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Abstract: Deployment of battery energy storage (BES) in active distribution networks (ADNs) can provide many benefits in
terms of energy management and voltage regulation. In this study, a stochastic optimal BES planning method considering
conservation voltage reduction (CVR) is proposed for ADN with high-level renewable energy resources. The proposed method
aims to determine the optimal BES sizing and location to minimise the total investment and operation cost considering energy
saving achieved by CVR, while satisfying system operational constraints in the presence of stochastic renewable power
generation. The uncertainty of load composition is also modelled through scenario analysis. The proposed planning scheme is
tested in a modified IEEE 15-bus system and 43-bus radial system, respectively. The numerical results validate that the
combination of CVR and BES can achieve more energy savings.

1Introduction
With the increased penetration of distributed generation (DG)
nowadays, the traditional distribution system is evolving from
passive to active distribution networks (ADNs) [1]. However, the
uncertain and uncontrollable nature of intermittent renewable DG
(such as wind and photovoltaic – PV) can significantly affect the
operation of the distribution system, inducing issues like voltage
rise, bi-direction power flow, power flow fluctuations and so on.
Energy storage system (ESS) is one of the most effective solutions
for alleviating above problems [2] and readily applied in
distribution networks for increasing energy efficiency, enhancing
power system reliability and stability, relieving peak load demand
pressure and balancing supply and demand [2]. Among different
types of ESSs, battery energy storage (BES) is the most fast-
growing and wide-spread one in distribution networks due to its
unique advantages, e.g. high efficiency, easily scaled to residential
size, fast response speed and so on. One of the major problems
related to BES application to distribution networks is the optimal
planning of the BES unit's type, size, and location based on
different objectives [3–8]. In these studies, the planning of BES
focused on load-management [3], reliability enhancement [4],
voltage regulation [5], peak load-shaving [6] and wind power
forecast error mitigation [7] and so on. In our previous work [8], an
optimal BES planning framework was proposed aiming to reduce
wind power curtailment. Besides, a number of methods have been
applied for solving the optimal planning problem, such as heuristic
algorithms [3, 5, 8], exhaustive search [6] and decomposition
method [4]. However, none of these studies considers the potential
voltage reduction effects and associated energy saving after the
installation of BES.

CVR controls the voltage level in medium/low voltage
distribution networks in the lower band of a permissible range to
reduce load demand [9]. The implementation of CVR brings
numerous benefits for utilities in various aspects including (i)
economic benefits: reduced generation cost due to load demand

reduction; (ii) technical improvements: extension of transformer
lifetime with the diminished iron losses [10]; and (iii)
environmental benefits: predictable decline in carbon dioxide
emission. The practical CVR test was first performed by American
Electric Power System (AEP) in 1973 [9], and being promoted by
many utilities and public services all over the world since then.
Nowadays with the continuous development of smart grid
technologies, especially in real-time measurement, CVR has re-
drawn public concern from industry and academia society [11, 12].
In U.S continent, it is reported that the implementation of CVR
leads to 3.4% total energy saving for all distribution feeders in
annual energy consumption [13]; while in Australia and Hydro-
Quebec, 0.4 and 0.68% of energy saving can be obtained via 1.0%
of voltage reduction, respectively [14, 15]. Previous CVR tests are
conducted using traditional devices such as on-load tap-changing
transformers (OLTC), switched capacitors and voltage regulators
for voltage regulation [16]. In recent years, the increasing
penetration of DG in ADNs also has the potential for CVR
implementation. The authors in [17] first combine the concepts of
CVR and DG placement together, a two-stage stochastic
optimisation framework is proposed to optimise the location and
capacities of wind turbine units and PV arrays. Numerical results
suggest that more energy savings can be achieved while
implementing CVR and DG simultaneously. Quijano and Feltrin
[18] made a further investigation of DG impacts with CVR with
reactive power control. However, very few consider utilising BES
for CVR purpose.

