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ABSTRACT The paper evaluates the primary distribution feeder reinforcement options due to increased
electrical demand. A sizing and allocation optimization model based on stochastic Mixed Integer Nonlinear
Programming (MINLP) is proposed to realize and asses various electrical distribution feeder upgrade
options. The options include transformer reinforcement, adding new cables, installing Photovoltaic (PV)
systems, and Battery Energy Storage systems (BESSs). Scenario generation and clustering address the
demand and PV power uncertainties. A normal distribution is used to model the demand uncertainty and
provide a sensitive insight into the system. The developed model was tested on an 18-bus distribution feeder
from an industrial area in Riyadh, Saudi Arabia. The results identified BESS and PV systems as viable
reinforcement options.

INDEX TERMS Distribution network expansion, energy storage, feeder upgrade, hybrid systems

optimization.
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Parameters
o&m
Cy

cap
CBESS P

o&m
CBESS P

Chiss.
Ciss &
Chiss.p
Chrss.k
CpEss,p

CBEss.E
o&m

C y

Cyr

Net present cost of operation and mainte-
nance of element y ($/unit).

Net present cost of capital of the battery’s
power component ($/kW).

Net present cost of operation and main-
tenance of the battery’s power component
($/kW).

Net present cost of capital of the battery’s
energy component ($/kWh).

Net present cost of operation and mainte-
nance of the battery’s energy component
($/kWh).

Net present cost of the replacement of the
battery’s power component ($/kW).

Net present cost of the replacement of the
battery’s energy component ($/kWh).

Net present cost of battery power condition-
ing system ($/kW).

Net present cost of battery energy ($/kWh).
Operation and maintenance cost of element
y ($/unit).

Net present cost of transformers ($/kVA).
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Net present cost of cables ($/m).

Net present cost of photovoltaic systems
($/kW).

Net present cost of grid supplied energy
($/kWh).

Net present cost of energy not served
($/kWh).

Interest and inflation rates respectively (%).
Project lifetime (Years).

Resistance and reactance between buses i
and j respectively.

Complex power capacity transformers and
cables between buses i and j respectively
(kVA).

Complex power demand and power factor
at bus i in time ¢ respectively (kVA).

Real and reactive power demand at bus i in
time ¢ in scenario w respectively (kW).
Time step (Hour).

Lifetime of newly installed transformers
and cables respectively (Years).

Lifetime of newly installed batteries
(Years).

Battery efficiency for charging and dis-
charging respectively (%).

Number of scenarios.

Power output of 1kW PV in time ¢ in
scenario @ (KW).

Battery’s rated power at bus i (kW).
Battery’s rated energy at bus i (kWh).
Solar PV rated power capacity (kW).
Power output of the solar PV system in time
t in scenario w (KW).

Additional transformer capacity installed
between buses i and j (kVA).

Additional cables installed between buses i
and j (Unit).

Equivalent circuit multiplier for transform-
ers.

Equivalent circuit multiplier for cables.
PV plant capacity (kW).

Energy supplied from the grid in scenario
o (kWh).

Energy not served in scenario w (kWh).
Real and reactive power flow form bus i to
Jj at time ¢ in scenario w respectively (kW).
Charging/ discharging battery power at bus
iin time 7 in scenario w (KW).

Real and reactive power injected at bus i in
time ¢ in scenario w respectively (kW).
Voltage magnitudes at buses i and j at time
t in scenario w respectively (V).

Battery real power discharge at bus i in time
t in scenario w (KW).

PY Battery real power charge at bus i in time ¢

ch,i,t

in scenario @ (kKW).

uf;, uy,, Binary variable for the battery real and
reactive power charging status (0,1) respec-
tively in scenario w.

“g),i,t Binary variable for the load shedding status
(0,1) in scenario w.

Egrss.is Battery storage capacity at bus i in time ¢
in scenario @ (kWh).

Eg‘ggs’i’t Minimum battery state of charge at bus i

(KWh).

I. INTRODUCTION

A. DISTRIBUTION NETWORK AND FEEDER DEFINITION
The electric power distribution is a fundamental part of the
value chain of the electrical power industry. Responsible
for delivering electrical energy from high-voltage transmis-
sion systems to the end users. Typically the distribution
system comprises two segments, primary and secondary
distribution [1].

The primary distribution system is a medium-voltage
network (4)-69 kV), where the substation transformers step
down the voltage from the transmission to distribution levels.
The electrical energy is carried out from the substation
through a three-phase distribution feeder with a capacity
limit defined in (MVA), which usually connects substations
to distribution transformers for further voltage step-down
(207-400 V) line-to-line values. The secondary distribution
network distributes energy at the customers’ utilization
voltages from the distribution transformers downward [2].

