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Abstract—Power distribution systems with a high share of
Variable Renewable Energy Sources (VRE) face problems due
to the variability, uncertainty, and non-dispatchable nature of
VRE. This paper reviews and discusses the pertinent challenges
arising for steady state operation of future distribution systems
with a large share of weather-dependent renewable energy
sources. The substantially increased amount of VRE in future
distribution networks transforms them into highly weather-
dependent networks with limited real-time observability. Chal-
lenges of such networks, like sustained over-voltage, increased
power losses in the network, growing stress upon the existing
network assets and changing interactions with the upstream
grid, are addressed in the paper. Illustrations from past
research and practical demonstrations of these challenges are
presented to emphasize the severity of the problems.

I. INTRODUCTION

The share of wind and other renewable energy sources in
Denmark and Europe is steadily increasing. The cumulative
installed wind capacity in Europe has reached 205 GW in
the year 2019 [1]. For example, in Denmark wind power
represents 48% of its electricity mix, followed closely by
Ireland with 33%, Portugal 27%, and Germany 26% and
the UK with 22% . According to the Danish transmission
system operator (TSO) - Energinet, 50% of total energy
consumption in Denmark in the year 2019 came from
renewable energy of which 47% accounted for wind power
plants and the rest 3% from solar power [2]. Furthermore,
onshore wind power and solar power generation is emerging
as the cheapest form of new electricity around the world [3].
As reported by the international renewable energy agency
[4], 2019 was the best year for solar power installation in
Europe as the amount of solar installations increased by 104
% as compared to the previous year. Over the last few years,
a large share of wind power and solar PV has also gained
momentum in the distribution system. For example, by the
end of 2018, 49% of the EU’s cumulative photovoltaic (PV)
capacity came from rooftop solar (residential 19%, commer-
cial 30%). In Denmark, the introduction of the feed-in-tariff
program in the year 2015 saw a surge in the installations of
small wind turbines in the distribution system [2]. Germany
and the UK had introduced similar feed-in-tariff programs
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to promote the uptake of small-scale renewable electricity
generation in the years 2000 and 2010 respectively. It is
clear that the growing influence of climate change policies
and trends in the global uptake of VRE will continue in
the years to come, emerging future distribution networks to
accommodate large share of VRE.

As underlined in [5], renewable energy installations at lower
voltage levels are not a hurdle in network operations when-
ever their share in the distribution systems is low . However,
a substantially increased amount of VRE into distribution
networks transforms them into highly weather dependent
networks. The variability, uncertainty and non-dispatchable
nature of VRE might potentially have an adverse impact
on network operation and control, challenging the distribu-
tion system operator (DSO) to deal with additional issues
like under- and overvoltages, overloading of transformers
and feeders, rise in line losses [6]-[11]. Furthermore, the
increased variability in the network compels the network
assets, such as voltage regulators (VR), on-load tap changers
(OLTC), etc., to operate more frequently to maintain power
quality in the distribution network [6], [12]-[14]. Such
increase in the frequency of operation of network assets
deteriorates their lifetime. Older fixed-speed Wind Turbine
(WT) connected to the distribution network have presented
numerous challenges including regulation of voltage pro-
files, consumption of reactive power, flicker, harmonics,
and increase in fault current level [5], [15]-[17].On one
hand, the presence of power electronics inside modern wind
turbines has enhanced their energy capture abilities and
rendered the problems of harmonic and flicker negligible
[18] while on the other hand the increased share of power
electronics in the grid has lowered system inertia and short
circuit ratio escalating stability problems and making the
grid more sensitive to small deviations in the system state
[19], [20]. Furthermore, VRE installations connected to the
grid via power-electronics have become the new source of
harmonic distortions [21]. In addition it is also equally
crucial to account for the shortcomings of the distribution
network itself. The principal challenge behind integrating a
large share of VRE in the network is that the traditional