In this paper, we propose a stochastic BES planning method in
ADN considering the BES-based CVR for load demand reduction
and voltage profile improvement simultaneously. This work
assumes that the utility is the solo investor of BES, also is the
promoters and beneficiary of CVR scheme. The combined effects
of load demand reduction by implementing CVR via adjusting
voltage regulation devices and BES are modelled. Furthermore, the
impacts of load composition variation on CVR implementation are
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also considered through scenario analysis. The main contributions
of this paper include the following:

i. A new planning model is proposed for BES placement
considering the CVR-based energy saving.

ii. Stochastic load composition is modelled to account for realistic
CVR impact.

iii. A chance-constraint is added into the model to ensure a certain
level of CVR effect.

This paper is structured as follows. The basic concepts of CVR
and the static load model are introduced in Section 2. Then, a
stochastic BES planning framework considering CVR
implementation is proposed in Section 3, the detailed formation of
costs functions are presented then. Instead of conventional load
model, the static load model is applied for power flow calculation.
After that, a modified 15-bus distribution system and 43-bus radial
system are applied to verify the effectiveness of the proposed
planning method in Section 4, respectively. Conclusions are drawn
in Section 5.

2CVR and load models
2.1 Basic concept of CVR

The principle of CVR is to achieve energy saving by strategically
reducing the voltage profile at the distribution feeder, without
causing any inconvenience to consumer appliances [19]. In
practice, the voltage magnitude can be lowered down to an
acceptable level as per the utility requirements. For example,
according to IEEE std 1250-1995 [20] and American National
Standards Institute (ANSI) std C84.1-2006 [21], the allowable
range of voltages at the distribution transformer secondary
terminals can be set as ±6% of the nominal value (120 V).

Mathematically, the CVR factor can be expressed as follows:

CVRf =
ΔE%
Δv%

(1)

where ΔE% and Δv% refer to the percentages of total energy
saving caused by the reduction of voltage of distribution feeder,
strategically.

2.2 Exponential load models

The distribution network system takes responsibility for delivering
power to every end user by appropriate voltage level [22]. The
high-voltage power is converted to medium/low voltage level in
the secondary distribution systems. It is worth mentioning that the
vast majority of the loads in medium/low voltage distribution
network exhibit voltage-dependent behaviour. That is to say, their
load demands are highly related to the voltage magnitude. In a
distribution system, due to the particular radial structure and large
resistance-to-reactance ratio (R/X), the bus voltage is also very
sensitive to the active power. Therefore, to accurately model the
CVR effect, a detailed load model is necessary. Previous studies
[11, 23] use the static load model, such as exponential, polynomial
(ZIP) models instead of constant-power load model for power flow
calculation. One common feature of these models is: load
consumption is expressed as a function of voltage. The author in
[24] conducted a series of tests to compare different static load
models (mainly residential and commercial loads) for CVR
implementation. The results for ZIP load models and exponential
models showed equivalent results in most cases. In this work, the
exponential load model is applied to evaluate the CVR effects to

facilitate computation. Note however that other load model can
also be considered if necessary.

The general forms of exponential active/reactive load model are
shown as follows:

Pli = Pni

vi

vn

kp

(2)

Qli = Qni

vi

vn

kq

(3)

where vi and vn denote the voltage magnitude at bus i and rated
voltage of the system, respectively; Pli and Qli denote the active
and reactive powers of bus i, respectively; Pni and Qni denote the
active and reactive load powers of bus i at the rated voltage,
respectively; kp and kq denote the exponential parameters for active
and reactive powers, respectively. According to comprehensive
statistic studies, the load can be categorised into three types:
industrial, residential and commercial. Values for the parameters of
exponential factors are shown in Table 1. 

To accurately model the CVR benefits, the influence of
different load types should be considered. Moreover, during
practical operation phase, the load composition randomly varies
from time to time; therefore it is necessary to take this stochastic
load composition into account.

