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Abstract: One solution to confront the intermittent nature of renewable energies is to utilize energy storage systems (ESSs) in
microgrids (MGs). This paper studies an expansion planning problem to report the optimal size of the storage system. The
objective function includes the investment cost of the storage system and the operating cost. Adding a storage system to an MG not
only can be considered as the investment cost, but also it benefits the system in reducing the operating cost. Therefore, the main
target is to minimize the sum of the later items. To ensure the practical capability of solutions, storage management systems (SMS)
are used for modeling the storage system. The mixed-integer programming (MIP) method is also employed to formulate the
expansion planning problem. The storage system cooperates with thermal units to maximize the obtained economic benefits and
minimize the costs. Numerical analysis is performed and a mathematical model is proposed to evaluate an optimal size of the
storage system. The numerical results show that a larger storage system does not necessarily mean gaining more economic
benefits. There is an optimal condition based on which the storage system is designed and installed. It is found that selecting larger
sizes of the storage system imposes higher expansion costs on the MG.

Keywords: Storage system, expansion planning, microgrid, renewable energy source, mixed-integer programming, storage
management systems.

1. INTRODUCTION

The microgrid (MG) technology has created appropriate infrastructures for improving energy consumption efficiency. An MG
consists of generators, storage systems, and control devices that operate in traditional centralized networks in either grid-connected
or islanded modes under normal operating conditions. The load in the MG is normally supplied by micro sources, such as
photovoltaic, wind, fuel cell, and other systems [1]. A central controller provides the connection between the main grid and the
MG, and optimizes the operation of the MG. There are many operation challenges caused by the distinctive characteristics of micro
sources exposed to intermittency and uncertainty [2]. One potential solution to overcome to these challenges is to establish
electrical energy storage systems. Energy storage sources (ESSs) play a pivotal role in the operation of MGs. Storage systems have
a fast response, and this adds more flexibility to the control the system of MG, providing numerous benefits in terms of security
and costs. Storage systems can also eliminate fast changes of the power and frequency in renewable sources, and hence solve the
oscillation and intermittency problem associated with these generation sources. Additionally, the ESS has the potential to store the
energy and use it at the desirable period, leading to a good number of economic benefits to the MG [1, 2].

A new approach relying on the net present value (NPV) is introduced in [3] to find the optimal placement of the ESS in an MG;
besides, analyzing the economic aspects of using the ESS. The authors also developed a self-adaptive bee swarm optimization
(SBSO) algorithm, which was adopted to obtain the optimal size of the ESS to maximize the NPV. Alharbi et al. [4] introduced a
model for operation planning for several years; the optimal power and size of battery of ESS was evaluated by the authors. In
addition, the optimal power and energy ratings of the ESS were evaluated to minimize the operating cost of the MG [3]. A fuzzy
expert system is also exploited to set the power output of the ESS. In another study [5], it was suggested that a novel method based
on cost analysis can be employed to approach the optimal sizing of a battery of the ESS. The Authors found that operating and
overall costs of the MG can be reduced [4]. Recently, Majidi and Nojavan [6] investigated the optimal sizing of an ESS in an MG;
the demand side program (DRP) and reliability indices were taken into account by the authors. Moreover, the authors attempted to
reduce the total expenses and operating costs. The optimal size of a battery ESS is found in [7] through analyzing the schedule and
cost benefits of MG expansion planning for islanded and grid-connected operation modes of the MG. To improve the operation of
distribution systems containing distributed generation and energy storage units, the optimal sizes of photovoltaic systems and ESSs
were evaluated in [8]. The proposed operation strategy for ESSs relies on changes in the load and generation during the day.
Sayfutdinov et al. [9] suggested the most proper state-of-the-art technologies and designed the best size of the ESS. The paper
generalized the adopted approaches for finding the optimal size of ESSs by using self-discharge effects. The operational lifespan of
the ESS was chosen as a variable in this study [8]. It was observed that operational lifespan plays a significant role on obtaining the
optimal size of ESSs and selecting the most suitable technology. The generation and load data of a building equipped with a PV
system for several years was investigated in literature [9] to shape the operating profile of the ESS. The authors attempted to make

