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Abstract: Growing energy demand in the distributed energy system (DES) besides new charging
loads of electric vehicles (EVs) make DES infrastructure unavailable earlier than normal projections.
DES lines need to be upgraded to carry the modern demand of customers. DES line upgrade (LU)
cost minimized and deferred to the next years by using energy storage system (ESS). ESS offers the
opportunity to use energy flexibly in the distribution grid. It is possible to use ESS to shift the
inevitable upgrade costs of the distribution grid elements and increase the power quality of the
distribution grid. In this study, a method is proposed to extend the lifespan of DES with ESS and
reduce line upgrade and investment costs in the distribution system. For this purpose, the IEEE 33
bus test grid is used, and the proposed method is tested and analyzed with different case studies.
According to the results, the proposed method can reduce the investment cost by up to 80%. Besides,
ESS usage considering load increase and line conditions of the distribution grid, upgrade costs of
distribution grid are shifted, resulting in an optimal dimensioning and positioning while extending
the lifespan of the distribution grid elements and, at the same time, offering significant
improvements in energy quality. Additionally, it is seen that the power losses of the distribution
grid are reduced up to 26%, and the voltage profile of buses is improved with the usage of ESS.

Keywords: Energy storage systems, distribution energy systems, cost analysis, upgrade deferring,
voltage improvement.

1. Introduction

1.1. Motivation and Background

Distributed energy systems (DES) have increasing loads due to not only annual demand growth
but also the rapid new charging demand of electric vehicles in the next years. The load growth factor
has been assumed constant. In the next few years, the increase in the number of electric vehicles (EVs)
will make unreal this constant load growth factor, and the unavailability of DES will be non-
expectable. It is not easy to determine EV penetration, but it is obvious that EV penetration brings
more loads on the DES infrastructure. However, many developed local governments have already
decided to prohibit internal combustion engine vehicles inside their cities. For example, California
will not allow gasoline-powered vehicles to be sold inner the state since 2035. Thus, the penetration
of EVs rapidly overloads DES earlier. Overloading due to new loads is a short term event lasting
about 1-4 hour a day [1]. However, it causes permanent damages to DES. Overloading causes not
only more power loss and voltage drop but also short or long energy outages. Expansion planning is
crucial for the distribution system operator (DSO) and customers. Some methods of expansion
planning consist of adding distributed generation, load shedding, and line upgrading, and installing
centralized or distributed ESS. Energy storage system (ESS) is a short-term and long-term solution to
control overloading, among other methods. Line upgrade (LU) cost of expansion planning of DES
can be deferred by the utilization of commercially existing ESS technologies. Stored energy in ESS
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can be discharged to DES during especially peak time to keep the DES capable of meeting the ongoing
demand. Short- or long-term, expensive investment of LU for DES and amount of energy not
supplied to customers due to overloading resulting damages on DES can be prevented or decreased
thanks to ESS. Although ESS can prevent overloading on DES, installation and operation costs of
ESS should be reduced by utilization of ESS for some auxiliary applications. For example, energy can
be exchanged to profit. That energy bought at a low price by storing to ESS and sold at a high price
by discharging to DES, decreases total cost thanks to hourly varying electricity price in the energy
market. This profit is called arbitrage revenue, which is naturally related to the usage of ESS. Another
auxiliary profit of using ESS is decreasing the occupation cost of transmission lines. This cost is
correlated; the power comes from the transmission line to DES at a certain time interval.

DES is kept capable by using ESS to meet peak demand without overloading. ESS exchanges
energy between peak and off-peak time. To reduce the peak load of DES, ESS stores energy from the
grid when load demand is low and discharges to DES when load demand is high [1-4]. The DES
infrastructure meets growing load demand by decreasing the current in the lines since as the power
getting from the grid decreases. ESS is suitable for expansion planning besides many applications.
For instance, energy outages can be prevented by using ESS in DES [5]. Studies in the literature about
the usage of ESS in DES are briefly described in the next part.