3Problem formulation and solution technique
The overall objective of the proposed planning model is finding
suitable location and capacity of BES to be installed in ADN, aims
to minimise the sum of total investment cost, operation &
maintenance cost of BES as well as the daily operation cost under
different scenarios.

3.1 Objective function

In order to integrate the total cost at both installation and operation
stages, the capital cost can be converted to a daily basis. The
objective function of the proposed BES optimal planning model
includes three items: the first item Cinv refers to the investment cost
per-day; the second item Copm refers to daily operation
&maintenance cost for BES; and the third item Co, ζ refers to the
expected daily operation cost, as shown in the following equation:

Min . f = Cinv + Copm + Exp ∑Co, ζ (4)

The daily investment cost Cinv depends on the installed BES
capacity, as shown in the following equation:

Cinv =
CEEr

365
×

d 1 + d
Nr

1 + d
Nr + 1 − 1

(5)

where CE and Er denote the capital cost of BES per unit and energy
rating capability of battery, respectively. d and Nr denote the
interest rate and project year, respectively.

The second term Copm of (4) denotes the daily operation &
maintenance cost which is proportionate to the energy capacity of
BES, shown as the following equation:

Copm = ∑COEr (6)

where CO refers to the daily operation & maintenance cost of BES
per unit.

The BES planning problem is constraint by BES investment
budget and the location constraint

CEEr ≤ CAP (7)

Lbat ∈ Φ (8)

Table 1 Values of kp and kq [19]
Load type kp kq
residential 1.04 4.19
commercial 1.50 3.15
industrial 0.18 6.00
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where Lbat and Φ denote the possible location of the BES and the
set of all the buses, respectively; CAP denotes the investment
budget for BES planning.

Given a candidate planning solution, the charging/discharging
power of BES, power bought from external substation can be
obtained on an hourly basis. Thus, the daily operation cost under
all the scenarios can be calculated then. Note that the daily
operation cost is considered in this paper in order for a
comprehensive cost–benefit analysis. The detailed expression of
expected daily operation cost is shown in the following equation:

Co, ζ = Exp ∑
ζ

∑
t = 1

T

Cbuy + Closs + Cdepre (9)

where ζ denotes the index of different uncertain scenarios, which
refers to different load composition and will be discussed in
Section 3.3.Cbuy is the cost of purchasing power from the external
grid; Closs is the power loss cost; Cdepre is the cost of depression of
battery lifetime; T and Δt denote the total time horizon and time
interval, respectively. Detail cost functions are expressed in the
following equations:

Cbuy = ∑
t = 1

T

MPtPbuy, t
ζ (10)

Closs = ∑
t = 1

T

ηlossPloss, t
ζ (11)

Cdepre = ∑
t = 1

T

δ ⋅ Pch/dis, t
ζ + EBESS, t

ζ ⋅ ηl ⋅ Δt (12)

where

Pload, t
ζ = ∑Pli, t

ζ (13)

Ploss, t
ζ = ∑

i ∈ Φ
∑
j ∈ Φ

Δvi j
2 ri j

xi j
2 (14)

In this work, MPt and Pbuy, t
ζ  denote the time-varying electricity

price and power bought from the external grid at time t in scenario
ζ. Pload, t

ζ  and Ploss, t
ζ  denote total active load demand and power loss

at time tin scenario ζ after BES installation, respectively. EBESS, t
ζ

denotes the energy stored in the battery at time t in scenario ζ; Pch, t
ζ

and Pdis, t
ζ  denote the charging and discharging powers of BES at

time t in scenario ζ, respectively. ηl refers to the leakage loss factor
of BES, which is calculated based on the battery self-discharge
rate. δ refers to the cost coefficient of the battery lifetime
depression. rij and xij denote the resistance and reactance between
lines i and j, respectively, and Δvi j denotes the voltage drop
between buses i and j.

