
 

Optimal Sizing of Battery Energy Storage System in 
Smart Microgrid with Air-conditioning Resources 

 

Abstract—In the microgrid with high photovoltaic (PV) 
penetration, optimal sizing of battery energy storage system 
(BESS) has been a heated research topic in recent years. In the 
meanwhile, the high energy consumption of air-conditioned 
households is attracting more and more attention currently. In 
this paper, an optimal sizing method of BESS is developed for a 
smart microgrid with PV systems and air-conditioning 
resources. The proposed model is divided into two layers. In the 
first layer, the initial size of BESS is determined with 
consideration of photovoltaic output power and thermal 
buffering characteristics of air-conditioned households. In the 
second layer, the optimal size of BESS is proposed to minimize 
the system overall cost including BESS construction investment 
and microgrid system operation cost. The model is solved by 
differential evolutionary algorithm and iterative algorithms. 
Case studies demonstrate the effectiveness of the proposed 
method. 

Keywords—Air-conditioning Resources, Battery Energy 
Storage, Optimal Sizing, PV Arrays 

Nomenclature 
Abbreviations  
AC Air-conditioning 
BESS Battery energy storage system 
BIPV Building integrated photovoltaic 
NZE Net zero energy 
PV Photovoltaic 
SoC State of charge 
  
Indices  
i Index of air conditioner 
N The number of time intervals 
t Index of time interval 
T Index of the year 
  
Parameters  

PVA  Area of the PV [m2] 

E
bessA  

The investment cost on BESS’s capacity 
[$/kWh] 

P
bessA  

The investment cost on BESS’s power 
[$/kW] 

_
E
bess MA  The maintenance cost on BESS’s 

capacity [$/kWh] 

_
P
bess MA  The maintenance cost on BESS’s power 

[$/kW] 
cop  Performance parameters 

aCp  
The specific heat capacity of indoor air 
[ J/(kg C)⋅ ° ] 

wCp  
The specific heat capacity of wall 
[ J/(kg C)⋅ ° ] 

PVOI  The average solar irradiation hourly at 
nominal test condition [kWh/m2] 

coefK  The coefficient for calculating equivalent 
present value 

aM  Indoor air’s mass [kg] 

wM  The mass of house walls [kg] 

M  
The total amount of air conditioners 
controlled by the aggregator 

acP  The rated power of AC [kW] 

max
,bess chrP  

The upper limit value of charging power 
[kW] 

max
,bess disP  

The upper limit value of discharging 
power [kW] 

min
,bess chrP  The lower limit value of charging power 

[kW] 
min

,bess disP  
The lower limit value of discharging 
power [kW] 

_ maxgP  
The upper limit of the exchanged power 
for microgrid and distribution network 
[kW] 

eqR  The equivalent thermal resistance for the 
household [(m2 °C )/W]  

wrR  
The thermal resistance between outer 
wall surface and ambient air [(m2 °C )/W] 

waR  The thermal resistance between inner 
wall surface and indoor air [(m2 °C )/W] 

BR  The geometric factor 
maxSoC  The upper limit value SoC [%] 
minSoC  The lower limit value SoC [%] 

refT  The standard test temperature [ °C ] 

COT  The cell temperatures at nominal test 
conditions [ °C ] 

AOT  
The ambient temperature at nominal test 
conditions [ °C ] 

lifeT  The working life of BESS [year] 

min
rT  

The lower limit value of indoor 
temperature [ °C ] 

min
wT  

The lower limit value of wall temperature 
[ °C ] 

max
rT  

The upper limit value of indoor 
temperature [ °C ] 

max
wT  

The upper limit value of wall temperature 
[ °C ] 

β The temperature coe�cient 
,Es disη  The discharge efficiency of BESS [%] 
,Es chrη  The charging efficiency of BESS [%] 

