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Abstract – The exploitation of PV generation offers substantial environmental benefits. Yet, the 
integration of these might be problematic due to its variable and intermittent nature. Energy storage 
can compensate for the deficiencies featured by variable PV systems. This paper provides a 
mathematical programming based approach for the strategic deployment of energy storage in the 
feeder circuits to achieve ubiquitous grid benefits. A genetic algorithm (GA) is used to solve the 
problem of appropriate size and location of the energy storage. Quasi-static time sequence analysis is 
carried out on diurnal basis, to correlate the coincidence of the PV resource output and demand. This 
will ensure accurate appraisal of storage impacts on the system hour by hour. The proposed approach 
is implemented on the IEEE 123 node test feeder under various penetration levels and operating 
scenarios. Results have consistently affirmed that the proposed approach is efficient in maintaining 
system’s voltage profile at various conditions as well as reducing the overall thermal losses. 
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1. Introduction 
 
With the tendency to integrate higher penetration levels 

of PV generation into the distribution system, traditional 
downstream flow of power in feeder circuits can be 
reversed, with the possibility of injecting power back to the 
transmission network [1]. The consequences of such 
massive integration of PV generation will not only turn the 
passive distribution system into an active network, but also 
may bring about some critical operational issues to 
distribution system operators (DSOs) as far as voltage, 
frequency, reactive power, and protection coordination are 
concerned [2]. The variable nature of solar irradiance, 
resulting in intermittent output energy, could well lead to 
voltage rise, particularly when PV generation is high and 
demand is low [3].  

Deployment of energy storage (ES) throughout the grid 
from generation to end-users presents an opportunity to 
transcend the real-time power balance paradigm between 
supply and demand. Since the solar peak takes place two to 
three hours earlier than customer peak load, energy can be 
stored at solar peak, with less line losses, and re-dispatched 
later when needed at customer peak loading. Energy 
storage was reportedly used with small solar arrays to even 
out the power flow as clouds pass over, and in ancillary 
service provision, such as frequency regulation [4]. 

Voltage rise mitigation, due to the connection of large 

amounts of distributed generators to medium (MV)/low 
voltage (LV) distribution networks, using load tap-
changing transformer (LTC), was addressed in [5]. 
Through finding the value of the reactive power needed to 
minimize the voltage rise, the LTC is controlled to adjust 
the voltage settings. However, the volatility of tap positions 
becomes higher using this approach and feeder losses 
increase as well. Additionally, tuning the LTC will affect 
all feeders supplied by the same transformer and the 
amount of reactive power required will significantly swell 
with higher penetration levels. Besides, not all LV 
distribution networks are equipped with the LTCs. 

Utilization of the ES can also be productive to reduce 
voltage rise problems. Among the main issues related to 
the integration of the ES into the distribution system, is its 
proper size and strategic location [6, 7]. An iterative 
procedure to derive a voltage sensitivity matrix for a grid 
feeder was developed to identify critical storage locations 
with respect to load/generation conditions [8]. However, 
the use of single point in time or snapshot load flow 
analysis is inadequate, since active and reactive power flow 
directions in the network can change at any instant due to 
the intermittency of PV generation. 

An OPF-based algorithm for allocating the aggregated 
capacity size of the ES to determine the amount of spilled 
wind energy, with an objective to minimize annual 
electricity costs, was developed in [9]. Nevertheless, using 
the highest amount of curtailed wind as the aggregate 
magnitude of the storage is circumstantial. It also restricts 
the benefit of the ES to circumventing energy spillage only, 
ignoring other system-wide contributions towards thermal 
loss reduction, regulation requirements and upgrade 
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deferral; to name a few. 
Conventional optimization techniques start with an 

arbitrary single candidate solution and search iteratively 
for the optimal solution based on a specific criterion. 
Dissimilar to these, genetic algorithms (GAs) uses a 
population of candidate solutions to search multiple areas 
of the search space simultaneously based on a stochastic 
criterion. They are usually capable of achieving high 
quality solutions within reasonable execution time [10]. 

