environment, 
global warming potential and decreases in human health. The 
solution proposed in this study highlights sugarcane, an 
energetic energy crop. The crop has a capacity to provide 
commodity exports like sugar and bioenergy for 1st and 2nd 
generation ethanol production. Although, second generation 
ethanol production techniques like the biogeochemical 
conversion of lingo-cellulose from sugarcane bagasse is not 
commercial viable currently, but improved hydrolysis, 
enzymatic saccharification and pentose fermentation methods 
being tested in Brazil can ultimately lead to commercial 
viability before 2015. Mature lingo-cellulosic processes such 
as (ammonia fiber expansion (AFEX) pre-treatment and 
consolidated bioprocessing (CBP)) would in the future 
produce ethanol that is more profitable and better at mitigating 
GHG emissions than current traditional Rankine-cycle 
systems.  
Currently, Haiti has 240MW of installed electrical capacity 
and a capacity factor of 30. Net generation in the country is 
estimated at 620 GW. The metropolitan region of Port-au-
Prince has a totaled installed capacity of 171.87 MW. 
Additionally, 50% of the population resides in the over-
populated capital. Line losses are numerous throughout the 
country’s grid. Technical line loss accounts for 18% of total 
losses. The majority of losses are non-technical losses and/or 
illegal connections which account for 31.02-38.59% of total 
line losses. Haiti has thousands of operational small mills 
which produce beverage-grade ethanol for rum production. 
With one major part of the necessary infrastructure already in 
existence, enhanced ethanol production and electricity co-
generation at mill sites could be easily integrated.   
In 1980, Haiti's sugarcane production was estimated at 3 
million tons per annum, currently production is approximated 
to be at 1 million tons per annum.  
The plan proposed here is based on data from a sugarcane 
biorefinery in Brazil. The study proposes two options; one that 
is electricity production focused and the other which is ethanol 
production focused. The electricity option biorefinery 

produces 130kWh/ton of sugarcane and 91L of ethanol/ton of 
sugarcane. The ethanol option biorefinery produces 
50kWh/ton of sugarcane and 124L of ethanol/ton of 
sugarcane. Considering that Haiti produces 1 million tons of 
sugarcane per year, the highest estimated capacity of ethanol 
produced would be 124 million Liters and the electrical 
capacity would be approximated at 50MW. At the current 
sugarcane production rate, Haiti can increase installed 
electrical generating capacity by 20%, increase ethanol 
production and successively lessen the use charcoal and 
fuelwood for cooking. If sugarcane production returned to 
1980 levels the values would triple and enable to country to 
forge a sustainable pathway to the future based on sustainable 
agricultural practices and local clean bioenergy production.    
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Abstract-Algae as a feedstock for commercial biofuels is best suited 
for sunny and warm areas with abundant fresh, salt, or brackish water.  
Optimum areas worldwide are in the tropics.  Logical areas in North 
America include the Southeast Gulf coast and perhaps New Mexico.  
Additional practical areas on smaller scale probably lie in 
metropolitan locations, especially near international airports.  The 
cost-benefit of these endeavors can be enhanced when factors such 
as high-end products alongside collaboration with sewage treatment 
or other waste water remediation, industrial carbon dioxide 
sequestration, reduced transport distance of fuels, and other aspects 
of the local economy are taken into consideration.  This paper 
discusses how Oral Roberts University and KBI-Best Energy 
Solutions propose to work with the Tulsa Airport Authority, the City of 
Tulsa, and local industries to enhance the practicality of a local algae 
biofuels venture. 

 Keywords-Biofuels; algae; airports; CO2 sequestration; nutrient 
remediation 
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Abstract— For solar power to provide 24/7 capabilities an energy 
storage is needed.  In this project, an energy storage system was 
constructed from second life batteries taken out of hybrid 
vehicles. The batteries were removed from five vehicles, graded 
and reassembled into a high voltage storage system that was then 
integrated with a solar power system.  The storage system also 
allows a larger solar array to be used with a smaller inverter. 
This poster session will show initial results of this system.  The 
ultimate goal is determining the suitability and longevity of 
second life hybrid vehicle batteries for energy storage.  

 

Keywords- hybrid, vehicle, batteries, solar, backup, storage. 

I.  INTRODUCTION 
For solar power to provide continuous capabilities a method 

of energy storage is required.  This is usually provided by large 
lead acid batteries that are charged by the panels during sunny 
times and then discharged at night or bad weather.  The most 
common setup is a lower pack voltage with at most 48V and 
high capacity batteries in the thousands of amp hours.  There 
are many advantages of having a higher backup battery 
voltage. While this can be accomplished with traditional lead 
acid batteries, the number of batteries required can be cost 
prohibitive. An alternative solution is inexpensive second life 
NiMH batteries from end of life hybrid vehicles. While these 
batteries have come out of vehicles that are no longer rated for 
traction applications, they still have enough useful life for 
stationary storage operation.  In addition they are sealed and 
maintenance free making them attractive for backup storage. 
 

II. SYSTEM OVERVIEW 
This poster session will present a 330 volt battery that was 

constructed from second life hybrid vehicle batteries that 
directly backups a set of solar panels with their inverter. The 
first step to create this system was testing the batteries to 
determine if they were suitable for energy storage and their 
expected life. In a hybrid vehicle the battery is built for power 
transfer. In vehicle operation, the battery might be charged and 
discharged many times at relatively high power rates. In a 
storage application the battery might be charge once during 
the day at a slow rate and then discharged at a slow rate at 
night. The hybrid vehicle packs were disassembled and the 
individual batteries tested for capacity, temperature 
abnormalities, and maximum power transfer. Data from good 
and bad Saturn Vue hybrid batteries will be presented. 
Batteries that passed testing were grouped together to form 
240 cell strings. In the current storage system, a 240 cell string 

of Honda Civic batteries and a 240 cell string of Toyota Prius 
batteries are used to store the energy generated from 12 Sanyo 
solar modules. The batteries are cycled from about 80% soc to 
20% soc, while charging in the morning and discharging 
through the night. The two different strings are individually 
controlled and are joined in the controller. Voltage, current, 
power, and state of charge are live streamed over a wireless 
link to a dashboard in the lab for continuous monitoring.  

 
A controller was also built to integrate the battery to the 

solar panels and inverter and cycle tests were performed.  The 
last and ongoing part of the project is running the high voltage 
battery in combination with the solar cells and inverter over 
time. The procedure is to charge the cells in the morning, 
while still placing power on the grid. Once the battery is full 
the entire amount of incoming solar power is placed on the 
grid. In the evening the battery takes over and fully supplies 
the inverter with power over the night. There are a few 
benefits observed from using the high voltage battery with the 
solar system. The batteries voltage is very close to the solar 
panels output so the batteries can be directly wired to the 
inverter with no additional voltage conversion. During the day 
after the batteries are charged, the inverter is switched to 
maximum power tracking to get the most energy out of the 
panels. Once the sun drops lower in the sky the batteries assist 
with the remaining solar power to provide a constant output on 
the inverter. By the time of sunset the batteries are providing 
all of the power to the inverter. This continues through the 
evening until next morning.  

 
For the 3 kW inverter the current is 9.1 amps when running 

with a 330V battery and 62.5 amps with a 48 V battery. The 
much lower current from the high voltage battery reduces 
losses and decreases the size of wire required. The other 
important benefit is the reduced cost associated with the 
second life batteries.  In addition the batteries behave as sealed 
maintenance free batteries not needing water top off, venting 
and as much infrastructure such as acid trays.  Another 
application this system can be helpful in is load shifting. The 
solar panels normally displace grid electricity moment by 
moment. For users on a fixed rate plan electricity produces in 
the morning is just as valuable as in the afternoon. For variable 
rate pricing however electricity produced in the afternoon can 
be as much as 10 times the price and morning electricity. The 
batteries would allow energy to be stored from the solar panels 
right up until the high priced electricity started. The batteries 
could then be discharged along with the incoming solar energy 
to maximize the value of the produced energy. 
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Abstract 

This article focuses on private sector desires and concerns 
and tries to answer to one of the main questions of investors 
related to identifying the most important and investable 
renewable resource in Iran. The results are expressed by 
implementation of the Analytic Hierarchy Process model 
(AHP).  Selection of best renewable source with simultaneous 
consideration of investor's criteria is the main result of the 
research. 

Keywords; Renewable Energy, Investment, Private Sector, AHP 

1. Introduction 
Annual statistical reports show Iran has an inefficient 
structure in energy systems. While Iran was the third largest 
producer of natural gas in the world after United States and 
Russia in 2009, it had to even import gas for domestic 
consumptions in some years [1]. This demonstrates that 
Iran has faced with many challenges in optimal utilization 
of hydrocarbon’s energy resources. Due to the rich and 
diversified resources of renewable energies (RE) in Iran, 
one of the solutions can be exploitation and development of 
these potentials. Further, renewable energies (RE) provide a 
nearly unlimited supply of relatively clean and mostly local 
energy and considerable opportunities. 

While most of energy market in Iran is under dominance of 
government, it doesn’t mean that this market monopolize 
by public sector [6].  Following the Iranian governmental 
policy towards privatization of governmental enterprises 
and replacing RE resources for fossil fuels, private sector 
supporting has been emphasized in exploration, production, 
exploitation, and transmission of energy resources [2]. 
However, based on available statistics, only 38% of the 
goals of Iran's fourth national development plan in RE have 
been achieved [3]. Researches have shown reasons such as 
lack of dynamic strategic management teams, non- optimal 
utilization of human resources and etc. as some of the main 
obstacles of this gap [3].  

As one of the important influencing factors on market and 
industrial development is governmental policies, to have 
the application of RE economically, the government should 
try to diffuse the exploitation of RE resources by private 
sector supporting pervasively.  For instance, according to 
official statistics of Global Energy Organization, the share 
of private sector in generating of electrical energy is about 

80% in the US [4]. Furthermore, about 75% of electricity 
sales to final customers are undertaken by private utilities in 
the US too [4]. Therefore, the cooperation of private sector 
in RE is a driver for promoting of this technology.  

Despite the beneficial future, including relatively short-term 
profitability in RE industry in Iran, domestics and 
international investors have still obscurities and concerns 
about entering and investing in this market. Since investors 
are committing their assets for sometimes when investing, 
they need to cover all aspects before making an investment 
decision. This means that there are important points which 
an investor wants to consider before investing to make a 
good and informed decision. 

This paper with an innovative glance, and focus on private 
sector desires in Iran, discusses about prioritization of the 
best RE resources for investment based on the identified 
prime criteria by using the analytic hierarchy process 
method (AHP). Due to the proved reliability and validity of 
this research, the results can be used for other countries 
with the same conditions in the Middle East, Asia and 
Africa too. 

2.  Literature Review 
The common renewable energy resources in Iran which 
have the commercial potential are: Solar, hydro power, 
wind energy, geothermal energy, and biomass. 

Regarding to situation of energy consumption in Iran, 
Iranian Energy Ministry, as a responsible organization for 
development and generation of electrical energy in Iran, 
commenced surveys and investments in the field of 
renewable energies (No 161299 on April 18, 2000, Ministry 
of Energy’s). This investment led to the establishment of an 
independent research organization belongs to the Ministry, 
named Renewable Energy Organization of Iran (SUNA) 
with help of World Bank [5].  

2.1 The Prime Criteria for Private Sector Participation in 
Renewable Energy Investment in Iran 

According to previous survey of researchers and based on 
private sector viewpoints seven criteria have been known as 
prime indexes for participation in RE investments in Iran 
(Figure1) [6]. These criteria were identified based on an 
extensive ground research, and classified in three main 
sections: politics and business, engineering, and 
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environment. In following each of these factors are 
reviewed [6].  

 

Figure1. Identified criteria for investment in RE from 
private sector point of view [6] 

2.1.1 Engineering Efficiency Index 

The first index is engineering efficiency of RE resources. 
According to researches, efficiency is one of the two core 
bases of sustainable energy policies in addition to 
renewable energy [6].  