PVη  Efficiency of the PV [%] 

refη  Efficiency of the PV at standard test 
temperature [%] 
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λ  The heat generation parameter [W/m2] 
r  The coefficient for discount [%] 
e  The energy escalation annually [%/year] 
r′  The coefficient for equivalent discount 

_s dδ  The self-discharge rate of BESS [%] 

τ  The time interval [min] 
  
Variables  

iniC  The minimum operation cost [$] 

minC  The minimized system cost [$] 

bessC  BESS’s investment cost [$] 

&O MC  The microgrid system operation cost 
including maintenance cost [$] 

MC  BESS’s maintenance cost annually [$] 

opC  The operation cost daily in the microgrid 
[$] 

( )buyC t  
The electricity purchase price from the 
microgrid to the distribution network at 
time t [$/kWh] 

( )sellC t  
The electricity sell price from the 
microgrid to the distribution network at 
time t [$/kWh] 

( )bessE t  The capacity of BESS at time t [kWh] 

,
rate
bess iniE  The initial rated capacity of BESS [kWh] 

,bess rateE  The rated capacity of BESS [kWh] 

( )BI t  The global irradiation at time t [kW m2] 

( )DI t  The diffuse irradiation at time t [kW m2] 

( )PVI t  The solar irradiation at time t [kW m2] 

( )_ac iP t  The rated power of i-th AC at time t [kW] 

,
rate

bess iniP  The initial rated power of BESS [kW] 

,bess rateP  The rated power of BESS [kW] 

( )_g buyP t  
The amount of power purchasing from 
the microgrid to the distribution network 
at time t [kW] 

( )_g sellP t  
The amount of power selling from the 
microgrid to the distribution network at 
time t [kW] 

( ),bess chrP t  BESS’s charging power at time t [kW] 

( ),bess disP t  BESS’s discharging power at time t [kW] 

( )loadP t  The total load in the microgrid at time t 
[kW] 

( )_uncontro loadP t

 

The uncontrollable load in the microgrid 
at time t [kW] 

( )PVP t  The PV generation power at time t [kW) 

( )_ac iS t  The operation status of i-th AC at time t 

( )SoC t  BESS’s SoC at time t [%] 

( )rT t  
The temperature value in the room at time 
t [ °C ] 

( )wT t  
The temperature value in the wall at time 
t [ °C ] 

( )ambT t  
The ambient temperature values at time t 
[ °C ] 

( ),bess chr tμ  BESS’s charging status at time t 

( ),bess dis tμ  BESS’s discharging status at time t 

( )_g sellx t  The status of purchasing electricity in 
microgrid at time t 

( )_g buyx t  The status of selling electricity in 
microgrid at time t 

I. INTRODUCTION  

As one of the main energy sources of the future smart 
microgrid, the photovoltaic (PV) penetration is increasing 
rapidly. The growth record of the installed capacity of 
renewable energy has reached more than 200GW in 2019, 
which is mostly contributed by solar PV [1]. In order to meet 
the challenges of high PV penetration in a microgrid, it has 
been more and more important to be equipped with battery 
energy storage system (BESS) [2] [3]. 

Different research has put forward various optimal sizing 
methods of BESS. Reference [4] optimized cycle life of BESS 
to find the size of BESS without considering investment cost 
of BESS. However, the cost of BESS is still the key factor 
hindering its development [5] even though the cost of batteries 
is falling [6]. To minimize the total cost of BESS, the optimal 
size of BESS was evaluated based on frequency control in [7]. 
The authors in [8] developed an energy storage optimization 
configuration model considering various benefits to maximize 
user revenue within the lifecycle of BESS. In addition, the size 
of BESS was also determined to cope with the time-space 
imbalance of wind power generation and system revenue 
maximization considering the equivalent loss of BESS cycle 
life [9] and capacity fading of lithium ion battery [10]. In the 
meantime, the PV penetration rate increased by using BESS 
whose size was optimized [11]. Reference [12] proposed an 
optimal sizing strategy of BESS to increase PV penetration to 
80% under voltage constraints. In [13], the authors determined 
battery capacity considering battery degradation cost in a 
PV/storage system. Furthermore, the building integrated 
photovoltaic (BIPV) system can nearly achieve net zero 
energy (NZE) [14] and lithium ion battery system is feasible 
in small-scale residential applications [15]. A NZE home 
equipped with rooftop PV was proposed in [16], and an 
optimal BESS size method was presented to minimize various 
costs. However, it did not take the maintenance cost of BESS 
into account. 