network was initially designed for unidirectional power flow
[7], [22]. The additional generation at the distribution level
results in a reverse power flow in the network during low
load and high generation scenarios, thus being responsible
for increased line losses. Moreover, the current lack of
infrastructure for real-time observability, monitoring, and
control of rooftop PV and small-scale wind installations is an
additional challenge for the DSOs. The limited observability
of VRE in the distribution network adds on to the existing
uncertainties in the network due to a high share of weather-
dependent generation.
The trend is clear. The future of energy will depend largely
on sustainable and greener sources of energy such as the
VRE. Hence, the primary reason behind reviewing the above
mentioned challenges for future distribution grid is to ascer-
tain integration of large amounts of VRE into the power
systems; in other words, to increase the hosting capacity of
the grid, namely the maximum VRE capacity that can be
installed in the network without the need of additional net-
work reinforcements [22]. A survey [23], conducted in 2017,
underlines that 59% of the power utilities are concerned
about the growing distributed generation (DG) sources in
relation to the networks’ hosting capacity. The same survey
predicts = 50% loss of revenue for DSOs with increased
share of consumers with the capacity to generate power. In
the light of these aspects, it becomes imperative to review
the operational steady-state challenges for future distribution
systems.
This paper expounds upon the challenges of future dis-
tribution systems confronted with the imminent increase
of controllable weather-dependent generation sources but
with limited observability. Precedents from past academic
research and case studies, concerning the large share of
RES in the distribution system are used in this review to
highlight the severity and importance of the challenges.
The attention in this paper is especially directed towards
the challenges most relevant for steady-state operation in
the distribution network, namely, sustained over-voltages,
voltage fluctuations, increased power losses in the network,
growing stress upon the network assets and bi-directional
interactions with the upstream grid or transmission system.
Section I provides an overview of the challenges of the
DSOs with a large share of VRE. An in-depth description
of a few relevant concerns for steady-state DSO operations
is presented in Section II. Review of research studies, inno-
vations, and tools to overcome the adverse impact of VRE
sources and to enhance their contribution in the distribution
grid is summarised in Section III. Section III also presents
some concluding remarks and directions for future research.

II. CHALLENGES IN FUTURE DISTRIBUTION NETWORKS

Based on a thorough literature review, this section presents
and discuss the most relevant challenges DSOs are facing
regarding future distributed networks with large share of
VRE, namely sustained over-voltage, increased power losses
and fluctuations, growing overloading of the existing net-
work assets and the interchanging interactions between the
distribution network (DN) and transmission network (TN) in
the future.

A. Voltage stability aspects

Traditional distribution grid design methods assume lower
voltage at the remote end of the feeders and a unidirectional
power flow. Most of the distribution networks present today
are designed with such traditional methods. However, intro-
ducing a high share of VRE reverses the power flow in the
network making it bidirectional [7], [24].

Fig. 1: Equivalent circuit of a radial distribution feeder
with voltage regulator [25]

Consider, for example, a radial distribution feeder, as shown
in Fig. 1, where a generation source is connected at the
remote end of a medium voltage (MV) feeder via, a voltage
regulator. The current indicated in Fig. 1 is positive for
power flowing from bus with voltage V; to V, called forward
power flow. The vector diagram for forward flow is depicted
in Fig. 2 where, the receiving end voltage (V) is lower
than the sending end voltage (V7). Although in case of
excess generation via the PV system, the direction of power
flow reverses as indicated in the reverse power flow vector
diagram in Fig. 2. Due to the reverse power flow, voltage at
the tail end of the feeder rises.

Fig. 2: Vector diagram for the radial system [25]

Besides the reverse power flow aspect, a distribution network
with large high-share of VRE becomes also highly weather
dependent and hence, the voltages in the network also
experience a similar weather dependent variability. Fig. 3
illustrates the voltage and the active power profiles at the
secondary side of the TSO/DSO transformer for a distri-
bution network with large share of wind power, described
in [26]. The timestamps indicated on the x-axis are with
hourly resolution. The convention for power flow used for
Fig. 3 is positive for power transfer from TN to DN and
negative for reverse power flow, namely from DN to TN.
Notice first that based on the power flow convention, the
amount of the reverse power flow, namely from DN to TN, is
quite significant, i.e. up to 100MW. Notice also that that the



voltage fluctuates with the power, with a positive correlation
of 0.85, and as it is measured at the secondary side of the
TSO/DSO transformer, it decreases with increasing reverse
flow, as also depicted in Fig. 2.

