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Abstract: Rapid and large variation of photovoltaic (PV) power may incur frequency variation in a power 
system with high PV penetration. In such a case, much more reserve capacity of automatic generation control 
(AGC) for frequency regulation will be needed. In this paper, the energy storage station (ESS) is used to 
decrease the ramp rate of the total PV power and consequently decrease the AGC reserve capacity 
requirement of the power grid. However, as an expensive option, the ESS capacity should be optimally 
determined considering the balance between ESS cost and the equivalent benefit from the reduction of AGC 
payment. Therefore, an optimal sizing scheme for ESS in a power system with high PV penetration is 
proposed to strike a balance between the ESS cost and the reduction of the AGC payment. Firstly, a control 
scheme of ESS is proposed for smoothing PV power variation, during which the ramp rate of PV power can 
be finitely controlled with a size-limited ESS. Afterwards, an object function aiming to achieve the tradeoff 
between the investment cost of ESS and the reduction of AGC payment for frequency regulation is presented. 
Finally, case studies are conducted with actual PV power data to verify the effectiveness of the presented 
sizing scheme.

Keywords: energy storage; optimal sizing; photovoltaic power; ramp rate

1. Introduction
Due to the environmental concern and quest of energy supply security, the scale and 

penetration of renewable energy is increasing rapidly. In contrast with wind power, 
photovoltaic (PV) power can drop much faster, e.g., as high as 60% of the installed power 
capacity per minute when cloud passes [1]. In such a case, in a power system with high PV 
penetration, the PV power variation may incur frequency deviation, and much more reserve 
capacity of automatic generation control (AGC) will be required for frequency regulation. 
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Therefore, counter-measures should be developed to mitigate the rapid and large power 
variation in a power system with high PV penetration, which is a serious threat to the 
secure operation of power systems [2].

Normally, thermal generators are responsible for frequency regulation of power systems 
[3]. However, due to the limited ramp rate and reserve capacity of thermal generators, in 
power systems with high PV penetration, frequency deviation cannot be effectively handled. 
Consequently, due to the fast power response ability, the technology of energy storage can 
be used to mitigate the PV power variation and equivalently improve the frequency stability 
[4], [5]. 

In the existing literatures, normally the dispersed energy storage unit (ESU) is located in 
PV stations, when the ESU is used to smooth PV power output. A new approach for ramp 
rate control of PV power was developed to mitigate the power variation caused by cloud 
passing with the ESU in [1]. A real-time coordinated control scheme was proposed in [6] 
for voltage regulation in weak distribution systems with high PV penetration, in which 
charging/discharging power of the storage system was adaptively tuned by an active 
adjustment method in order to avoid battery premature energy exhaustion. In [7], a state of 
charge (SOC) feedback battery control strategy was presented, and a real-time power 
allocation method for power and energy regulation of ESUs was proposed, in which the 
rate of PV power fluctuation and the allowable maximum charge/discharge power and 
energy of each battery unit were considered. In [8], the ramp rate control of a PV generator 
with an electric double-layer capacitor was presented, and after smoothing the PV power 
variation, the ramp rate of the PV power could be limited. In [9], a new method for a grid-
connected PV storage system was proposed to shift energy for arbitrage and power 
smoothing with two in-dependent storage units. A model predictive control (MPC) based 
control strategy for PV plants was presented in [10] with the ESU to be scheduled in the 
daily and intraday electricity market. 

On the other hand, the energy storage is still an expensive option currently. Therefore, 
optimally determining the energy storage capacity needs to be solved [11]. In [12], the size 
of the battery ESU on a university campus was optimally determined with the prediction of 
load and PV generation. A new battery sizing method for the grid-connected PV plant 
application was proposed in [13], considering the technical requirement and economic 
benefits of power systems. An optimization model for sizing battery storage of grid-
connected PV systems was presented in [14], in which the objective was to minimize the 
cost associated with net power purchase from the electric grid and the battery capacity loss 
considering the electricity price change. In [15], a performance-based sizing method was 
presented for ESU at the house, distribution transformer, and community levels with high 
solar PV penetration. In [16], a new method to select the optimal size of superconducting 
magnetic energy storage was proposed by using the simplex optimization algorithm. 
Several factors, such as the output power fluctuation, the efficiency of converter, and 
voltage regulation were considered during the optimization process.