A matrix real-coded GA technique was proposed to 
optimally coordinate the power production of DGs and 
energy storage to minimize the operational costs of a 
microgrid [11]. A neural network was used to forecast the 
energy output of the PV sources, and battery storage was 
modeled aggregately. The paper, however, assumes identical 
batteries based on the size of the PV system. In other words, 
the magnitude and position of the ES were not studied. 

A heuristic tool using the GA with simulated annealing 
was described in [12], to locate distributed ES in LV 
networks. Monte Carlo simulations were utilized to 
randomly site the PV systems at full power and the highest 
voltage is determined. The heuristic tool is then applied to 
find out the storage needed. Nonetheless, a single time step 
load flow is performed to evaluate the worst-case scenario. 

This paper does not only investigate the use of the ES in 
PV generation capacity firming and output smoothing, but 
also as a viable tool for system-wide voltage support. 
Unlike snapshot analysis that does not reflect the value of 
time; the procedure used in the paper contemplates the 
time-integral part of the power flow including intermittent 
PV generation and typical changing load demand. The 
problem of sizing and allocating the ES is described as a 
nonlinear mathematical programming problem to minimize 
voltage variations and energy losses, while considering bus 
voltage magnitudes, and the ES physical limits. GA is 
employed to determine the optimal size and location of the 
ES to preserve system voltage profile against intermittent 
characteristics of solar-fueled generation. A quasi-static 
time sequence analysis simulation is carried out on the 
IEEE 123 test feeder system to verify the effectiveness of 
the proposed approach.  

 
 

2. Problem Formulation 
 
Energy storage provides multifaceted opportunities for 

significant benefits to electric energy supply, ancillary 
services, utility customers, grid system, and integration 
of renewables [4]. The key function of the ES in modern 
distribution systems is, however, to counterpoise the 
intermittency introduced by connecting solar-fueled 
generation at the point of common coupling (PCC). Such 
effect of the ES is likely to reduce the overall losses and 
support the system voltage profile. Therefore, the problem 
of finding the optimal site and capacity of the ES can be 
cast as a mathematical programming problem, where the 

objective is to minimize hourly energy losses and voltage 
deviations across all network nodes. This can be expressed 
mathematically as:  
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where wv and wl are the weighted-coefficients of voltage 
minimization and loss minimization respectively. Vi,t and 
Vref are the voltage of bus i at time t and magnitude of 
voltage reference respectively, obtained from the 
distribution power flow. Vref is considered unity in this 
paper. PL,t is the network loss at time t. Δt is 1 hour time 
interval and N is the number of buses. 

The first term of (1), corresponds to the squared norm 
of voltage deviations over the given period of time, 
whereas the second term represents the total network 
losses at time t. 

The sum of the total power losses due to the ES is given 
as [13]: 
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Pi,t and Qi,t are the net active and reactive power 

injections at bus i at time t, PPVi,t and QPVi,t are the active 
and reactive powers generated from PV generators at time t. 
PESi,t and QESi,t are the active and reactive power 
produced/absorbed by the ES at bus i at time t, while PDi,t 
and QDi,t are the load active and reactive powers at bus i at 
time t respectively. 

The constraints include power flow equality constraints 
which can be represented as:  
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where Vj,t is the voltage at bus j at time t, Gi,j and Bi,j are the 
conductance and susceptance of the line between buses i 
and j respectively, whereas δi,t is the voltage angle at bus i 
at time t. 

Voltage limits:  
 

 min , maxi tV V V≤ ≤   (5) 
 
Storage physical and operating limits:  
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Power loss constraint: 
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where η is the energy storage round-trip efficiency, EES is 
the energy stored in the ES, and E0

ESi is the initial energy 
stored at bus i, where the ES is located. Emax and Emin are 
maximum and minimum energy capacity of the storage 
respectively. Pmax and Pmin are maximum and minimum 
MW capacity of the storage respectively. 

Eqs. (6) and (7) denote the maximum and minimum 
amount of the energy charged or discharged from the ES 
respectively. Similarly, (8) and (9) are the maximum and 
minimum ES capacity with the relevant active power rating. 
Eq. (10) guarantees that, incorporation of the ES improves 
the system-wide losses. 