0 200 400 600 800 1000
Timestamps
504
=
2 0
B
& 5]
(5
2
T 100
0 200 400 600 800 1000
Timestamps

Fig. 3: Voltage and power profile at the secondary side of
reference bus (1 hour values) [27]

Various studies conducted on real distribution networks with
a high share of VRE highlight over- and under-voltage
issues, as one of the most prevalent challenges of future
distribution networks [24], [28]-[33]. According to IEEE-
1547 standard [34], besides over - and under-voltage issues,
the introduction of DG in low-voltage networks challenges
the DSOs also in respect to voltage fluctuations and stability.
The problem of over-voltage at the remote end of the feeder
becomes more prevalent in low loading conditions [15], [29].
Authors in [29] demonstrate this phenomenon through a set
of full load and low load scenarios with or without a 3MW
wind turbine connected to a rural distribution feeder.

For phase A with WTG at Bus 183

1.03
1.02 b
4
-l i
1.01 e 7,
b L. v Sesena s,
2 1eme ]
° ..
& 4
2 090 i ]
= e T
Sessen .,
0.98}1 — E
*  Withwind
*  Without wind
0.97] | Wind Turbine Distance 1
0.96 ; : : -
0 1 2 3 4 5

Distance (km)

Fig. 4: Voltage along the feeder with 3MW WT connected:
Full load scenario [29]

Fig. 4 shows the voltage profiles in the network when a
3MW wind turbine generator (WTG) is connected in the
network during full load scenario. Notice that the voltage

profiles in the network increase when the WTG is connected,
the maximum voltage being however below 1.02 p.u. Fig.
5 depicts the simulation results for a lower load scenario
(i.e. 33% of the full load). Notice that the voltage profile
increases this time at a higher voltage level, closer to 1.02
p.u. The study in [29] also underlines that, the voltage rise
due to connecting WTs depends on the equivalent impedance
between the reference bus and WT connection point.
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Fig. 5: Voltage along the feeder with 3MW of WT
connected: 33% of full load [29]

Similar results are presented in [31] regarding the voltage
unbalance factors for a Spanish secondary radial distribution
network with installed PV generation sources. Authors in
[31] notice that the voltage imbalance in the network in-
creases by increasing the size of PV installation. In [32],
it is shown that the voltage imbalance problem in the
South African low voltage (LV) distribution network can
be reduced by increasing the cable size. However, network
reinforcement measures, such as increasing cable sizes, with
a very high share of VRE is not an economically viable
option for DSOs [15].
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Fig. 6: Percentage of consumers with voltage problems
with increasing penetration of PV generation [33]

To further emphasize the conundrum of voltage profiles in
LV networks with a high share of VRE, authors in [33]
present a probabilistic assessment of the voltage problem
with increasing penetration of low-carbon technologies, such
as PV generation, on 128 real distribution feeders based in



the UK. Fig. 6 indicates that more and more customers will
face voltage problems when share of PV generation [%]]
increases.

Along with the sustained over-voltages due to VRE, voltage
instability and harmonics due to power converters, static
VAR compensators, etc. are also a few hurdles that come
along with a high share of VRE [8], [21], [35]. Maintaining
voltage profile and stability is one of the most important
factors determining power transfer capacity and thus, the
hosting capacity of a distribution grid according to [36].

