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Abstract—This paper explores different modelling techniques
for representing electrochemical energy storage devices in insular
power grid applications. Particular attention is given to Thevenin
based and not Thevenin based models. A case study involving two
insular power systems with renewable generation are used to
stand out the performance of the selected battery technologies:
Lithium-ion (Li-ion), Nickel-Cadmium (NiCd), Nickel-Metal
Hydride (NiMH) and Lead Acid.
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L INTRODUCTION

Wind and solar power resources are generally abundant in
insular geographic regions. Nowadays, their exploration as
source of electrical power in insular energy networks is
common, even if their contribution to the present energy mix is
reduced. The adoption of renewable sources at large scale in
the grid is only meaningful if the intermittence of these sources
is counterbalanced with additional sources of flexibility.

Energy Storage associated to renewable energy is
fundamental for a transition to an efficient, reliable and cost
effective power system free of carbon emissions [1]. Power
grid energy storage refers to a number of different technologies
with a wide range of characteristics. The available technologies
can provide both power and energy related grid-services such
as contingency, regulation and flexible reserves [2]. However
not all show adequate performance when it comes to discharge
times that cover short term and long term applications at same
time [3].

A battery energy storage system (BESS) can be charged
with the excess generated energy from wind power while
filling the gaps between generation and supply during the rest
of the operational period with a highly flexible capacity in
terms of deploying full output power in a very short time or in
a more extended period [4]. However to minimize the use of
conventional energy by integrating renewable energy sources,
it is necessary to evaluate the impact that a specific battery can
have as well as the required sizes of the battery for demand-
generation scenarios. Having that in mind a set of
electrochemical batteries are modeled and compared using real
demand/generation data provided under Singular project [5].
Two insular systems are analyzed: Sdo Miguel and Crete Islands.

The Crete Island is the largest islanded power system in
Greece and its electricity generation system is based generally
on fossil fuels thermal power units. This island has a significant
Renewable Energy Sources (RES) potential and it has been
exploited during the past 16 years.
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Over the last 3 years RES penetration remained steady
around 20% and approximately 183MW of wind source. Also,
94MW of PV source has been already installed on the island [6].

The Sao Miguel Island is the major and most populated
island in the Portuguese archipelago of the Azores. The island
has approximately 140,000 inhabitants and covers 760 km?.
The electricity production and distribution provider Electricity
of Azores (EDA) is focused on the importance of renewable
energy, not only for environmental reasons, but also for
reducing the islands’ fossil fuel dependency [7]. It has 9MW of
wind installed capacity which is translated in 6.35 % of the
total power generation of Sdo Miguel [8].

This paper is organized as follows: in Section II the battery
electrical models are described. In section III the case study
simulation results and critical analysis are presented and
discussed. Finally, the conclusions are drawn in Section IV.

II.  BATTERY MODELING THEORY

A. Electrical Modeling State of the Art

The working of a battery can be modeled in many ways,
each method stressing on the specific operational features:
electrochemical models, electrical models and mechanical
models. Electrochemical models deal with the electrochemistry
of the active species and their interaction with each other and
with the membranes inside the cells of the battery. On the other
hand electrical and mechanical models follow a black-box
approach in analyzing the interaction of the battery with the
system of which it is a part of. While mechanical models are
more important to decide installation and operational safety for
batteries, electrical models are inclined towards assessing the
ability of integrating the battery as a part of electricity supply
chain.

1) Electrochemical Model

The most common approach is based on Randles equivalent
scheme. It consists of a serial resistance Ry that accounts for
the ohmic voltage drops in the electrode and the electrolyte.
The space charge which manifests at the electrode—electrolyte
interface is represented by a capacitance Cp; called electric
double layer capacitance.

This charge is generated by the difference of electrode and
electrolyte internal potentials. The relationship is nonlinear
given the low charge density in the electrolyte [9].

Another parameter modeled has to do with the electrode
voltage at thermodynamic equilibrium designated as voltage
source Ep,.



And finally an impedance term Z that describes the charge
transfer effect at the electrode—electrolyte interface with the
active material diffusion in electrode and electrolyte. The
equations of electrochemistry which serve as a basis to
calculate Randles parameters can be found in [10].