It should be noticed that the battery depression cost is
calculated based on the total energy usage. According to the
impacts of discharge rate on battery life in [8], the total energy
usage of battery is remained stable within the reasonable depth of
discharge (DOD), e.g. 70%. Thus, the value of δ can be presented
as

δ =
Cinv

Er ⋅ (Life cycle)
(15)

3.2 Constraints

The daily scheduling problem is subjected to the following system
constraints:

(1) Active/reactive power balance constraint: (see (16)) where Pw, t
ζ

and Ppv, t
ζ  denote the wind and solar power outputs at time t in

scenario ζ, respectively. Gij and Bij denote the conductance and
susceptance matrices between buses i and j, respectively, θi j

denotes the phase angle between buses i and j.
(2) System operation constraint:

• Voltage constraint:

v
min ≤ vi, t

ζ ≤ v
max (17)

where vi, t
ζ  denotes the voltage magnitude of bus i at time t in

scenario ζ; vmax and vmin denote the maximum and minimum
ranges of voltage profile, respectively.

• Reverse power flow constraint: In order to avoid interference on
the relay-protections and/or potential voltage raising problems,
reverse power injection from the distribution network into the
upper-level substation is restricted. The following constraint is
used to avoid reverse power flow:

0 ≤ St
ζ ≤ Sg, rated

max (18)

where St
ζ and Sg, rated

max  denote the upper-level substation's active
power at time t in scenario ζ and the substation's rating capacity,
respectively. In practice, where there is excessive renewable
power generation and the BES is full, the power curtailment of
the renewables will be needed.

(3) BES constraint: In this work, we assume that only the
renewable power generation is used to charge the BES. Besides,
the reactive power output of batteries is not considered. The battery
power transition function is shown as the following equation:

EBESS, t + 1
ζ

= ∑
t = 1

T

E0 + Δt ⋅ PBESS, t
ζ − |PBESS, t

ζ | ⋅ ηc ⋅ Δt − EBESS, t
ζ ⋅ ηl

⋅ Δt

(19)

where ηc denotes the charging/discharging loss of BES. Moreover,
to ensure that the energy stored in battery satisfy the following
day's requirements, a constraint is imposed to make sure that the
energy at the end of each scenario equals to the initial energy

E T = E 0 (20)

where E 0  and E T  denote the initial and final energies stored in
the battery, respectively. Also, in this paper, we assume that the
batteries should be fully charged and discharged only once in each
day due to the lifecycle limitations.

The state-of-charge (SOC) of battery at time t in scenario ζ is
expressed as follows:

SOCt
ζ = EBESS, t

ζ /Er (21)

The main battery operation constraints are shown in (22) and
(23):

• BES power limits:

Pw, t
ζ + Ppv, t

ζ + Pbuy, t
ζ + Pch/dis, t

ζ − Pload, t
ζ = vi∑vi Gi jcos θ + Bi jsin θi j

QCi
ζ − Qli = vi∑vi Gi jsin θ − Bi jcos θi j

(16)

3864 IET Gener. Transm. Distrib., 2017, Vol. 11 Iss. 15, pp. 3862-3870
© The Institution of Engineering and Technology 2017



0 < Pch/dis, t
ζ ≤ PBESS

Max (22)

where PBESS
Max  denotes the maximum charging/discharging power

of BES units.
• BES capacity limits:

0 < EBESS, t
ζ < Er (23)

(4) Wind power output constraint:

0 ≤ Pw, t
ζ ≤ Pw, rated (24)

(5) Solar power output constraint:

0 ≤ Ppv, t
ζ ≤ Ppv, rated (25)

where Pw,rated and Ppv,rated denote the rated output powers of wind
turbine and PV panels, respectively.
(6) Capacitor bank constraint

∑QCi, t
ζ ≤ ∑Qli (26)

where QCi, t
ζ  denotes the reactive power compensation of the ith

capacitor. This constraint was added to ensure that the reactive
power provided by capacitor banks does not exceed the required
power of the whole system.
(7) Transformer tapping constraint

Tapmin ≤ Taptr, t ≤ Tapmax (27)

where Taptr, t denotes the tap position of OLTC, Tapmin and Tapmax

denote the minimum and maximum tap positions of OLTC,
respectively.