The distribution networks are capital-intensive busi-
nesses [3], and distribution expansion planning (DEP) is
required to attain low cost and high reliability for elec-
trical energy delivery. Different aspects are involved in a
distribution planning study, including technical, economic,
regulatory, and environmental aspects.

B. MOTIVATION AND PROBLEM DESCRIPTION

A typical DEP’s goal is to locate and size distribution substa-
tions, distributed generators (DGs), and distribution feeders
best to fulfill future needs in a timely and cost-effective way
while meeting all limitations and technical standards [4].
The evolution of modern distribution networks requires
attention to newer solutions, including renewable energy and
storage systems. Deploying battery energy storage systems
(BESSs) and renewable energy resources, namely PVs,
can maximize a distribution network’s energy efficiency.
Optimally placing BESS can handle peak energy demand,
mitigate network losses, relieve the technical challenges of
integrating renewables, manage power quality issues, and
reduce expansion costs [5].

C. RELATED WORK
Many studies regarding DEP are reported in the literature.
A comprehensive distribution network expansion planning
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(DNEP) review is reported in [6]. The review examined
the various modeling schemes related to such planning
problems. These include objective functions, constraints,
time horizons, and uncertainties. The level of complexity
in distribution networks is the major DNEP problem.
Different constraints must be handled, including power
balancing, level of voltages, the power capacity of the feeders,
DG limitations, radiality constraints, and emissions. The
study concluded with several findings. The first conclusion is
that mathematical methods were more accurate than Artificial
Intelligence (AI) techniques. The second conclusion states
that Genetic Algorithms (GA) were extensively utilized
to solve the problem in the reported literature. The third
conclusion suggests hybrid methods are suitable for reducing
computational time in searching for optimum solutions in a
comparatively short duration. The fourth conclusion incites
that the objectives of such planning problems are a trade-off
between the accuracy of solutions provided, reliability, and
the time required for solving the problem. Finally, expansion
planning that is more economical and reliable can be achieved
with the integration of DGs.

The authors of [7] proposed an expansion planning model
for a radial distribution network with DGs. The objective
is to minimize the cost of investment, losses, customer
interruptions and lost DG production. The decision variables
are taken as the complete feeder, consisting of cables
and transformers as a single unit of the upgrade, with a
cost per unit associated. The solution of the model was
carried out using mixed integer linear programming (MILP)
and heuristic methods, namely simulated annealing (SA).
The model developed did not include energy storage as a
potential candidate for upgrading the network. In addition,
the limitation of line capacity is calculated with a simplistic
model in the power balance constraint.

In the paper [8], a simple model to assess the benefit of
energy storage to defer upgrades on a distribution feeder was
proposed. The model considered different load growth rates
as the sensitivity for assessment. The model included the
feeder and BESS as the variables of the problem. Empirical
data was used to identify the cost of the power and energy
components of the BESS. A benefits evaluation metric was
designed to determine the deferral benefits as a function
of deferral duration and load growth rate. However, The
model lacked an optimization model and network technical
constraints. Another similar attempt for assessing energy
storage for upgrade deferral was reported in [9]. A sample
of feeders was selected to evaluate the viability of energy
storage to defer upgrades. Peak shaving and reactive power
compensation were investigated as applications of energy
storage. Only BESSs were considered as an option for
upgrade deferral. The technical study was performed utilizing
CYME software, where power flow studies were conducted,
considering real and reactive power flows in the network.
The developed model did not investigate the possibility of
feeder and transformer upgrades. Furthermore, optimized
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sizing and location of the energy storage were not part of the
study.

In [10], the authors presented the benefits provided by
BESSs in the electrical network and different technologies
of BESS. The paper’s primary purpose was to investigate
BESS’s viability in upgrading the capacity of substations.
It was concluded that electrical components of the distribu-
tion network could be handled under their limits using BESS,
increasing the power control’s flexibility. The paper lacked a
BESS optimization model for size and location.

Reference [11], evaluated the techno-economic benefits of
BESSs in the distribution network. They presented a model
for network upgrade deferral as a function of renewable
penetration, load growth, and the fraction of load shaving.
The optimization problem considers the feeder, transformers,
and BESS as decision variables. The model adopted DC
power flow to handle real power limitations, which raised an
issue of not accounting for the reactive power in the network.
Also, the sizing for renewable is done in a simplistic step-wise
matter without optimization.

D. CONTRIBUTIONS

The proposed paper developed an optimization model to
account for various feeder upgrade options, including line
reinforcement, transformer capacity upgrade, PV systems,
and BESSs installation at the distribution level, accounting
for both active and reactive power capabilities. A stochastic
model is formed and solved where samples represent
numerous scenarios of the uncertain parameter from their
associated probability distribution.

The contributions of the proposed paper are summarized in

the following:

1) Provide a detailed planning and operation model
to assess the contribution of various reinforcement
actions.