From the above research, it can be seen that the dispersed ESUs are normally located in 
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distributed PV power plants, and the purpose of ESU utilization is to smooth the power 
variation and/or optimize the investment cost for PV station owners. In fact, in a power 
system with high PV penetration, the PV power fluctuation significantly increases the 
automatic generation control (AGC) reserve capacity and the operation cost of the power 
system as well. Hence, from the operation perspective of the power system, an independent 
energy storage station (ESS) can be adopted in the power grid. ESS is quite different from 
the dispersed ESUs, because normally it is installed in an important node of the power grid, 
rather than the PV plants. Then, considering the natural smoothing effectiveness of PV 
power located in geographically adjacent areas, ESS can show better performance in PV 
power fluctuation smoothing, in comparison with the dispersed ESUs. Meanwhile, when 
determining the ESS capacity, ESS can be considered from the point of view of the whole 
power gird, such as it will obviously benefit the reduction of AGC reserve capacity. Hence, 
in contrast with the dispersed ESUs in PV plants, during the sizing procedure of ESS, it is 
potential for ESS to consider the operation cost of the power gird, e.g., the AGC payment, 
to generate equivalent benefit from the reduction of AGC payment.

For this reason, an optimal sizing scheme for ESS considering the AGC payment in a 
power system with high PV penetration is proposed in this paper. Firstly, the calculation of 
the AGC reserve capacity requirement is introduced, which is the main factor of AGC 
payment. Meanwhile, the influence of PV variation on the AGC reserve capacity is 
analyzed in detail. Afterwards, a new control strategy for ESS is presented aiming to 
effectively control the ramp rate of PV power with the size-limited ESS. Correspondingly 
the AGC reserve capacity requirement with ESS integrated is also be analyzed. 
Subsequently, to achieve a tradeoff between the reduction of AGC payment and ESS 
investment cost, a cost-benefit model for the ESS is designed to determine the optimal ESS 
capacity. Using the actual PV power data, case studies are conducted to verify the 
effectiveness of the proposed sizing scheme.

The rest of this paper is organized as follows. The determination of the AGC reserve 
capacity requirement in a power system with high PV penetration is introduced in Section 
II; the control strategy of ESS for limiting ramp rate of PV power is described in Section III; 
the ESS sizing scheme is presented in Section IV; case studies are given in Section VI; and, 
finally, the conclusion is drawn in Section VII.

2. Analysis of AGC reserve capacity requirement
2.1 Calculation of AGC reserve capacity 

The cost of AGC reserve capacity is a main factor of AGC payment in a power gird. 
Normally, AGC mainly responds to the minute to minute load variation. Considering the 
feature of PV power, it can be observed that the variation of PV power is corresponding to 
the time scale of AGC, and then in a high PV penetration grid, when large ramp rate of PV 
power occurs, much more AGC reserve capacity will be needed. Normally the curve of 
AGC reserve capacity is a staircase function with 24 equal line segments, implying the 
AGC reserve capacity is hourly determined. When considered in the calculation of AGC 
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reserve capacity, PV power can be treated as a kind of negative load, which is expressed as 
follows.

                                 Pel(t)=Pld(t)-Ppv(t)                                   (1)
where Pel(t) is the equivalent load. Pld(t) is the actual load. Ppv(t) is the PV power. 
Accordingly, the minute to minute load variation Pe(t) can be determined as

                             Pe(t)= Pel(t)- Pref(t)                                 (2)
where Pref(t) is the reference value for Pel(t). In this paper, Pref(t) is determined with moving 
average method.

                    (3) 1( ) ( 1) ] [ ( 2) ] ... ( )ref el el elP t P t M t P t M t P t
M

        [

where M is the number of the selected sampling points. M is set as 10 in this paper. 
Afterwards, the load variation Pe(t), which is the power deviation between Pel(t) and 

Pref(t), can be determined and used for the calculation of AGC reserve capacity. For 
example, Pe-11(t) is the load variation between 11:00 and 12:00, and then the probability 
density function (pdf) of Pe-11(t) can be calculated. Accordingly, the AGC reserve capacity 
between 11:00 and 12:00 is determined with the pdf:

                           (4) 11 11 11( )c e cF P P t P p     

where F is the pdf. Pc-11 is the AGC reserve capacity between 11:00 and 12:00. When p is 
0.998, Pc-11 can be determined as 11.7 MW, as shown in Fig.1. Accordingly, the houly 
AGC reserve capacity of one whole day can be determined using the pdf of Pe(t).
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Fig. 1.  pdf of Pe-11(t)