2) Thevenin Model

It is the most popular description since its representation is
intuitive from electrical point view. The battery model takes a
form of a voltage dc source in series with a resistance. In turn,
charge transfer occurrences are associated with its own time
constants leading to increased modeling complexity. To represent
transient behavior correctly due to the electric double layer
phenomenon, one or more RC networks can be included [11].

3) Advanced Thevenin Models

To create a more accurate behavior battery internal
parameters must be formulated considering state of charge
(SOC) dependency: open circuit voltage (OCV) as function of
SOC, internal series resistance dependence on SOC or in the
form of depth of discharge (DOD) [12]. An alternative
approach determines battery voltage versus SOC through third
order polynomial curves for various discharge currents [13].
Applying the same technique the polynomial description
incorporates two RC parallel networks for short and longtime
constants [14]. A model in which both storage capacitance and
electrochemical resistance are approximated as continuous
functions of OCV. Predicting charging behavior as well as
discharging behavior can be found in [15]. As for parameters
identification concerning Thevenin-based models, techniques
can be divided into online identification [16] and on iterative
numerical optimization (e.g. [17], [18]). Iterative identification
tools employ genetic and nonlinear least squares estimation
algorithms which require initial guesses. Normally the number
of parameters to be estimated is high. The initial guesses for
starting the identification process is the main drawback of these
methods. In other words an incorrect guess may end up in a
local minimum. Moreover, for an accurate identification the
time spent on iterative simulations is also a disadvantage.

4) Zimmer Model

This model was created first for modeling NiCd battery.
More recently other electrochemical battery types are under
study considering this model [19]. The equivalent circuit
comprises two RC networks. One describes the electrochemical
energy storage while the other network models the diffusion
phenomenon. In turn, each of RC networks parameters shows a
dependence on temperature, SOC and current.

5) Harmonic Model

The electrochemical accumulator model is built through
signal excitation to get a harmonic response. This is, a
nonlinear equivalent circuit as function of load pulse frequency
can be obtained by combining experimental impedance spectra
along with a numerical identification method. Several works
discuss this technique for Lead Acid batteries testing [16] and
[20], NiMH batteries [21] or for modeling lithium-ion batteries
[17]. As a matter of curiosity, the same modeling approach can
be used to establish the electrical behavior concerning a proton
exchange membrane fuel cell where the diffusion impedance is
modeled by two RC cells [18].

The harmonic model approach fundamentally produces
small signal models. This can be a limitation in large signal
conditions because of electrochemical batteries nonlinearities.
Then, it is difficult to obtain an equivalent circuit at a mean
current different from zero due to the SOC dependence on
battery behavior.

B. Modelling Theory

The method chosen for describing the NiMH, Li-ion and
Lead Acid batteries response is based on Thevenin approach
while the NiCd model is generated from the battery V-I data.
The circuit element parameters used to build the respective
models are described below.

1) NiCd

For this battery a classical Paatero model [20] is chosen.
The battery voltage is described into two parts (open-circuit
voltage U,. and the overpotential U,,). The open-circuit
voltage is defined as:

Uy =a+bXxXDOD + (c+dxDOD)XT €))

where T the battery temperature, DOD the depth of discharge
while a, b, ¢ and d are the model parameters to be fitted.

The overpotential U,,, is determined as:
Xs

Uop=x1+x2xT+x3xD0D+x4x|1|+|1|+

(xg X €X7P0D 4 x0) x (e¥XT + x,4) X |1| )
+x;, X tanh(x;, X DOD + x,5)

where [ is the battery current and x; (i=1 to 10) are the model
parameters that have to be calculated. Such values are giving in
[20]. Then, total battery voltage can take the form:

U=U, — Uop 3)

Battery capacity variation with the discharge current is
modeled by:

C() =d, +e, X1+ f; xarctang(g, + hyI) @)
where d,,e; f1, g,and hjare solved in order to fit the data
published in [20]. Therefore, DOD calculation uses input data
from battery current:

1 t
DOD(t) = Tz)fo 1(t) x dt (5)
2) NiMH
The electric behavior can be described in accordance with
the circuit diagram shown in Fig. 1. [22].