1.2. Literature review

Expansion planning of DES with ESS can reduce or shift the upgrade costs of DES, such as
distribution lines and transformers. In one study, ESS installation and operation costs and arbitrage
revenues, and the costs of transmission line usage and upgrade of DES were mathematically modeled
and resulted that DES with ESS can be offered to DSO to reduce upgrade cost [6]. In [7], the economics
of ESS technologies performance is examined at the distribution substation transformer rated 30
MVA. It was stated that polysulfide bromide batteries would be more cost-effective than vanadium
redox batteries. A feasibility condition was defined for ESS installation according to the net present
values (NPV) of the projects. In 2006, it was investigated that distributed generation (DG) on
deferring DES upgrade such as line or transformer [8]. Without ESS, a concern appears that the
production of renewable energy sources (RES) will be less than expected, especially during peak
times if overload control is made using only DG allocation. It is also stated that DG helps to reduce
electricity bills. Making a profit by using ESS in DES can be described by deferral of LU cost as a
function of load increase, penetration level of DG, and peak shave rate [9]. In addition, this shows
that the financial feasibility of using ESS in DES for deferring upgrade increases with increases in
either the rate of load increase or PV penetration levels. As a result, in the future, load growth factor
and expected level of PV penetration must be carefully considered to determine the financial viability
of ESS in DES to defer the upgrade cost. The planning of DES with ESS continues to become
widespread. A linear programming-based algorithm is introduced to allow DES to be reconfigured
with optimum power flow and minimum power losses provided by DG [10]. For an optimal
configuration, DG has been shown to reduce losses and current in lines and improve the overall
voltage profile. It is essential to know the amount of demand and availability of DG, as it will vary
according to changes in the load and output of DG in real-time operation. A new distribution grid
planning is proposed that can determine the location and size of ESS, which minimizes total grid
upgrade cost by genetic algorithm and dynamic programming [11]. The cost of ESS includes capital
investment and operating costs. Multipurpose optimization approach combined by DG and grid
reconfiguration reduces the cost of LU and DG units (capital, O&M costs) and minimizes energy
losses and total gas emissions [12]. In [13], when DES was reconfigured, with the help of ESS, adding
new connection switches between some lines prevented the customers connected to the fault lines
from being non-energized. However, installing connection lines with switches may be expensive
because underline cable installation needs an available ground position while overhead lines are not
allowed inner the cities. It was proposed by [14] that a method find out the optimum reconfiguration
of DES and location of RES with optimally sized considering the suspicions of load, price, and output
power of RES.
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As a general principle, ESS charges when the unit price of energy is low during the day. The
discharging time of the stored energy is the period in which the unit price is high. In this way, a
certain amount of revenue is generated due to the charging-discharging of energy. That is called
arbitrage profits. Likewise, some profits may come from the usage of ESS in DES. In order to make a
profit by using ESS, sizing and placement of it is crucial. Many studies have been conducted in the
literature, such as where and to what extent ESS will be placed in DES. Some of them made an
economic analysis by taking into account multiple parameters [4,15-19]. The main parameters are
arbitrage revenues and power losses. In [6], ESS was connected to DES, while energy arbitrage was
achieved, the cost of using the transmission system was reduced, and the necessary cost of the
upgrade was deferred. Arbitrage profits were also calculated in the proposed method, which includes
the upgrade deferral of DES elements to determine the size and location of ESS, which was
determined by the genetic algorithm [20,21]. Improving bus voltages is another benefit of using ESS
in DES. In [22], an inverter-based ESS strategy has been developed to improve bus voltage using
minimum energy from ESS. In order to regulate bus voltages, a control strategy is proposed to
provide active and reactive power to the system. The proposed technique was evaluated by
simulation on a three-phase DES with varying loads over time. It showed that ESS improves the
voltage profile on all lines and reduces ENS (energy not supplied) significantly [23]. Via expansion
planning of DES can prevent bus voltages of DES from going outside of the margins while reducing
the overloading of lines. Renewable energy sources (RES) are increasingly connected to the DES in
recent years due to their environmentally friendly generation. Due to their intermittency nature, it is
envisaged to connect RES to the grid together with an ESS. The use of ESS to prevent reverse power
flow and maximize distributed RES integration into DESs was examined [24]. In [25], it was shown
that economically feasible integrating ESS with DES is if and only if cheaper ESS types were used.
For detailed information on using ESS when integrating RES into DES, refer to references [25-29].