2.1.2 Annual Exploitability Index 

One of the concerns of investors in commerce of a business 
is the period that a product or service can be efficiently 
exploited [6]. Hence, the investor’s awareness about the 
accessibility and annual exploitability of RE resources is an 
important factor to evaluate the sub-indices, such as 
investment return index, operation risk and etc.  

2.1.3 Regional Energy Potentials (Geographical 
Distribution)  

From competitiveness viewpoint, energy resources are 
always considered as a constraint that may even endanger a 
business. Therefore, for renewable energies, larger number 
of regions in which renewable energy can be used would 
result in more attraction for investment from investors' 
point of view. 

2.1.4 Finance Index 

This index is a financial measure that indicates the 
importance of required investment for each type of RE [6].  

2.1.5 Consumption Market and Market Divisions 

The possibility of activity in different markets with defined 
investment is one of the interests of investors. End User 
markets are desirable because they provide more advantage 
compare to mediator markets for suppliers [7].  

2.1.6 Conformity with Supportive Policies of 
Government 

This factor is to identify the supportive governmental 
policies for investing on RE [6].  

2.1.7 EPR 

EPR is important for investor from customer's demands 
(market and consumer psychology), sustainability and 
possible future rules [6].  

3. Research Methodology 
3.1. Research Type and Strategy 

The research is sorted as an applied research insight of 
research result [8]. Identifying the best RE sources for 
private sector investment from five common RE sources 
(alternatives) is the cardinal purpose of this research. 

In this regard, the researchers used the Analytic Hierarchy 
Process (AHP) as one of the best and valid methods of 
multi-criteria decision making (MCDM) to evaluate, 
compare and rank alternatives [9].   

3.2. Empirical survey and implementation of AHP 

Figure 2 shows the decision problem of this research. This 
model represents in the form of a hierarchical structure.  

 
 

 

 

 

 

 

 

 

Figure 2.AHP model for selection of proper RE source 
3.3. Data collection 

Two different questionnaires for two statistical populations 
were designed. The first one was related to pairwise 
comparisons of the seven criteria, and the second one was 
for pairwise comparisons of alternatives (RE sources) 
among the criteria (seven matrix).  

The first group of responders were domestic investors, 
especially who active or intend to invest in energy industry 
in Iran. 31 samples from 14 companies were selected 
randomly and through two methods of video conference 
and phone interview, and email, the questionnaire was 
distributed.  

The second group of responders was energy and power 
experts, researchers and professionals in energy sector. 
They are working in the ministry of energy and related 
departments to energy in universities in Iran. The reason for 
this selection is related to the high level of knowledge in the 
fields of energy, and renewable sources that a responder 
needs to compare pairwise resources in each criteria. This 
professional awareness is important point that an investor 
doesn't have about RE sources in each criteria.  Hence, the 
reliability of the research would be improved. The number 
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of selected experts for second questionnaire is 35 with 
minimum master degree in energy, environment or related 
majors. In second questionnaire the researchers asked 
respondents to compare the priority of each couple of RE 
sources in each seven criteria. So it is included seven 
pairwise comparisons tables. 

3.4. Data analysis 

Expert Choice11 software has been used to analyze 
questionnaires based on AHP model.  The first result is the 
weights of criteria (fig.3).  

 

 

 

 

 

 

 

 

 

 

 Figure3. The prioritization of criteria 

It is evident that the market division has a contribution of 
27.7% to the goal as a most important factor, whereas the 
EPR contributes the less important with 4.2% to the goal. 

Final ranking of RE resources are shown in table1. As the 
table indicates, with consideration to investment criteria, 
the RE source with the highest level of conformity with 
investors' expectations in Iran is “Solar Energy”. It 
contributes with 28, 9% (0.289) to the goal. After solar 
energy, the "Wind Energy" is in the second rank (0.207).  

Table1.Final priority results 

Rank Renewable energy source 

1 Solar 

2 Wind 

3 Hydropower 

4 Geothermal 

5 Biomass 

4. Conclusion 
Constraints, hazards, and environmental adverse impacts of 
fossil fuels and nuclear energy are the most significant 
reasons for scientific attention into sustainable energy 
development. Because of specific geographical location, 
Iran enjoys a high potential of renewable energies. In spite 
of abundant competence of alternative resources in Iran, 
renewable energy development is considered sluggish due 
to excessive concentration on fossil resources. To 
economize the renewable energy utilization, it is required to 
be competitive and subsequently non-governmental. 
Participation of private sector as a stimulating engine is 
therefore economically essential. 

Nevertheless, according to researches, private sector is 
permanently cautious to invest particularly in new 
industries. In this article, with focus on private sector 
investment, and based on previous researches on prime 
criteria for diffusion of investment in RE amongst private 
sector, the important resources were ranked.  Therefore, the 
solar energy was known as the best RE source for private 
investment. Due to geographical situation, solar energy has 
a good potential for investment in Iran. Also a wide 
diversity of applications for solar energy in cleaner 
productions cause this source would be attractive for 
investment. Therefore, the governmental policies should 
encourage this energy more for exploitation and lunching. 
Since there are few investigations and manufacturers who 
are working in solar energy technology in Iran and Middle 
East, the results of this paper would be useful for further 
researches. 
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Abstract—This paper will present and evaluate a neural network-
based approach to predicting solar radiation for a given site.  
This data is necessary to create valid decisions as to when to use 
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I.  INTRODUCTION 
Global environmental concerns (i.e. global warming) and 

the ever increasing need for energy -- coupled with steady 
progress in renewable energy technologies in combination with 
new Smart Grid technologies -- are exposing new opportunities 
[1] to harness and utilize different manifestations of solar 
energy (as solar radiation, solar heat, wind, biomass, and 
falling water).  Nowhere are these opportunities more pertinent 
than in powering remote loads that require a mixture of 
different grades of energy [2]. 

Different manifestations of solar energy are highly variable 
and site specific [3].  The problem caused by the variable 
nature of these resources can be partially overcome by adding 
energy storage and reconversion facilities, and/or by integrating 
resources (using the strengths of one source to overcome the 
weakness of the other) [4].  Using Smart Grid’s ability to 
monitor in real-time has also made it possible to utilize the 
renewable energy resources more often despite their highly 
variable nature. 

This paper will address the issue of developing a tool that 
can be used to accurately predict the dispatch-able energy that 
may be available from highly intermittent [5] renewable 
resources on a utility grid.  We will present a neural network-
based technique for forecasting resource availability and then 
compare this technique’s performance to traditional time series 
techniques [6].  

II. METHODS OF FORECASTING SOLAR RADIATIONS 
In general, forecasting methods can be divided into two 

basic types: qualitative and quantitative [7, 8]. The qualitative 
type requires no past data, whereas the quantitative type uses 
past data to forecast.  Quantitative type can further be divided 
into two groups: causal model and univariate model. Causal 
model involves the identification of other variables or input 
elements that can affect the forecasting process. The univariate 
model is used only when the prediction is based entirely on the 

past data without considering other variables. Forecasters only 
need to identify the pattern of the historical data set and assume 
the pattern will continue in the future.  The two methods (Time 
Series Analysis and Neural Networks) compared here are both 
of the quantitative type. 

A. Time Series Techniques 
The time series technique of ARIMA is the traditional 

method that will be compared.  The approaches based on the 
time series technique are autoregressive (AR) model, moving-
average (MA) model, autoregressive moving-average (ARMA) 
model, and autoregressive integrated moving-average 
(ARIMA) model.   

Time series have a chronological sequence of observations 
on a particular variable.  As stated by Bowerman and 
O’Connell [9], the essential components of a time series should 
be identified in order to know the pattern of the event forecast. 

The essential components are: a) trend, b) cycle, c) seasonal 
variations, and d) irregular fluctuations. 

B. Neural Network Techniques 
Neural network has been recognized [10] as one of the most 

promising methods to predict temporal series with chaotic or 
irregular behavior.  It is also known that its prediction has a 
favorable performance as opposed to conventional statistical 
methods. 

An approach using a feed-forward neural network may 
resolve some of the difficulties in forecasting.  Feed-forward 
neural network is useful and practical. It is also proven as one 
of the best methods to develop a model for nonlinear relations 
without knowing the actual underlying nonlinear function [10]. 

C. Selecting a Forecast Technique 
There are some important factors that should be considered 

while selecting a forecasting method.  Bowerman and 
O’Connell [9] outlined some of the factors as follows: a) The 
forecast form desired, b) The time frame – immediate, short-
term, medium, or long-term, c) the pattern of data – 
components of methods or series, d) the cost of forecasting - 
cost of operation: that is storing data, programs used, 
computational cycles needed, e) the desired accuracy - the 
margin of acceptable error, the degree of accuracy required, f) 
the data availability - determine whether to use qualitative or 
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quantitative method, g) the ease of operation and 
understanding - sufficient understanding of the techniques of 
forecasting operation selected. 

D. Errors in Forecasing 
Accuracy plays a very important role in the field of 

forecasting.  A very small percentage of error is permitted in 
order to obtain a high degree of accuracy.  Normally, errors in 
forecasting emerge when there are drastic events, for example 
earthquakes, hurricanes, flash flooding, or volcano eruptions.  
If fluctuations in the data set are small, the results of the 
forecast will be more accurate.  Accuracy in forecasting also 
depends on the method that is used.  Sometimes one method 
produces better results than the other.  The selection of an 
appropriate method of forecasting is very important to avoid 
getting a low accuracy result 

The forecast error (Et) is defined as difference between an 
actual value (At) and predicted value (Pt) at time t 

Et = At - Pt.          (1) 

The squared error is 
(Et)2 = (At - Pt)2.         (2) 

The average of the squared error is called the mean squared 
error (MSE), 

MSE
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         (3) 

where n is the total number of data points.  Percentage error 
of a forecast can be calculated as 

Percent error = | _ _ |
_

actual data predicted data
actual data

−  X 100% (4). 

Generally, most forecasters use 5% as an acceptable margin 
of error in order to have a high degree of accuracy. 

III. MODELS USED 
For the purpose of this study we used SOLMET data from 

the US Department of Commerce [11] for both techniques.  
The input data used for both approaches consisted of daily 
observed values of the 1) minimum air temperature, 2) 
maximum air temperature, 3) precipitation; and daily calculated 
value for 4) day length 5) and clear sky radiation.  It should be 
noted that day length and clear sky radiation are calculated as 
functions of latitude, day of year, solar angle, and solar 
constant from data supplied through SOLMET before hand. 

For the purpose of this study we decided to use a three layer 
error back-propagation [12, 13] neural network (see Fig. 1), 
with 5 input neurons (one for each input above), 25 hidden 
nodes and one output neuron (for normalized daily global 
radiation forecast).  This model will be compared with ARIMA 
[14] time series methods.  Due to space limitations and the fact 
that these are both well-known techniques and the fact that 
these models can be easily studied using references in the 
paper, we will not derive the mathematical models used for 
either the time series or the neural network used in this study. 

input layer
hidden layer

output

input nodes hidden nodes output node

 
Figure 1. Three layer Neural network. 

Each node utilized sigmoid activation function given in (5) 
and illustrated in Fig. 2.  The optimum number of hidden nodes 
was determined by comparing accuracy of the forecasts from 
networks with different number of hidden nodes.  It was 
observed that increasing the number of hidden nodes passed 
twenty five did not improve the accuracy. 

sig(x) = f x
x

( )
exp( )

=
+ −

1
1

       (5) 

As the first step the historical data was normalized between 
0.1 and 0.9 to fit the sigmoid function characteristics.  We used 
80% of the data available for training the neural network and 
the remaining 20% was used for testing the performance of the 
forecasting model.  The results suggest that neural network can 
be used to estimate daily solar radiation when measurements 
(or forecasts) of only daily maximum and minimum air 
temperature and precipitation are available. 

IV. RESULTS AND COMPARISONS 
In this section we will presents results of our study.  

Forecast practitioners who used neural network methods 
usually set their margin of error within 5% of the actual data 
[15]; because error rates higher than 5% will introduce 
inaccuracy in their predictions. The cost of using this 
forecasting method is within the acceptable range, even though 
time taken to train the networks sometimes takes days or 
weeks. 