3.3 Chance constraint for CVR target

The deviation of CVR test results in different regions indicates that
CVR effects largely rely on the network topology and load
compositions. From Table 1, we can easily conclude that more
energy savings can be reached if commercial load occupies a large
proportion of total system loads. Most previous works assume a
uniform load type along each distribution feeder while the diversity
of load composition is ignored. In practise, the load composition
may experience stochastic change from time to time. Hence, using
the single load scenario may significantly downgrade the accuracy
of the proposed method. In order to effectively evaluate the
impacts of CVR on different load compositions, in this paper a
stochastic method is adopted for multiple load composition
scenarios.

Specifically, we assume that the total amount of all the loads is
fixed, while the exact proportion of each load type is uncertain. As
mentioned before, the load types are categorised as residential,
industrial and commercial. In this context: Let NA denotes the total
number of distribution loads. The specific amounts of residential,
industrial, commercial loads are denoted as NRe, NIn, NCo,
respectively. The following condition is satisfied:

NRe + NIn + NCo = NA

NRe ∈ FRe, NIn ∈ FIn, NCo ∈ FCo
(28)

where FRe, FIn, FCo denote the probability distribution of NRe, NIn,
NCo, respectively, that can be represented using the normal
distribution. According to the load proportion scheme in [16], the
mean and variance of NRe are set to be 0.65NA and 0.08,
respectively; and the mean and variance of NIn are set to be 0.1NA
and 0.1, respectively; and the mean and variance of NCo are set to
be 0.25NA and 0.1, respectively.

Based on the above assumptions, S different scenarios are
randomly generated to represent different load compositions using
the Monte Carlo simulation method, each with equal probability.

Each scenario ζ is a realisation of different load type distribution.
Moreover, a chance constraint is employed to ensure that there is at
least 1−β chance that the percentage of total energy-saving is larger
than or equal to α:

Pr ∑
ζ = 1

S

∑
t = 1

T

ΔE% ≥ α ≥ 1 − β (29)

where ζ and S denote the index and total number of all the
scenarios, respectively. β is the pre-defined chance constraint
confidence level value.

Equation (29) ensures that the CVR implementation should
achieve a targeted energy saving level for a certain probability
under the stochastic load composition situation.

3.4 Power flow computation with exponential load model

Since the exponential load model is applied, the load power
demand is no longer constant but a variable depending on the
voltage magnitudes after CVR. Once the voltage changes, the load
profiles change along with voltage profiles, which will inevitably
induce the changes in power flow calculation. Thus a recursive
process must be repeated in power flow calculation. In this paper,
the power flow calculation runs iteratively until a pre-defined
stopping criterion is satisfied (e.g. the load profiles does not change
anymore).

4Simulation results
The proposed BES planning method was tested on a modified
IEEE 15-bus and a 43-bus distribution network systems,
respectively. The Monte Carlo embedded differential evolutionary
(DE) algorithm is adopted to solve the optimisation problem (4)–
(28). The detailed principles of DE can be found in [25]. The
experiments were executed on a Dell PC by Matlab (version
R2017a).

The hourly solar power outputs and wind speeds in four typical
days representing four seasons are obtained from [26, 27], and
shown in Figs. 1a and b, respectively. We can find that the wind
power starts to rise at 4:00 am, and maintains high wind speed
during 4:00 to 8:00 in the early morning, then goes through a drop
in the midday before rising up in midnight. Meanwhile solar power
peaks around 10:00–14:00 in the morning, and drops in the night,
which is complementary to wind power. Besides, the wind and
solar power all exhibit strong seasonal characteristics. For
example, wind turbines produce more power in winter while the
solar panels generate more power in summer than other seasons.
The renewable energy penetration level is set as 30% of the
system's total load demand.