1.3. Content and Contribution

In this study, ESS usage to defer upgrade investments in DES using a cost minimization-oriented
approach is proposed. There are seminal studies that focus on ESS application in the distribution
grid. However, these do not contribute to the use of ESS for investment postponement. Among them,
even many studies dealings with ESS usage are about integration of RES, few of them have referred
to deferring of distribution grid upgrade. In [6], where the integration of ESS into the distribution
grid considers the postponing of the upgrade cost of the lines, this postpone is not applied to a real
distribution grid. There is no detailed information about which lines or when they are renewed in
[20,21,30]. The original contribution of this study is to determine the lines to be renewed individually,
considering load flow analysis (LFA) calculated each year with load growth in a real distribution grid
model. DES model is implemented in PSS Sincal software [31], where LFA and load profile results
can be analyzed more easily and clearly. The original contributions of this study are:

e A new method has been proposed to extend the lifespan of DES with ESS deferring upgrade
investments of DES infrastructure.

e  The effect of ESS size and position on investment of ESS and DES upgrade rollover is examined.

e  The proposed method prevents DES from voltage violation and reduces the energy costs of DES.

e  Simulations of ESS integration are performed based on real distribution grid data, which is the
IEEE 33 bus model.

e  The proposed method has been tested with different case studies, including centralized and
decentralized ESS.

e  The economic feasibility of ESS for different battery types has been examined.

1.4. Organization of the paper

The remainder of the study is organized as follows: In the second part, the methodology of
expansion planning of DES with ESS is introduced with mathematical equations. In the third part,
the modeling of DES and ESS is widely described. In the fourth part, the case studies are given. In the
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fifth part, the technical analysis results are provided in detail, and the feasibility of expansion
planning of DES with ESS is discussed. The last part includes the concluding remarks.

2. Methodology

Expansion planning of DES with ESS decreases the number of upgraded lines and defers the
cost of upgrade investment of DES lines. The methodology of expansion planning of DES with ESS
is described in Fig. 1. Increasing load in number and size besides integrating EV fast and slow
charging loads causes unavailability of DES infrastructure. Instead of upgrading lines since
exceeding thermal limit after certain years, installing ESS into DES can reduce upgraded lines and
extend the lifespan of DES. Exceeding thermal limit of lines in DES is determined by peak loading
conditions. In other words, any component of DES such as line, transformer, etc. has the current
above the nominal ampacity of the line is to be upgraded in the expansion planning. Thus, it is
sufficient that LFA is run for only peak conditions to determine expansion planning of DES. Line
upgrades decision are based on the extreme power flow especially as peak load state [20]. If peak
loading can be decreased by using ESS, lines keep serving to DSO and customers. LFA should be
repeated every planning stages considering the annual load growth factor. First, determining
unavailability of lines by LFA with annual load growth for each stages without ESS is done, and then
the result is used to compare the deferring upgrade after ESS use. The LU cost of each upgraded lines
are calculated and normalized to the beginning of planning stage. Second, after installing ESS to
certain locations of DES, again unavailability of lines for each case are determined. In every case, LFA
is repeated as the number of planning years. Third, expansion planning of DES with ESS is analyzed
by centralized and decentralized use of ESS. Calculations are made the following equations.

Figure 1. A general overview of expansion planning in DES with ESS

The determining of unavailability of line i is described by a constraint in Eq. (1).

I < I (M

The thermal current limit of line i is I]*** in ampere. The power loss of line i is described by Eq.

).
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M
Paoss = ) 1273, @
i=1
The total power loss of M lines in DES is calculated by using resistance (r;) and length of the

line(l;).

LU cost (Cupgmde) consists of line investment cost (Cy;,.) and line operating & maintenance cost
(Com)- Total LU cost of M lines related to their length (L,,) and transmitting power on the line (P,,).
The LU cost is given in Eq. (3). In the other words, the LU cost is the investment of uninstalling old
lines and installing a new one. The cost of the line install relates to the length of a new line. Costing
of line operation consists of operation and maintenance costs together related to the power carrying
through the line. In eq. (3), the summation of cost of any new lines that have the same length of the
overloaded lines, the summation of cost of operation of the new lines according to new growing

demand.
M
Cupgrade = Z Lin- Ciine + Bn- Cline oy ?3)
m=1
For E£%S is ESS size in kWh of b** ESS, total ESS investment cost for B number of ESS is given in
Eq. (4).
B
Cess = Z EfSS. (Cess + Cessom- L) (€]
b=1

Cgss is battery investment cost, Cggs,,,, is battery O&M cost, L is battery life in a year. All ESSs
were installed the beginning of the operation time that lasts 20 year. Therefore, L equals to 20 in this
paper.