www.ijeais.org
29


http://www.ijeais.org/

International Journal of Engineering and Information Systems (1JEAIS)
ISSN: 2643-640X
Vol. 4, Issue 7, July — 2020, Pages: 29-39

a balance between power generation and demand sides in the MG system. Recently, a new indicator of the optimal size of the ESS
was constructed by scholars [10] to preserve a balance between the source, the storage, and the load sides. To find the optimal size
of the ESS, various constraints were utilized along with the investment cost indicator to provide a suitable model. In another study
[11], the researchers formulated a capacity planning problem to obtained the optimal size of a PV system combined with a battery
energy storage system (BESS) for Nano-grids that are expected to manage distributed RESs. A novel multi-objective problem was
proposed and solved in [12] to obtain the optimal size of a BESS for a microgrid, containing several RESs and a BESS, connected
to the grid.

Apart from the aforementioned, the ESS technology can be utilized for load following, the frequency and voltage stability, the
peak load management, the power quality improvement, and the capital return. Nonetheless, storage systems requires to be
modeled accurately and sized optimally to prevent its surplus or deficient generation [13]. So far, different types of technologies
were proposed for ESS; some are commercially available, while others are still in the examination stage [13], in which the
advantages and demerits of each technology were explained in details in the literature [15]. Charge and discharge rates of different
storage technologies and the applications of such technologies are summarized in Fig. 1. Proposing the small storage systems may
also fail to meet acceptable economic benefits and expected flexibility in power generation for the rest of the units available in the
MG. Fig. 2 illustrates the optimal size of a storage system considering the costs of investment, repair and maintenance, and
operation.

Based on a brief literature review presented above, designing an optimal size or capacity of the storage system is very critical
and the capacity of the system should be based on the total expenses, comprising investment and operating costs to satisfy our
requirement. In this study, the authors introduce a mathematical model for expansion planning problem with the optimal size and
capacity of the storage system. Adding a storage system to the MG necessitates not only satisfy the investment and maintenance
expenses, but it reduces the operating cost. Hence, the main aim is minimizing the sum of these two costs.

To better understand the practical capability of the solutions, the storage management system (SMS) method is used to model
the storage system. The mixed-integer programming (MIP) method was employed in to formulate the expansion planning problem.
The study aims to find the optimal size of the storage system in the MG. The storage system cooperates with thermal units to
maximize the obtained economic benefits and minimize the costs.

The paper is structured as follows: after a brief literature review and introduction in section 1, section 2 presents the

formulation of the expansion planning of the storage system modeling in details. Section 3 provides the numerical simulations for a
6-bus test system. The results are presented and discussed in sections 4, and finally in section 5 the conclusions will be presented.
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Fig. 1. Comparison between different storage technologies (reproduced from [14]).
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Fig. 2. Optimal sizing of a storage system [15].

2. PROBLEM FORMULATION

The objective of the expansion planning problem is to minimize the total cost of the system that includes the costs of
investment, repair and maintenance, and operation in the ESS. The objective function is formulated as follows:

Min IC + MC + OC= Total Cost (8]

where IC represents the investment cost of the new storage system that is a linear function of the rated storage power defined in
equation (2). MC stands for the repair and maintenance cost of the storage system and includes fixed and variable costs associated
in equation (3). The fixed repair and maintenance cost is a function of the rated power. However, this variable cost itself is a
function of the total energy generated in the planning horizon. Also, OC is the operating cost of the MG that includes fuel costs for
power generation by units within the MG and the electricity purchase (or sell) price from (or to) the main grid, which is formulated
in (4). The electricity price at the connection point to the main grid will be determined through the price prediction.

IC = ICsPR 2
MC = OMPE 3
NT NG NT (4)
0C =" FulPilie + Y. CoPue
t=1 i=1 t=1

As mentioned above, the main objective of this study is to determine the optimal solution considering the constraints of the
system and the unit [16-22].