0.5

1

0  
Figure 2. Sigmoid Function 
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The Time series method can determine the trend, seasonal 
or non-seasonal, cycle, as well as allow predictions of the 
data’s variations. Transformation of the series from non-
stationary to stationary also helps the series behave more 
accurately toward the actual forecast. This could reduce the 
fluctuations on the highs and lows forecasted data. 

Table 1 shows the comparison between the neural network 
method and ARIMA method [15].  By referring to Table 1, it 
can be seen that the mean of the mean absolute percentage 
error (MAPE) of the neural network model is about 18% less 
than the ARIMA model.  Moreover, the mean of mean square 
error of the neural network model is about 40% less than the 
ARIMA model.  This indicates that the neural network model 
can yield better accuracy than the ARIMA model. 

V. CONCLUSIONS 
It was demonstrated that artificial neural networks are very 

powerful tools when used for predicting total daily solar 
radiation.  They can be used to provide data to the system 
dispatcher in order to evaluate how much energy will be 
available from solar radiation.  This data in conjunction with 
the real time load monitoring associated with Smart Grid will 
allow the dispatcher to make a decision as to when to start 
another generator. 

The main advantage of using the neural network is that it 
can accurately predict daily solar radiation in comparison to 
other method of forecasting daily solar radiation. This is 
evident from results presented in Table 1, where neural 
network performance was compared to ARIMA model. 
Moreover, the neural network approach has greater flexibility 
in model development as opposed to the multi-linear regression 
approach.  The artificial neural network can produce reasonable 
results if some data are missing or are in error. 

The main disadvantage of using the neural network model 
is that it cannot explicitly present the predictive equation. 
Nevertheless, this doesn’t prevent neural network model from 
producing successful results when embedded in other 
applications. It should be noted that training neural network 
may also be time-consuming. Sometimes the time needed 
(number of iterations required) to complete the training can be 
rather significant. Although the accuracy of using this method 
is high, there is no guarantee the training will always converge 
to an acceptable solution. 
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Table 1. Comparison Between Neural Network and ARIMA Models 
 

 NEURAL NETWORK ARIMA 
Sample MAPE MSE MAPE MSE 

1 1.27 25.60 1.31 35.10 
2 1.06 16.42 1.40 24.20 
3 1.93 44.20 2.68 52.44 
4 2.70 39.53 2.42 28.99 
5 2.25 25.78 3.67 239.07 
6 2.47 93.56 1.96 40.23 
7 1.18 12.53 1.75 37.06 
8 1.27 13.65 1.87 37.04 
9 1.56 21.57 1.62 24.88 

10 1.55 21.03 1.69 22.84 
Mean 1.72 31.56 2.03 53.24 
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Figure 1.  
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Abstract—Thermal storage is one of the most successful forms of 
energy storage, with many thousands of installations throughout 
the world. It is economically justifiable on its own merits, 
depending primarily on demand and time-of-day utility rate 
mechanisms. Thermal storage for cooling application has 
received the greatest commercial interest with a broad base of 
manufacturing, utility and industry support. 

Keywords-thermal energy storage, demand, renewable energy 

I. INTRODUCTION  
After brief but intense interest in energy storage during the 

70’s and 80’s, the return of inexpensive fossil fuel dampened 
the sense of urgency created by insecurity about our energy 
future.  Nonetheless, there have been some developments and 
successes; notably thermal energy storage for air-conditioning 
applications has matured into a robust commercial product, 
with broad manufacturing and marketing support.   However, 
thermal storage remains a technology implemented largely 
within the HVAC engineering community and attracts less 
attention when the focus turns to energy storage in general. 

Recent interest on energy storage is founded on more 
compelling and comprehensive motivations.  Climate change, 
national security, energy independence, jobs and energy cost 
are some of the factors that are merging to reinvigorate efforts 
in energy storage development.  And predictably, much of the 
effort is related to the ability of storage to support renewable 
energy sources, such as wind and solar, that possess some level 
of uncertainty or variability, or where the availability may be 
temporally out of phase with demand.      

II. FUNDAMENTAL MOTIVATION FOR STORAGE 
The relationship between air-conditioning loads and 

demand on electric utility generation is generally recognized, 
but the influence can be quite dramatic.  Fig. 1 illustrates the 
PJM utility grid generation for 20061.   Record demand, not 
surpassed until the summer of 2011, was met on Aug. 2, 
coincident with record setting temperatures for that date.   In 
2011, peak generation also coincided with record setting 
temperatures.    

As reinforced throughout a recent report supported by 
Sandia National Laboratories2 on behalf of the U.S. 
Department of Energy’s (DOE) Office of Electricity Delivery 
and Energy Reliability and the Office of Energy Efficiency and 
Renewable Energy Solar Technologies Program:    

 “One of the most promising approaches to addressing the 
growing limitations of the electric grid and the increasing 
demand for renewable energy is to incorporate stationary 
energy storage technologies into the U.S. electric grid.”  

Although record temperatures are relatively rare, 
temperatures approaching daily record levels occur often 
throughout the year. The benefit of thermal storage is 
magnified by the influence of temperature since it addresses the 
specific equipment that must respond to elevated temperatures.  
Furthermore, the relative benefit of thermal storage increases 
not only due to the inflated loads but also to the negative 
impact of high temperatures on efficiency and equipment 
capacity.  As the temperature in Newark, NJ soared to 108F  
last July 8th   and air-conditioning loads skyrocketed, the 
energy needed to provide that cooling from modern air-cooled 
chiller equipment rose by about 40% compared to cooling 
efficiency at 85F.   Other types of storage would need to 
provide that higher energy demand while thermal storage can 
simply avoid it.  (Fig. 2)  

Many studies evaluating the impact of energy storage on 
grid operations base their conclusions on the characteristics, 
including costs, associated with advanced batteries, pumped 
hydro plants or compressed air storage,  However, as noted in a 
National Renewable Energy Laboratory (NREL) report:3  

“Thermal energy storage is sometimes ignored as an 
electricity storage technology because it typically is not used to 
store and then discharge electricity directly. However, in some 
applications, thermal storage can be functionally equivalent to 
electricity storage.  One example is storing thermal energy 
from the sun that is later converted into electricity in a 
conventional thermal generator. Another example is converting 
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Figure 2.   

electricity into a form of thermal energy that later substitutes 
for electricity use such as electric cooling or heating. Demand 
for electric-power cooling can be shifted by storing cold energy 
in the form of chilled water or ice during off-peak times and 
releasing that cold energy during times of peak demand. This 
effectively stores electricity with high round-trip efficiency.”  

 The National Renewable Energy Laboratory reported in 
January (2009) that only sodium-sulfur batteries, pumped 
hydro storage, compressed air energy storage (CAES) and 
thermal energy storage had total installed capacities that 
exceeded 100 MW.    

III. THERMAL STORAGE OPERATIONAL CHARACTERISTICS 
There are several fundamental characteristics of energy 

storage technologies that define their suitability for addressing 
electric grid problems.  Following is a very generalized 
description of typical thermal storage characteristics in relation 
to the broad spectrum of storage options – from lead-acid 
batteries to 100+MW compressed air energy storage and 
pumped hydro.   

 Thermal storage exhibits relatively poor volume and mass 
energy density, due primarily to the fact that chilled water or 
ice is the most common medium for cooling storage.  Water is 
essentially zero cost and is also the primary reason that thermal 
storage exhibits very low installed cost, perhaps the lowest cost 
of all the storage technologies.  Large thermal storage cooling 
systems can be installed for approximately $100/kWh.  

 Most thermal storage systems operate on a diurnal cycle 
with charge and discharge periods measured in hours, although 
some emergency cooling systems will discharge in 20-30 
minutes. Thermal storage for cooling serves a wide range of 
peak cooling capacities, from small unitary systems of 5-10 
kW power consumption to large district or campus systems in 
the range of tens of MW’s.   

IV. THERMAL STORAGE FOR COOLING  - SYSTEMS 
Thermal Energy Storage for cooling is currently being 

applied on a broad scale with commercial success based solely 
on its own economic benefits.  Some utilities offer rebates but 
generally, the time-of-day dependent charges (demand and 
energy) incorporated into virtually all commercial electrical 
rate structures provide the energy cost savings that justify 
thermal storage for cooling applications. Many installations 
also provide fast response to ‘real-time pricing’ notification 
while other recently introduced systems, with capacities 
designed for the unitary market, incorporate direct utility 
control. 

There are many types of thermal energy storage systems4,5.  
A common design employs a conventional chiller to circulate a 
cold glycol solution through a heat exchanger submerged 
within a tank of water.   The heat exchanger tubing is 
distributed throughout the volume of water and the water 
gradually freezes on the exterior surface of the heat exchanger 
tubing.  During the day, the same glycol solution now 
circulates through the heat exchanger where it is cooled by the 
melting ice before flowing through the building coils, in turn 

cooling the air delivered to the occupied space.  The glycol, 
now warmed by the air, returns to the tank heat exchanger to be 
cooled again.  Fig. 3 illustrates a commercially available 
storage tank, typically capable of avoiding 20 to 30 kW of 
daytime electrical power consumption. These tanks are 
modular. Installations may include a few, or hundreds, of tanks. 
The system in Fig. 4 will shift over 2MW to nighttime.  

V. OTHER THERMAL STORAGE SYSTEMS - GENERATION SIDE 
SOLAR HEAT STORAGE 

Wind energy is predicted to be the major contributor to the 
growth in renewable and variable electric power generation, 
but solar energy will also play a significant role.  While solar 
power will typically be more coincident with peak utility load 
profiles it is often out of phase with many utilities that exhibit 
late afternoon peaks.   This limits the value of the renewable 
generating asset since conventional capacity must be available 
to meet the peak demand.  And of course, individual solar 
power plants are subject to rapid fluctuations in power 
production, a condition not well tolerated by Rankine cycle 
steam turbines commonly employed in concentrated solar 
power (CSP) installations.  

Storage for CSP plants is often achieved by accumulating 
thermal energy at a high temperature.  Liquids such as oil or 
molten salts are the most common storage mediums, but porous 
solids like sand or rocks have also been used.  

Interesting examples of large scale solar storage system can 
be found on the plains of Andalusia, Spain6,7.  The AndaSol 
power plants, two almost identical installations, each employ a 
solar field covering over 125 acres of parabolic trough solar 
collectors to produce 50 MW of electric power.  One third of 
the solar energy can be diverted to storage, providing up to 7 ½ 
hours of additional generation from about 1000 MWh of stored 
thermal energy.  When solar energy is available, a portion of 
the high temperature heat transfer fluid (synthetic oil) from the 
concentrating collectors is circulated through heat exchangers, 
heating a mixture of molten nitrate salts to about 725F from 
560F as it flows from a cold tank to a hot tank.  Each tank 
measures 37m in diameter by 14m high and can hold 28,000 
tons of salt.  When the stored energy is needed for power 
production, the salt from the hot tank is returned to the cold 
tank, passing through the heat exchanger where it returns its 
thermal energy to the circulating oil.   Storage increases the full 
load operating hours of the plant by almost 80%.  
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Figure 3. Thermal Storage Tank 

 
Figure 4.  

VI. OTHER THERMAL STORAGE SYSTEMS - ANNUAL 
UNDERGROUND THERMAL ENERGY STORAGE 

There is no energy more fundamentally renewable than the 
thermal energy associated with the natural climate cycles of the 
earth.  Another family of storage technologies, Underground 
Thermal Energy Storage (UTES), more common in Europe 
than North America, takes advantage of this virtually free 
energy source.    

There are four basic types of underground systems, 
including a simple tank, pit, borehole and aquifer storage, each 
with a wide variety possible site specific design features8.  
While occasionally applied to individual residences, these 
systems are more often devoted to multi-dwelling or district 
size ranges.  The storage temperatures cover a broad span and 
are often in the range of 80-95C for heating applications, but 
cooling and combined heating/cooling systems are also 
currently operating.   

Tank storage is fairly straightforward.  Pit storage is similar 
conceptually, with the earth forming the sides and base of the 
storage volume.   The pit, fitted with an impermeable liner, can 
be filled entirely with water or high void porous solid like 
gravel or sand.  The Marstal, Denmark installation is an often 
cited example9.  About 14,000m3 of pit storage provides 8 
million kWhth to over 1400 customers in 200,000m2 of 
occupied space.   