For calculation of net present values of investment and upgrade costs, the following equations
(5)-(7) were used.

P2 1+t -1 s
i@+ )
where P is the present value of A, which is a fixed value of cost for L year.
i.(1+ )P
=C|l—— 6
¢ [ a+r-1 ©)

where F is the total amount of interest to be paid, C is cost, i is the interest, p is a year to be paid,
and v is the term of credit.

FV = PV.(1+ i)* (7

where FV is the future value, PV is the present value, and k is the year that payments are shifted
to a later year.

The LU cost of DES is calculated using Egs. (1) - (7) and deferring LU cost to a later year with
ESS in DES is described as follows, given in Figure 2.
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Figure 2. Flowchart of the economic calculation of the upgrade postpone using ESS in DES

Distribution grid parameters such as line and load data are entered, and LFA is run for stage,
t=0 without ESS. In the result of the first LFA, any line has a load above the thermal limit is recorded
in the expansion planning stage. Then t is increased by 1, and loads are increased by load growth
factor a.. LFA is repeated until to the planning stage year, t=L. In the results of all following LFA, the
NPV of LU costs of all recorded line in the expansion planning are calculated at the end of planning
stages. This calculation includes only investments of LU, not any ESS.

Candidate buses that ESS connected to are identified as the following features: 1-Near heavily
loaded lines, 2-Far away from substation, 3-More voltage drop. Before starting LFA with ESS, ESS is
connected to each candidate bus for each case . LFA is run for stage, t=0 with ESS. In the result of the
first LFA with ESS, any line has a load above the thermal limit is recorded in the expansion planning
stage. Then t is increased by 1, and loads are increased by load growth factor a. LFA with ESS is
repeated until to the planning stage year, t=L. In the results of all following LFA with ESS, the NPV
of LU costs of all recorded line in the expansion planning and ESS investment costs are calculated at
the end of planning stages. This calculation includes both investments of LU and ESS.

3. System Modeling

Modeling of DES with ESS includes distribution lines, loads, and ESS units. First, the modeling
of the distribution grid is described, and then the modeling of ESS is explained to the reader.

3.1. Modeling of Distribution Grid

In this study, IEEE 33 bus model is used to analyze ESS evaluation with different sizes and
locations in DES. IEEE 33 bus grid model is used because it has several branches and a radial network
structure similar to current DES. IEEE 33 bus model has a totally 3.7 MW real power, and 2.3 MV Ar
reactive power is given in Figure 3. The power is suitable for DES analyses since similar to the load
level of distribution grid. This model has 33 buses and 32 lines and one distribution transformer
connected to the distribution substation [32]. Bus numbers are shown in the figure above black dots,
and line numbers are shown below lines with tags starting by the letter “L,” e.g., “L28”. Information
about the model is given in Table 1.
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Figure 3. Single-line of the model of DES

For clear evaluation of expansion planning of DES with ESS, distribution lines in the model are
divided into two categories, the first main lines that have severely loaded, minor lines, which have a
smaller amount loaded. Main and minor lines are assumed to have conductors as pigeon and
swallow; they have 275 A and 120 A current-carrying limits, respectively. These limits are used as a
reference to illustrate comparatively overloading of lines and LU investments. Namely, L2, L3, L4,
L5, and L6 are assumed as main lines and as pigeon, which has 275 A thermal current limit since they
have more loads than others; the other lines have 120 A thermal current limit. If a line has a current
more than these limits, the line is assumed as overloaded. According to values related, line lengths
are calculated that pigeon has 0.3366 (QO/km resistance while swallow has 1.0742 Q)/km resistance. Line
lengths are also given in Table 1.

Table 1. Information about loads and lines in DES

#of Line R[Q] XI[Q] Length[km] Thermal Limit[A] Load[kW] Load [kVar]

L2 0.0922  0.0477 0.27 275 100 60
L3 0.4930 0.2511 1.46 275 90 40
L4 0.3660 0.1864 1.09 275 120 80
L5 0.3811 0.1941 1.13 275 60 30
L6 0.8190 0.7070 243 275 60 20
L7 0.1872 0.6188 0.17 120 200 100
L8 1.7114 1.2351 1.59 120 200 100
L9 1.0300 0.7400 0.96 120 60 20
L10 1.0400 0.7400 0.97 120 60 20
L11 0.1966 0.0650 0.18 120 45 30
L12 0.3744 0.1238 0.35 120 60 35
L13 1.4680 1.1550 1.37 120 60 35
L14 0.5416 0.7129 0.50 120 120 80
L15 0.5910 0.5260 0.55 120 60 10
L16 0.7463 0.5450 0.69 120 60 20
L17 1.2890 1.7210 1.20 120 60 20
L18 0.7320 0.5740 0.68 120 90 40
L19 0.1640 0.1565 0.15 120 90 40