The residential and office buildings have high energy 
consumption, which are mainly impacted by air-conditioning 
load [17][18]. In order to reduce the energy consumption, 
thermal buffering characteristics of air-conditioned buildings 
should be fully utilized. There have been some studies on this 
topic. For air-conditioning load in [19], the authors proposed 
a droop-based controller to participate in demand response to 
reduce building energy consumption. In [20], residential 
heating, ventilation, and air-conditioning model was 
established and combined with shared energy storage system 
to participate in demand response to save energy, but its 
thermal model was not accurate. 

Reviewing the previous studies in detail, the authors find 
that the existing research on optimizing size of BESS mainly 
focus on minimizing the total cost of system by considering 
various factors such as capacity fading, uncertainties of 
renewable energy power generation and ancillary services etc. 
However, few of them consider about incorporating air-
conditioning resources in optimizing size of BESS. To close 



the research gap, this paper explores an optimal sizing method 
of BESS in a smart microgrid considering high penetration PV 
and a number of air-conditioned households which are 
modeled accurately. Including investment and maintenance 
cost of BESS and microgrid system operation cost, the total 
system cost is minimized through this method. The energy 
resources in smart microgrid are also managed optimally, 
which involve PV, BESS and air-conditioning load. 

This paper is organized as follows. Section II provides the 
problem description. The various system component models 
are established in Section III. The proposed optimal sizing 
method of BESS is presented in Section IV. In Section V, the 
case study is introduced and the numerical simulations are 
analyzed. Finally, Section VI gives a conclusion. 

II. PROBLEM DESCRIPTION 

In a smart microgrid [21], it consists of renewable energy 
system (such as PV power generation system), energy storage 
system, load which is divided into controllable load and non-
controllable load, energy management system and various 
advanced communication facilities and sensors. 

The simplified smart microgrid system structure is shown 
in Fig. 1. The PV system is the primary energy resource, 
which is green and sustainable to provide electricity for the 
microgrid. Furthermore, BESS provides energy buffering 
between generation and load. BESS is charged during high PV 
generation periods and discharged during high load demand 
periods. It should be noted that the PV system and BESS are 
owned by the microgrid system operator. As controllable 
loads, the air-conditioning (AC) loads are controlled by the 
aggregator to participate in the energy dispatching. In 
addition, the energy management system is used to optimize 
system energy management, and the microgrid is connected to 
power distribution network to achieve grid-connected and 
island operation. Note that the controllable loads in this paper 
refer to the AC load, while other loads are considered to be 
uncontrollable and constant loads. 

In order to minimize investment cost of BESS, operation 
cost of the microgrid system, and optimize energy resource 
dispatching, an effective optimal sizing method of BESS 
should be developed. To fully utilize the thermal buffering 
characteristics of air-conditioned households, the air-
conditioned households should be modelled accurately and 
dispatched optimally. 
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Fig. 1. Simplified smart microgrid system structure 

III. MICROGRIDS COMPONENTS MODELLING 

In this section, including the air-conditioned household, 
BESS and PV system, the components modelling of microgrid 
are introduced. 

A. Air-conditioned Household Thermal Model 

The air-conditioned household has thermal buffering 
characteristic, i.e. the indoor temperature does not rise rapidly 
when the air conditioner is turned off, and vice versa. 
Therefore, to make the air-conditioned load to be controlled 
accurately by aggregator to meet thermal comfort of the users, 
it is vital to establish an accurate air-conditioned household 
model which can show the thermal process. 