B. Line losses and power fluctuations

As mentioned earlier connecting VRE generating sources
in the distribution grid can potentially reverse the power flow.
Since, active power losses in the network are proportional to
current squared, losses in the distribution network increase
with increasing reverse power flow. However, these losses
depend highly on the power demand and the amount of
generation connected in the distribution grid . For instance,
authors in [5] report a reduction in the active power losses of
~ 20% when 3 controllable double fed induction generator
(DFIG) WTs of 1.5MW each are connected to a 33kV
distribution network in high demand scenario. However, the
losses in the network increase when more than 3 WTs of
1.5SMW are connected. It is thus noticed that, in general,
distribution grid losses increase after a certain threshold of
distributed generation penetration is reached.
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Fig. 7: Loss variation in low voltage grids [37]

Fig. 7 depicts the variation of losses in low voltage grids
with increasing DG penetration. It can be observed that the
variation of losses up to 60% DG penetration level also
contain possibility of loss reduction in the distribution grid.
However, the losses increase to as high as 700 % of the base
case, for large DG penetration.. A similar increase in the
probability and variation of network losses is also evaluated
in [38]. Moreover, with a high penetration of VRE sources,
which are by nature intermittent and weather-dependent, a
higher variation in the expected distribution network losses
is anticipated.

According to [39], a significant portion of PV installations in
Denmark till the year 2016 are within the range 3-7kW, being
rooftop PVs installations. Global solar market predictions
[4], [40] also indicate an increase in rooftop PV installations
over the coming years. Although, the DSOs are aware of

the increased installed capacity of VRE connected in their
network, they lack detailed knowledge of the real-time ob-
servability and controllability of the weather dependent VRE
and consumption installed in their networks. This challenge
is exemplified and discussed in [26].
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Fig. 8: Power flow between distribution and transmission
network [27]

Fig. 8 shows the active power transfer between the dis-
tribution network in [26] and the transmission network
plotted against the Wind Power Plant (WPP) active power
production. The distribution network has 3 WPPs of size
12, 15 and 15 MW respectively. These are the only VRE
sources in the network which are measured. Notice that the
reverse power flow in the network can get up to 100 MW,
as shown in Fig.8 even though the cumulative size of the
measured WPPs is only 42MW. This indicates the presence
of other generation sources in the network which are not
being measured by the DSO. Fig.9 plots the power losses in
the same network against the WPP active power production.
Notice that there is a strong positive co-relation between
the WPP generation and network losses. Furthermore, Fig.
9 indicates that 88% of the total losses in the distribution
network over a year come from 37% of the time when wind
power generation is high.
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Fig. 9: Wind power plant active power production Vs.
Losses in the network [27]



In addition to being non-observable by the DSOs, weather-
dependent VRE are also non-dispatchable by their nature.
The most common and well-known example highlighting the
non-dispatchable nature of weather-dependent VRE is the
duck curve [41], which primarily indicates a significant drop
in the mid-day load demand curve due to high amount of
PV generation. This drop in load during the mid-day forces
the bulk power generators to reduce their power output to
very low values. Bulk generators, like thermal power plants,
take a longer time to start-up, their ramp rates are slow,
and are less economical when operated on a stand-by mode.
However, when the PV production reduces at the end of the
day, the power demand from the TSO suddenly increases,
demanding high ramp-up rates. This conundrum can be
resolved by curtailing PV power to certain limits which
results in spilling readily available green energy. The solution
to this problem can be two-faced, one is implementing
storage to time-shift the generated power or the second being
demand-response. The duck curve also demands a significant
increase in the evening ramp-up capacity and flexibility
services as illustrated in [41]. Furthermore, the variability
and uncertainty of the weather-dependent generation add a
high variability to any predictions of the duck curve.

Probabilistic Duck Curve

16000 99%,
90%
80%
70%

— 60%

— 50%

— 40%

— 0%

— 2 ()%

| (%

— 5%

14000

12000

10000 -

R000

G000 -

Net load (MW)

4000
2000 - .
Expected
L ———— 1
0 2 4 6 b 10 12 14 16 18 20 22

Hour (h)

Fig. 10: Probabilistic duck curve [42]

Authors in [42] study the weather and load-demand depen-
dent variability of duck curve and suggest ramp-up capacity
using a probabilistic model. The cardinal result of the study
is shown in Fig. 10, which depicts a very high variability
in the available PV generation for similar hours over the
day. Furthermore, the power output profiles for weather-
dependent generation also vary over time.