2) Accounting for the impact of topology reconfiguration
based on adding new cables and transformers.

The solution of the proposed model would provide the
location and capacity of the considered upgrade equipment
to meet the increase in demand at the lowest cost possible.

E. PAPER ORGANIZATION

The organization of the paper is as follows. Section II
defines the system adopted in the paper. Section III derives
the mathematical formulation. Section IV demonstrates
the uncertainty modeling utilized. Numerical simulations,
results, and discussion are presented in Section V. Section VI
concludes the paper with insights and remarks.

Il. SYSTEM COMPONENTS

The reinforcement components include installing PV sys-
tems, BESS, and upgrading cables and transformers. Incorpo-
rating Electric vehicles (EVs), wind turbines, and hydrogen
storage are not in the scope of the paper.

VOLUME 11, 2023
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FIGURE 1. 18 bus distribution feeder.

A. SUBSTATION MODEL

The electrical grid energy (E@) is supplied through a
substation from which various primary distribution feeders
deliver the power through the various distribution transform-
ers. In figure 1, bus one represents the slack bus of the
network [12], [13].

B. DISTRIBUTION FEEDER MODEL

The distribution network typically has two main elements:
distribution transformers and cables. It is essential to
identify their impedances (ryj, x;;) for modeling these two
components. Figure 1 depicts the primary distribution feeder.
It shows a radial industrial distribution feeder (13.8 kV)
supplying twelve distribution transformers (13.8/0.4 kV),
feeding factories, in the Riyadh region, Saudi Arabia
[14], [15].

C. PV SYSTEM MODEL

The PV system is centralized and connected to the main
feeder’s bus (bus 1) through the medium-voltage transformer
at the substation. The System Advisor Model (SAM) [16]
calculates the hourly power output (p ».¢) for the entire year.

D. BESS MODEL
This paper assumes lithium-ion batteries to be installed.

with a fixed charging/discharging efficiency (1p4) of
95% [17], [18].
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E. LOAD MODEL

Each transformer load demand (qu, i QZ)’I.J) assumes an
hourly time series of constant power values. The raw data was
collected by transformer meters.

lll. MATHEMATICAL FORMULATION

A. COST MODEL

The cost models for the system components are adopted
from [19]:

14+f
Co&m — o&m ( ) 1
; Z T Q)
L+f\r
rep rep
Cpess = CpEss (I_—H) 2
reR
Cy = CEP 4 Co%m (3)
CrEss = Cpugs + Chss + Cé%’ss
= {BESS, c, pv}, = {c, pv} “4)

Equation (1) is the net present cost of each system
component’s operation and maintenance cost denoted by y.
The net present cost of the replacement is considered for
the energy storage and calculated by equation (2). The total
net present cost for the cables and PVs is calculated using
equation (3). The total net present cost for the energy storage
is calculated by equation (4). The total cost of ownership
model reported in [20] was used to model the distribution
transformers’ cost.

B. OBJECTIVE FUNCTION

The optimization formulation is related to minimizing the
system cost, including installing the PV system, adding
cables, transformers, and BESS, in addition to the operation
cost represented by the energy supplied from the grid and the
cost of unserved demand as in (5).

. R
min CoPR, + > Chiss pPRygs i

R R
P, PRess i+ Engss. i iel

8if i c.ij»
E;,”,ENS”)

R
+ Z CBEss.EEBEss. i

i€l

+chtf81f’]+zzC8ct/ 36SZCEG

iel ]E]B i€l jeB;

365
Z ConsENS® (5)

w=1

C. POWER BALANCE CONSTRAINTS
The paper adopts a linearized DistFlow model [15], [21],
[22], [23] for power flow calculations

ZP% ZPklt

jeB; keB;

+Pvt+PBESSlt

— (1= u$; P, ViV, Vo

(6)
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FIGURE 2. Two line network

Z Q;;,t + z Q%)i,t = Qg,t + Q(;?)ESS,i,r

jeB; keB;
— (0 —u$; )0, ViVt Vo
@)
ENS” =>">"u$, Py, . Yo o (8)
iel teT
EY=>"P%, Vo )
teT
Po < PRpY. . Vi, Vo (10)
P =0, Vt, Vo (11)

Constraints (6) and (7) represent the load balancing
constraint stating that for any time instant ¢ in realization w,
the supply must be sufficient to the required demand for active
and reactive powers. Constraints (8) and (9) define the energy
not served and the energy supplied by the electrical grid to the
network, respectively. The PV power output is constrained
by (10) and (11).

D. NETWORK CONFIGURATION CONSTRAINTS
Adding new elements to the network, such as distribu-
tion transformers and cables, would change the equivalent
impedance. As such, the optimization model should be
adaptive to the change of the impedances of the network for
accurate representation and results. Therefore, two variables
are defined to account for the change in network impedance.
The derivation of these variables @, ;; and @ ;; are deduced
from basic circuit theory [2].