Many studies have provided various thermal models to 
describe the thermal process. In [20], the one-parameter model 
was adopted, but it ignored the effect of the house wall on the 
heat exchange process. In [22], a more accurate thermal model 
(two-parameter model) was formulated without considering 
the heat generation due to the activities of human and 
machine. Therefore, the heat generation parameter is added to 
the two-parameter model in this paper. A more accurate 
thermal process of household is described in Fig. 2. The air-
conditioned household mathematical thermal model is given 
as follows [22]: 

_w aQ

_w rQ

_heat gainQ _a rQacQ

 
Fig. 2. Simplified thermal process of household 
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It should be noted that the air-conditioning state variables 

acS  is a binary variable (1 means the air conditioner is turned 
on, and 0 means it is turned off). In addition, a day is divided 
into N time periods by time interval τ , which is 15 minute in 
this paper. 



B. Battery Energy Storage System 

Considering the state of charge (SoC), charge-discharge 
power and self-discharge for BESS [23], the model of BESS 
can be given as follows: 

 
( ) ( ) ( )

( ) ( )
_

, ,
, ,

1 1

    1 1 /

bess bess s d

Es chr Es dis
bess chr bess dis

E t E t

P t P t

δ

τ η τ η

+ = ⋅ −

+ + ⋅ ⋅ − + ⋅
 (3) 

 ( ) ( ) ,/ 100%bess bess rateSoC t E t E= ⋅  (4) 

 ( ) , ,     1bess bess initE t E if t= =  (5) 

 ( ) [ ]min max
, , , , 1,bess chr bess chr bess chrP P t P t N≤ ≤ ∀ ∈  (6) 

 ( ) [ ]min max
, , , , 1,bess dis bess dis bess disP P t P t N≤ ≤ ∀ ∈  (7) 

 ( )min maxSoC SoC t SoC≤ ≤  (8) 

C. Photovoltaic System 

PV system is an important energy source in the microgrid, 
which generates power energy mainly depending on 
temperature and solar radiation. According to [24], the PV 
model is described as below: 

 ( ) ( )PV PV PV PVP t A I t η= ⋅ ⋅  (9) 

 ( ) ( ) ( )( ) ( )PV B D B DI t I t I t R I t= + ⋅ +  (10) 

( )

( )
( )

T

T

0.9

1
0.9

PV

APVO CO
PV ref

refAOPV

PVO

I t

T tI T

TTI t

I

β
β

η η
ββ

 ⋅ ⋅          = ⋅ − ⋅ − ⋅        −⋅ ⋅       −    

 (11) 

Noted that refT , COT  and AOT  are generally 25 °C , 45 °C  

and 20 °C  respectively. 

IV. MATHEMATICAL FORMULATION OF THE PROPOSED 

MODEL 

The optimal sizing method of BESS is proposed in this 
section, which is divided into two layers. The initial size of 
BESS is calculated in the first layer, and the optimal size of 
BESS is explored in the next layer. Simultaneously, 
minimizing the operation cost and saving energy, the energy 
resources are dispatched optimally. 

A. Initial Sizing Model of BESS in the First Layer 

To minimize operation cost in the smart microgrid 
considering high PV penetration and thermal buffering 
characteristics of air-conditioned households, the objective is 
provided as follows: 

 _ _

1

min ( ) ( ) ( ) ( )
N

ini g buy buy g sell sell

t

C P t C t P t C t τ
=

 = ⋅ − ⋅ ⋅   (12) 

Equation (12) is further explained as below: 

 
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

_

_

,    

,    

g sell PV load PV load

g buy load PV PV load

P t P t P t P t P t

P t P t P t P t P t

= − >
 = − <

  (13) 

 ( ) ( ) ( ) ( )_ _ _
1

M

load uncontro load ac i ac i
i

P t P t P t S t
=

= + ⋅  (14) 

In order to completely consume PV power generation on-
site through BESS, the initial size of BESS can be determined 
as below: 

 ( ) ( )( ), =maxrate
bess ini PV loadP P t P t−  (15) 

 
( ) ( ) ( ) ( )

1
, ,

+

=
2

N

PV load PV load
rate t
bess ini Es chr

P t P t P t P t

E

τ

η
=

 − − ⋅ 

⋅

 (16) 

In addition, the following various constraints should be 
satisfied simultaneously. 