As highlighted in [38], [43], [44], the awareness of the
impact of VRE on fluctuations in the power generation and
of the line losses is an overriding factor in the future to
determine the network efficiency and the additional network
reinforcements, if necessary, all these being of highly eco-
nomically importance for the DSOs.

C. Overloading of network assets

The distribution network utilises several control equip-
ment such as automatic OLTCs, VRs, switching capaci-
tors (SC)s, synchronous condensers, and other regulation
equipment to maintain voltage levels and power quality in
the network. The OLTCs regulate the voltage by changing
tap setting of the transformer. Similarly VRs monitor the
voltage and load current and change their tap-settings. On the

other hand, SCs and synchronous condensors are designed
to compensate for the reactive power needs at remote ends,
thereby maintaining voltage profiles in the network.
Traditionally the distribution networks have been designed
assuming predictable load profiles in the network, having
their network assets designed accordingly. However, with
increasing installations of DGs, especially VREs, an active
distribution network is bound to face additional voltage
fluctuations and sustained over-voltages, as illustrated and
discussed in Section II-A. Moreover, future distribution net-
works will also face an increase in electric vehicle charging
stations, storage and implementation of demand response
techniques. In addition to the presented challenges in focus
in this paper, it is important to highlight that the load profiles
in future distribution network will be grossly different from
the past one, being less predictable due to the large share
of VRE. The changing power flows and load profiles in the
network thus have an impact on the number of operation
instance or frequency of operation of the existing network
assets. Furthermore, the capabilities of some of the network
assets in maintaining voltage profiles and power quality in
the network can be questioning.

The inadequacies of VRs’ traditional settings in sensing cor-
rect setting in instances of reverse power flow are discussed
in greater details in [6]. Furthermore, authors in [45] study
the inadequacy of VRs in reverse power flow scenarios on a
real distribution network in Sacramento, USA. In addition,
[6] also deliberates upon interactions between network assets
and DGs which has a potential destabilizing impact on the
system voltage. Authors in [12], [13] report the impact
of increased PV penetration in the network on operations
instances of OLTC. In one of the simulated scenarios, it is
shown that the number of operation instances for an OLTC is
increased by 150% with a 90% PV penetration as opposed
to the base case when no PV are installed. Note that the
increase in number of operation instances with increasing
PV penetration is due to short-term fluctuations in PV power.
A similar study quantifying OLTC operations considering
weather-dependent nature of VRE is presented in [14].

D. Interactions with the upstream grid

Excessive reverse power flow due to high generation and
low demand in the distribution grid leads to a change in the
active and reactive power flow between the DN and the up-
stream grid. Fig. 8 illustrates the reverse power flow problem
on a Danish power distribution network, as described in [26].
One aspect of altered interactions with the upstream network
is in terms of reactive power flow. Usually VREs connected
to the distribution grid operate at unity power factor. This
means that, it is only allowed to locally supply active power
and not reactive power. The active power demand from
upstream synchronous generation reduces, while the reactive
power demand remains unaltered. This fact in turn causes the
synchronous generators to operate at a lower power factor,
thus affecting their efficiency.

Furthermore, when the generation from VRE in the network
increases in low loading situations, it overloads the cables,
distribution transformers and DSO/DSO interfacing trans-
former. Overloaded cables behave inductively and demand
excessive reactive power from the transmission grid. Fig. 11



illustrates the reactive power exchange between the trans-
mission and distribution networks for a Danish distribution
network [26]. The convention of power flow in Fig. 11
is positive from TSO to DSO. Notice from Fig. 11 that
the distribution network becomes highly inductive as WPPs
generate more active power.
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Fig. 11: Reactive power exchange between distribution and
transmission grids w.r.t. WPP active power production [27]

