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Abstract. Battery energy storage system (BESS) is one of the important solutions to improve the 
accommodation of large-scale grid connected photovoltaic (PV) generation and increase its operation 
economy. However, the strong intra-day volatility and severe curtailment of PV power sets a high demand 
of BESS charge-rate that is a key factor in operation models but ignored in current planning researches. This 
paper proposes a BESS capacity configuration model for PV generation systems which takes BESS’s ability 
to (dis)charge exceeds its rated power into account. The best charge-rate and power & energy capacity of 
BESS are optimized by particle swarm optimization (PSO) algorithm. Through an analysis of the annual 
output statistics of PV power station in the northwest of China, the results show that when considering the 
high charge-rate of BESS, the optimal BESS capacity configuration rises and comprehensive income of the 
PV-BESS system will increase. 

1 Introduction  
With the energy transformation strategy proposed , 
photovoltaic (PV) generation installed capacity is 
increasing all over the word, and PV is becoming an 
important energy source in the future clean and 
renewable power system [1-3]. However, the 
development of PV is facing many challenges, the 
inherent features of PV such as strong volatility and 
randomness cause the difficulty to accommodate. The 
output characteristic of PV depends on the solar power, 
often mismatches with load demand, which gives rise to 
severe energy curtailment.  

The BESS can help to absorb the electric energy in 
the PV peak period and release the electric energy in the 
low period, thus reduces the waste energy. With the 
continuous decrease of the cost of BESS, the integrated 
planning of energy storage and PV plants is seemed to be 
an effective, economical and reliable method, and some 
related research works have been done.  

[4] gives the operation strategy and optimal capacity 
of BESS in a PV system based on the spectrum analysis 
of PV output. In [5], the method of interval estimation is 
used to predict probabilistic error of PV output, and the 
expected value of confidence level is obtained as the 
power allocation of BESS. [6] takes various scheduling 
modes into consideration, establishes the function of 
battery loss, then calculates the optimal BESS capacity. 

However, in the existing researches on the capacity 
configuration of BESS for PV system, the charge-rate 
characteristics of BESS is often set to the rated value. 

Thus, the potential capability of BESS to enhance 
accommodation is underestimated, which leads to the 
excessive investment of BESS. The charge-rate 
characteristic of BESS indicates that, many kinds of 
chemistry battery (such as graphite-LiFePO4, vanadium 
redox flow battery and so on) have the ability to charge 
or discharge at several times (often up to 5-10) of its 
rated power [7]. When BESS with good high-rate 
characteristics is charged or discharged at high rate, its 
energy conversion efficiency is almost the same [8], 
which shows the advantage of high-power conversion. 
The BESS with good high-rate characteristic is being 
developed and applied, so the high-rate (dis)charging 
ability of BESS needs to be considered in the 
configuration of BESS capacity for PV system. 

In order to give the capacity configuration of BESS 
for PV system, an economic optimization model of PV-
BESS system is established, and the high-rate 
characteristics of BESS is considered in the model. The 
main works of the paper: Section 2 expounds the system 
structure and profit mode of PV generation system with 
BESS. In section 3, the high (dis)charge rate 
characteristics of BESS is given. The optimization model 
is given in Section 4. Section 5 shows a case study of a 
PV-BESS station in the northwest of China, and conducts 
a sensitivity analysis of various factors to BESS optimal 
(dis)charge rate. In Section 6 the conclusions are given. 
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2 The technical and economic 
characteristics of PV-BESS generation 
system 

2.1 The Structure of PV-BESS generation system 

Main structure of centralized PV-BESS generation 
system is shown in Fig. 1, and BESS system (including 
BESS and BESS converter) is in the dotted box. The PV 
generation can charge BESS and transmit electric energy 
to the grid through the PV converter. BESS can absorb 
the electric energy of PV when it is in the charging state 
through BESS converter, and transmits electric power to 
the grid when it works on the discharging state. 

Since the charge/discharge state and input/output 
power of BESS can be controlled manually, its 
cooperation with the PV generation system can 
effectively slow down the fluctuation of equivalent PV-
BESS power generation, which improves the 
schedulability of PV system, and promotes the 
consumption. 
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Fig. 1. Structure of PV-BESS system 

2.2 Profit model of PV-BESS generation system 
under the policy of restraint 

PV generation system gets profits from selling electricity 
to the grid. PV output power fluctuates strongly during 
the day, it has a strong power generation ability at noon 
on a sunny day. If all the electric power of PV is 
delivered to the grid at noon, normal grid dispatching will 
be affected seriously. Therefore, the power limitation 
measure is generally taken for PV system. The electric 
department formulates power limitation standards or PV 
plants, which means the power sold by PV system to the 
grid shall not exceed the power policy specified by the 
government department, the surplus power of PV will be 
wasted. 