1) Power balance constraints:  
It is necessary for the microgrid to balance power 

consumption and power supply. Furthermore, the exchanged 
power with distribution network should meet the constraints 
due to the limitation of the facilities. 

 
( ) ( ) ( ) ( )

( ) ( )

_ _ _ _
1

_

+

                       

M

uncontro load ac i ac i g sell
i

PV g buy

P t P t S t P t

P t P t
=

 + ⋅ 

= +


(17) 

 
( )
( )

_ _max

_ _max

0

0

g sell g

g buy g

P t P

P t P

≤ ≤
 ≤ ≤

 (18) 

2) Air-conditioned household thermal constraints:  
To meet thermal comfort for the user, the following 

constraints need to be satisfied: 

 ( )min max
r r rT T t T≤ ≤  (19) 

 ( )min max
w w wT T t T≤ ≤  (20) 

 ( ) 1,    
0,    ac

ON
S t

OFF




=  (21) 

Noted that the controllable range of temperature is 
determined by the user. 

B. Optimal Sizing Model of BESS in the Second Layer 

After calculating the initial size of BESS, it is important to 
find the optimal BESS’s size for minimizing total system cost. 
Therefore, considering investment and maintenance cost of 



BESS and operation cost of the microgrid, the objective is 
proposed as below: 

 ( )&min min bess O MC C C= +  (22) 

The definitions of bessC  and &O MC  are further described 
as below: 

 , ,
E P

bess bess bess rate bess bess rateC A E A P= ⋅ + ⋅  (23) 

 &
1

365
min

lifeT
op M

O M
coefT

C C
C

K=

 ⋅ +
=  

  
  (24) 

Specially, opC , MC  and coefK  are defined as: 

 _ _
1
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N

op g buy buy g sell sell
t

C P t C t P t C t τ
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 = ⋅ − ⋅ ⋅    (25) 

 _ , _ ,
E P
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(1 )

(1 ) 1

T

coef T

r r
K

r

′ ′+=
′+ −

 (27) 

 
1

r e
r

e

−′ =
+

 (28) 

The various constraints are as follows: 

1) Power balance constraints:  
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_ _

1

, 0,1
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g sell g buy

x t x t

x t x t

+ ≤
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This means that charging and discharging of BESS 
cannot be performed simultaneously in (31). Equation (32) 
gives the purchase and sale of electricity between the 
microgrid and the distribution network that cannot be carried 
out simultaneously. 

2) Air-conditioned household thermal constraints:  
The thermal constraints of air-conditioned household 

are shown in (19) – (21). 

3) Battery energy storage system constraints:  
BESS constraints should be met to ensure safe and 

stable operation, as shown in (5) – (8). 

The initial size can be calculated through solving the initial 
sizing model of BESS in the first layer. Then, combining 
iterative search algorithm and differential evolution 
algorithm, the optimal size of BESS can be found. It should 
be noted that ,bess rateE  and ,bess rateP  are variables that change 

in each iteration. 

V. CASE STUDIES 

The method in this paper is tested in the microgrid system 
shown in Fig. 3. The models have been simulated with 
MATLAB software. 
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Fig. 3. The microgrid system 

According to the solar irradiation and ambient temperature 
which are collected in Guangzhou City, Guangdong Province 
for a certain typical day, the PV power generation is simulated 
by (9) – (11). The load and PV curves are shown in Fig. 4. The 
electricity price is given in Fig. 5. 