The formulation from (1) to (10) gives a complete 
description for the modeling of energy storage required to 
mitigate the impact of the PV generation on system losses 
and voltage profile. To avoid multi-objective programming, 
weights are assigned to objective function components [14]. 
Each objective function is multiplied by scalar weighting 
factors. The weighting factors are usually normalized as: 

 
 1

1K
kk

W
=

=∑   (11) 
 
Therefore; wv + wl = 1.  
 
 

3. Genetic Algorithm (GA) Implementation 
 
Genetic algorithms (GAs) belong to the class of 

Metaheuristics that maintains multiple chromosomes of 
individual solutions. Thus, they can explore wider areas of 
the search space, where the probability of finding improved 
solutions is high. One of the attractive properties of the GA 
is its ability to solve multidimensional, non-differentiable, 

and non-continuous complex problems, as well as the rapid 
discovery of good solutions. Among the caveats to GA 
implementation is that there is no absolute assurance the 
resulting solution is a global optimal. Nonetheless, GA-
based solutions usually have good engineering accuracy 
and are amenable to parallel implementation, which can be 
useful to reduce the computational requirements [10]. 

Sizing the ES and allocating it into the distribution 
system represents a large-scale, combinatorial, nonlinear 
optimization problem. Picking out the node number, where 
the storage should be connected at, is inherently an integer 
problem. 

GA starts with a randomly generated population; each 
representing a possible solution. Each individual string, 
composed of node locations and maximum capacity, is 
evaluated and assigned a fitness value, which indicate the 
relative quality of the potential solution. The fitness 
function used to evaluate the candidate strings is:  
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Constraint handling is carried out through penalty 

functions to penalize chromosomes that violate the 
constraints. Genetic operators are then applied to diversify 
the solution and produce good potential solutions. A new 
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Fig. 1. Flowchart for the optimal size and site of the energy 

storage using GA
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generation is formed at the end and the cycle is repeated 
again. A flowchart for the determination of the MW 
capacity and location of energy storage using the GA is 
displayed in Fig. 1. Whereas the flowchart is skewed 
towards the given IEEE 123 node test feeder, the approach 
presented herein is quite generic and can accommodate any 
test system configuration with any loading profile.  

 
 

4. Test Results 
 
The proposed method is tested on the IEEE 123 node 

test feeder of an actual 115 kV/4.16 kV 50-Hz distribution 
circuit [15]. The total load is modified to be 14 MW and is 
distributed among commercial and residential energy 
consumers. 

The IEEE 123 node test feeder, shown in Fig. 2, consists 
of three-phase overhead or underground primary feeders 
and double-phase or single-phase line sections near the end 
of the feeder laterals. The 123 test feeder has 85 loads of 
different types, including constant current, constant 
impedance and constant power. The voltage at node 450, 
line 99 is monitored on hourly basis. That particular node 
is selected due its high voltage sensitivity. It is a point on 
the feeder that responds quickly to any changes in system 
conditions. 

In this paper, it is assumed that the size and locations of 
the PV generation are determined solely by the PV owners 
(PVOs) based on resource availability and economic 
considerations. DSO has absolutely no control over its 
capacity and disposition in the system, as long as it 
complies with the host utility connection criteria and 
regulations. However, the DSO will utilize the ES to 
mitigate the intermittent nature of the PV generation. 

The weighting factors were determined as wv = 0.55 and 
wl = 0.45 for voltage deviation and power losses respectively, 
after numerous simulation studies. Lower emphasis was 
given to the energy loss, as compared with the voltage, due 
to its dependency on voltage deviations. These weighting 
factors improve the overall system performance; in 
particular to streamline allocating the combination of the 
DES in two groups.  

The proposed method has been realized in MATLAB, 
and examined on the IEEE 123 node test system for 24 
hours using quasi-static time sequence analysis. The 
magnitude and location of the ES are found using the 
proposed GA-based optimization approach, as listed in 
Table 1. The single node location, amongst the 123 nodes, 
that corresponds to minimum voltage deviations and 
energy losses is node 81, when a 2.467 MW CES is 
connected to it. Similar results can be obtained when the 
DES are connected at nodes 81, 67, 78 and 91 respectively 
as listed in Table 1. 