L20 1.5042 1.3554 1.40 120 90 40
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L21 0.4095 0.4784 0.38 120 90 40
L22 0.7089 0.9373 0.66 120 90 40
L23 0.4512 0.3083 0.42 120 90 50
L24 0.8980 0.7091 0.84 120 420 200
L25 0.8960 0.7011 0.83 120 420 200
L26 0.2030 0.1034 0.19 120 60 25
L27 0.2842 0.1447 0.26 120 60 25
L28 1.0590 0.9337 0.99 120 60 20
L29 0.8042 0.7006 0.75 120 120 70
L30 0.5075 0.2585 0.47 120 200 600
L31 0.9744 0.9630 0.91 120 150 70
L32 0.3105 0.3619 0.29 120 210 100
L33 0.3410 0.5302 0.32 120 60 40

According to Table 1, the longest line is L6, which has 2.43 km in length. L19 is the shortest line
as the length is only 170 m. Loads in table 1 show loads connected to the related bus. The largest two
loads, which are 420 kW and 200 kV Ar, are connected to bus 24 and 25. The most loaded line is L2 at
the beginning of the DES model.

3.2. Modeling of ESS

The recent developments are offering new possibilities, including grid support in different
manners such as load shifting [33,34], power quality [35], smoothing power generation of RES [36],
and power loss reduction [37,38]. The common commercial ESS types of ESS used in the expansion
planning of DES in this paper are lead-acid, lithium-ion, vanadium redox, and compressed air [36].
Some parameters about these types of ESS are given in table 2. There are many ESS types, but
considering increasing attraction on EVs in the near future, EV batteries' second use will be more
available cheaply and in number. After 5-8 years of service in EV, the batteries are insufficient for the
power and energy need of EV [39].

The state of energy (SoE) of ESS is given in Eq. (8). SoE is kept between 20-80% for all ESS units
in the DES model because of avoiding more age effects, given in Eq. (9) [40].

P> (8)-d (1)

SoE,(t) = SoE,(t — 1) + j LSS (8)
b

SoE, i < SoE, < SoE,,., ,Vb € B 9)

ymin < Vo (t) < VMY yn €N (10)

In this study, charging of ESS is controlled by Sincal when the voltage of the bus that ESS
connected to is above the limit (V]***), charging starts, and if the voltage of the bus is below the limit
(VM) ESS starts to discharge. The voltage of each bus in DES has to keep in the voltage limit given
in Eq. (10).
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Table 2. Parameters about different types of ESS
Technologies Efficiency g:r:ﬁ};’ Life Ecological Installation  Operation
o,
(%) [Wh/Kg] (years) Effect [$/kWh] [$/kWh]
Lead 8590 3050 515 High 250 20
acid (LA) &
Li-ion 90-100 75-200 5-15 Moderate 350 20
Vanadium
- -1 High 74 2
Redox (VR) 85 60-85 5-10 ig 0 0
Compressed 70-90 2-6 20-40 Moderate
Air (CA) 1250 28

Lead-acid batteries are known as very common and widely used as chemical energy storage.
Installation and operational costs are very competitive, among other types of ESS. Lithium-ion
batteries are preferable ESS option for grid applications with the increasing popularity of EVs having
massive sized li-ion batteries. Long life cycle and low operational cost make li-ion a new challenging
type of storage. Comprehensive performance and grid-scale applications of Vanadium redox
batteries make VRB as good ESS prospects in DES application, although expensive investment costs
[41]. Compressed air ESS investment cost is much higher than other ESS types, while its life
expectancy is longer than different battery types [42]. Thus, the utilization of compressed air ESS in
DES has certain benefits; hence, it is investigated in this paper. Information about the installation and
operational costs of different types of ESS are given in Table 2.