Borehole storage employs a matrix of piping loops 
extending into vertically drilled holes.  A large North American 
installation is located at the University of Ontario, Canada10 
and consists of 400 individual boreholes drilled to a depth of 
200m and encompasses a total earth volume of 1 ½ million m3.    

Aquifer storage is accomplished by injecting and extracting 
water directly into subterranean formations of saturated and 
permeable earth.  One of the largest is located in Germany.  
The injection and extraction wells are drilled to a depth of 
1250m and are separated by 1300m or over ¾ of a mile.  While 
relatively rare domestically, the first commercial scale aquifer 
storage system in the US, designed for over 2,000 MWhth of 
annual cooling storage, has been operating at the Richard 
Stockton College in Pomona, NJ for several years. 

Tank and pit storage systems may be insulated, but it is 
obviously impossible to insulate borehole and aquifer types.  
Annual losses can be substantial and large installations enjoy a 
significant economy of scale.  Of course, all of these systems, 
particularly borehole and aquifer designs, require an extensive 
evaluation of the site geology.  

Although relatively uncommon, there are also systems that 
accumulate snow and/or ice produced in the winter, for air-
conditioning the following summer.  Of course, some readers 

may still remember the seasonal ice industry that flourished 
into the first third of the 20th century.     

VII. SUMMARY 
Storage is a component of virtually all processes.  Food, 

water supply, transportation fuels – all include storage at some 
point in the distribution/consumption chain.  Up until now, 
power utilities have been able to exploit the energy stored in 
the chemical bonds of fossil fuel, controlling the burn rate of 
the fuels to precisely match the consumption of electricity.  The 
growth of variable or intermittent renewable energy power 
production will require the deployment of other storage 
methods.  A wide selection of storage technologies are under 
development for the generation side of the utility grid, 
including advanced batteries, expanded pumped hydro and 
compressed air storage as well as thermal storage for 
concentrated solar power production. On the customer end of 
the power transmission network, thermal storage for cooling 
applications has already built a proven track record of cost-
effectively resolving the demand for electricity with its 
availability, directly addressing air-conditioning, the primary 
cause of high utility demand.  In addition, end use storage 
technologies, like thermal storage, provide the additional 
benefit of reducing congestion on the transmission and 
distribution network, delaying the need for additional T&D 
construction.   
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Abstract— A novel control strategy based on optimal control 
theory is developed in this paper and applied to an induction 
generator based variable speed wind turbine. The proposed 
approach modifies a classical LQR approach by augmenting 
the system with first order filters and integrators to ensure 
perfect decoupling between the controlled variables while 
minimizing the control effort. Application of the proposed 
approach to an induction generator based variable speed wind 
turbine has led to optimum operations and a reduced 
mechanical stress in the turbine drive train during wind gusts. 
Simplicity of the overall scheme, minimization of the required 
energy and stabilization and excellent tracking performance 
are the main positive features of the proposed approach.  
 

Key words— Wind turbines, optimal control, induction 
generators. 

I. INTRODUCTION 
IND energy systems are becoming the fastest growing 
renewable energy source in many developing 

countries [1]. According to the recently released report by 
the Global Wind Energy Council, the global wind industry 
installed more than 41,000 MW of wind power capacity in 
2011, a 21% increase in global installed capacity. This 
brings the total installed capacity globally to more than 
238,000 MW. About 75 countries worldwide have 
commercial wind power installations, with 22 of them 
already passing the 1 GW levels [2]. This rapid growth in 
wind energy installations worldwide has led to a growing 
demand for better modeling and control of wind turbines. 
The uncertainties and difficulties in measuring the wind 
inflow to wind turbines, coupled with the complex design of 
the wind energy systems makes the control design 
challenging. Moreover, the goals and strategies of wind 
turbine control are affected by the turbine configuration as 
well as the conditions under which the wind turbine 
produces the power.  

When controlling a wind turbine, the overall target is to 
minimize the operational cost while maximizing the 
generated power. Advanced control technology can improve 
the performance of wind turbines by increasing turbine 
efficiency, and thus energy capture, and by reducing 
structural load, which increases the life span of the structures 
and components. This requires a design that continuously 
monitors the trade-off between energy efficiency and 
increased service lifetime of wind energy systems by 
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alleviating fatigue loads. 
Wind turbines can operate at fixed or variable speed. 

Fixed speed wind turbines are the pioneers of the wind 
turbine industry. They are simple, reliable and use low cost 
electrical parts [3]. They use induction generators and they 
are connected directly to the grid, giving them an almost 
constant speed stuck to the grid frequency, regardless of the 
wind speed [4]-[6]. Variable speed wind turbines are 
currently the most used wind energy systems. Their 
advantages compared to fixed speed wind turbines are 
numerous [3]-[5]. Doubly fed induction generators are 
widely used in variable speed wind turbines due to their 
reliability, ruggedness and relatively low cost. However, 
from the control point of view, they represent a complex 
multivariable nonlinear problem and thus constitute an 
important area of application for control theory. In fact, 
induction motors constitute a class of highly coupled and 
multivariable systems with two control inputs (stator 
voltages) and two output variables (rotor speed and rotor 
flux modulus), required to track desired reference signals. 

In this paper, a novel control strategy based on optimal 
control theory is developed and applied to an induction 
generator based variable speed wind turbine. The proposed 
approach modifies a classical LQR approach by augmenting 
the system with first order filters and integrators to ensure 
perfect decoupling between the controlled variables while 
minimizing the control effort. Ensuring torque variation 
minimization and thus better motion control, while being 
simple to implement and using minimum control effort are 
the main features of the proposed approach. 

The paper is organized as follows. The structure of a wind 
energy conversion system is briefly reviewed in section II. 
The proposed control approach is developed in section III. 
Computer simulation studies are conducted in section IV to 
examine the effectiveness of the proposed approach under 
steady and variable wind conditions. Finally, some 
concluding remarks are given in section V. 

II. WIND ENERGY CONVERSION SYSTEM STRUCTURE 
Wind energy systems are structures that transform the 
kinetic energy of the incoming air stream into electrical 
energy. There are two basic configurations, namely vertical 
axis wind turbines (VAWT) and, horizontal axis wind 
turbines (HWAT). Today the vast majority of manufactured 
wind turbines are horizontal axis (HAWT), with either two 
or three blades. The main components of a HAWT are the 
tower, nacelle, and rotor, as shown in Fig.1. The airfoil-
shaped blades capture the kinetic energy of the wind and 
transform it into the rotational kinetic energy of the wind 
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turbine’s rotor. The rotor drives the low-speed shaft, which 
in turn drives the gearbox [6]. 

 
Fig.1. Main components of a horizontal-axis wind turbine [7] 

 
Wind turbines can operate at fixed or variable speed. 

Fixed speed wind turbines are the pioneers of the wind 
turbine industry. They are simple, reliable and use low cost 
electrical parts [3]. They use induction generators and they 
are connected directly to the grid, giving them an almost 
constant speed stuck to the grid frequency, regardless of the 
wind speed [5]. Variable speed wind turbines are currently 
the most used wind energy systems. The variable speed 
operation is possible due to the power electronic converters 
interface, allowing a partial to full decoupling from the grid. 
Variable speed operations yield 20 to 30% more energy than 
fixed speed operation since they tend to operate closer to 
their maximum aerodynamic efficiency for a higher fraction 
of the time. Variable speed operation can also reduce turbine 
loads, since sudden increase in wind energy due to gusts can 
be absorbed by an increase in rotor speed rather than by 
component bending [3],[6].  

Doubly fed induction generators are widely used in 
variable speed wind turbines due to their reliability, 
ruggedness and relatively low cost. However, from the 
control point of view, induction motors constitute a class of 
highly coupled and multivariable systems with two control 
inputs (stator voltages) and two output variables (rotor speed 
and rotor flux modulus), required to track desired reference 
signals. 

III. IMPROVED OPTIMAL CONTROL DESIGN FOR AN 
INDUCTION GENERATOR BASED WIND TURBINE 

Under assumptions of linear magnetic circuits and 
balanced operating conditions, the equivalent two-phase 
model of the symmetrical IM in the synchronously rotating 
two-phase reference frame (d-q) is [12]: 
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and sω the stator electric angular frequency defined by: 
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number of pole pairs. The input rT  is the unknown load 
torque resulting from wind gust variations and ),( sqsd VV  are 
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The generator’s electromagnetic torque is expressed in the 
(d,q) frame as a function of the rotor flux and the stator 
currents as follows [13]: 
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the system (1) presents a simple structure and the dynamics 
of the flux, now linear, can be expressed as: 
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While the dynamic of the speed is described by: 
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One can note that the subsystem (S2) is coupled with (S1) 
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via the variable rφ . If rφ  is constant, then the system (S2) 
will also be linear and can then be controlled via 2u . The 
control problem is to determine 1u  and 2u  in such a way as 
to force the motor electrical angular speed ω  and the 
modulus of the rotor flux rφ  to track given reference values 
denoted by 0ω  and 0φ  with good tracking performances and 
excellent accuracy using minimum control energy. The 
proposed control algorithm involves the following two steps:  

A. Rotor Flux Control 

In this section, we determine the control law u1 such that 
the variable rφ  reaches the desired reference value 0φ  
quickly and with good performances. Here, we propose to 
achieve this objective by augmenting the system with a first 
order reference model with fast dynamics and an integration 
action and then minimizing a quadratic criterion. The 
reference model is defined by the following first order 
model: 

)(1
0φ−φ

τ
−=

φ

φ
ref

ref

dt

d
  (6) 

Where refφ  is the desired reference flux and φτ  is a fast 

time constant fixing the dynamic of the flux. Moreover, this 
first order filter generates smooth flux reference from the 
step flux reference 0φ  applied at his input. This filter will 
avoid too high values of control action in the case of step 
changes of the set point. The integration action is described 
by the equation: 
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and the quadratic criterion to be minimized is defined as : 

( ){ }dtuRQQJ refr

∞

φφ +η+φ−φ=
0

2
11

2
12

2
112

1   (8) 

Where 11Q , 12Q  and 1R  positive coefficients, chosen using 
the Bryson’s rule [14]. This quadratic criterion expresses a 
compromise between the desired performances 
corresponding to the closely tracking of the reference model 
represented in the term 2

12
2

11 )( φη+φ−φ QQ refr  and the 

control energy minimization represented in the term 2
11uR . 

Such minimization leads to the state feedback control law 
defined by: 
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Where the gains 5,...,1, =φ ik i , are determined by the 

following algorithm: 
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(ii) Determine the symmetric non negative-definite matrix 

11K , solution of the Ricccati equation given by the 
expression above: 

011111
1

111111111 =+−+ − CQCKBRKKAAK TT                   (12) 
and the matrix 12K  solution of the following equation: 
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where 3I  is a three order identity matrix. 

(iii) Compute finally the coefficients 5,...,1, =φ ik i , from 

the above relations : 
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Since the flux rφ  has reached the desired value 0φ  quickly 
it can be considered as a constant in the equations (4) and 
then the subsystem (S2) can be considered as linear and 
invariant and the proposed improved quadratic control 
approach can be applied for this system.  

B. Speed Control 

For the control of the speed ω , consider the reference 
model defined by:  

)(1
0ω−ω

τ
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ω

ω
ref

ref

dt

d
       (17) 

Where refω  is the desired speed and ωτ  a time constant 
defined such as, ( φω τ>>τ ) in such a way that the flux 
dynamic will be more fast than the speed dynamic. 
The integration action is described by: 

( ) ττωτωηω d
t
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The quadratic criterion to be minimized is: 
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It results the feedback optimal control law given by the 
following expression: 

0543212 ω+ω+η−−ω−= ωωωωωω kkkikku refsq   (20) 
Where the coefficient 5,...,1i,k i =ω , are determined by the 

following algorithm: 
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Algorithm of the Speed Control: 
(i) Let: 
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(ii) Determine the symmetric non negative-definite matrix 

21K , solution of the following Riccati equation : 
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1
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and 22K , solution of the following equation: 
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(iii) The coefficients 5,...,1, =ω ik i  are then calculated from 
the following relations: 
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The proposed algorithm has been applied to an induction 
generator based variable speed wind turbine and 
implemented in the MATLAB/SIMULINK environment. 
The effectiveness of the proposed control strategy is 
discussed in the next section. 