Ug, I are the terminal voltage and current, U, is then open-
cicuit voltage, R; is the constant part of the internal resistance;
Rp and Cj, describe the effects on the surface of the electrodes
(double layer capacity) while R, and Cp describe diffusion
processes in the electrolyte.
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Fig. 1. NiMH battery model.
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In the model is assumed that 7, = Rp X Cp and 7% =
Ry X Ck represent short-time and long-term transient behavior
respectively. Model parameters calculation needs only one
current test pattern. R;, R, and C, are extracted from the
beginning of voltage response to a discharge pulse modeled by:

Ut) = U; + Up (1 - e‘(%)) + Uy (1 - e_(T_D) (6)

To determine the relationship of NiMH battery SOC and
electromotive force (EMF) a piecewise linearization strategy is
adopted from [23].

a,EMF + b, EMF - 0~0.1
S0C = {azEMF +b, EMF - 0.1~0.8 7
azEMF + b, EMF - 0.8~1

Consequently SOC dependency as function of battery
current permits to describe the discharging regime as:

-t
SOC = aiUt + allB(Rl + RD + RK) + aiIBRDeTD
-t
+aiIBRKeTK + bi (8)
As for charging regime follows as:
SOC = a;U; — a;Ig(R; + Rp + Ry) —

-t -t

3) Li-ion

As for electric circuit modeling for Li-ion batteries, [24]
proposes the arrangement shown in Fig. 2, where E is the Li-
ion battery’s EMF, R, internal resistance which includes all the
resistances between electrodes, current collectors and
electrode; R, C, is the circuit time-constants, v, is the terminal
voltage whereas i}, is the battery current. R, is found to be
mainly dependent on the battery current. Thus the modeling
equation has the form:

R, = 2.4572i% — 0.6101i, + 5.2497 (10)

For the remaining parameters a two stage SOC dependency
is modeled by two quadratic equations as:

Ry(S0C) = 72.4250C? — 104.1550C + 39.51, SOC > 52.5%(11)
Rs(S0C) = 96.57S0C? — 67.6450C + 13.69, SOC < 52.5% (12)
R,,(S0C) = 48.9850C? — 72.2450C + 30.12, SOC > 57.5% (13)
R,,(S0C) = 23.2850C? — 16.1850C + 5.24, SOC < 57.5% (14)
Rp(SOC) = 11.7650C? — 17.59S0C + 9.78, SOC >57.5% (15)

Rf(SOC) = 1.4150C? — 1.7250C + 2.11, SOC < 57.5% (16)
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Fig. 2. Li-ion battery model.

Transient response is characterized by RC networks. Short
and long time constants to a step load response are obtained as

follows:
1

7n(S0C) = ————ee—, S0C > 52.5% (17)
TS(SOC) = 8.03SOC2—5:.L15$OC+1.91’ SOC s 525% (18)
7n(S0C) = ———eeoo—— 50C > 57.5% (19)
Tm(SOC) = 57.47SOC2—5;.4250C+23.74'SOC = 575% (20)
Tf(SOC) = 240.43SOC2—3711.6250C+220.03’SOC > 575% (21)

1
451.950C2-383.2650C+156.8.03 "

7(S0C) = S0C <575  (22)

Strong dependency of SOC on EMF requires experimental
data by playing with different battery current levels. Such

relation is shown in [25]. It is clear that a single curve fitting
can describe a variety of battery current conditions.

Thus, battery voltage can be calculated combining the
equations (23), (24) and (25) into equation (26).