Hourly load demand curves in weekdays and weekends are
shown in Figs. 2a and b, respectively. In this paper, the dynamic
electricity pricing is considered, and the time-varying market prices
for purchasing energy from the external grid are obtained from [6],
and shown in Table 2. Comparing to other battery technologies,
zinc/bromine (Zn/Br) batteries have many advantages such as high
energy density and scalable capacity. Hence Zn/Br technology is
chosen in this study. Generally, the power rating is proportional to
energy capacity of Zn/Br battery. In this work, we assume PBESS
equals to a fifth of the total amount of Er technical and economical
properties of Zn/Br are presented in Table 3 [28]. 

In this work, the total number of scenarios S is set to 1000. As
mentioned before, the implementing of CVR leads to 2–5% load
reduction effects under most cases [11, 15]. Hence in this work, we
set the value of α and β as 2% and 0.1 to ensure there is at least 1 − 
β chance (90%) that the energy saving effects are larger or equal to
2% of total load demand. However, other values can also be
considered depending on practical needs.

4.1 Case 1: 15-bus distribution system

The topology of the 15-bus distribution system with renewable
energy resources is shown in Fig. 3, obtained from [8]. The
substation transformer is with ±5 tap range and 10 tap positions, in
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steps of Δtap = 0.01 p.u. One wind farm is installed at bus 11, and
one solar array is located at bus 14, respectively. The wind farm
consists of two identical Vestas V52-850kW wind turbines, where

the cut-in, cut-out and rated speeds are 4, 25 and 17 m/s,
respectively. Two switched capacitor banks are installed at buses
10 and 15, respectively, each is 50 kvar. The allowable voltage
range for system operator is set as [0.94, 1.06] p.u. 

In order to fully analyse the CVR effect, we simulate the system
operation without CVR implementation as a base case for
comparison. Table 4 shows the detailed battery planning solutions
considering fixed/stochastic load types. Figs. 4a and b compare the
total active load demand consumption in winter scenario with fixed
load type under different load profiles for the base case. It is
evident that the load profiles reduced significantly during 2:00–
7:00 in the morning, and 13:00–20:00 in the afternoon. The load
reduction trend remains consistent under different load demand
scenarios. 

The voltage profiles for all distribution feeders at 18:00 pm in a
winter day under fixed load type with/without CVR implement are
shown in Fig. 5. It is evident that the voltage profiles along all the
distribution feeders decline to a certain extent. The maximum

Fig. 1 Hourly PV output power and wind speed of four seasons
(a) Hourly PV output power of four seasons, (b) Hourly wind speed of four seasons

 

Fig. 2 Hourly load profiles of four seasons
(a) Workdays, (b) Weekends

 
Table 2 Time-varying market price of upstream grid
Hour Price, $/kWh Hour Price, $/kWh Hour Price, $/kWh Hour Price, $/kWh
1 0.11 7 0.13 13 0.40 19 0.30
2 0.10 8 0.15 14 0.50 20 0.26
3 0.11 9 0.26 15 0.30 21 0.15
4 0.09 10 0.30 16 0.30 22 0.13
5 0.11 11 0.35 17 0.40 23 0.10
6 0.11 12 0.40 18 0.50 24 0.11

 

Table 3 Parameters of Zn/Br battery technology
Parameter Value
unit cost for power rating 225 $/kWh
fixed O&M cost 20$ per day
life cycle 2000 times
round-trip efficiency 60–75%
self-discharge 0.24% [%Energy/day]
SOC limits 20–80%
initial SOC status 20%
investment budget 80,000$
project period 10 years
interest rate 7%
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voltage reduces from 1.04 to 1.035 p.u. on bus 3; meanwhile, the
minimum voltage reduces from 1.023 to 1.006 p.u. on bus 13. 

Fig. 6 shows the SOC profile with BES installation in a winter
day under fixed load type situation. It is evident that the charge/
discharge cycles of batteries were largely determined by the time-
varying electricity price. 