IV. COMPUTER EXPERIMENTS 
To test the dynamic performance of the proposed 

controller, we provide a series of computer experiments 
conducted with a two pole, three phase cage rotor induction 
machine with the nominal parameters listed in the appendix, 
table 1. The schematic diagram of the proposed improved 
optimal control algorithm is illustrated in Fig.2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2. Schematic diagram of the improved optimal control algorithm for an 

induction generator based fixed-speed wind turbine 
 

The simulation tests involve the following operating 
sequences. To show the tracking capability of the improved 
optimal controller, the induction generator was required to 
track a variable rotational speed reference, computed as 
dependent on the wind speed as follows: 

)(0 t
R

υλω =                                                                 (27) 

Where  is the tip speed ratio (ratio between the turbine 
speed and wind speed), R is the blade disk radius and � is 
the wind speed (see Table 2 for the considered parameters). 
Here we assume that the wind speed is being measured by an 
anemometer mounted on the nacelle. 

That is, a step speed reference of the value 
srad /2000 =ω  is applied in the interval of time 

∈t [ ]s5.20  and at st 5.2> , this reference changes to 

srad /4000 =ω . A first order model with a time constant 

s110−
ω =τ  is considered for the reference speed. The flux is 

required to reach the nominal value Wb10 =φ  with a time 

constant s210−=φτ . The first test does not involve load 
torque variations due to wind gust. The speed and rotor flux 
time histories of the controlled system are reported in figure 
3 for this test. The reasonable variations of the direct and 
quadratic components of the stator current sdi  and sqi  are 
reported in Fig.4. It’s clear from the dynamic behavior of the 
speed that this variable reaches the desired reference values 
and the speed response is smooth in the different speed 
zones. Moreover, speed and flux are decoupled and 
reasonable overshoot is reported on the speed response. 
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Fig.3. Speed, Flux  

0 1 2 3 4 5 6
0

2

4

6

8
isd

[A
]

0 1 2 3 4 5 6
0

5

10
isq

time [s] 

[A
]

 
Fig.4. Components of the stator current sqsd ii ,  
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A second test is run to check the disturbance rejection of the 
controlled system. In that test, a step load torque due to wind 
gust is applied to the motor shaft for [ ]st 5.11∈  and 

[ ]st 45.3∈ , respectively. Results for that test are reported 
in figures 5 and 6, respectively. It’s clear that both outputs 
were able to reach their desirable references with good 
dynamic behavior. In addition, when the step load torque is 
applied, a speed dip appears during the application of the 
load torque but setting time is very short.  
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Fig.5. Speed, Flux with load variations 
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Fig.6. Components of the stator current sqsd ii ,  

One can also note that the load torque affects only the 
dynamic behavior of the speed. There is no effect of the load 
torque variation on the rotor flux dynamic. That is, exact 
decoupling between speed and flux is achieved. This also 
implies the robustness of the generator’s electromagnetic 
torque to wind gust disturbance since it only depends on the 
rotor flux and the direct component of the stator current as 
seen in equation 2. We can conclude from those results that 
good dynamic behavior and torque variation minimization in 
the presence of wind gust are achieved by the proposed 
control architecture.  

V. CONCLUSION 
A new control strategy based on optimal control theory 

was developed in this paper and applied to an induction 
generator based variable speed wind turbine. The dynamic 
decoupling of the flux and speed variables was achieved by 

considering two dynamic separable first order filters. Based 
on simulation experiment results, we have demonstrated the 
tracking performance and disturbance rejection capabilities 
of the proposed controller and the good dynamic behavior of 
the overall system. The proposed approach has the 
advantage of ensuring torque variation minimization and 
thus better motion control, while being simple to implement 
and using minimum control effort. 

 
APPENDIX 

Table 1. Induction Generator Specifications 
np Number of pair poles 2 

rL  Rotor inductance 0.1568H 

Rr Rotor phase resistance 1 Ω  
Ls Stator phase inductance  0.1554 H 
Rs Stator phase resistance 1.2 Ω  
Msr Mutual inductance 0.15H 
J Moment of inertia                     9.77 Kg m2 
 Grid frequency 60 Hz 
 Rated Maximum Power 100 kW 

 
Table 2. Wind Turbine Parameters 

 Number of blades 3 
� Nominal wind speed 10m/s 
Pn Wind power at nominal wind speed 10kW 
 Gearbox ratio 10 

R Wind turbine blade disk radius 6m 
 Cut-in wind speed 3.5 m/s 
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Abstract—We report the enhancement of thermoelectric power 
factor in composite of SiGe-CrSi2. P-type SiGe-CrSi2 was 
synthesized by mechanical alloying and sintering method. In 
order to achieve nanocrystalline structure composite powder was 
prepared by high energy ball milling. Prepared powders were 
sintered at different press conditions to optimize for maximum 
power factor. The crystal structure and phase formation of SiGe 
and CrSi2 alloys in the composite were investigated using x-ray 
diffraction analysis. The electrical conductivity, Seebeck 
coefficient and thermal conductivity of sintered samples were 
measured from room temperature to 850°C. The result shows 
about 50% improvement in thermoelectric power factor of SiGe-
CrSi2 compared to SiGe alloy. 

Keywords- Thermoelectric; SiGe; CrSi2; Composite; Power 
factor 

I.  INTRODUCTION 
Silicon Germanium alloy is known as an efficient 

thermoelectric material for high temperature applications (800-
1000°C) that has been used for power generation in space-
crafts for more than fifty years. They can be used for high 
temperature industrial (glass, tiles, incinerators, cement, steel 
mills, etc.) waste heat recovery (electrical power out/heat in) as 
well as for other high temperature heat sources such as 
geothermal, solar, nuclear, and coal. 

Thermoelectric materials performance is evaluated by a 
dimensionless parameter referred as figure-of-merit 
ZT=(S2 / )T, where  is the electrical conductivity, S is the 
Seebeck coefficient,  is the thermal conductivity, and T is the 
absolute temperature. The product of the square of the Seebeck 
coefficient and the electrical conductivity (S2 ) is called power 
factor. In order to improve the thermoelectric performance of 
SiGe alloys, many research studies have been done 
[1,2,3,4,5,6]. The maximum ZT of n-type bulk crystalline 
Si0.8Ge0.2 is reported ZT≅1 while that of p-type bulk crystalline 
Si0.8Ge0.2 is ZT≅0.5. The idea of reducing thermal conductivity 
via nanostructuring has been investigated and resulted in 
reduction of thermal conductivity enhancing the ZT for n-type 
Si0.8Ge0.2 to ZT≅1.2 and for p-type to ZT≅ 0.95 [7]. 

Another direction to enhance ZT is improving the power 
factor that can be done by enhancing the electrical conductivity 
or the Seebeck coefficient. This may be achieved by making a 

composite of different materials. D. J. Bergman and L. J. Fel 
developed an effective-medium theory to explain the 
thermoelectric properties of a composite material [8]. They 
showed that the power factor of a composite of two materials A 
and B can exceed that of either A or B separately, but the 
highest ZT cannot reach to higher than the maximum ZT of 
each component A or B [9]. 

CrSi2 is one of the semiconductors that can be used at high 
temperatures due to its high melting point (i.e. 1475°C) and 
thermal stability in air up to 1000°C [10,11]. CrSi2 is a highly 
degenerate p-type semiconductor and its hole mobility is 100 
times more than electron mobility [ 12 ]. However, the 
maximum reported ZT for CrSi2 is only 0.2 at 600°C [13]. The 
limiting parameter in this material to achieve high ZT at high 
temperatures is its small energy gap (i.e. 0.3 eV) that results in 
small Seebeck coefficient and large thermal conductivity due to 
enhanced thermal carrier excitation at high temperature [14]. 
Therefore, this material may play the role of the high electrical 
conductivity material in a composite thermoelectric material. 

In this paper, we have studied experimentally the 
thermoelectric properties of composite of p-type Si0.8Ge0.2-
CrSi2. In this composite structure, Si0.8Ge0.2 has higher Seebeck 
coefficient than CrSi2, and CrSi2 has higher electrical 
conductivity than Si0.8Ge0.2. The composite structure is formed 
by mechanical alloying of the elements and subsequent 
sintering. It is experimentally shown that the thermoelectric 
power factor of the composite structure is enhanced compared 
with either Si0.8Ge0.2 or CrSi2 while the maximum figure-of-
merit remains unchanged. 

II. EXPERIMENTAL PROCEDURE 
Elemental powders of Si (99.9% purity), Ge (99.99% 

purity), B (99.9% purity) and Cr (99.9% purity) were weighted 
to the stoichiometric ratio of 10 at.% of CrSi2, and 90 at.% 
Si0.8Ge0.2 doped with 1.6 at.% B. Elemental powders of the 
desired stoichiometric ratio were loaded in a tungsten carbide 
bowl inside an Ar filled glove box. The bowl was hermetically 
sealed and milled in Fritsch-P7 planetary mill for 46 hours with 
ball-to-powder-ratio (BPR) of 1.6 at 800 rpm. SiGe powder 
was prepared similarly and was milled for 42 hours with BPR 
of 4.6 at 1000 rpm. Small quantity of powder was taken at 
different time intervals for x-ray diffraction (XRD) 
characterization. Prepared powders were sintered in a graphite 
die with an internal diameter of 12.7 mm at different pressures, 
times and temperatures. Samples 1 (Si0.8Ge0.2), 2 and 3 (both 
Si0.8Ge0.2-CrSi2) were pressed at 1200°C, sample 4 (Si0.8Ge0.2-
CrSi2) was pressed at 1150°C, and sample 5 (Si0.8Ge0.2-CrSi2) 
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was pressed at 1100°C. Samples 1, 3, 4, and 5 were sintered 
under 108 MPa pressure and sample 2 was sintered under 93 
MPa pressure. All samples were held for six minutes at 
maximum press temperature except sample 3 which was held 
for 1.5 minutes. The sintered samples were cut into rods and 
disks for different characterizations. Rods were used for 
Seebeck and electrical conductivity measurements with four 
probe method by means of commercially available equipment 
(Ulvac, ZEM-3). Disks were used for thermal conductivity 
measurement by laser flash method (Netzsch LFA 457). The 
milled powders and sintered samples were characterized by x-
ray diffraction (Bruker AXS D8-Discover) with Cu K  
radiation. The XRD data were recorded in the range of 2  
angles between 20° and 80°. Phase formation and grain size 
were analyzed using the diffraction spectrum. 

III. RESULTS AND DISCUSSIONS 
The XRD spectra taken from Si0.8Ge0.2-CrSi2 composite 

powder during different time intervals of milling are shown in 
Figure 1. For 3 hours and 20 hours of milling times, diffraction 
lines still show Si, Ge, and Cr, which indicates that the alloys 
are not yet completely formed. After 30 hours of milling, 
Si0.8Ge0.2 and CrSi2 lines seem saturated; however, Cr line is 
still observed. Therefore, milling was continued until Cr line 
disappeared and CrSi2 line became more intense, as depicted in 
the top spectrum in Figure1 (46 hours milling). The powder 
after 46 hours milling shows Si0.8Ge0.2 and CrSi2 lines with 
intensity ratio same as their stoichiometric ratio (i.e. 90:10). No 
other phase is observed.  

The average crystallite size was determined by Sherrer’s 
formula after extracting the instrument broadening and 
ignoring the possible residual stress for the powder. The 
average crystallite size for Si0.8Ge0.2 and Si0.8Ge0.2-CrSi2 
powders were 8 nm and 13 nm, respectively. 

Electrical conductivity, Seebeck coefficient, and thermal 
conductivity of all samples versus temperature are shown in 
Figure 2. The composite samples were sintered at different 
temperatures. Sample 2 sintered at 1200°C has the highest electrical conductivity (200 S/cm at 850°C) and Seebeck 

coefficient (300 μv/K at 850°C) at high temperature (T>800°C) 
among all composite samples. 