Figure 2 represents a simple cable model with series
resistance and reactance, and the series impedance Z is given
by:

Z = rij + jxij (12)

For a two-parallel line network, the equivalent circuit
impedance Z,, is:

VA _22 Z

Loy=———=— = — 13
“TZ4+z 2z 2 (13
And for a three-parallel line network:
znRz 7> Z
= == (14)

“=Zp+z 3Z 3
A generalization can easily be formed for any number of
additional parallel lines:
1
Zog=—Z 15
= T 5 15)

Notice when no additional lines are added (6.; = 0),
equation (15) reduces to Z,; = Z.
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FIGURE 3. Paralleling model of two transformers

As for the transformers, the reactance model shown in
figure 3 is used for simplicity. The percentage impedance of
two transformers connected in parallel should be the same
for load sharing based on the transformer capacity. Since
the problem is represented in a per-unit system, any added
transformer impedance must be converted to the per-unit
value of the MVA base used in the problem. The conversion
equation is as follows:

)C/ —x kvadded 2 MVAbase (16)
b pu,added kvbase MVAadded

where x),, is the reactance of the added transformer converted
to the MVA base of the problem. xpy q44eq is the reactance
of the added transformer in per unit. Since the voltage levels
would not change (kVpa5e = kVaddeqa) €quation (16) reduce

to:

MVAbase
_ od | —— 17
Xpu xpu,addtd(MVAaddEd (17)
MVA dded
Sepii=| ——— 18
7.4 ( MVAbase ( )
1
[
Xpu = % pu,added (19)

As previously mentioned, the percentage impedance of two
paralleled transformers are equal Xy added = X

Dropping the (pu) notation, the equivalent reactance of the
transformers connected in parallel x,, is calculated.

X
X .X/ _ X 50«',,'/‘ _ 1

x+x _x—i—ﬁ 1+ 8y

X (20)

xeq =

where x is the per unit impedance of the existing transformer.
Notice as well when no additional transformer is connected
(MVA 44ea = 0) equation (20) reduces t0 xpy = x

We are now ready to write the multipliers required for
calculating network impedances as they change depending
on the cables and transformers added to the network. The
following constraints are added to account for the equivalent
network model and will be used to calculate the voltage drop
between the buses shown in subsection H.

1

1+8c,ij

1
Gypji=m — 22
T T 5y (22)

¢C,ij =

, 2n

The constraints (21) and (22) are for calculating the
equivalent circuit model subjected to adding new cables or
transformers.
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E. LINE FLOW CONSTRAINTS

The power flow through the cables should not exceed
its capacity. As such, the following constraints are imple-
mented [24], [25], [26].

-1+ Sc,ij)sc,ij = lJf <1+ 8( U)Sc ijs Vt, Yo (23)
—(1+ 4, ij)Scij = Qljt <1 +d, lj)SC ijs Vi, Vo (24)
_‘/_(1 +8611)Sctj§ PU‘ +Ql]f
<V2(1+8.)Seijs Vi,V (25)
_f(1+SCZJ)SCU<Pl][ zjt
< V21 +8:)Seijs  Vi,Yo o (26)

The inequalities (23) to (26) are the line flow constraints,
which ensure the loading of the cables does not exceed
the total capacity of the line for all time instances ¢ in all
realizations of w.

F. TRANSFORMER FLOW CONSTRAINTS

Similar to the line flow constraints, the power flow through
the transformers should not exceed its capacity. As such, the
following constraints are implemented [24], [25], [26].

—(1+84,)Sy.ij < P, < (1 + 8,y 4, Vt, Yo
(27)
—(1+ 8.)Syj < 0%, < (1 + 84Sy, V1. Vo
(28)
V21 + 8. )Sy.ij < PL, + Q8
< V2004 8¢.)Sy.ij»  Vt,Yo (29)
_\/_(1 + (Slf U)Slf i = l/t - Qg'),t
< V2014 68¢.)Sy.ij» Vi, Yo (30)

The inequalities (27) to (30) are the transformer flow
constraints, which ensure the loading on the transformers
does not exceed the total capacity for all time instances ¢ in
all realizations of w.

