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ABSTRACT

In recent years, the integration of Battery Energy Storage Systems (BESS) has played a crucial
role in ensuring the reliability and efficiency of microgrids. This paper presents an optimal sizing
model for BESS, considering operational degradation and replacement over the system's lifecycle.
The proposed model integrates technical, economic, and environmental aspects in the operation
of microgrids, while also accounting for the degradation rate of batteries. A Mixed-Integer
Nonlinear Programming (MINLP) approach is used to minimize the total system cost, including
investment, operation, and replacement costs, while satisfying constraints related to load demand,
renewable energy integration, and system reliability. Simulation results demonstrate that the
proposed optimal model is highly effective in determining both the capacity and installation cost
of the energy storage system. Additionally, the model can support the development of efficient
operation scheduling and management strategies for BESS.
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1. INTRODUCTION

Battery Energy Storage Systems (BESS) are vital for advancing the transition to clean energy
and incorporating renewable energy sources into power grids. In particular, as microgrids become
more common, BESS facilitates energy balance between supply and demand, reduces reliance on
fossil fuels, and improves grid reliability. Nonetheless, to maximize BESS capabilities,
determining the optimal storage capacity is essential. The battery system's capacity directly
impacts the initial investment cost while also being connected to operational effectiveness, lifespan
and replacement expenses. Notably, the performance degradation of batteries over time and under
various operating conditions is a critical consideration during the design and operation of the
energy storage setup. As a result, developing a BESS capacity optimization model that
incorporates both the technology and economics involved, and considers both the deterioration
and replacement of batteries is hecessary to ensure microgrid sustainability and economic viability.

Numerous recent studies have placed an emphasis on improving the capacity and operation of
BESS in microgrids. Non-linear optimization techniques and regression analysis have been
employed to minimize total expenses, meet energy demand and intergrate incorporating distributed
generation sources. Nevertheless, this approach does not thoroughly take into account the
degradation of battery performance during actual operation. A number of different studies have
started incorporating lithium-ion battery degradation models.

This reveals that declining performance not only impacts operational costs but also increases
the need for battery replacements, ultimately leading to higher long-term expenses than initially
anticipated. The strategy of battery replacement and lifespan optimization has been integrated into
the model in studies [4, 5]. However, these approaches remain limited in that they do not consider
the influence of the BESS's state of charge or capacity on overall efficiency.
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This research introduces a model designed to find the optimal size for a BESS. The model
considers factors that cause performance degradation and includes a plan for replacing batteries at
the right time to fully utilize the power from renewable energy sources. The model is tested on a
microgrid that uses renewable energy and energy storage, aiming to develop realistic and
sustainable energy management solutions for the system.

2. MINLP MODEL

2.1. Objective function

Selecting the appropriate BESS power and storage capacity involves considering both upfront
investment and ongoing operational expenses to optimize economic benefits and enhance system
reliability [6, 7]. This research develops a Mixed-Integer NonLinear Programming (MINLP) model
to minimize investment and operational costs, penalties for load and renewable energy curtailment,
and emissions penalties. Equation (1) presents the objective function for this optimized problem.
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PBESS symbolizes the rated power output of the BESS, and E™S indicates its energy storage
capacity. The power generated by thermal power units is represented by P¢, Pe* signifies the
power exchanged with the grid, and P-S represents the load shedding power. The first element (2)
of the objective function concerns initial investment costs for the storage system, C’. This
encompasses the cost of power capacity C?, the cost of energy CZ, the cost of BESS replacement
CR, operation and maintenance expenses C°%". The second part of the objective function is the
operational cost including diesel generator operating expenses, Start-Up Costs (SUC), Shutdown
Costs (SDC) for the generator and the cost of purchasing electricity from the grid C¢*[4]. The
parameters a, b, and ¢ denote the operating cost parameters of the diesel generator unit. Binary
variables y and z respectively indicate the shutdown and startup statuses of the power units. This
objective function also incorporates other expenses, such as emission costs (calculated as the
product of emission quantities or curtailed power and penalization costs) [8, 9].

Since the BESS capacity calculation spans multiple years, future costs have to be brought to
their present-day equivalent through the Net Present Value (NPV) discount function, CFW =
(1 +e)Y"Y/(1 + r)¥~1, determined by the interest r and inflation rate.

2.2. MG grid constraints

Grid operation constraints include capacity balancing, load reduction limits, and grid exchange
capacity limits.