It is evident from the Table that, the proposed approach 
is capable of estimating the storage size at a single location 
or multiple locations with comparable sizes. 

 
4.1 Effect of distributed and centralized energy 

storage 
 
Analysis of the 24-hourly simulation is carried out with 

a peak load of 14 MW and 30% solar PV penetration, 
connected as shown in Fig. 2. The voltage limits 
considered in this paper are +/- 6%. The voltage output of 
the feeder without ES is illustrated in a solid line in Fig. 3, 
with a minimum voltage of 0.943 pu and a maximum 
voltage of 1.01 pu. 

Distributed energy storage (DES) is first considered in 
this scenario. The DES is distributed in the feeder 
according to their optimal locations and respective sizes 
determined by the GA, as listed in Table 1. The DES 
system is divided into two sections, since the maximum 
charging and discharging rate is 5 hours each. Section A 
comprises the ES at nodes 81 and 78, which are discharged 
between 2:00 to 7:00 hours and charged between 8:00 to 
13:00 hours, as shown in Fig. 4. Section B consists of the 
ES integrated at nodes 67 and 91, which are discharged at 
the 1st hour of the day and between 20:00 to 24:00 hour 
and later charged between 14:00 to 18:00 hours, as 
demonstrated in Fig. 5. 

The operation of the DES integrated with the PV 
generation in the feeder is marked with a dashed line in Fig. 
3, with minimum voltage of 0.9585 pu and maximum 

Table 1. GA results for the size and location of energy 
storage  

Centralized Energy 
Storage (CES) 

Distributed Energy Storage 
(DES) Method 

Bus Rating (MW) Bus Rating (MW) 

GA 81 2.467 

81 
67 
78 
91 

1.247 
0.915 
0.100 
0.235 

 

 
Fig. 2. IEEE 123 node test 
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voltage of 0.9761 pu. Obviously, the DES has improved the 
voltage profile, especially when the voltage is low at night. 
Voltage deviations are minimized as well. Fig. 4 and Fig. 5 
also depict the load shape curve in a dashed line. The 24-
hourly energy loss during the charge and discharge 
operation of the DES is shown in a solid line in Fig. 6. The 
DES was able to reduce energy losses at most hours of the 
day, as demonstrated in Fig 3, and improve the voltage at 
night, corresponding to light load, when the voltage was 
close to the statutory level. 

The second consideration dealt with centralized energy 
storage (CES). CES is now connected at a single optimal 
location determined by the GA, node 81, as listed in 
Table 1. 

The penetration level of the solar-fueled PV and the peak 
load remain unchanged. The results are compared with the 

DES integration demonstrated earlier. The voltage profile 
of the system with the CES is depicted, in a dotted line, in 
Fig. 3. Furthermore, the significance of the optimized 
sizing and location of the ES is highlighted by contrasting 
it with the non-optimized centralized allocation of the ES 
as illustrated, in a dashed-dotted line, in Fig. 3. In that case, 
the same CES capacity of 2.467 MW is placed at node 42. 
It is blatantly clear, from Fig. 3, that the voltage profile is 
worse off than its counterpart of the optimized CES 
allocation at node 81. 

The hourly losses during the charge and discharge 
operation of the CES are shown in a dashed line, in Fig. 6. 
It appears that the CES is slightly better in providing loss 
reduction. CES corresponds to a single optimized node 
location that brings the voltage deviations and energy 
losses to a minimum. Apportioning the ES is actually a 
tradeoff that renders suboptimal allocation of the DES into 
few nodes, producing less system losses. Nonetheless, DES 
is more effective in voltage rise mitigation, as shown in Fig. 
3, PV output smoothing and load leveling than the CES, as 
demonstrated in Fig. 7. Furthermore, DES is better because 
of its flexibility and close proximity with consumers load. 