G. BATTERY ENERGY STORAGE SYSTEM CONSTRAINTS
The operation of the BESS is subjected to the following
constraints [27].

0 < Pgyir < Shuss tties Vi, Vo (€29)
_SgESS,i(I —uf; ) <Py, <0, Vt,Vo (32)
0 < Qi < Shess.t2in: Vi Vo (33)
~Shess.i(1 —u3;,) < Qiy <0, V1, Vo (34)
Pyess.iv = Plisi + Pohig» V1, Vo (35)
Opess.ii = Qis.ie + Qonips V6,Yo  (36)
—V2Spess.i < Piiss i + Qess.i
< V28 V1, Voo (37)
_ﬁngSS,i < Pgpess.ii — QEss.ii
< V28 V1, Voo (38)
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PCU

dis,i,t
EgEss.ii+1 = Eggss.i — ( ‘
Ndis
- r;chPf.}“-J) At,Vt, Vo (39)
Egpss.i < Egpss.iy < EII;ESS,i’ Vi, Vo (40)
Eppss; = 0.2 EgESS,i 41)

The constraints (31) to (34) limits the batteries’ charging
and discharging of active and reactive power within its total
capacity. Constraint (35) and (36) is to define a variable for
the active and reactive power supplied or consumed by the
batteries. The total complex power supplied by the batteries
is restricted by constraints (37) and (38). Constraint (39)
defines the state of charge in the BESS at all instances.
Constraint (40) states that the stored energy shall not exceed
the batteries’ capacity and should not reach the minimum
charge state. Constraint (41) sets the minimum state of charge
for each BESS. All the constraints should be imposed for all
instances ¢ in all realizations of w.

H. VOLTAGE LEVEL CONSTRAINTS

The voltage level at every bus in the network is crucial for
the safe operation of the network and should be within the
normal operating range. Network constraints (21) and (22)
are utilized here to account for the changes in the equivalent
circuit. The following constraints give the calculation of the
voltage drop [21], [22], [23].

|Vg)t|2 - |VJQ;|2 = 2("ij'(pc,ijp;;.t
+xj®c;j05 ), Vi.Yo o (42)
VER = IVO1? = 200i®y 5Q5,). Yt.Yo  (43)
Vimirl < Vi(j; < Vl_max’ Vi, Yoo (44

The constraint (42) is for calculating the voltage drop between
two buses of a cable. Constraint (43) is for calculating
the voltage drop between two buses of a transformer. The
voltage level is constrained by (44) to be within an acceptable
operating range. All the constraints should be imposed for all
instances of ¢ in all realizations of w.

I. OPTIMIZATION PROBLEM FORMULATION
This subsection is meant to summarize and clearly describe
the optimization problem formulated. Objective function:
Minimizing system planning and operation cost

align (5)

Constraints:

Power Balance

Equations (6) to (9)

PV Power

Equations (10) to (11)

Network Configuration

Equations (21) and (22)

Line Flow

Equations (23) to (26)

Transformer Flow
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FIGURE 4. Discretization of the probability distribution of the load
demand.

Equations (27) to (30)

Battery Energy Storage System
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Voltage Level
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IV. UNCERTAINTY MODELING

The main sources of uncertainty in the proposed problem
are the load demand and the power output of the solar PV
system. This paper relies on previous research for handling
the uncertainty [28], [29], [30] and does not claim novelty as
it is out of the scope of the paper.

A. LOAD DEMAND

A normal distribution is usually used to model the uncertainty
of the demand. For a realistic description, each demand bus
of the feeder is represented by a normal distribution with a
unique mean value and standard deviation, making each bus
unique from other buses. Figure 4 shows a typical normal
probability distribution. The normal distribution of the load
demand is used to generate a large number of scenarios
(10000 scenarios). Then k-means clustering algorithm is
utilized to reduce the number of scenarios for the problem
to be tractable, as shown in algorithm 2.

B. PV POWER

As for the solar power uncertainty, hourly data of a typical
1kW panel pp, , power output was collected and arranged
for each month. Then divided into four periods; each
period comprises three months. An average hourly value is
calculated for each period resulting in 96 data points and
each 24 data points is considered a scenario as shown in
algorithm 3.

V. NUMERICAL RESULTS

A. SYSTEM DATA AND PARAMETERS

The General Algebraic Modeling System (GAMS) was
utilized to model and solve the optimization problem. SCIP
solver was used for solving the model. The data shown in
Table 2 were compiled from various references, including
the Saudi Electricity Company (SEC), and references [31]
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Algorithm 1 Demand Scaling
Input: (I, T, S, pfy i p = 100%, 120%, 140%, 160%)
Output: Pr;;, QL.