> RL+ (R R )+ PR R =P )
ie{GW,PV} ieB

0 <Py < pPN¢ (5)

0 < Py < BraxWyt (6)

PRis the generating power of G diesel, W wind and solar PV power sources. P°*/¢hjs the
charge/discharge capacity of the BESS, and P* is the value of the load. The cutoff load and
exchange capacity with the grid are limited by constraints (5) and (6). In operation, non-critical
loads PNCE can be cut. The power exchanged with the dependent grid and the line from the main
grid to the microgrid (less than the maximum capacity Bg%,). w is the binary variable that
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represents the state of power exchange with the grid.
2.3. Diesel Generator Constraints

Diesel generator constraints include generating capacity constraints, capacity increase, and
decrease constraints, operating time constraints, minimum breaks, and constraints between
operational states [7].

Piminttiye < PS¢ < PlipnaxUiye (7 TREPTN (A = uyyp) = MDTziye (1)

PSy = Py <10 (8) Yiyt — Ziyt = Wiy — Uiy(t-1) (12)

Pye—1y = Pe < 1P 9) Yiyt T Ziye < 1 (13)
et VT Uy > MUT; sy (10)

The generator output power PS¢ is limited by the maximum BS,, and minimum PS;, power
values. Equations (8) and (9) limit the power between consecutive time intervals; The increase in
generator power must be less than %P, and the decrease in generator power must be less than
r&SU. The minimum operating/resting time interval is limited by equations (10) and (11).
Constraints (12), (13) ensure that operating units can only stop and cannot start. The variable
represents the operating state of the generator.

2.4. Gas emissions

To assess the impact of emissions such as CO: and NOx, empirical formulas (14) and (15) are
used to calculate the amount of emissions generated from the power output Pi‘;tand the proportion
of biofuel in the fuel mixture D; [9].

COyye = 0.7 + 2.7Pf,, + 0.8D; + 0.005P,D; + 2.2 X 107°Df (14)
NO, iye = —0.25 + 181P§, — 2.7D; — 2.9P§, + 0.0561D7 (15)

2.5. Renewable energy curtailment constraints

These reductions are necessary to keep the power grid stable and secure, preventing overloads
or significant imbalances. This curtailment is represented by constraints (16)-(17), ensures that the
combined power from solar (PPV) and wind (P"), along with the curtailed power, remains below
the forecasted power generation for solar (P*V/¢) and wind (P"/¢) as described in reference [10].

0 < Py + pEyeurt < plIre (16)
0 < P + pjyeurt < piife (17)

2.6. BESS constraints
BESS operating constraints are expressed by equations (18) — (24).

PP%7 <PP <P*%7 vheB (18) 0< Ry <RPSUS vbeB,vy,vt (20)

b,min b, max
Enin <Epy <E VheB,Vy (19) 0<PRy <R (1-Ug) vbeB,wy,vt (21)
dis
SOC,,, =S0C,,,)(1-7) - ﬁ +1psPar Vb e B, VY, vt (22)
E2Ess —Z% EX 4, |<SOC,, <EFF® vbeB,vy,vt (23)
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Zubk =z, (24)

The rated power of the battery energy storage system (BESS), denoted as PBESS| is constrained
by its minimum power output PSE3 and its maximum power output PFES? . A binary variable z
ensures whether or not the BESS is in operation. Equation (19) restricts the nominal energy of the
BESS, E™S, to a range between its maximum capacity, E,, 4, and its minimum capacity, E,.
The BESS's charging/discharging power, P€"/4iS must not exceed its rated power. With the binary
variable U,‘};',St ensures the BESS's mode at time t, enforcing that it can only be either charging or
discharging at any given time. The state of charge (SOC) of the BESS is calculated using equation
(22) and must adhere to constraint (23) as detailed in reference [4]. Here, o represents the self-
discharge rate of the BESS, and n¢p,,/q4n represents its charging/discharging efficiency.

The relationship between maximum Depth of Discharge (DOD) and the number of life cycles
is shown in figure 1. Therefore, in this study, a binary variable p_bk is introduced to determine the
maximum DOD k of the BESS b. Throughout the life cycle of the BESS, only one maximum DOD
value is selected and shown in constraint (24).
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Figure 1. BESS degradation based on DOD.

Using the big M method, with M being a very large number, the nonlinear equation (20) is
replaced by equations (25), (26) [4, 7].