4. Case Studies

Case studies were designed to include centralized and distributed ESS. LFA is used to show the
loading of DES lines exceeding limit for all cases, and LU cost for all recorded lines of DES is
calculated through expansion planning stage which is 20 years. Every year in LFA simulation, all
loads were increased by a. In LFA, the load growth factor a was 3% annually. In the first case, LFA
was run without ESS. Thus, case 1 is the base case used for comparison. According to the flowchart,
candidate buses are bus number N09, N17, N26, and N29. In case 2, ESS was connected to the bus
N17, which is more loaded and far from the substation and has the most voltage drop. In cases 3, 4,
and 5, ESS with the same size in case 2 connected to bus number N09, N29, and N26, respectively.
Cases 2-5 have a centralized energy storage unit. Thus, there is only one ESS with the same size
connected to different candidate buses. Cases 6 and 7 have decentralized energy storage units. In case
6, ESS with the same in total size but half-size two units were connected to two different buses N29
and N17. In case 7, to show the difference of ESS size on DES, the size of ESS connected to N17 was
increased by 100 kWh. Namely, the 300 kWh ESS was connected to N29, and 400 kWh ESS was
connected to N17. The difference between the results of cases 6 and 7 were described in detail in the
following section.

Table 3. Size and connection bus of ESS units

# of Cases Size [kWh] Bus Number ESS connected

Case 1 None None
Case 2 600 N17
Case 3 600 NO09
Case 4 600 N29
Case 5 600 N26

300 N29
Case 6 300 N17

300 N29
Case 7

400 N17
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According to the first LFA without ESS, the first overloaded line is L26, and the peak load for
the first year is 920+j950 kVA. ESS is placed between N26-N33. The second overloaded line is L7
without ESS, the peak load for the first year is 1075+j510 kVA, and another ESS placement is between
NO07-N18. Considering ESS investment cost, expansion planning with 600 kWh ESS makes
penetration level 55% for cases 2 and 3, 65% for cases 4 and 5, 60% for case 6, and 70% for case 7. All
cases' battery penetrations have been kept above 50%, and size is referenced in [20,21,30]. Besides,
the total losses of DES in each case are evaluated.

5. Results and Discussion

LFA is run for L years, and the results of LFA for the first case without ESS is given in Table 4.
According to this result, there is no need to upgrade any line in the first six years. However, in the
7th year line, L02 is overloaded where the thermal limit of the line is reached. After four years of
operation with the annual load growth factor, another line L03 needs upgrade while the loading of
line LO2 is reached 115% above the thermal limits. Third line needs upgrade is L26, which is
overloaded in the 17th year, ten years after the first overloaded line. L27 needs upgrade after 1-year
of L26, then L04 and L07 need upgrade one year later, then L05, L28, L29 need upgrade at the end of
20 years of operation. The distribution transformer is shown in Figure 3 also needs upgrade in each
case, together with the first upgraded line. Hence, the distribution transformer is not shown in Table

4 but calculated.
Table 4. The years and the line numbers of upgraded lines

Years> 7t 8th 9th JQth 1]th J2th J3th J4th J5th J6th 17th ]Gtk 19t 2(Qth
Case 1 Loz - - - LO03 - - - - - L26 L27 L04,L07 LO5, L28,L29
Case 2 - - - - LO2 - - - L03 - L26 L27 - L28
Case 3 - - - - LO2 - - - L03 - L26 L27 L28 -
Case 4 - - - - LO2 - - - LO3 - - - - LO7
Case 5 - - - - LO2 - - LO3 - - - L27 L28 LO7
Case 6 - - - - L02 - - - LO3 - - - - L07, L26
Case 7 - - - - - LO2 - - LO3 - - - - -

In case 2, the first line needs upgrade in the 11th year, and the second line needs upgrade in the
15th year. According to the results of case 2, the first two upgrading events are deferred four years
later with ESS. In addition to this, the upgrading of lines L26, L27, and L28 are not deferred, while
lines L04, LO5, L07, and L29 do not need upgrade anymore. The total number of lines need upgrade
in case 1is9, butin case 2 is 5. Four lines do not need upgrade anymore with ESS, but some upgrading
events deferred four years. The results of case 2 are similar to case 3, while ESS size is still the same,
but the placement of ESS is changed. In case 4, the first and second lines need upgrade in the 11th
and 15th year, respectively. At the end of the 20 years, L07 needs upgrade. The total number of lines
need upgrade is only 3, which are L02, L03, and L07. Again, the first two upgrading events are
deferred four years with ESS in case 4. Upgrading events in case 5 is similar to case 3, but the first
two upgrading events are deferred for four years. For case 6 with decentralized ESS, upgrading of
lines L02 and LO3 are deferred similarly, but the number of lines is four that line L26 is added to the
list of upgraded lines in case 4. Another decentralized ESS case is case 7, in which only two lines L02
and L03, need upgrade at least a 4-year after. The numbers and length of lines to be upgraded in each
case are given in Figure 4. For example, the number of lines to be upgraded in case 4 is three, while
the total length of upgraded lines is near 9 km. It is shown in Figure 4 that ESS placement prevents
more lines from upgrade and leads to a decrease in LU investment.
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Figure 4. Number of lines to be upgraded and their length