—t —t
Un.jic,(6) = iR (1 - eTs) Ve (23)
-t -t
Vg, e () = ipRpn (1 - efm) Ve (24)
—t —t
Ugjjic; (t) = iRy (1 - e?> + Vinge ” (25)

vp(8) = E(t) — ipRe — Upjic,(8) — Ugyyjic,, () — Uryyic,(6) - (26)

4) Lead Acid
An electric network for modeling Lead Acid type battery can
be built using one series resistance R and a single RC block for
short time behavior. However when operating at low
charge/discharge, an additional RC block provides better
accuracy [26]. A further improvement of the model can be
achieved considering a parasitic branch which models the
irreversible reactions that take place due to the electrolysis of
water at the ending of charging process. Therefore, the parasitic
branch draw some of battery current that does not contribute
for charging the battery. The equivalent electric network model
is shown in Fig 3. [27] where E,, is the EMF, R, is the
polarization resistance, R;C; is the short term transient
response, R,C, is the long term response and I(Vpy) is the
parasitic branch current.

In this model the elements of this circuit do not depend
constantly on the battery SOC and on electrolyte temperature.
However it is assumed time constants 7; and 7, are constant.
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Fig. 3. Lead Acid battery equivalent network



Equation (27) determines open circuit voltage as function

of SOC and electrolyte temperature (0).
Epm = Epo — Kz (273 + 6)(1 — SOC) (27)

As for the internal parasite resistances the temperature has
no influence only affected by SOC.

R, = Roo[1 + Ay (1 — SOC)] 28)
R, = —Ryln (SOC) (29)
R, = ZOM (30)

1+exp (Az’z#)

where E,,, Kz, Rog, Ao, Rig> R20, Az1, Ayp, are constants
obtained from battery experimental tests.

Since the behavior of the parasitc branch is strongly non-
linear it is approximated by the Tafel gassing current
relationship [28]:

Ven (31)

e
where Gy, ,V,,, A, are constants estimated by experimental
procedures and & is the electrolyte freezing temperature.

Ip = VpnGpoeXp

III. CASE STUDY

Two insular power systems are simulated in order to test
and evaluate energy storage sizing based on four battery
models. To provide meaningful outcomes real data concerning
Séo Miguel and Crete Islands are used. Both grids are different
in terms of size, configuration and conventional installed
power capacity as well renewable power plants connected to
the system. Meaning that, the ratio renewable resources vs total
installed power generation is considerable lower for S. Miguel
when compared to Crete Island.

The models are aggregated in cell banks replicating a
storage system that must respond to the demands of the grid.
Therefore, the operation strategy works by charging the battery
with excess generated energy at times of low demand in order
to be discharged to the grid later when needed at ON peak
hours.

A week of data was utilized for this study. A data sample
from S. Miguel renewable resources is shown in Fig. 4.

Basic Battery Specifications for Modeling Parameters are
shown in Table 1 [25] [29].

2
=)
5]
3
o
-9
20
Power Demand
10 Power Generated
[ICharging
[ IDischarging
0 20 40 60 8 100 120 140 160 180

Time (Hrs)

Fig. 4. Data sample from S. Miguel renewable resources

Each BESS type is evaluated using two merit figures:
Storage capability (SC) and Demand Capability (DC) which
assess the percentage of excess power charging to and
discharging from the battery.

_ Total Charged
" Total Generated—Total Bypassed

SC

(32)

DC = Total Discharged
" Total Demand—Total Bypassed

(33)
A. Sizing based on a fixed number of cells

To assess the capability of different battery types for large-
scale energy storage each model are executed using the same
initial parameters but adjusting the battery type variable in
each case. BESS SOC is initially set at 30%. In this test each
BESS is designed with 400 identical cells. Results are shown in
Tables II.

These capability indicators obtained show how the low
charge and discharge rates of the Lead Acid battery greatly
reduce its performance, meaning it will not efficiently make
use of the generated power to meet demand.

The battery with the lowest cyclic performance reduction
and thus longest life is the NiCd, this also has the highest
storage and demand capability (the only type to supply 100%
demand).

NiCd also produces a high final SOC, meaning that the
battery is ‘self-sufficient’ within the time period so is less
likely to need an occasional ‘booster’ charge from an
external source. Assessing the final SOC is not, however, a
practical method for measuring battery performances as it will
be offset by the periods of time at which the battery is at
maximum or minimum capacity.