Table 5 summaries the comparison of operation performance
per day under base case, fixed/stochastic load compositions,
respectively. The maximum CVR factor under two types of load
composition scenarios is given as well. The average load
consumptions reduced 2.47 and 3.04% under fixed and stochastic
load type, respectively. It can be seen that the operation cost is
relatively lower when stochastic load composition is considered;
meanwhile, the CVR factor is larger. The energy saving target can
be satisfied under most scenarios. It is worth mentioning that the
CVR factors are higher in the peak load scenario (summer/winter

scenario). As a result, in ADN the battery storage units are
appropriate for voltage regulation. 

4.2 Case 2: 43-bus system

In the second case, a 43-radial distribution network is used to
testify the effectiveness of proposed method. The substation
transformer presents the same characteristics with case 1. Four
switched capacitor banks are installed at buses 11, 17, 25 and 33
with 80 kvar, respectively.

Fig. 3 Modified IEEE 15-bus distribution radial system
 

Table 4a Continued
Location 4 7 13
Results under fixed load composition
size, MWh 0.51 0.55 0.66
total cost per day, $ 3823

 

Table 4b BES allocation scheme
Location 6 7 13
Results under stochastic load composition
size, MWh 0.53 0.51 0.71
total cost per day, $ 3789

 

Fig. 4 Active load demand profiles for the 15-bus system in winter day
(a) Workdays, (b) Weekends

 

Fig. 5 Voltage profiles at hour 18:00
 

Fig. 6 SOC profiles for BES units
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Figs. 7a and b compare the active load consumption in summer
day with fixed load type considering different load demand
profiles. The load consumption reduction trend is very similar to
the case 1. 

Similarly, the battery allocation plans considering fixed/
stochastic load composition situation and the results comparison
are shown in Tables 6 and 7, respectively. 

From Tables 6 and 7, we find that the average load demand
reduction achieves 2.55 and 3.01% under fixed and stochastic load
type, respectively. The CVR factor for active power reduction
exceeds 1.08 in both cases. Also, the power loss is reduced to some
degree. The overall results lead to a conclusion that the implement
of CVR will effectively reduce the load demand consumption thus
increase energy saving for the utility.

Fig. 8 gives the detail illustration of voltage reduction in each
bus at 12:00 am with/without CVR implementation. Similarly, we
can find that the maximum voltage reduces from 1.052 to 1.051 
p.u. on bus 10; while the minimum voltage reduces from 1.009 to
0.9819 p.u. on bus 41. It should be noticed that the voltage profiles
drop further in bus 26-bus 30, bus 38-bus42. The possible
explanations are that more batteries are installed along these
feeders. 

5Conclusions and future work
This paper proposes an optimal BES planning method considering
the combined effects of CVR and BES. The BES placement is
defined as a stochastic optimisation problem through the modelling
of different load compositions. Moreover, the chance constraint is
applied to guarantee the CVR implementation efficiency.

Table 5 Operation results comparison
Case Base Fixed Stochastic
average operation cost, $ 2932 2786 2763
average power loss, MW 0.90 0.89 0.88
average load consumption, MW 17.58 17.16 17.14
Vmin, p.u. 1.023 1.006 1.012
average CVR factor — 1.16 1.18

 

Fig. 7 Active power profiles for the 43-bus system
(a) Workdays, (b) Weekends

 
Table 6a Continued
Location 8 18 25 28 34 37 41
Results under fixed load composition
size, MWh 0.52 0.55 0.53 0.52 0.51 0.52 0.52
total cost, $/day 11,639

 

Table 6b BES allocation scheme
Location 4 18 13 26 33 36 40
Results under stochastic load composition
size, MWh 0.53 0.50 0.54 0.67 0.52 0.52 0.56
total cost, $/day 11,713

 

Table 7 Operation results comparison
Case Base Fixed Stochastic
average operation cost, $ 11,176 10,054 9983
average power loss, MW 2.52 2.50 2.48
average load consumption, MW 52.13 50.62 50.25
Vmin p.u. 1.00 0.981 0.981
average CVR factor — 1.08 1.09
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The planning results show that significant power reduction can
be achieved by implementing CVR on BES. Specifically, 2% load
demand reduction can be achieved in most cases, which indicates
that BES is suitable for voltage regulation. Combining CVR and
battery would achieve more energy saving for the utility thus help
system operator to relieve the stress of load demand growth.