Another impact of a high share of VRE in the distribution
grid is due to short term variability. Short-term variability
changes the active power exchange between transmission
and distribution on shorter time scales. This requires the
transmission network to increase the flexible reverses and
have more and more resources with high ramp up rates.
Fig. 12 from [42] shows the variance in active power ramp
rate required by the grid due to weather-dependency of PV
installations. To maintain the power supply for all loads in
the network with increased weather-dependent uncertainty,
authors in [46] suggest simulating power flows in the net-
work on a shorter time scale to get a realistic estimate of
the system operational costs. It is worth mentioning that
simulating the system with higher time resolution decreases
the uncertainty in the system due to the fact that the forecast
errors are introducing further cost-savings, while increasing
the amount of required data and computational load.
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Fig. 12: Probabilistic ramp rate requirements [42]

III. RESEARCH OPPORTUNITIES AND CONCLUSIONS

Integrating VRE in distribution networks not only brings
challenges to the DSOs but also provides operational, tech-
nical and economic opportunities.

One of the obvious advantage of connecting power electronic
based VRE to the network is, that it provides significant
controllability. The control of active and reactive power
from VRE installations is decoupled due to the presence of
power electronics. Although, today, these enhanced control
capabilities of VRE are not largely utilized in distribution
networks. However, some grid codes have started to require
better utilization of these control capabilities. For example,
the Danish grid codes [47] levy VRE installations to provide
reactive power support in the network. In this respect, it
should be mentioned that, the capability curves of Type-
IV WTs, addressed in IEC 61400-27 [48], [49], reflect that
WTs can provide a significant more reactive power output
than is allowed as per the grid-codes [50]. In [26], for
example, it is shown that the line losses in a real distribution
network with large share of Type -IV WTs can be reduced
by optimizing reactive power flow in the network, through
employing the ability of wind generators to generate as well
as absorb reactive power. A comprehensive summary of loss
minimization and voltage control techniques in distribution
networks with a high share of VRE can be found in [51] and
[52] respectively. Another popular, and highly researched
technique for maintaining voltage profiles and reducing
fluctuations due to VRE in the distribution network is volt-
var compensation [53]-[56]. Research studies like [57], [58]
focusing on reactive power management from VRE are only
a few examples from the vast literature available in this area.
Furthermore, future distribution networks will have a wide
array of controllable devices including but not limited to
VRE, storage, electric vehicle charging, etc along with
advanced compensation devices such as STATCOMs. The
control capabilities and flexibility introduced in via such
network assets transform the passive traditional distribution
network into an active distribution network, which will de-
mand advanced active management techniques [57]. Authors
in [15] introduce one such possibility of controlling reactive
power from STATCOMs to reduce voltage fluctuations due
to WPPs. While authors in [25], [59], [60] present a coordi-
nated control between different sources such as OLTCs, line-
compensators, storage, diesel generators along with VRE to
address various the challenges put forward by VRE.

In addition to academic research towards enhancing oper-
ation of distribution networks with VRE, there has been a
significant industrial interest in determining optimal VRE
locations, capacity and capability in a distribution network.
Homer Energy [61], DER-CAM [62], Ipsys[63], and MI-
GRID [64] are few examples of commercial and open-source
tools for optimizing the performance of distribution networks
with a large share of VRE and other network assets.
Furthermore the substantially increased amount of RES in
future distribution networks transforms them into highly
weather-dependent networks. There is an acute need for
research in this respect, due to the lack of detailed knowledge
of weather-dependent RES and consumption in real-time.
All the studies included in this paper thus indicate an



immediate and urgent need for more research and deeper un-
derstanding amount of impact VREs will have on the power
system. It is important to highlight here that, most of the
current literature assumes a deterministic generation profile
for VRE. Hence, it is also important to evaluate the impacts
on the distribution network with stochastic VRE generation
profiles. All these research opportunities specifically dealing
with the challenges of operation, modeling, and control of
distribution networks with significant amount of VRE, are of
high relevance for a secure integration of future large scale
VRE into the power systems, and they are therefore corner
stones for existing and new coming research activities.
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