2.1. Constraints of the system
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Constraints of the system ensure the safe and reliable operation of the system and provide the connection between the operation of
the MG equipment and the main grid. Constraints of the system are expressed as follows:

NG (5)
ZP,-tI,-t + Py +Pye =Py, (t=1,..,NT)
i=1
NG (6)
Zpl:’naxlit + PICIHG.X > PD,f + Rt (t = 1, ...,NT)
i=1
. NT @
Fin < Z z[pﬁ(P,.t)zit + SUp g0 + Dy 0] < Fo
iEFT t=1
NG NT (8)
D [FaPidle + SUeie + D] < B
i=1t=1

The power balance equation (5) guarantees that the sum of power generated by local sources, the storage system, and the main
grid supply the load demand at each hour. The storage system power, P, is positive (negative) when the battery is operating in the
discharge (charging) mode, and is zero when the storage system is assumed ideal. The power of the main grid, Py, ¢, is positive
(negative) when the power flows from (into) the main grid, and is zero when the MG operates in the islanded mode. The load is
fixed, and is determined using load prediction methods. By employing formula (6), we secure that a sufficient number of units
participate in meeting the required reserve for the system. Different methods have been suggested for determining the amount of
required reserve; the most conventional ones include the load percentage and maximum capacity of the unit in the system.

Inequality (7) evaluates the limitation of the total fuel consumed by thermal units of the MG during the considered planning
horizon. This constraint specifies the interdependency between the electricity and the fuel (most of the fossil fuels) for the power
generation. The total amount of emissions in the MG is, therefore, constrained according to formula (8).

2.2. Constrains of the units

Constraints of the units are formulated in (9) to (13). It is worth noting that in the following inequalities the “t” index varies
fromt =1, ..., NT and the “i” index changes fromi =1, ...,to NG.

Piminlic < Pie < Pimaxlic )

Py = Pie—y S UR[1 = It (1 = Iie—1))| + Pimin [Tie (1 = Lie—1))] (10)
Pit—1) = Pt < DR[1 = Lie-y(1 = Ii) | + Pimin|Lie—y (1 — 1) ] (11)
[Xit-1) = T [lie-1) — Lie] 2 0 (12)

%Ly = 17 e = hie-n] 2 0 (13)

The minimum and the maximum power generation of the units are constrained by (9). These limitations are determined
according to the physical limitations of energy generation by the unit. Inequalities (10) and (11) evaluate the limiting values of
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increasing and decreasing ramps. Using these values highlights that the considered unit cannot increase its generation beyond the
acceptable limitation value within two consecutive hours. The maximum and minimum time constrains of the units are also defined
by equations (12) and (13). Using the maximum value of the minimum time, the unit cannot be switched off for a specific number
of hours once it is switched on. Similarly, using the minimum value of the minimum time, the unit cannot participate in power
generation, and cannot be switched on for a given number of hours once it is switched off. Additionally, the exclusive constraint of
fuel can be considered for each thermal unit.

2.3. Constraints of the storage system

In this paper, the battery has been assumed as an option for energy storage. The corresponding constraints of the storage system
include charge, discharge, and ideal modes as shown in Fig. 3. Storage system charging has conventionally a rectangular shape,
meaning that the system can start charging once it received the charging command from the controller and the charging process is
performed at a constant power level. Contrary to charging, battery discharging can follow default discharge profiles. Discharge
profiles have practically a trapezoidal shape. As a result, the power generated by the storage system is changed based on a gradual
increase or decrease of the generated power under the conditions that the power changes between zero and a discharge value and/or
vice versa. Using the trapezoidal profile, the amount of energy accessible from each discharge period can be maximized [22].
Discharge profiles in terms of the shape, time duration, and the number of discharge periods are different. Fig. 3 shows one type of
real discharge profile.

u +v, <1 (t=1,..,NT) (14)
—Pfv, < P, < kPRu, (¢t =1,..,NT) (15)
o (TD, — 0.5)kP&, 1<TD <1, (16)