If additional BESS is set for PV system, BESS could 
absorb the surplus power of PV during the day time, then 
release electricity and sell it to the grid at night (Fig. 2). 
Thus, increase the income from electricity sales, however, 
the cost of BESS and BESS converter must be paid by 
the PV plants producer. In order to achieve better 
composite economic effects, it is necessary to allocate the 
capacity of BESS reasonably. 
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Fig. 2. Operation of PV-BESS system under the restraint policy 

3 High-rate characteristics of BESS 
Charge & discharge rate is the ratio of battery (dis)charge 
current to its rated capacity [9]. Generally, λ  is used to 
represent the ratio of battery charge and discharge current. 
For a 1200mAh battery, =0.2λ  represents (dis)charging 
at 240mA (0.2 times of 1200mAh), and =1.0λ  
represents 1200mA (1 time of 1200mAh). Under the 
condition of constant (dis)charge voltage, λ  can also 
represent the ratio of charge and discharge power to its 
rated power. 

Supposing that the actual battery capacity won’t 
change with its (dis)charging rate, the relationship 
between the continuous discharge time of a full-charged 
BESS and the discharging rate is shown in Fig. 3. (in the 
case of =1λ , the discharging time is 60min). 
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Fig. 3. The relationship between time duration and 
(dis)charging rate of BESS 

Considering the energy conversion efficiency of 
BESS, the actual capacity that can be released by BESS 
is slightly smaller than in the ideal case, that is, the actual 
curve will be below the curve drew in .For most types of 
BESS, the larger the (dis)charge rate, the smaller capacity 
can be discharged or charged by BESS. 

Using the data from the literature [10], the actual 
capacity of a particular lithium iron phosphate battery 
under different (dis)charge ratio is shown in Fig. 4, the 
capacity of energy that is released by the BESS under 

2λ =  shows 90% of the nominal capacity. 
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Fig. 4. The relationship between actual capacity and 
(dis)charging rate of BESS 

4 Optimization model 
The optimization model is built on the objection function 
of the extra annul income by setting BESS in a PV 
generation system. Because of the nonlinear nature of the 
optimization model, particle swarm optimization (PSO) 
algorithm is used to solve the problem. 

4.1 Optimization function 

4.1.1 Optimization objective 

Taking the maximum extra annual income of PV 
generation system provided by the setting of BESS as the 
optimization target. The extra annual income includes the 
increased annual generation income and the construction 
& operation costs of BESS (equivalent to one year), and 
it can be expressed as followed: 

 max{ ( )}
np grid BESS

I I I  (1) 

Where 
np

I  is the extra annual income of PV generation 
provided by BESS (dollars/year), 

grid
I  is the extra annual 

power generation income of PV generation (dollars/year), 
BESS

I is the annual construction & operation costs of 
BESS (dollars/year). 

4.1.2 Constraint condition 

The power & capacity cost of BESS and the BESS 
converter cost matched with the highest (dis)charge rate 
( maxλ ) are required to be paid for the construction of 
BESS system. 

BESS
I  can be expressed as: 

 max cov( ) /
BESS P BESS E BESS BESS BESS

I C P C E C P nλ= + +  (2) 

Where 
P

C  is sum construction and operation cost of unit 
BESS rated power (dollars/MW), 

E
C is sum construction 

and operation cost of unit BESS rated energy capacity 
(dollars/MWh), covC is sum construction and operation 
cost of unit BESS converter rated power (dollars/MW), 

BESS
P is rated power of BESS (MW), 

BESS
E  is rated 

energy capacity of BESS (MWh), maxλ is maximum 
charge/discharge rate of BESS, 

BESS
n is life span of BESS 

(year) 
Increased revenue from electricity sales due to the 

construction of BESS can be expressed as: 

 
grid grid grid

I C E=  (3) 

Where 
grid

C  is electricity sale income of PV system 
(dollars/MWh),

grid
E is extra electricity sales capacity due 

to the establishment of BESS (MWh/year). 
The BESS adopts the operation mode of charging 

once a day and discharging once a day to sell the electric 
energy stored in the daytime at night to the grid. 
Assuming that the electric power sold to the grid is 
limited to 

l
P , the electric output capacity of PV system 

on the i th day at time t is ( )i

solar
P t . If the rated power of 

BESS is set as 
BESS

P , the maximum charge/discharge rate 
is set as maxλ , supposing the configured energy storage 
capacity is large enough, the maximum energy that can 
be absorbed by BESS on the daytime is: 

 max
( )