In the overall results with ESS, the total length of upgraded lines is less than 3 km, comparing
the length in the base case 1. The number of upgraded lines in case 4 is one in three, but the total
length of upgraded lines is not decreased compared to case 1 since the lines in the two cases are not
the same lengths.

The upgrading of distribution lines is illustrated in Figure 5-a without ESS and in Figure 5-b
with ESS, respectively. In addition, the year when the line was upgraded has written above the line
in Figure. 5. For example, the lines L04 was upgraded in the 19th year of operation if ESS was not
used. With ESS, the line L04 does not need to be upgraded because no overloading exists in this line.
Some lines need to be upgraded without ESS at the same time. For instance, L04 and L07 should be
upgraded in the 19th year because overloading was started by the 19th. With ESS, there are only two
lines, L02 and L03, need upgrade. Multiple upgrading needs occur in the late 20 years of operation.
For instance, in the 7th, 11th, and 15th years, only one line was upgraded, but in the 19th and 20th
years, two lines were upgraded in the same year. Namely, after 20 years without ESS support, totally
9 lines are upgraded. If ESS supports the distribution grid, only two lines are upgraded.

Moreover, the use of ESS not only diminished the number of upgraded lines but also deferred
the upgrades to the future year. Distribution transformer and the line L02 have to be upgraded after
inevitably upgraded at the 7th year of operation in all cases. However, this upgraded was deferred
by four years to the 11th year, with ESS.
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Figure 5. Lines need upgrade and when they need to be upgraded
a) Yearly upgraded lines need to be upgraded without ESS
b) Yearly upgraded lines need to be upgraded with ESS

ESS penetration and total losses for each case are given in Figure 6. The summation of power
losses for each line is calculated by Eq. (2). It is assumed that the engagement of power losses on the
loading of lines is a problem, especially during peak loads. During peak hours, the rate of losses on
the line current is higher than off-peak hours. If the power losses are decreased, also overloading of
the line can be postponed. Generally, outside of peak hours, losses are taken into account for only
energy loss. Thus, the power losses during peak hours are only taken into account to determine the
benefit of the proposed method easily. It can be stated from Figure 6 that power losses diminishing
as the battery penetration is increased. The proposed method decreased the total power losses of lines

in DES by 100 kW in case 6.
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Figure 6. Power losses vs. battery penetration

The total LU cost of all upgraded lines is calculated for the base case through L year operation
and given in Figure 7. In case 1, the full upgrade cost is over $7 million without ESS. This cost includes
the LU cost of 9 lines totally having 6.3 km length and one distribution transformer investments. In
Figure 7, it can be seen easily that the total investment cost in case 2 is decreased to below to $6 million
by expansion planning with ESS. The total upgrade cost in case 3 and case 5 are very similar to the
cost in case 2. For case 4, upgrade cost decreases by $1 million due to the total length of upgraded
lines decreased by one km. Case 6 and 7 are the cheapest alternatives for the proposed method. Their
total upgrade costs are very similar and slightly more than $2 million. There is an obvious difference
between cases 6-7 and 2-3-5 in total upgrade cost; hence total length and number of upgraded lines
are less besides power losses are also reduced. It is noted that the costs seen in Figure 7 are related to
lead-acid type ESS using expansion planning.
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LU costs per km are taken from [43]. ESS costs can be found in reference [44]. For comparison
of other types of ESS using to plan expansion of DES are given in Table 5. Total costs include an
investment of different ESS types and DES upgrade costs. Total costs are changing according to ESS
types. Although the highest cost related to vanadium redox and compressed air ESS because of the
high investment cost, the total cost for VR and CA is less than without ESS. Total costs are decreased
in any case in this study, thanks to ESS. Case 7 has the lowest cost due to the minimum number of
upgraded lines with the minimum length. It is seen that expansion planning of DES with ESS can
reduce the total cost by $3.91M to $4.66M according to ESS types. Additionally, lead-acid type ESS
reduces mostly total cost because of lower installation costs. However, the cost of li-ion ESS is not
much more than lead-acid, and it may decrease in the near future considering the availability of many
second use EV batteries after 5-8 years use in EV.