The Seebeck coefficients of all composite samples are in 
the same range with small variation. However, the electrical 
and thermal conductivity of these samples vary significantly 
with the change in sintering temperature. Sample 5 sintered at 
lowest temperature (1100°C) shows the smallest electrical and 
thermal conductivity. Samples 2 and 3 sintered at highest 
temperature have the largest electrical and thermal 
conductivity. Comparing samples 2 and 3, sample 2 was held 
for longer time at the sintering temperature (six minutes), 
which resulted in slightly higher electrical conductivity.  

The thermal conductivity of sample 2 is smaller than that of 
sample 3 at high temperature (>400°C). This may be associated 
with the smaller sintering pressure for sample 2 (i.e. 93 MPa) 
compared with sample 3 (i.e. 108 MPa). The density of sample 
3 is 3.2 g/cm3 and that of sample 2 is 2.2 g/cm3. This agrees 
with the smaller thermal conductivity observed in sample 2. 
The smaller thermal conductivity and the largest power factor 

Figure 2. (a) Electrical conductivity, (b) Seebeck coefficient, 
and (c) Thermal conductivity of composite Si0.8Ge0.2-CrSi2 
samples compared with those of  SiGe. 

(c)

(a) 

(b)

Figure 1. XRD spectra at different milling times. Different 
materials are marked by different symbols: Si (•), Ge (×), 
Cr (♦), Si0 8Ge0 2 ( ), CrSi2 (♣). 
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in sample 2 have resulted in its highest figure-of-merit ZT 
among the composite samples. 

Comparing the Seebeck coefficient of the samples, it is 
seen that the composite samples have higher Seebeck 
coefficient than Si0.8Ge0.2. This indicates that composite 
samples have less carrier concentration than Si0.8Ge0.2. This 
may be associated to the diffusion of boron into CrSi2 phase 
resulting in smaller doping concentration in Si0.8Ge0.2. 

The power factor times temperature and figure-of-merit of 
the samples are shown in Figure 3. Comparing the power factor 
of sample 1 (Si0.8Ge0.2) and sample 2 (Si0.8Ge0.2-CrSi2), we 
observe significant increase in thermoelectric power factor of 
sample 2 especially at high temperature (T>200°C). Near 50% 
enhancement in power factor is achieved at 850°C. The main 
reason for enhancement in power factor is the increase in 
Seebeck coefficient in the composite sample. In spite of the 
improvement in power factor, Fig 3-b shows that there is no 
improvement in figure-of-merit. This is mainly due to the 
increase in thermal conductivity of the composite samples 
compared with that of Si0.8Ge0.2

. 

IV. CONCLUSION 
. In summary thermoelectric properties of nanostructured p-

type Si80Ge20-CrSi2 composite were studied. Si, Cr and Ge 
powders were milled from elements in stoichiometric ratio of 
10 at.% of CrSi2 and 90 at.% of Si0.8Ge0.2 doped with 1.6 at.% 
B. For comparison, Si0.8Ge0.2 doped with 1.6 at.% B was also 
prepared by mechanical alloying. The milled powders were 
sintered at different press conditions to optimize TE transport 

properties. The crystal structure and phase formation of 
Si0.8Ge0.2 and CrSi2 alloys in the composite were confirmed 
using x-ray diffraction analysis. The electrical conductivity, 
Seebeck coefficient and thermal conductivity of samples were 
measured from room temperature to 850°C. It was shown that 
the TE power factor enhances by ~50% in the composite 
structure compared with Si0.8Ge0.2. However, the TE figure-of-
merit ZT remained unaffected. This result agrees with previous 
theoretical predictions on TE properties of composite materials 
[9] that the maximum figure-of-merit in a composite structure 
cannot exceed that of its constituent components. 
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Figure 3. (a) Power factor ×T and (b) figure-of-merit  versus 
temperature of composite SiGe-CrSi2 samples compared with 

those of SiGe. 
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Abstract – Higher manganese silicide is one of the promising ther-
moelectric materials for waste heat recovery at medium tempera-
ture (500-700 °C). Improvement on thermoelectric performance of 
bulk thermoelectric higher manganese silicide MnSi1.75 is introduced 
by externally mixing 1 at% nanostructured MnSi to MnSi1.75. This 
method can reduce the thermal conductivity above 400 °C more 
than reducing the power factor of the higher manganese silicide. 
This would enhance the figure-of-merit ZT of MnSi1.75 to ZT≅0.5 
without any doping at 570 °C. In comparison, the figure-of-merit of 
conventional MnSi1.75 is ZT≅0.3. This method can be easily applied 
to industrial manufacturing of this material to enhance its efficiency. 

Keywords- thermoelectric, higher manganese silicide, nanostructuring, 
MnSi 

I. INTRODUCTION 
As the Earth’s population continues to grow, the de-

mand for energy is rapidly increasing. Furthermore, due to 
global environmental concerns, a constant increase in fuel 
prices, and the threat of fossil fuels depletion, has created a 
market for alternative energy. The development of clean, 
recycled, environmentally friendly and low-cost energy 
sources is necessary. Thermoelectric (TE) generators can 
convert waste heat energy into electricity. With about 60% 
of the world’s useful energy wasted as heat, TE offers 
useful means to recycle and convert large amounts of 
waste energy to electricity. 

For TE green applications, the most well-known ther-
moelectric materials are based on groups IV and V chalco-
genides. However, these groups present two major draw-
backs; cost and toxicity. In contrast, Mn and Si, the two 
abundant elements in Earth’s crust, are non-toxic. Higher 
Manganese Silicide (HMS) is a good candidate to make 
low-cost thermoelectric materials with low-environmental 
load [1] for medium to high temperature (500ºC-700ºC) 
applications. The development of high performance ther-
moelectric generators for this range of temperature is high-
ly desired [2]. In addition, HMS offers a low vapor pres-
sure, strong hardness and high resistance to oxidation with 
atmospheric oxygen. One of the most immediate large 
scale applications of HMS is in automobiles. In most au-

tomobiles, more than 70 percent of the fuel’s energy is 
wasted as heat. Thermoelectric generators can be used to 
recover waste heat from the engine and increase the fuel 
efficiency.  

Alloys of Silicon and Manganese with higher composi-
tion of Si such as Mn11Si19, Mn15Si26, Mn27Si47 and Mn4Si7 
are p-type semiconductors with almost similar thermoelec 
-tric properties. They all make Chimney-ladder structures 
with an energy gap of approximately 0.7 eV. HMS com-
pounds may contain nano to micro scale regions of man-
ganese monosilicide (MnSi). These compounds have been 
attractive to researchers seeking to optimize such features 
in order to reduce the thermal conductivity of the com-
pound [3-6]. Though the presence of the MnSi phase in the 
HMS matrix is virtually unavoidable, the TE performance 
of HMS can be improved by alternative synthesis methods 
that control the distribution pattern and size of the MnSi 
phase such as in the case when MnSi is dispersed in the 
matrix in nanostructured form. Higher manganese silicide 
with in-situ formed nano-phase of MnSi has been proven 
to get high thermoelectric performance using a rapid melt-
spinning process combined with a spark plasma sintering 
method [7]. However, the method involves a complicated 
process and relatively high experimental conditions. The 
main drawback is the slow rate of HMS production for the 
manufacturing industry. 
Researchers usually add other elements to enhance ZT. Ge 
[5] is the typical choice. But high purity Ge is expensive 
and it easily oxidizes. As mentioned previously Mn and Si 
are inexpensive and abundant elements. Additionally, 
MnSi has metallic properties and high resistance to oxida-
tion. Initially, we externally added a small amount (~1 
at.%) of nanostructured MnSi into higher manganese sili-
cides’ matrix. Our findings demonstrated that it is a rela-
tively quick, low-cost and scalable method for the inclu-
sion of MnSi nano-phase compared to others methods.  

II. METHODOLOGY 
The HMS powder was prepared from 100 mesh silicon 

and 325 mesh manganese powders obtained from Alfa 
Aesar Co. with purity of 99.9% and 99.99%, respectively. 
The amount of each component was weighed in an argon-
filled glove box for different compositions of MnSix with 
x= 1.75 and x=1. The mixed powder and tungsten carbon 

This report is partially based upon work supported by Air Force Office
of Scientific Research (AFOSR) High Temperature Materials program
under grant no. FA9550-10-1-0010 and the National Science Founda-
tion (NSF) under grant no. 0933763. 

U.S. Government work not protected by U.S. copyright 221



 

 

balls were loaded under argon atmosphere in tungsten 
carbide bowls with ball to powder weight ratio (BPR) of 5. 
The bowls were hermetically sealed and were loaded in a 
planetary ball mill. Fritsch’s planetary ball mills P6 (for 
MnSi1.75) and P7PL (for MnSi) with the maximum speed 
of 650 rpm and 1000 rpm, respectively, were used (i.e. 
equal to centrifugal acceleration of about 29G and 85G, 
respectively. G is gravitational constant). The mixed nano-
structured MnSi1.75 and MnSi powders were heat treated at 
1050 °C and 1200 °C in a muffled furnace under argon 
atmosphere, respectively. 

The powder was weighted and loaded into a graphite die 
with inner diameter of 12.7 mm. All samples were sintered 
under 108 MPa pressure at 950°C for 0-4 minutes. The 
sintered samples were cut into disks and rods for different 
characterizations. The thermal conductivity was measured 
by a laser flash apparatus (Netzsch LFA 457 Micro Flash).  
The Seebeck coefficient and electrical resistivity were 
measured simultaneously using a commercial apparatus 
(Ulvac-Riko’s ZEM-3). X-ray diffraction analysis and 
scanning electron microscopy were performed using Bruk-
er AXS D8 with Cu K  radiation and Hitachi S-4800, 
respectively. 

III. EXPERIMENTAL DATA  
In order to determine how the composite of MnSi affects 

the MnSi1.75 TE properties, we prepared reference MnSi1.75 
powder by mechanical alloying and without any doping to 
use as a benchmark. Mechanical alloying can produce 
purer higher manganese silicide than the other methods 
involving heat treatments. Through this conventional 
preparation process, relatively pure MnSi1.75 phase can be 
formed by high energy ball milling. We also tried melting 
and heat treatment of powders to produce the HMS alloy 
for comparison. Nanostructured MnSi powder was pre-
pared by using a combination of mechanical milling and 
heat treatment of the mixed powder at 1200 °C. Further-
more, 1 at.% nanostructured MnSi powder was mixed with 
the reference MnSi1.75 powder by ball milling. We col-
lected XRD patterns and compared the two kinds of higher 
manganese silicide powders. The results are shown in Fig. 
1(a). The bottom (black) curve shows the XRD pattern of 
the reference MnSi1.75 powder and the top (red) curve 
shows that of the reference MnSi1.75 powder mixed with 1 
at.% nanostructured MnSi powder. According to Figure 1, 
there is no MnSi in the reference MnSi1.75 powder. How-
ever, there is a small MnSi peak in MnSi1.75+MnSi powder 
(which may be difficult to see in the figure). The HMS 
lines are also shown in Figure 1 with no Mn or Si line 
indicating that the alloying is complete within the accuracy 
of the XRD analysis.  

From each powder, we sintered a bulk sample. The sam-
ples were sintered by hot pressing under same conditions. 
The heat was produced by joule heating the sample utiliz-
ing running DC current through the sample. In order to 
avoid the grain growth of MnSi during sintering, the heat-
ing current was immediately turned off after the sample 
reached at 950°C. The XRD patterns of the two HMS 
samples were collected and compared in Fig. 1(b). The 
bottom (black) XRD pattern belongs to the HMS sample 
made of the reference MnSi1.75, and the top (red) XRD 
pattern belongs to the HMS sample made of MnSi1.75 

mixed with 1 at.% nanostructured MnSi powder. After 
sintering, a small MnSi phase was observed in the refer-
ence sample. However, the MnSi peak in MnSi1.75+MnSi 
sample is relatively stronger indicating its higher content.  
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Figure 1: XRD patterns of (a) the reference MnSi1.75 powder (bottom-
black) and MnSi1.75 mixed with 1 at.% nanostructured MnSi powder (top-
red), and (b) the reference MnSi1.75 bulk sample (bottom-black) and 
MnSi1.75 mixed with 1 at.% nanostructured MnSi sample (top-red). 
  