(min{ ( ), } )
i

solar l

i i

solar l BESS l

P t P

E P t P P P dtλ
>

= + −∫  (4) 

Where i
E  is maximum energy can be absorbed on the i 

th day (MWh), 
l

P  is power limit (maximum power sent 
to the grid) of PV-BESS system (MW), ( )i

solar
P t is output 

capacity of PV system on the i th day at the time of t 

(MW). 
Considering the capacity limitation of BESS, as well 

as the charging & discharging efficiency and the state of 
charge (SOC) limitation, the increased electricity sales 
capacity on this day due to the construction of BESS are 
as follows: 

 max min( ) min{ , }i i

grid ch dis BESS
E SOC SOC E Eη η= −  (5) 

The annual extra electricity sales capacity can be 
expressed as: 

 
365

1

i d

i

grid grid

i d

E E

=

=

= ∑  (6) 

4.2 Solving algorithm 

Because the objective function has nonlinear term, 
particle swarm optimization (PSO) algorithm is used. The 
core of PSO algorithm is to make use of the individual 
information sharing in the group, so that the movement of 
the whole group can generate a process from disorder to 
order in the solution space, so as to obtain the optimal 
solution of the problem. PSO algorithm is suitable for 
solving nonlinear mathematical programming problems 
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without analytic expressions. Let the capacity of BESS 
(

BESS
E ) and the maximum (dis)charge rate set for BESS 

be the variables, and the solving flow chart is shown in 
Fig. 5. 
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Fig. 5. Solving flow chart 

5 Case study 

5.1 Parameters of the case 

Based on the annual actual power generation data 
(sampling interval is 15min, 35040 sample points totally) 
of a 100MW PV power station in Inner Mongolia, the 
above-mentioned maximum annual income model is used 
for simulation calculation, and the optimal capacity of 
energy storage device is compared under different 
maximum charge-rate of energy storage, and the 
sensitivity analysis of power station revenue is carried out. 
The BESS considered in this paper is lithium-ion battery, 
and the simulation parameters are set as Table 1:  

Table 1. Value of parameters 

Parameter Value Parameter Value 

l
P  50MW maxSOC

minSOC  
0.9 
0.1 

BESS
P  5MW η

ch
,η

dis
 0.9 

BESS
E  0-100MWh P

C  1*105$/MW 

maxλ  1-5 E
C  1.5*105$/M

Wh 

BESS
n  15years covC  1*105$/MW 

grid
C  90$/MWh   

5.2 Result analysis 

If taking both maxλ and 
BESS

E as the optimization variables, 
the result of the optimization is maxλ =2.6, 

BESS
E =54.2MWh, and the extra annual income is 

np
I =11.6(104$).  If maxλ  is fixed in the optimization 
model, Fig. 6 shows the variation trend of optimal BESS 
capacity & income with different maxλ . The optimal 
capacity allocation of BESS increases with the increase 
of the maximum (dis)charge rate, and finally tends to be 
stable. Meanwhile, the benefits of BESS for PV system 
increase first and then decrease, and achieve the 
maximum at maxλ =2.6. Compared with the case of the 
high-rate (dis)charge characteristics is ignored ( maxλ =1, 

BESS
E =24.1MWh, 

np
I =6.0*104$), the total annual income 

increases 93.3%. 
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Fig. 6. Variation trend of optimal BESS capacity & income 
with different maxλ  

5.3 Sensitivity analysis 

The government's policy of limiting PV power sent to the 
grid affects the space in which BESS can play a role in 
increasing the generating capacity of PV stations, and the 
cost of BESS affects the economy of its installation and 
operation. Therefore, 

l
P  and 

E
C  are the two key factors 

that influence the optimization results. Fig. 7, Fig. 8 
separately express the variation trend of optimal maxλ  
with different 

l
P  and 

E
C , when 

l
P  declines or 

E
C  is 

reduced, the optimal maxλ  rises. PV stations with severe 
power limit needs higher charge rate, and with the cost 
reduction of BESS, battery with higher (dis)charge rate is 
more economical. 
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Fig. 7. Variation trend of optimal maxλ  with different 
l
P  
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Fig. 8. Variation trend of optimal maxλ  with different 
E
C  

6 Conclusion 
This study set out to calculate the most economical 
capacity of BESS for a PV generation considering the 
influence of (dis)charge-rate, where an optimization 
model is established. The results show that with 
considering the characteristics of high (dis)charge rate of 
BESS, both the BESS configuration capacity and 
comprehensive income of PV generation system will 
increase, especially in the PV station with severe 
curtailment. Besides, with trend of BESS cost decreasing, 
the optimal charge rate will rise, with which PV 
generation system will receive higher benefits.  
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