Ps, = kP&, T, +1<TD <1,

o (T3 - TDt + 05)kPSR, Ty +1< TDt < T3

0<TD; < t3u, a7
1-(34+ 1)1 —u)<TD,—TD,_; <1 (18)
SOCt = SOCt—l - PS,tAt (19)
0 < S0C, < SOC™a* (20)
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A
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Fig. 3. Real discharge trend for an energy storage system.
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Constraints (14) and (15) determine the operation mode of the storage system. Inequality (14) guarantees the storage system
cannot operate in the charge and discharge modes simultaneously, and constraint (15) determines the limiting values of the storage
power level at each hour. The set equation (16) states three sections of the trapezoidal profile of the discharge in a mathematical
form. In the ramp section of the power generated by the storage system, i.e. sections 1 and 3 (triangular shapes in Fig. 3), the
accessible energy generated is consumed between the current and the previous hours. The symbol of TD; is the number of
continuous discharge hours at time t, and it is evaluated by inequalities (17) and (18). It should be noted that in the daily unit
commitment problem, when the storage system is not in the discharge mode, i.e. when u, = 0, the discharge counter becomes zero.
On the other hand, when the storage system operates in the discharge mode, i.e. u; = 1, the discharge counter becomes equal to the
discharge counter in the previous hour plus one. However, the charging is limited based on the rated power and the state of charge
(SOC). The SOC is obtained from (19) and at each hour it is equal to the SOC of one hour. Therefore, it is assumed that Az = 1.

Constraint (20) limits the value of SOC for the storage system to prevent over-charging. It should be considered that the
discharge profile given by the manufacturer is determined based on the power required by the operator. The default discharge
profile, therefore, cannot be changed arbitrarily or be increased because it affects the battery temperature [23].

The general mathematical model for constraints is given in this section. The formulation of the MIP problem for these
constraints is given in [21].

Another important constraint related to the installation of the storage system is investment costs limitation, which is formulated
as follow:

(ICs + OM)Prated < CJFq (21)

Using this constraint, the investment cost for installing a storage system is limited. Based on this inequality, the size or capacity
of the storage system is constrained.

3. NUMERICAL SIMULATION

A 6-bus test system, as shown in Fig. 4, is used to illustrate the performance of the proposed method. The method is
implemented on a 2.4 GHz PC using CPLEX 11.0 software [24].

The characteristics of the generators and energy storage system are listed in Tables 1 and 2. The maximum amount of power
imported to the grid can meet the required reserve in the MG. The planning horizon is set five years. In this study, four test cases
are considered as follow:

a) Test case 1: Choosing a base case;
b) Test case 2: Adding a storage system to Case 1;

c) Test case 3: Determining the optimal size of the storage system in Case 2;

d) Test case 4: Analyzing sensitivity.
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Fig. 4. The 6-bus test system.
Table 1. Characteristics of generation units.
- . . Maximum
. Cost Coefficient Minimum Capacity . Startup Cost
Unit No. Bus No. Capacity

($/MWh) (MW) (MW) %

1 1 27.7 1 5 40

2 1 39.1 1 5 40

3 6 61.3 0.8 3 10

4 6 65.6 0.8 3 10
Unit No Shutdown Cost | Minimum Up Time Maximum Down Ramp Up Rate Ramp Down
' %) (h) Time (h) (MW/h) Rate (MW/h)

1 0 3 3 2.5 2.5

2 0 3 3 2.5 2.5

3 0 1 1 3 3

4 0 1 1 3 3

Table 2. Characteristics of the energy storage system.
Bus No Investment Fixed O&M Cost gﬁ;%'gg Discharging
Storage System ' Cost ($/kW) ($/kW-year) (h) Duration (h)
2 480 4 5 7
a) Test case 1
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In the base case, the storage system is not added to the scheme. The main aim is to minimize the total operating costs on the
planning horizon, by applying the unit commitment problem to the whole planning horizon. The total operating cost, in this case, is
$36,361,650. Unit 1 operates as the base unit during all operating hours, while other units operate when the load demand is not
responded by merely unit 1, and higher electricity prices in the market do not allow the MG to import electricity from the main
grid. At the time the price of electricity is low, the power of imported from the main grid to the MG, while at the times the price is
higher, thermal units within the MG are switched on to meet the demand. The generated surplus power is returned to the grid once
again.

b) Test case 2

A 2000 kW storage system, in this case, is added to the design. The storage system can be charged up to 10 MWh to the
maximum limit of SOC within 5 hours. A trapezoidal discharge profile is considered, which determines that the storage system is
discharged within 7 hours with a power discharge rate of 1.66 MW. From the start of discharging it takes 1 hour for the power to
reach the rated discharge power, 5 hours to continue discharging under the rated discharge power, and 1 hour for the output power
to reach zero. By adding the storage system, the total operating cost of the system drops to $35,396,496, which shows a 2.65%
reduction. Nevertheless, considering the investment cost equal to 480 $/kW for the storage system, $960000 is added to the overall
costs of the system. The storage system is mostly charged at off-peak hours when the electricity price is low. The system is again
discharged at peak hours when the electricity price is high. The discharge power of the storage system during peak hours is used
for demand response in the MG under heavy loading conditions or for selling power to the main grid, leading to increased
economic benefits to the MG.