The MnSi content in the reference sample may be asso-
ciated with localized variation of stoichiometry in the 
sample. In contrast, the MnSi phase in MnSi1.75+MnSi 
sample is uniformly dispersed by prior ball milling of the 
mixed powder. 

IV. RESULTS AND DISCUSSION 
Fig. 2(a) shows the electrical conductivity of the bulk 

samples. The squared curves describe the properties of the 
reference sample and the circled curves describe the prop-
erties of MnSi1.75+MnSi sample. 
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Figure 2: Temperature dependence of (a) electrical conductivity, (b) 
Seebeck coefficient, (c) power factor times temperature, (d) thermal 
conductivity, and (e) figure-of-merit ZT of the reference MnSi1.75 
(squared) and MnSi1.75 + MnSi (circled) samples. 
 
   The temperature dependence of electrical conductivities 
demonstrates a metallic or degenerate electrical conduc-
tion. The electrical conductivities of the two samples have 
only a small difference. In fig. 2(b), the Seebeck coeffi-
cients versus temperature show similar values. The See-
beck coefficient increases with temperature up to 550 °C, 
and decreases at T>550 °C owing to the excitation of in-
trinsic carriers. The temperature dependences of power 
factor are also similar as expected because the electrical 
conductivity and Seebeck coefficient of the two samples 
are similar. Fig. 2(c) gives temperature dependence of 
power factor. The reference MnSi1.75 sample and MnSi1.75 
mixed with 1 at.% nanostructured MnSi sample trends are 
very similar. However, the temperature dependences of 
thermal conductivities for the two samples are obviously 
different in Fig. 2(d). The thermal conductivity of the 
reference MnSi1.75 sample decreases with temperature up 
to 500 °C and rapidly increases with temperature at 
T>500 °C, which is attributed to the ambipolar thermal 
diffusion. [8] In contrast, the thermal conductivity of the 

MnSi1.75+MnSi sample decreases up to 500 °C and in-
creases only slowly at T>500 °C compared with that of the 
reference sample. This value is even smaller than previ-
ously reported small thermal conductivity for MnSi1.73 [9]. 
This is mainly due to the presence of the MnSi nano-phase 
that is evenly distributed in the HMS matrix. Due to the 
greatly increased density of interfaces at MnSi grain 
boundaries, phonons are significantly scattered reducing 
the lattice part of thermal conductivity. Moreover, since 
the thermal conductivity remains low at high temperature, 
it indicates that the ambipolar thermal diffusion is consid-
erably suppressed. This suppression can be due to the fact 
that the grain boundaries scatter electrons, which are ther-
mally excited, more than holes due to the electrons’ 
smaller energy.    

Fig. 2(e) shows the temperature dependence of the di-
mensionless figure-of-merit ZT for the same two samples. 
Since the power factor of the two samples is similar, the 
reduction of the thermal conductivity in MnSi1.75+MnSi 
sample leads to the enhancement of ZT at high tempera-
ture (400-700 °C).  

V.  CONCLUSION 
In summary, we demonstrated that adding a small amount 
(~1 at.%) of nanostructured MnSi to MnSi1.75 reduces 
both lattice and ambipolar parts of thermal conduction by 
scattering of phonon and minority carriers more than ma-
jority ones, respectively. Thus, the thermoelectric figure-
of-merit ZT at high temperature is enhanced and the effi-
ciency of the relevant device can be improved. This effect 
may prove to be a stepping stone for further enhancing 
thermoelectric properties of HMS by optimizing the 
amount of nanostructured MnSi in the matrix.  
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Abstract – Higher manganese silicide (HMS) is a useful thermoelectric 
material for waste heat recovery in medium to high temperature range. 
It is made from two of the most abundant materials on earth. Moreover, 
it is non-toxic and environmentally responsible. A low-cost, scalable, and 
quick method of synthesizing bulk thermoelectric higher manganese 
silicide is proposed for its industrial manufacturing. Heat treatment 
alloying of higher manganese silicide powder is proposed for producing 
its large quantity in a cost effective way. The process involves heat treat-
ment of the elemental powders at 1050 °C for 1 hour. Thermoelectric 
properties of the resultant samples were studied and compared with the 
samples made by mechanical alloying. In comparison, both methods 
result in similar trends in thermoelectric properties however with signifi-
cant cost reduction and ease of fabrication for the proposed method. 

    Keywords- thermoelectric, higher manganese silicide, synthesis, heat 
treatment 

I. INTRODUCTION 
Due to recent global environmental issues, increases in fuel 

prices, and exhaustion of fossil fuels the demand for new 
sources of energy has rapidly increased. Thus, the develop-
ment of clean, recycled, environmentally friendly and low-
cost energy sources is an important and challenging issue. 
Thermoelectric (TE) generators can convert waste heat energy 
to electricity. With about 60% of the world’s useful energy 
wasted as heat, they offer useful means to recycle large 
amounts of energy.  

For green applications the most well-known thermoelectric 
materials based on groups IV and V chalcogenides, have sev-
eral drawbacks such as cost and toxicity. In contrast, Manga-
nese and Silicon are non-toxic and abundant elements in the 
Earth’s crust. Higher Manganese Silicide (HMS) is a good 
candidate to make low-cost thermoelectric materials with low-
environmental issues [1] for medium to high temperature (400 
ºC-700 ºC) applications. The development of high perfor-
mance thermoelectric generators for this range of temperature 
is highly desired [2]. In addition, HMS offers a low vapor 
pressure, strong hardness and high resistance to oxidation with 
atmospheric oxygen [3-4]. One of the most immediate large 
scale applications of HMS is waste heat recovery in automo-
biles. In most automobiles, more than 70 percent of the fuel’s 
energy is wasted as heat. HMS thermoelectric generators can 
be used in automobiles to recover the waste heat from the 
engine and increase the fuel efficiency. Thus, it is a prospec-

tive means of using the waste heat discharged from energy 
systems such as automobiles, combined cycles and  
waste material incineration systems [5]. 

Higher manganese silicides a MnSix with x in the range 
from 1.73 to 1.75 have been studied as one of the promising 
p-type thermoelectric materials. There are several reports 
concerning different tetragonal phases that include Mn11Si19, 
Mn15Si26, Mn27Si47 and Mn4Si7 [6-7]. HMS has almost similar 
thermoelectric properties and they all make Chimney-ladder 
structures with an energy gap of approximately 0.7 eV.  
    The preparation of HMS alloys for thermoelectric applica-
tions is quite challenging. There are different methods to pro-
duce HMS alloys. One such method is synthesizing HMS 
alloy through vacuum melting of the elemental materials [8]. 
A disadvantage is the compositional contamination due to the 
complexity of the phase formations of Mn-Si at high tempera-
ture. In addition, the high vapor pressure of manganese at 
elevated temperatures makes the controlled composition of 
Mn and Si difficult in this process. High energy mechanical 
alloying is an alternate method of producing HMS thermoe-
lectric materials. Mechanical alloying can minimize composi-
tional heterogeneity and produce powder for making bulk 
materials. However, mechanical alloying requires a relatively 
long milling time which consumes significant electrical ener-
gy [9]. 

Alternatively, we have introduced a new process with fewer 
challenges to synthesize higher manganese silicide in this 
paper. Heat treatment of the mixed powder was used to pro-
duce large amounts of powder in higher manganese silicide 
phases. This offers a relatively easy, low-cost, efficient and 
rapid method to produce higher manganese silicide compared 
with other existing methods. Optimizing the temperature and 
time for heat treatment and making comparison of this process 
with mechanical alloying methods are the concerned subjects 
of this report.  

II. METHODOLOGY 
Silicon (100 mesh, 99.9%, Alfa Aesar) and manganese (325 

mesh, 99.99%, Alfa Aesar) were weighed in an argon-filled 
glove box for composition of MnSix with x= 1.75. The mixed 
powder was loaded under an argon atmosphere in tungsten 
carbide bowls with a ball to powder weight ratio (BPR) of 5. 
The bowl was hermetically sealed and the powder was milled 
in a planetary ball mill (Fritsch, P6) at 650 rpm for 159 hours 
for complete alloying. A second mixed part of higher manga-
nese silicide powder was milled for three hours and subse-
quently heat treated at 1050 °C in a muffled furnace under 

This report is partially based upon work supported by Air Force Office of
Scientific Research (AFOSR) High Temperature Materials program under
grant no. FA9550-10-1-0010 and the National Science Foundation (NSF)
under grant no. 0933763. 
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argon atmosphere for 1 hour. Alloying process was investi-
gated by XRD diffraction after heat treatment. The prepared 
powder was weighed and loaded into the graphite die with an 
inner diameter of 12.7 mm. The samples were sintered under 
108 MPa pressure at 950 °C for 4-5 minutes. The sintered 
samples were cut into disks and rods for characterizations. 
The thermal conductivity was measured by a laser flash appa-
ratus (Netzsch LFA 457 Micro Flash). The Seebeck coefficient 
and electrical conductivity were measured simultaneously 
using a commercial apparatus (Ulvac-Riko’s ZEM-3).  

III. EXPERIMENTAL DATA 
X-ray diffraction patterns of HMS alloys synthesised from 

both methods are shown in Fig. 1. The bottom (black) curve 
shows the XRD pattern of higher manganese silicide powder 
using mechanical alloying. This powder was produced by high 
energy ball milling, with BPR of 5 at 650 RPM for 159 hours. 
The top (red) curve shows higher manganese silicide powder 
using heat treatment alloying. As previously addressed, the 
elemental powders were milled in order to mix them com-
pletely and heated at 1050 °C for 1 hour. The HMS peaks are 
formed in both spectrums and there is no elemental Mn or Si 
left in the powder. This indicates that the alloying is complete 
within the accuracy of the XRD analysis. The difference of the 
grain size between these two spectrums is obvious. It means 
that by annealing the mixed powder in one hour, HMS can be 
synthesized in a much shorter time than mechanical alloying. 
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Figure 1:  XRD patterns of HMS powder from mechanical alloying (bottom-
black) and heat treatment alloying (top-red). 
 
Both powders were sintered by a hot pressing method under 
the same conditions. The heat was produced by Joule heating 
the samples by running DC current through the samples. The 
temperature dependence of transport properties for both sam-
ples were measured and compared with each other. The 
squared curves describe the results for samples made of the 
mechanical alloyed powder and the circled curves describe the 
results for samples made of the heat treated alloyed powder. 

IV. RESULTS AND DISCUSSION 
    In subsequent plots, the squared data points depict the re-
sults for samples made of the mechanically alloyed powder. 

The circled data points show the results for samples made 
from the heat treated alloyed powder. 

Fig. 2(a) shows the electrical conductivity of the bulk higher 
manganese silicide samples. The temperature dependence of 
electrical conductivities demonstrates a metallic or degenerate 
electrical conduction.  
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Figure 2:  Temperature dependence of (a) electrical conductivity, (b) Seebeck 
coefficient, (c) power factor, (d) thermal conductivity, and (e) figure-of-merit 
ZT for mechanically alloyed (squared) and heat treated alloyed (circled) bulk 
higher manganese silicide samples. 
 