0< PRy <R vheB,vy,vt (25)
0<PRy <UjM VbeB, vy, vt (26)

Similar to equation (20), the discharge power in equation (21) can also be linearized using the
big M method. Therefore, the equation can be replaced by

0<PRy <P vbeB,vy,vt 27)
0<PRy <(1-Ug )M vheB, vy, vt (28)

In the nonlinear equation (23), the multiplication E£S° upy is replaced by the variable Nj,

Ngey® = E5SS upy, the variable Nyi5s is bounded by the following equation:
0< NkagSS <My, VbeB,vm,Vy (29)
S — M (1 g4 ) < NEESS

(30)
<Ep " +M(1-,) VbeB,Vm,Vy
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2.7. BESS replacement constraints

Due to its complexity, the lifespan of a BESS cannot be accurately predicted; However, the
replaceable time can be determined based on the total discharge capacity.
dis

. . P '
SRy = SR}y + Zt;—“ - SR B, ¥beB,vy (31)
dis
SRy® <> CL, N5 VbeB,Vy (32)
k
RY,, =4,y VheB,vy (33)

The energy supplied to the grid from the time of SP4S installation is calculated via equation
(31) and this value must be less than the total available energy based on the maximum DOD
calculated from the number of charge/discharge cycles CL (32). The replacement year RY is
calculated via equation (33). The binary variable 5y, represents the BESS replacement in year y.
BESS will also be replaced when the operating years OP exceed its lifespan [11]. In this case, the
replacement year is represented by constraints (34) — (36).

Opby - OPb(y—l) + /‘{‘ny _Opb(y-l):Bby vbeB, vy 34)
OPby < Fl_h Vb e B,Vy (35)
< Zpb—gis <M 4, (36)

Y t Th - ’

Equation (34) represents the number of years the BESS operates, with the binary variable 4,,,
taking a value of 1 for each operating year and 0 for non-operating years. This number of years
must be less than the lifespan of the BESS, FLj, as shown in equation (35). The operating years
of the BESS are determined by its discharge power; if this power is non-zero, the binary variable
Apy Will be 1, indicating that the BESS is operating.

2.8. BESS degradation
2.8.1. Calendar aging

Equation (37) defines the capacity fade over time, which helps predict remaining lifespan and
plan maintenance, optimizing charge/discharge cycles to extend the lifespan and performance of
the BESS [10].

A cal __ t o t-1 - SOC EBESS (37)
g€y, = 720) |\ 720 X(al byt T X2 By )

The capacity degradation, Age;;;g, for BESS unit 'b' at time 't' in year 'y' is calculated. This
calculation is based on the degradation factors a; and a5, as well as the SOC and capacity of the
BESS in that particular year, represented by EBESS,

2.8.2. Cycle aging

The performance degradation of a BESS, Age©¥¢, can be approximated using equation (38).
Within that equation, the parameters represented by n,, n,, n,and are factors used to adjust the

lifespan curve.
B 0.2x E™
- n, x DOD" x g"*+-°%P)

(3%)
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Equation (38), however, is a nonlinear equation, potentially complicating the problem and
making it challenging to discover the optimal global solution. To address this, the state of charge
(SOCQ) is redefined as SOC[%]=1-DOD[%], which allows equation (38) to be linearized by
dividing SOC into N, segments.

Age™n

Agelin — Ageini

1 =
slope, D

Age™ | oL R,

Agefin

soc™ socm  soc! Soc

Figure 2. Piecewise linearization of operational aging.

. N; Socbyls (%)
Socmln 0/ +
5 (%) SZ;,L(S_l)X Dy X Ve (39)
B SOCbyt
- Eti)ns
Vs X AgEL (%)

Aget = Ns byts 9 0

Q€1 Zs_lLLsmpebs x SOC, (%)} ()

The BESS lifespan curve is divided into equal SOC segments, with the start and end points of
each segment corresponding to the values Age™, Agef™ calculated via equation (38).
Additionally, a binary variable v, is introduced to ensure the SOC value always remains within
the permissible range for each segment. Equation (39) requires that the sum of SOC values across
all segments equals the SOC value calculated through the charging/discharging process. Finally,
the nonlinear equation (38) will be replaced by (40). However, the BESS charging/discharging
process is an incomplete cycle charging/discharging process, therefore, the rainfall counting
algorithm and the big M method are applied to calculate the degradation of the BESS during
operation via equations (41) — (43).

BESS BESS BESS BESS

Yo T Zoye = Upyra T Upye (41)
Agesy <(Ade,, — Ade,, ;) +bigM x(1-up:™) (42)
Agesy > (Ade,, — Age,, ;) —bigM x(1-ug:* ) (43)

2.8.3. BESS capacity
The BESS capacity is determined using equation (44) considering both calendar and cycle aging:

B =B — 2o Agely + Agely )~ 5, (B - ) (44)

t
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3. RESULTS
Table 1. Source parameters.
Power Ramp Minimum Up/Down Time
Power supply | Power (MW) Limit Operation
Diesel 0.5-5 1 1
PV 0-0.5 - -
Wind 0-13 - -
Table 2. Load parameters.
Peak (MW) Important Load (%) VOLL($/MWh)
Load 9.24 30 50000

The microgrid used in this study comprises one diesel generator, a PV system and a wind
turbine system with parameters as shown in table 1. Load data and hourly power output of the
components are taken from [12] and presented in table 2. The lifespan of the BESS depends on the
DOD, as shown in table 3. The optimization model used is a MINLP model. The model calculates
the project time for 10 and 15 years with total costs of $21.291 million and $29.775 million,
respectively. Due to the significant wind energy resource, the BESS mostly charges/discharges
according to the power output of the RES and the diesel generator only operates when both RES
sources are insufficient and there is no reserve in the BESS.