1: foriel

2 SPY =max(SLie) = dfii = Sif ki/SL T

3 S0P =dfyiSpig. S = 125007
o S = LasiR, s{E = Lesfo
5 Pi,i,t = S{,i,tpfbi,f

6: Qi,i,t = (SIL),i,z)2 - (Pz,i,t)2

7: end

Algorithm 2 Demand Uncertainty
Input: (I, T, Pr i, Or.ir, s = 10000, 2 = 4)

Output: Pfyi’t, Q;”i’t, wo=1,...Q

1: foriel

2. forteT

3: u,o <« Extract(mean and standard deviation)
from P ¢, Or.i

4: P < N ~ (u, o) Generate probability distribution
functions

5: @ < Sample (P and make s number of scenarios)

6: w < Perform k-means clustering to reduce
scenarios to €2 clusters

7:  end

8: end

Algorithm 3 PV Power Uncertainty
Input: (T, ppy,;)
Output: pf,)v,,, w=1,...,Q
1: ppy,m < Divied(ppy,,) into monthly matrices
2: form=1:12
31 Ppv,avg,m < Mean(ppy ) calculate monthly mean
4: end
p;)\le <~ Mean(ppa,avg,l +ppa,avg,2 +ppa,avg,3)
p;)o‘i? < Mean(ppa,avg.4 + Ppa,avg,s + Ppa,avg,6)
p;;u\ft?’ <« Mean(ppa,avg,7 + Ppa.avg.8 + Ppa,avg,9)
p;;)\f;l <~ Mean(ppa,avg,lo + Ppa,avg,11 +Ppa,avg,12)

® W

and [32]. The operational model duration is (T=96 hours),
representing four days, and each day is considered a scenario.
Figure 5 shows a flowchart of the complete simulation model.

B. SIMULATION RESULTS

1) CASE A: DISTRIBUTION FEEDER UPGRADE
(RETROFITTING)

To test the developed model for network upgrade, the
expected load demand for each transformer is scaled from
its original values. This is done since the measured demand
was significantly below the capacity of the distribution
transformers. To consider any upgrade options for the feeder,
the demand should exceed the current limitations of the
equipment. Thus, the scaling algorithm (Algorithm 1) was
adopted. The data of the feeder is shown in Table 1.
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Run the PV system power
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Demand and PV uncertainty
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hm 2,3)

Run the optimization model for

cases

AorB

Section Il
Subsection (1)

FIGURE 5. flowchart of the developed model.

TABLE 1. Feeder components and capacities.

Bus Eﬁ:’;ﬁi Capacity (kVA)
2-3 Transformer 1000
2-4 Transformer 1000
5-6 Transformer 1000
5-7 Transformer 1000
8-9 Transformer 1000
8-10 | Transformer 1000
11-12 | Transformer 1500
11-13 | Transformer 1500
14-15 | Transformer 1000
14-16 | Transformer 1000
14-17 | Transformer 1000
14-18 | Transformer 1000
1-2 Cable 9000
2-5 Cable 9000
2-8 Cable 9000
8-11 Cable 9000
11-14 Cable 9000

Case A represented an existing feeder to be reinforced. The
reinforcement solution involved adding cables, transformers,
BESSs, and a PV system for a load scaled by 120%, 140%,
and 160% of transformer capacity. The expansion plan is
shown in Table 3, and Table 4 shows BESS capacity and
location.

Table 3 demonstrates a trend of increased capacity for the
transformers as the load increases. A similar trend can be

VOLUME 11, 2023

TABLE 2. System economic parameters.

Parameters Values

i, f (%) 27,23

Np,npess (Years) 25,10
chhg s.p ($/kW) 230
chhs S.E ($/kWh) 240
cf?p ($/kVA) 511

P ($/m) 88
cSoP ($/kW) 1040
cHFSs p (SKW-yr) | 0.025 cHPqs p
cHiFss,p (SkWheyr) | 0.025 cFEgg 1
g™ ($/KW-yr) 13
Cpiss,p (SKW)

rep

Cprss,p ($kWh)

cap
0.5 cc%%ss,};
0.5 cpEss.p

observed for the PV capacity as well. As a result, the system’s
total cost also increased, as shown in Table 5.

The main cable (Cable 1-2) is reinforced with an additional
line for all cases. The reason is this line carries all the energy
in the feeder as it distributes power radially.

An interesting situation for case 120% is at buses
3 (transformer 2-3), 10 (transformer 8-10), and 12 (trans-
former 11-12) for cases 120% and 140%. No expansion for
the transformers was involved, as shown in Table 3. Howeyver,
a BESS was installed instead to cope with the increased
demand, as seen in Table 4.
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TABLE 3. Network upgrades of test case A.

Electrical Exp, ansion

Bus Apparatus Capacity (KVA)
120% 140% 160%

2-3 Transformer - 113 358
2-4 Transformer 60 209 337
5-6 Transformer 306 467 750
5-7 Transformer 89 213 466
8-9 Transformer 76 303 476
8-10 Transformer - - 48
11-12 | Transformer - - 101
11-13 | Transformer 400 692 1014
14-15 | Transformer 204 338 532
14-16 | Transformer 312 414 697
14-17 | Transformer 351 749 944
14-18 | Transformer 52 204 366
1-2 Cable 1 (unit) 1 (unit) 1 (unit)
2-5 Cable - - -
2-8 Cable - 1 (unit) 1 (unit)
8-11 Cable - - 1 (unit)
11-14 | Cable - - -
1 PV 16057 (kW) | 20100 (kW) | 22857 (kW)

TABLE 4. Battery energy storage system for load demand of test case A.