c) Testcase 3

In this case, the rated power of the storage system is considered as a problem variable. Charging and discharging profiles are
similar to those in Case 2, i.e. 5 hours for the rectangular charging and 7 hours for the trapezoidal discharging. Using the proposed
method for determining the size of the storage system, the optimal size of the storage system is 950 kW. The total cost of
expansion planning is $36,356,860 which includes $35,881,860 as of the total operating cost, $456,000 as of the investment cost of
the storage system, and $19,000 as of the fixed costs of repair and maintenance. Identical to Case 2, the storage system is mostly
charged during off-peak hours when the electricity price is low, and is discharged during peak hours when the electricity price is
high.

d) Test case 4

The sensitivity of the total costs to the size of the storage system is analyzed in this section. The size of the storage system is
increased from 0 to 2000 kW with steps of 100 kW, where 0 means that no storage system is used. Fig. 5 shows the total costs of
investment and repair and maintenance for the ESS as a function of the size of the storage system. As the size of the storage system
increases, the total cost of investment and maintenance increases linearly. The cost of repair and maintenance is considered in the
five-year planning horizon. Fig. 6 shows the operating cost of the system in terms of the size of the storage system. It is observed
that the operating cost decreases as the size of the storage system increases. The larger size of the storage system might mean more
energy storage during off-peak hours and higher energy generation during peak hours, leading to more economic benefits for the
system. The total expansion planning cost of the system consists of the sum of the maintenance and investment costs of the storage
system, plus the operating cost of the system, as shown in Fig. 7.

As the size of the storage system is increased from 0 to 900 kW, the total cost of expansion planning is reduced, meaning that a
larger storage system is more beneficial to the MG. However, for sizes larger than 900 kW, a larger storage system means more
cost of expansion planning. It is evident from Fig. 6 that in the 5-year expansion planning horizon, ESSs with rated power greater
than 1200 kW are not economical. In this case, the reduction in the operating cost of the MG caused by installing the storage
system is less than the costs of maintenance and investment in the storage system. Hence, it will not be reasonable to install this
system.
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Fig. 5. Investment and maintenance cost of the storage system.
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4. DISCUSIONS

The following items need to be taken into consideration in the problem of determining the optimal size of the storage system:

o In the proposed test cases, the expansion planning horizon is considered for five years. Assuming longer or shorter
periods, the planning horizons can influence the results. For instance, a larger storage system in Case 3 may be
obtained as the optimal size of the storage system in the MG.

e The present study considers merely the economic benefit of the storage system under the conditions that an MG with
thermal units is added. The benefits of the storage system will be significant when RESs are present in the system.

e In numerical studies, the charging and discharging profiles of the storage system are assumed constant. However, the
proposed method can consider variable charging and discharging profiles as well and as a result, can find optimal
charging and discharging profiles for the storage system.

e The transmission system is discarded in the problem formulation because, in general, in an MG, the transmission
system has sufficient capacity for power distribution and emergency conditions will not occur. Yet, constraints of the
transmission system can be simply added to the formulation of the proposed problem.

¢ Since the execution time of the problem is not important, the considered problem is executed in one single shot. To
increase the response time and find the final solution in a very short time, the available decomposition methods can be

used.

5. CONCLUSIONS

The paper proposed a mathematical model to calculate the optimal size of a storage system. The suggested method employs an
expansion planning problem where the capital costs and the repair and maintenance cost of the storage system plus the operating
cost of the system are considered together and are optimized simultaneously. An accurate model is used for the storage system
where charging and discharging profiles of the storage system are utilized. Numerical studies show that a larger storage system
does not necessarily mean supplying more economic benefits. There is an optimal point based on which the storage system is
installed. Larger sizes of the storage system may impose higher expansion costs on the MG.
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