The electrical conductivities of these two samples have only a 
small difference. The sample made of heat treated alloyed 
powder has higher electrical conductivity which is due to the 
larger grain size of this powder. In this sample, electron mean 
free path is higher due to less grain boundary scattering, hence, 
increasing the mobility of charge carriers. Therefore electrical 
conductivity will be enhanced. 
    Fig. 2(b) shows temperature dependence of Seebeck coeffi-
cient for both samples. The Seebeck coefficient versus tem-
perature shows nearly the same values. The Seebeck coeffi-
cient increases with temperature up to 550 °C, and decreases 
at T>5 50°C due to the excitation of intrinsic carriers.      
    According to Fig. 2(c), the temperature dependences of 
power factor are also similar as expected because the electric-
al conductivity and Seebeck coefficient of the two alloying 
methods are similar. The maximum power factor multiply 
temperature (S2 T) is 1.2 W/mK at 550 °C which is similar to 
typical HMS thermoelectric samples.  
   Temperature dependence of thermal conductivity for both 
samples is shown in Fig. 2(d). Thermal conductivities for the 
two samples are slightly different. The decrease in thermal 
conductivity with temperature at T<500 °C is due to reduction 
in lattice thermal conductivity with temperature. 
    The temperature dependence of thermal conductivity dis-
plays an intrinsic behaviour at T>500 °C due to ambipolar 
thermal diffusion, which increases the thermal conductivity at 
high temperatures. The thermal conductivity values for sam-
ples made of mechanically alloyed powder is somewhat 
smaller than samples made using heat treated alloyed powder. 
This is mainly due to the nanostructure configuration of the 
mechanically alloyed sample. Due to the significantly in-
creased interfaces of the grain boundaries in this sample, pho-
nons are significantly scattered. 
    Fig. 2(e) shows the dimensionless figure-of-merit ZT versus 
temperature for both samples. It is noted that utilizing a heat 
treated alloying method results in only slightly smaller ZT 
values compared to a mechanically alloyed method. The peak 
ZT in the heat treated alloyed sample is ZT=0.4, and that of 
the mechanically alloyed sample is ZT=0.47. The somewhat 
larger electrical conductivity of the heat treated sample (Fig. 
2-a) has compensated its larger thermal conductivity (Fig. 2-d) 

to some extent resulting in close ZT as that of the mechani-
cally alloyed sample. However, the heat treated alloying 
method has significant advantage in both production cost and 
time. We used pure HMS without doping for the proof of 
concept demonstration. The ZT can be enhanced by introduc-
tion of dopants to the initial powder and following similar 
heat treatment process. This would make the proposed tech-
nique better suited for large scale production of high quality 
higher manganese silicide alloy. 

V. CONCLUSION 
In summary, heat treatment alloying of HMS powder was 
proposed and demonstrated as cost effective means for large 
scale production of high purity alloyed powder. Although 
mechanical alloying can also produce pure higher manganese 
silicide compared to other methods in terms of phase purity, 
the conventional high energy ball milling process can produce 
relatively small amount of powder and consumes large electri-
cal energy. We have studied heat treatment of powders to 
produce pure HMS alloys and made comparisons between 
these two methods. The heat treatment is carried out at 
1050 °C under argon atmosphere for one hour. The complete 
alloying process for large amounts of powder can be per-
formed in a short time compared to mechanical alloying. In 
contrast to other HMS synthesis methods, the proposed proc-
ess is easy, low cost, quick and efficient in producing alloys of 
HMS with high phase purity. Therefore, this method can be 
adopted for commercial production of HMS powder used in 
thermoelectric technology. 
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Abstract— Thermoelectric technology is becoming one of the 
important elements in sustainable energy due to its capability in 
green conversion of waste heat into electricity. Solid solution 
alloys based on Bi2Te3 have been some of the most efficient 
thermoelectric materials near the room temperature for many 
years. Recently there have been advances in the thermoelectric 
efficiency of1 (BixSb1-x)2Te3 alloy via bulk nanostructuring. The 
fabrication process of the alloy from elements of Bi, Sb, and Te 
often involves mechanical alloying with extensive milling time. 
This process is slow and consumes significant electric power. 
Here we report and compare three different methods to prepare 
powders of Bi2Te3 and Sb2Te3 binary alloys and (BixSb1-x)2Te3 
ternary alloys: conventional high energy mechanical milling and 
two alternative methods namely induction melting and 
thermomechanical method.. In all three methods the obtained 
powders are single phase and possess good homogeneity. 
Efficiency and advantages of different methods have been 
discussed. Alternative techniques introduced in this work provide 
a more efficient approach with higher yield for large scale 
preparation of (BixSb1-x)2Te3 thermoelectric structures. 

Keywords-Bismuth antimony telluride alloy; thermoelectric; 
synthesis method; nanostructured bulk 

I.  INTRODUCTION  
Since the start of the energy crisis era, developing new 

technologies to produce sustainable energy have gained the 
attraction of scientific community and ground-breaking 
achievements have been accomplished. However, what limits 
the use of these new technologies only to niche applications so 
far is their relatively high cost/efficiency ratio. Two 
approaches can be taken to increase this ratio; either by 
increasing the efficiency of the same material system or by 
reducing the costs of getting the same efficiency via lowering 
the materials and processing costs. With almost 60% of the 
produced energy in the United Stated wasted in the form of 
heat, home heating, automotive exhaust and industrial 
processes are considered as sources of low-cost sustainable 
energy for direct heat-to-electricity conversion [1]. This gives 
rise to the important role of thermoelectric technology.  

Over the past 10-15 years, significant progresses have been 
made in this field in terms of increasing the efficiency (figure-
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of-merit) through nanostructuring [2-7]. As a result, powder 
metallurgy methods to prepare nanostructured particles for 
thermoelectric materials have been used and studied 
extensively. Among these techniques, gas atomization [8,9], 
chemical synthesis [10,11] and ball milling [6,12,13] can be 
mentioned. These methods differ in terms of productivity and 
powder yield with gas atomization and mechanical ball 
milling being the most applied methods for mass-production 
of nanocrystalline powder. 

The widely studied thermoelectric material for close-to-
room temperature applications is alloys of (BixSb1-x)2Te3. In 
recent years, high ZT values (ZT 1.5) have been reported for 
BiSbTe nanostructured bulk samples prepared using different 
techniques including high energy ball milling [6,12,13] and 
melt spinning [14-16]. In this work we introduce two new 
powder synthesis approaches to prepare (BixSb1-x)2Te3 
nanostructured powder with lower cost and processing period. 

 

II. EXPERIMENTAL 
Three methods have been studied and applied to prepare 
BiSbTe nanostructured powders. These include conventional 
high energy ball milling, induction melting and 
thermomechanical method. In all three methods pure Bi 
(99.999%), Sb (99.999%) and Te (99.999%) powders were 
used as starting materials. Loading and collecting the powders 
are done inside the glovebox under Ar atmosphere to avoid 
oxidation of the powders. A custom-made hot press system 
was used to press the prepared powder into bulk samples.. 
BiSbTe samples pressed in the holding temperature range 
between 480°C and 500°C show the best thermoelectric 
properties. The final product of the hot press is a cylindrical 
sample 12.7 mm in diameter and 5 to 10 mm in length. 
Structural properties of the alloys were characterized using X-
ray Diffraction (Bruker-AXS D8), Scanning Electron 
Microscopy (Hitachi S-4800) and Energy Dispersive 
Spectroscopy (EDS). 
 

 

III. RESULTS AND DISCUSSIONS 

A. Method I: Powder Preparation Using Mechanical Milling 
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One of the most common approaches to nanostructured 
powder preparation is high energy mechanical milling. In this 
work binary and ternary powders were prepared using 
mechanical ball milling with planetary ball mill (Fritsch 
Pulverisette 7 and Pulverisette 6)..  

 In this method we started from the elemental powders of 
bismuth, antimony and tellurium. For binary alloys (Bi2Te3 
and Sb2Te3), the starting powders were weighted to the 
stoichiometric ratio and loaded into tungsten carbide vials. For 
ternary alloys, two different routes can be taken: either starting 
from elemental Bi, Sb and Te or from the prepared binary 
powders Bi2Te3 and Sb2Te3. Our experiments support the 
work of Pierrat et al. [17] showing that under the same milling 
conditions, it would be more time- and energy- consuming to 
start from elemental powders from the beginning. Therefore 
the binary alloys (Bi2Te3 and Sb2Te3) were prepared as 
starting materials for the final ternary alloys (e.g. Bi0.5Sb1.5Te3 
or Bi0.4Sb1.6Te3).  

. In order to prepare 50 grams batch of binary alloy using 
planetary ball mill, typically 50 h of efficient ball milling is 
required. For the planetary ball mill in our lab with power 
consumption of 2.5 kW, 125 kWh energy is necessary. 

The ternary powders are prepared by mixing and alloying 
stoichiometirc amounts of the prepared binary powders using 
mechanical milling, which was same for all three methods 
being compared. 
 

B. Method II: Powder Preparation from Ingot Using 
Induction Melting Followed By Ball Milling 

 
In this method elemental powders were weighted to the 

stoichiometric ratio and loaded into a graphite crucible 
covered with a graphite cap. The crucible was placed in a 
quartz tube and was isolated from the top flange using alumina 
refractory blocks to minimize the heat conduction. 
Temperature and energy input were controlled by the current 
passing through the coil. Powders are melted at approximately 
900°C for 30 min. The initial composition of the starting 
materials is modified to compensate for the evaporated portion 
of powders so that the final composition after melting would 
match the nominal value.  

The prepared ingot was crushed into small chunks and 
loaded into a vial and milled to reduce the crystallites sizes. 
Preparing the powders using this method is much less time 
and energy-consuming. For example, to prepare a 50 g batch 
of binary alloy using this technique, typically 0.5 h of 
induction melting followed by 5 h of ball milling is required. 
For the induction heater in our lab with power consumption of 
20 kW, 22.5 kWh energy is needed. 

Figure 1 shows the XRD patterns of Bi0.4Sb1.6Te3 ingot and 
the power prepared from this ingot after 5 hours of mechanical 
milling. The pattern shows sharp peaks for the ingot indicating 
its highly crystalline structure which are broadened after 
milling. 

 
 

SEM image of Bi0.4Sb1.6Te3 ingot is shown in figure 2. The 
image shows the layered structure of BiSbTe. No grain is 
observed in the 200 nm scale which confirms the XRD data 
and highly crystalline structure of the ingot.  

 

 
 

C. Method III: Powder Preparation Using 
Thermomechanical Method 

 
In this method, the starting elemental powders for binary 

alloys were mixed using mechanical milling for 30 min to 3 
hours. The mixed powder was then annealed in a muffle 
furnace. Alloying takes place using the high diffusion rates of 
these elements into each other. The annealing steps were 
experimentally optimized for the formation of Bi2Te3 and 
Sb2Te3 alloys. For Bi2Te3: ramp from room temperature to 
250°C in 30 min, stay at 250°C for 1 hour, ramp from 250°C 
to 350°C in 30 min, stay in 350°C for 1 hour, and then cool 
down to room temperature. For Sb2Te3: ramp from room 

Figure 2: Scanning electron micrograph of Bi0.4Sb1.6Te3 ingot 

Figure 1: XRD intensity profile of Bi0.4Sb1.6Te3 ingot (Ingot) and the
corresponding powder (Powder) after 5h milling 
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temperature to 370°C in 1 hour, stay at 370°C for 1 hour, and 
then cool down to room temperature.  

Figure 3 shows the XRD pattern of the mixed powder after 
30 min (figure 3-a) and XRD pattern of the same powder after 
annealing at 250°C (figure 3-b) and 350°C (figure 3-c). No 
trace of the elements is detected in the powder after being 
annealed at 350°C for 1 hour. The pattern c shows all the 
peaks of the poly-crystalline Bi2Te3. The annealed powder is 
then milled for 3 h to reduce the crystallite size.  

To prepare a 50 g batch of binary alloy using this method, 
typically total 6 h of milling and 3 h of annealing is required 
which would require 18 kWh energy. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. CONCLUSION 

In summary, three powder synthesis methods for making 
nanostructured BiSbTe have been studied in this work. 
Conventional high energy mechanical milling has proven to be 
the most expensive method to prepare these powders in terms 
of the energy consumption and processing time. To produce 
about 50 grams of material, for a typical binary alloying 
process, 50 h of milling is required which would consume 125 
kWh energy (for 2.5 kW/h). Powder synthesis from ingot 
prepared using induction melting is a much more efficient 
method compared to mechanical milling, with the total energy 
consumption of approximately 22.5 kWh (almost 1/5 that of 
planetary ball mill). Finally, thermomechanical method is the 
most efficient with approximately 18 kWh energy 
consumption. 
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Figure 3: XRD pattern of (a) mixed powder for 30 min, (b) powder
annealed at 250 C for 1 h, (c) powder annealed at 350 C. 
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