Besides, for high-renewable penetrated distribution networks,
the DG inverters have shown great potential for voltage regulation
support [29]. In the future, the proposed planning framework can
be expanded to include the reactive power output of inverters of the
BES for voltage regulation as well. Moreover, other distributed
generation resources, capacitor-banks and OLTC can also be
employed for voltage regulation in the objective function. Future
work also includes the co-planning of DGs, capacitor-banks and
other reactive power resources in ADN to analysis the coordinated
optimisation effects of CVR implementation.
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8Appendix

8.1 Appendix 1: IEEE 15-bus distribution test system

See Table 8. 

8.2 Appendix 2: 43-bus distribution test system

See Table 9. 

Fig. 8 Bus voltage profiles at 9:00 for the 43-bus system
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Table 8 IEEE 15-bus distribution test system
Line section R, p.u. X, p.u.
No. Send. end Recv. end
1 1 2 0.000541 0.000529
2 2 3 0.000468 0.000458
3 3 4 0.000336 0.000329
4 4 5 0.000609 0.000411
5 2 9 0.000805 0.000543
6 9 10 0.000675 0.000455
7 2 6 0.001023 0.000690
8 6 7 0.000435 0.000294
9 6 8 0.000501 0.000354
10 3 11 0.000718 0.000484
11 11 12 0.000979 0.000661
12 12 13 0.000805 0.000543
13 4 14 0.000892 0.000752
14 4 15 0.000479 0.000404
 

Table 9 43-bus distribution test system
Line section R X

No. Send. end Recv. end (p.u.) (p.u.)
1 1 2 0.000270618 0.000264698
2 2 3 0.000234048 0.000228928
3 3 4 0.000168222 0.000164542
4 4 5 0.000304696 0.00020552
5 2 9 0.000402634 0.00027158
6 9 10 0.000337342 0.00022754
7 2 6 0.000511454 0.00034498
8 6 7 0.00021764 0.0001468
9 6 8 0.000250286 0.00017682
10 3 11 0.000359106 0.00024222
11 11 12 0.00048969 0.00033030
12 12 13 0.000402634 0.000271580
13 4 14 0.000446162 0.000300940
14 4 15 0.000239404 0.000161480
15 1 16 0.000270618 0.000264698
16 16 17 0.000234048 0.0002289280
17 17 18 0.000168222 0.0001645420
18 18 19 0.0003046960 0.0002055200
19 16 23 0.0004026340 0.0002715800
20 23 24 0.0003373420 0.0002275400
21 16 20 0.0005114540 0.0003449800
22 20 21 0.0002176400 0.0001468000
23 20 22 0.0002502860 0.0001768200
24 17 25 0.0003591060 0.0002422200
25 25 26 0.0004896900 0.0003303000
26 26 27 0.0004026340 0.0002715800
27 18 28 0.0004461620 0.0003009400
28 18 29 0.0002394040 0.0001614800
29 16 23 0.0002706180 0.0002646980
30 23 24 0.0002340480 0.0002289280
31 16 20 0.0001682220 0.0001645420
32 20 21 0.0003046960 0.0002055200
33 20 22 0.0004026340 0.0002715800
34 17 25 0.0003373420 0.0002275400
35 25 26 0.0005114540 0.0003449800
36 26 27 0.0002176400 0.0001468000
37 18 28 0.0002502860 0.0001768200
38 18 29 0.0003591060 0.0002422200
39 1 30 0.0004896900 0.0003303000
40 30 31 0.0004026340 0.0002715800
41 31 32 0.0004461620 0.0003009400
42 32 33 0.0002394040 0.0001614800
43 30 37 0.0002340480 0.0002289280
44 37 38 0.0001682220 0.0001645420
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