Table 5. Total costs including investment of ESS and LU [$M]

Lead acid (LA) Li-ion Vanadium Redox (VR) Compressed Air (CA)

Case 1 7.02 (LU without ESS)

Case 2 5.83 5.89 6.12 6.48
Case 3 5.83 5.89 6.12 6.48
Case 4 5.11 5.17 5.40 5.76
Case 5 5.76 5.82 6.05 6.41
Case 6 2.52 2.58 2.81 3.17
Case 7 2.36 2.43 2.70 3.11

Figure 8 shows the results given in Table 5. Help to reader different colors used to illustrate the
total cost of expansion planning of DES with ESS types. Total costs include LU and ESS investment
and operational costs.


https://doi.org/10.20944/preprints202101.0020.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2021 d0i:10.20944/preprints202101.0020.v1

14 of 17

Oy LU LA & LU [JLi & LU lVRB & LU [CA & LU

7_
1 2 3 4 5

Number of Cases

\S] w (V)]
T T T
1 1

—
T

Figure 8. Total costs for different ESS types

Bus voltages drop due to line impedance increases as the current on the DES lines increases. To
prevent bus voltages to violate the certain voltage limits, some precautions should take into
consideration. Nevertheless, loads cannot be decreased; the stored energy in ESS can support DES
loads especially the buses near the end of the line and ESS can help to compensate the bus voltages
[45]. Expansion planning of DES with ESS can improve the bus voltages; especially in the peak hours,
that voltage drop is higher via discharging of ESS to the demand of loads. The voltage changes are
given for each case in Fig. 9.
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Figure 9. Comparison of the voltage of N18 throughout the study

Figure 9 shows the voltage drop of bus number N18, which is near the end of the line, during
the L year operation with an annual load growth factor. Without ESS, the voltage of N18 is violating
the limit. Namely, the voltage of N18 is below after the 6th year in case 1. The voltage of N18 never
goes below 80% after ESS used in cases 2, 6 and 7 until at the end of 20 years of operation.

The load growth factor used in the paper represents a highly developed region. Newly
developed regions have higher load growth factor such as 7-10%. Studies related to ESS investment
are relied on the cost of ESS technologies continually improving. The cost projections of ESS in the
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literature are given in the short and long term. Short-term predictions include that the installation
cost of ESS will be reduced by 21-67% in 2030. Long term projections include more than 31% and not
much than 80% for the year 2050 [46]. There is more reduction expectation of ESS price in the near
future.

6. Conclusions

In this paper, the method for DES with ESS is proposed. With the proposed method, possible
outages are prevented; LU cost is not only deferred, but also decreased. Proposed method is realized
by the IEEE 33 bus DES model. DES is modeled with the help of PSS® Sincal software. LFA is run for
20 years with an annual load growth factor in DES for each case. Upgraded lines for each case are
listed in detail with the year they need upgrade. Calculations are made with certain assumptions,
and NPV is used to compare. As it can be seen that the number of upgraded lines is decreased, and
the total length of upgraded lines are decreased.

As a result of different case studies, including centralized and decentralized ESS allocation, total
cost, including LU cost and installation and operation costs of ESS are decreased without hampering
the energy quality. Besides, power losses of DES are diminished expansion planning with ESS. In
addition, the improvement of the bus voltage is examined. Voltages of buses in the DES model
prevented to drop under 80% using ESS. Before ESS, voltage is under 75%. According to the results,
it is seen that the total upgrade cost has been shifted by 70%, and total-operating costs of DES has
been reduced to 34% for 20 years of operation. This result relies on the type of lead-acid ESS. For
future studies on the integration of ESS in DES, possible reduction of specified prices of ESS due to
developments of battery technologies could be taken into consideration. It is expected that a decrease
in investment and operating costs of ESS can increase the techno-economic profitability of using ESS
to a higher level. As a result, expansion planning in DES with ESS will increase.
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