Table 3. BESS lifetime depending on DOD.

DOD (%) Charge/Discharge Cycle DOD (%) Charge/Discharge Cycle
20 3000 70 900
30 2075 75 825
40 1500 80 775
50 1175 85 700
60 1000 90 675
65 940 95 600
. AT Tl AT T N

Cdng Sudt (MW)
N
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Figure 3. Source power and load during surplus RES.

The primary reason for this is that the model considers both the operational expenses of the
generators and the costs associated with CO2 and NOy emissions, resulting in the microgrid
minimizing the power drawn from diesel generators. This reduced reliance on diesel aligns with
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the increasing demand for greener energy options that lower emissions. Power flow from sources
and loads within the grid are illustrated in figure 3 (surplus RES) and figure 4 (deficit RES).
Figures 5 and 6 demonstrate the decline in source capacity over the years of operation. Due to
equipment replacement, the capacity of the BESS system in the 15-year project will be restored to
its initial level at the start of year 10. All projects fully utilize the storage capacity of the BESS.
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Figure 4. Source power and load during deficit RES.
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Figure 5. Capacity degradation over a 10-year project.
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Figure 6. Capacity degradation over a 15-year project.
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Table 4. Comparison of project costs for 10-year and 15-year periods.

Replaced

Time IC Cts OC | CO2 | NOx |Total costl P E DOD year

6 00
(year) [(10°$)| (10° $) |(10° $)[(10° $)|(10° $) (10°%) (MW) | (MWh) (%)

15| 7.443 0 20.3 (1.017 [ 1.014 | 29.775 | 5.4 | 13.47 | 100 10
10| 5.068 0 1472 10.752 | 0.75 | 21.291 | 3.57 | 8.905 | 100 -

4. CONCLUSIONS

This study introduces a model for determining the optimal size of a BESS within a microgrid.
The model considers the BESS's degradation based on the DOD and the environmental pollution
caused by diesel generators. This model facilitates the calculation of the BESS size required to
minimize overall system costs while significantly curtailing the use of environmentally harmful
thermal power sources, opting instead for increased utilization of renewable energy resources. The
results demonstrate a 35% reduction in diesel generator output compared to conventional models.
The optimization problem is formulated as a MINLP which enables the incorporation of various
influencing factors, leading to more realistic results than prior studies. In future work, the nonlinear
model will be linearized to reduce computational burden and time. In addition, the load and
renewable energy source uncertainties will be considered for actual conditions.
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TOM TAT

M0 hinh tdi wu dung lrong hé thong pin luu triv néng luwgng
xét dén su suy giam van hanh va thay the trong lwoéi dién siéu nhé

Trong nhitng ndm gan day, viéc tich hep hé thong pin luu trit nang lwong (BESS) dong
vai tro quan trong trong viéc dam bao do tin cdy va hiéu qua cia ludi dién siéu nho. Bai
b&o nay trinh bay mgt mé hinh toi wu dung hrong BESS xét dén su suy giam védn hanh va
thay thé trong suot vong doi cua hé thong. Mé hinh dé xudt tich hop céc khia canh ky thut,
kinh té va méi trirong trong védn hanh leéi dién siéu nho, dong thoi xem xét téc dé suy giam
Cua pin. Phuong phap quy hoach phi tuyén nguyén thuc hon hop (MINLP) duwoc sir dung dé
toi thiéu hda tong chi phi cua hé thong, bao gom chi phi dau tu, van hanh va thay thé, trong
khi vdn ddap 1ng cac rang bugc vé nhu cau tdi, tich hop néng lwong téi tao va do tin cdy cia
hé thang. Két qua mé phong cho thay mé hinh téi wu dé xudt mang lgi hiéu qud cao trong
Viée xdc dinh dung lwong va chi phi ldp dat hé thong leu triv nang lhrong bang pin (BESS).
Pong thoi, md hinh c6 thé hé tro xay ding ké hoach ldp lich vdn hanh va qudan ly BESS mét
cach hiéu qua.

Tir khéa: BESS; Microgrid; MINLP; Nang lugng tai tao.
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