Bus 120% 140% 160%
Power | Energy | Power | Energy | Power | Energy
(kVA) | (kWh) | (kVA) | (kWh) | (kVA) | (kWh)

1 N B N N N N

2 - - - - - -

3 236 224 394 415 375 381

4 316 300 387 553 472 448

5 - - - - - -

6 114 108 155 224 95 91

7 106 223 285 328 251 269

8 - - - - - -

9 224 213 212 333 327 310

10 432 1104 670 1549 828 2087

12 386 531 704 1657 972 2728

13 258 737 319 569 343 541
14 - - - - - -

15 121 163 290 464 287 353
16 30 85 186 352 226 318
17 188 256 - - 76 80

18 264 527 392 788 439 511

The figures 6 to 10 below show the operation of the active
power of the BESS for the situations where transformer
upgrades were not involved. Including transformer (2)-(3)
for case 120%, and transformers (8)-(10) and (11)-(12) for
cases 120% and 140%. Charging operation is represented
as a negative power, and discharging as a positive power.
As a general observation for all cases, the charging period
coincides with the availability of PV power, as shown in
figure 17.

It can be observed that the demand has exceeded the
capacity of the transformers (marked in red), and the
BESS has supplied the deficit in active power. Furthermore,
a reverse power flow has occurred several times (marked in
black), indicating that the BESS is supplying other loads in
addition to its connected one.
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FIGURE 6. Battery active power operation at bus 3 for case 120%.
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FIGURE 7. Battery active power operation at bus 10 for case 120%.
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1100
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Time (h)
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Power (kW)

—P_L,12 —P_11-12 P_BESS,12 S_tf,11-12

FIGURE 8. Battery active power operation at bus 12 for case 120%.

The figures 11 to 15 below show the operation of the
reactive power for the same BESSs.

These figures demonstrated the provision of reactive power
from the BESS to the system. In multiple instances, there
was a reverse reactive power flow (marked by black) in the
feeder, which signifies the reactive power compensation from
the BESS to its connected and other loads.
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FIGURE 9. Battery active power operation at bus 10 for case 140%.

FIGURE 12. Battery reactive power operation at bus 10 for case 120%.
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FIGURE 10. Battery active power operation at bus 12 for case 140%.

FIGURE 13. Battery reactive power operation at bus 12 for case 120%.
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FIGURE 11. Battery reactive power operation at bus 3 for case 120%.

Figure 16 shows the PV capacity penetration in the
system, with a clear trend of penetration increase as demand
increases. As for Figure 17, the PV power output is shown
subjected to variability. To validate the results, we ran the
optimization model without having BESS and PV as decision
variables, and the results prove that including BESS and PV

VOLUME 11, 2023

FIGURE 14. Battery reactive power operation at bus 10 for case 140%.

as potential upgrade elements do indeed provide a lower-cost
solution, as seen in Table 5.

Figures 18, 19, and 20 demonstrate the voltage fluctuations
for the studied cases. It shows that the voltage magnitude
was maintained within the acceptable range (0.9-1.1 pu) at
all buses for all time instances considered.
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FIGURE 15. Battery reactive power operation at bus 12 for case 140%.
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FIGURE 16. PV penetration for all cases.
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FIGURE 17. PV power output for all cases.

2) CASE B: DISTRIBUTION FEEDER DESIGN

In this simulation study, it is assumed that a distribution
feeder will be designed which has a similar topology to
Figure 1 to investigate the possibility of incorporating PVs
and BESSs in the distribution network. The decision variables
include the capacities of the PVs, BESSs, transformers, and
cables for a scaled demand of 100%, 120%, 140%, and 160%.

92762

TABLE 5. Cost comparison for test case A.

Scaled demand 120% 140% 160%
Total Cost (Millions) 121.68 | 142.51 | 163.26
Total Cost without
BESS and PV in the model | 160.22 | 187.80 | 215.03
(Millions)

A Cost (Millions) 38.54 45.29 51.77

TABLE 6. Network design for 100% load demand of test case B.

Bus E:)?;;iils Capacity (kVA)

2-3 Transformer 978

2-4 Transformer 879

5-6 Transformer 1104

5-7 Transformer 886

8-9 Transformer 959
8-10 | Transformer 701
11-12 | Transformer 960
11-13 | Transformer 1548
14-15 | Transformer 999
14-16 | Transformer 1095
14-17 | Transformer 1160
14-18 | Transformer 957

1-2 Cable 2 (units)

2-5 Cable 1 (unit)

2-8 Cable 1 (unit)
8-11 Cable 1 (unit)
11-14 Cable 1 (unit)

1 PV 14248 (kW)

TABLE 7. Battery energy storage system for 100% load demand of test
case B.