The output voltage of the distribution system at 13:00 
hour corresponding to some system nodes is depicted in 
Fig. 8. The peak load recorded at this hour of the day was 
11.89 MW. The graph confers that, while improvement in 
the overall system voltage profile can be achieved on a 
diurnal basis, that improvement may not be necessarily true 
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for every hour of the day at all system nodes. 
 

4.2 Effect of energy storage on high PV penetration 
 
In this scenario, a peak load of 14 MW with 50% solar 

PV penetration is simulated on the IEEE 123 node test 
feeder. Application of the GA has determined the location 
and new size of the ES at this penetration level. The 
locations are the same but the sizes increase due to the 
increase in PV size. 

The new sizes are 1.678, 1.138, 0.136, and 0.492 MW 
for node 81, 67, 78 and 91 respectively. The energy storage 
is energized to charge between 7th and 17th hour of the day, 
while in idle position in the remaining hours. In this case, 
while the ES on buses 81 and 72 are enabled to charge 
between 7th to 12th hours, ES on buses 67 and 91 charged 
between 12th and 18th hours. The voltage profile is as 
shown in Fig. 9. It is conspicuous that as the penetration 
increases, the ES becomes more useful. The ES is able to 
absorb the excess energy according to load demand to 
avoid energy spilling. It is thus able to mitigate the voltage 
rise due to high penetration of the PVs. This emphasizes, 
once more, the importance of the ES on the voltage control 
of distribution systems to accommodate higher levels of 
renewable generation. 

 
4.3 Application of energy storage in solar PV 

curtailment 
 
The output of a solar PV system can be affected due to 

cloud transients or partial shading or even energy spillage. 
The latter can occur when a large proportion of committed 
generation capacity comes from solar PV generation, giving 
rise to minimum load problems, as thermal generation 
cannot operate below certain output stage. In this case, the 
solar PV has to be curtailed. The implementation of ES can 
be flexibly used to expend any generation deficit/surplus 
and maintain electricity supply within statutory voltage 
limits at such period. It is also useful to avert extra ramping 
costs of thermal generation and opportunity costs of energy 
spillage. 

A 25% PV penetration level, or 3.5 MW, is distributed at 
nodes 450, 300, 250, 95 and 79 on a 14 MW peak load 
feeder. The PV generators are curtailed between 12:00 and 
13:00 hour of the day, at a peak period when needed most. 
It is assumed that these PVs are in the same geographical 
area and are subjected to similar geographical conditions. A 
2.467 MW DES is distributed at the optimal positions, as 
illustrated in Table 1, in the feeder system. The 24-hourly 
simulation is carried out as manifested in Fig. 10. It 
appears that when the curtailment occurs, power output of 
the PVs plunges very rapidly, causing sudden voltage drop. 
ES discharges to increase the voltage profile from 0.9347 
pu to 0.9703 pu during the period of curtailment. This 
highlights the effectiveness of the proposed GA-based 
method; particularly that, the energy storage did not only 
mitigate voltage rise, but also voltage drop as a result of 
solar PV curtailment.  

 
 

5. Conclusions 
 
Rapid integration of solar-fueled generation coupled 

with high penetration scenarios may potentially affect the 
operation of distribution systems. The intermittent 
characteristics of variable PV systems can result in voltage 
rise that can have adverse impacts on feeder circuits. 
Energy storage provides a buffer capacity to mitigate the 
variability of the PV generation. This paper has developed 
a GA-based mathematical programming approach to 
optimally find the size and strategic location of the energy 
storage needed, to maintain system-wide voltage within 
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permissible bounds. Using the time-integral part of the 
power flow analysis, quasi-static time sequence analysis is 
conducted over a 24 hours period. The proposed approach 
can effectively determine a centralized storage location or 
multiple locations for distributed storage. 

The use of the energy storage, as illustrated in the paper, 
effectively assists to harness intermittent PV generation 
resources, mitigate voltage rise, bring further improvement 
to overall voltage profile, reduce thermal losses, provide 
capacity firming and PV output smoothing, and accom-
modate higher penetration levels of solar-fueled generation. 
Energy storage is poised to become an essential tool for 
grid support, leading to a higher synergy between customers 
and distribution networks encompassing large proportions 
of variable PV generation. 
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