 
Fig. 4. The load and PV curves 

 
Fig. 5. The electricity price 



In this paper, assuming that 150 air-conditioned 
households are controlled by an aggregator, Monte Carlo 
simulation is used to generate the air-conditioned households 
scenarios whose parameters range is given in Table I below: 

TABLE I.  PARAMETERS OF AIR-CONDITIONED HOUSEHOLD 

Building 
Length (m) 

Building Width 
(m) 

Building 
Height (m) 

Wall Width 
(m) 

8-22 8-15 3-9 0.2-0.4 

No. of 
Windows 

Comfort 
Temperature ( °C ) 

Air Conditioners Rated 
Power (kW) 

3-8 23-27 3-7 

According to Reference [23], the parameters of BESS are 
given in Table II below: 

TABLE II.  PARAMETERS OF BESS 

Type of 
battery 

 
($/kWh) 

 
($/kW) 

_  
($/(kWh·year)) 

Lithium ion 
battery 

250 300 7.5 

_  
($/(kW·year)) 

 
(year) 

 /  
(%) 

_  
(%/day) 

6 8 20/80 0.1 

r (%) e (%/year) 
6 3.5 

It can be seen that the relationship between size of BESS 
and total microgrid system cost of the microgrid in Fig. 6. As 
the BESS size increases, the BESS investment cost increases 
but the total cost of microgrid decreases to saturation. The 
reason is that BESS participates in electricity price arbitrage 
and microgrid auxiliary service. Therefore, the optimal size of 
BESS can be determined by finding the minimum total 
microgrid system cost of the microgrid and in this case, they 
are 1406.3kW and 6904.7kWh as shown in Fig. 6. 

 
Fig. 6. The relationship between BESS size and microgrid system cost 

The air-conditioned households are aggregated and 
controlled by the aggregator to minimize air-conditioning 
power consumption. To verify the validity of the model, the 
different modes of air conditioners are compared as shown in 
Fig. 7, which are divided into control mode and uncontrol 
mode. Noted that the blue line, red line and black line denote 
ambient temperature, indoor temperature and operation status 
of air conditioner respectively. It can be seen that the power 
consumption of air conditioner in control mode is less than 
that in uncontrol mode. 

 
Fig. 7. Air-conditioned household with control and without control 

Fig. 8 reports the BESS operation status including SoC and 
charging/discharging power of BESS in a day. It is obvious 
that with the constraints, BESS charging only occurs during 
periods of low prices or periods where there is surplus PV 
generation power. In addition, BESS is mainly discharged 
when the electricity price is at high level and the PV 
generation power is insufficient. 

 

 
Fig. 8. BESS operation status 

Fig. 9 indicates the power exchange between microgrid 
and distribution network. The yellow line and bottle-green line 
are power purchasing from the distribution network and the 
corresponding status (1 is power purchasing, 0 is not). It can 
be observed that the PV power generation is completely 
consumed locally, and there is no electricity transaction 
between the microgrid and the distribution network during 
peak electricity prices. In addition, the electricity sold by the 
microgrid to the distribution network is zero, which is due to 
the electricity selling price is very low, and the surplus PV 
generation power is consumed locally with BESS. 

 
Fig. 9. Power exchange between microgrid and distribution network 

VI. CONCLUSION 

In this paper, an optimal sizing method of BESS is 
proposed in smart microgrid which includes high PV 
penetration and air-conditioning resources. Composed by 
initial sizing model of BESS and optimal sizing model of 



BESS, there are two layers in the proposed model to minimize 
total system cost. According to the simulation results, the 
optimal size of BESS can be obtained while minimizing the 
total system cost. In addition, the more accurate two-
parameter air-conditioners can be controlled by the aggregator 
to reduce energy consumption. The energy resources in the 
microgrid are optimally scheduled to cope with high 
penetration of PV, reduce peak demand, and lower the system 
cost. 
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