TABLE I. VARIABLE PROPERTIES OF DIFFERENT AVAILABLE BATTERY TYPES

Type Cycles Charge Time (h) Discharge Cost Voltage | Peak Drain (C) Specific Specific Rated
(80%) Month (%) ($/ KWh) (%) Energy Power Capacity

(W h/kg) (W/kg) mAh

Li-ion 500-1000 2-4 10 24 4.2 2 90-190 500-2000 5300

NiCd 1500 1 20 75 125 20 40-65 100-175 2800

Lead Acid | 200-2000 8-16 5 8.5 2 5 20-40 75-415 2000




TABLE II. BESS PERFORMANCE COMPARISON

Azores Crete
Initial | Final SC DC Final SC SD
Battery | —s6¢ | soc S0C
Li-ion 30 3393 | 91.56 | 96.54 | 909.895 109.900 | 184.498
NiMH 30 3298 | 86.43 | 96.54 | 933.947 | 159.468 | 184.498
NiCd 30 33.85 | 94.82 100 956.316 | 217.343 | 452.083
Lead 30 2945 | 26.83 | 80.81 842.722 | 360.337 129.024
Acid

B. Sizing as function of variable number of cells

The comparison of performances concerning S. Miguel
Island of these batteries is shown in Fig. 5 and 6. As can be
seen in both scenarios the storage capability indicator increases
with the number of cells until a limit is reached.

As to demand capability performance the NiCd battery is
the only battery type which can maintain 100% demand
capability, though NiMH and Li-ion are very close. The
equivalent simulations related to Crete Island are show in
Fig. 7. and Fig. 8. The Lead Acid battery is appearing to be for
this study as the least suitable for both power grids. To
maintain demand capability with any battery other than Lead
Acid the number of cells could be as low as 5. To make
efficient use of the storage capacity and maintain as much
generated energy as possible a suitable number of cells would
be 30 (S. Miguel). For larger systems the required number of
cells might need to increase that is the case of Crete Island,
which requires a much larger size and approximately 1600
cells would be needed.
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Fig. 5. S. Miguel Island: Storage Capability
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Fig. 6 S. Miguel Island: Demand Capability.
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Fig. 8. Crete Island: Demand capability.

Despite performing better, NiCd batteries have to be
handled with caution since they display weaknesses such as
nickel and cadmium being toxic heavy metals which results in
environmental threats and also suffering from memory effect —
the maximum capacity can be radically decreased if the battery
is frequently recharged after being only partly discharged [29].
Proper battery management systems need to be implemented in
order to mitigate this effect.

C. Sizing as function of number of string

By determining the required number of cells the number of
parallel strings can also be analyzed. For the S. Miguel system
with low charge rates and only 30 cells there is a limit to the
number of strings which can be chosen. Fig. 9 presents DC
indicator outcome for both power systems exploring the
arrangement based on parallel strings.
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Fig. 9. Demand capability vs number of strings.



Reporting to Azores (Li-ion battery) the optimal
arrangement is the cell format 10S3P (3 parallel strings of 10
cells in series). For the case of Crete and the present study the
most suited battery is NiCd — 1800 cells. Using parallel strings
the optimal value is found in 120S15P with 98.17% demand
capability. It can be seen that if a high charge rate is
required the demand capability will improve with the number
of strings. The storage capability size vs number of strings can
be observed in Fig. 10.
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Fig. 10. Storage capability vs number of strings.

IV. CONCLUSION

This paper has addressed energy storage performance of
four electrochemical battery models (Li-ion, NiCd, NiMH and
Lead Acid) to support grid demand with surplus wind power.
The insular systems of S. Miguel and Crete islands served as
study basis and, as a result, NiCd battery presented the best
performance in storage and demand capability. S. Miguel
Island, being a small power system only requires a sizing made
up of 30 battery cells. For larger systems such as Crete Island,
a much larger battery of approximately 1600 cells would be
required. Li-ion follows closely to NiCd except when assessing
Crete Island’s demand capability. NiCd batteries seem to be the
best choice to support the grid, but since these batteries suffer
from memory effect, battery management solutions have to be
designed carefully. Granting that the islands contrast in size, a
cost-benefit analysis needs to be conducted in order to assess if
the choice found in this paper fits both islands.
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