Bus BESS rating
Power | Energy
(kW) | (kWh)
3 105 102
4 280 266
6 56 53
7 145 178
9 83 79
10 406 1158
12 731 1855
13 260 381
15 222 230
16 24 68
17 117 152
18 159 203

For Case B, the assumption is that a new feeder is to
be installed, and it is required to determine the needed
cables, transformers, BESS, and PVs to supply similar load
demands and topology to Case A. The results indicated
similar planning features as in Case A, where the BEES is
a feasible solution for all studied cases. The design plan and
associated cost are shown in Tables 6 to 10. The relatively
small difference in total costs between upgrading the feeder
(Case A) and designing a new feeder (Case B) for each
respected load demand increase, signifies that the original
feeder design (Table 1) is unoptimized.
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FIGURE 18. Bus voltage fluctuations for the 120% case.
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FIGURE 19.

Bus voltage fluctuations for the 140% case.
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FIGURE 20. Bus voltage fluctuations for the 160% case.
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TABLE 8. Network design of test case B.

Electrical D.es1gn

Bus Apparatus Capacity (KVA)

120% 140% 160%
2-3 Transformer 981 1370 1358
2-4 Transformer 1060 1268 1337
5-6 Transformer 1306 1470 1750
5-7 Transformer 1089 1232 1466
8-9 Transformer 1076 1303 1476
8-10 Transformer 907 860 975
11-12 | Transformer 1109 1243 1645
11-13 | Transformer 1900 2192 2514
14-15 | Transformer 1204 1338 1532
14-16 | Transformer 1312 1430 1697
14-17 | Transformer 1351 1749 1944
14-18 | Transformer 1052 1222 1395
1-2 Cable 2 (units) 2 (units) 2 (units)
2-5 Cable 1 (unit) 1 (unit) 1 (unit)
2-8 Cable 1 (unit) 2 (units) 2 (units)
8-11 Cable 1 (unit) 1 (unit) 2 (unit)
11-14 | Cable 1 (unit) 1 (unit) 1 (unit)
1 PV 16739 (kW) | 20217 (kW) | 22857 (kW)

TABLE 9. Battery energy storage system for load demand of test case B.

Bus 120% 140% 160%
Power | Energy | Power | Energy | Power | Energy
(kVA) | (kWh) | (kVA) | (kWh) | (kVA) | (kWh)

1 N N N N N N

2 - - - - - -

3 255 243 137 144 375 381

4 316 300 328 346 472 448

5 - - - - - -

6 114 108 153 149 95 91

7 106 223 267 297 251 269

8 - - - - - -

9 224 213 212 201 327 310

10 524 1494 810 1969 900 2393

12 777 1799 961 2374 928 2543

13 258 737 319 501 343 541
14 - - - - - -

15 121 115 290 476 287 353
16 30 85 169 360 226 318
17 188 251 - - 76 80
18 264 527 374 693 410 389

TABLE 10. Total cost of simulated systems for test case B.

Scaled demand 100% | 120% | 140% | 160%
Total Cost (Millions) 107 129 149 170

VI. CONCLUSION

The paper presented an optimization model for the rein-
forcement plan of a medium voltage distribution feeder. The
model considered planning for cables, transformers, BESS,
PVs, supplied energy from the grid, and the energy not
served, which collectively represents the model’s decision
variables. The load demand and PV power output uncertainty
were considered by incorporating different scenarios and
clustering techniques to reduce the computation burden of
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the model. The BESS operation model was designed to
investigate active and reactive power supplies. The model
was tested on a local 18-bus distribution feeder in Riyadh,
Saudi Arabia. The simulations provided various solutions
depending on the demand level. The results showed that
the BESS and PV system can be a cost-efficient solution
for capacity enhancement or the establishment of new
distribution feeders. A continuation of the developed model
could involve incorporating electric vehicles (EVs) as a
non-stationary energy storage system and other sources of
renewable energy.

APPENDIX

This section serves as a justification for omitting the power
losses from the developed model. Including the power loss
component in the objective function and the constraints
would largely impact the performance of the model, which
defies the main premise, in providing a fast planning and
operation algorithm for distribution feeder reinforcement.
Post-simulation current magnitudes |/;;;| and power loss
Pioss,ij,r calculations were carried on. The calculations were
performed for the case study with the highest demand
(case 160%). The results show that the power losses in the
network are substantially low (< 1%) compared to the actual
power flow in the line, thus an engineering decision was made
to omit the power loss component from the model.

Ploss,ij,t = |Iij,t|2rlj(pc,ij (45)
P% 4+ 02
ot ij,t
[l = 57 (46)
o Vidl?
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