2.2. Influence of PV power variation on AGC reserve capacity requirement
When cloud passes, the ramp rate of PV power shows various features. Generally four 

typical scenarios can be used to show the detailed features, as shown in Fig.2. In the first 
scenario in Fig.2 (a), the sharp power decrement during [t1, t2] and sharp power increment 
during [t3, t4], which have large downwards and upwards ramp rate respectively, are 
included, and meanwhile the PV power keeps constant during [t2, t3] for a short while. 
Scenario (a) can reflect the phenomenon when large cloud is passing. During [t1, t2], the 
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large cloud gradually covers the PV plant, and the PV power varies with a relatively high 
ramp rate. Afterwards, during [t2, t3] the cloud totally covers the PV plant and the PV 
power keeps constant with a lower value for a while. During [t3, t4], the cloud moves away 
and incurs the increment of PV power with a relatively high upward ramp rate. 
Subsequently, in scenario (b), the PV power sharply decreases during [t1, t2], and then 
immediately the power increases with a high ramp rate during [t2, t3]. Scenario (b) is 
responding to the phenomenon when a relatively small piece of cloud is quickly passing. 
Similarly, in scenario (c), the power decreases mildly during [t1, t2], and then the power 
sharply increases immediately during [t2, t3]. In the fourth scenario, the power decreases 
sharply during [t1, t2], and then the power mildly increases immediately during [t2, t3]. The 
difference between scenario (c) and (d) is mainly related with the cloud moving speed. 
Generally, the four scenarios can be referred to various natural phenomenons.
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Fig 2.  Scenarios of PV power variation

When the total PV power in the grid is considered in the calculation of AGC reserve 
capacity, from Eq. (2), it can be deduced that the wild PV power variation can incur 
obvious load variation. Correspondingly the AGC reserve capacity requirement will be 
significantly increased. Fig. 3 shows the pdf of load variation during one hour under 
different PV penetrations. It can be seen that when the PV penetration is increasing, the 
total PV power variation will be wilder, and then the AGC reserve capacity requirement is 
becoming higher. Consequently, the PV power variation should be effectively smoothed to 
decrease AGC reserve capacity. In this paper, considering the limited size of ESS, a novel 
control strategy of ESS to finitely control the ramp rate of PV power is presented with the 
aim to decrease the ESS capacity requirement.
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Fig.3 AGC reserve capacities at various PV penetrations

3. ESS control strategy
Lithium-ion battery (LiB) has been widely used in engineering projects due to its high 

energy density and relatively low cost. Even so, nowadays LiB ESS is still an expensive 
option to smooth the PV power variation. Considering the high investment, the ESS 
capacity needs to be optimally determined. Accordingly, ramp rate control of PV power 
will be conducted with a size-limited ESS. However, if the variation of PV power is 
required to be smoothed perfectly, much higher ESS capacity will be required and more 
ESS investment will be needed. Hence, finite ramp rate control will be introduced, the 
advantages of which can be described as follows. On one side, only when the ramp rate of 
PV power is beyond the setting limit, ESS will start to control the PV power ramp rate to be 
a reasonable value. Meanwhile, when the ramp rate of PV power variation is within the 
allowable limit, ESS will not start to decrease the utilization to prolong its lifetime [17]. On 
the other side, the finite ramp rate control can effectively decrease the variation of PV 
power to reduce the AGC reserve capacity, and meanwhile it has lower size requirement of 
ESS in contrast with the case when the PV power variation needs to be perfectly smoothed. 
For above reasons, the control rules of ESS are presented to finitely control the ramp rate of 
PV power.
3.1 Control rules of ESS

The ramp rate of PV power is defined to show the variations of PV power and the 
conditions whether ESS will start or not.

                                (5)
( ) ( )

= pv pvP t P t t
t


  


where λ is the ramp rate of PV power. Ppv(t), Ppv(t-Δt) are the PV power at t and t-Δt, 
respectively. Δt is the sampling interval, which is 1 minute in this paper .

Subsequently, ESS will be used to finitely control ramp rate of PV power. When the 
ramp rate of PV power is larger than the limit value, ESS will start to charge/discharge, and 
the ramp rate of the smoothed PV power will be constrained within a reasonable range. 
Specifically, according to the technical rule for photovoltaic power station connected to 



7

power grid of State Grid Corporation of China, for a medium-sized PV power plant, for 
example, hundreds of MW, the PV power variation per minute should be less than 20% of 
the installed capacity. To strictly constrain the power variation in a power grid with high 
PV penetration, in this paper, the PV power variation per minute is constrained within 10% 
of the installed capacity. Accordingly, when the PV power variation per minute is larger 
than 10% of the installed capacity, ESS will charge/discharge to effectively control the 
ramp rate of PV power.

  Based on the description above, the control rules of ESS can be designed as follows. 
(1) ESS will not start when the ramp rate is smaller than the limit value.

  As shown in Fig.4, during the time intervals [t0, t1] in Fig.4 (a)-(d) and [t3, t4] in Fig.4 
(c)-(d), the power variation of PV power is quite small, and   

                             (6)
'

lim

( ) ( )pv pvP t P t t
t


  




where λlim is the ramp rate limit of PV power, i.e., 10% of the installed capacity of PV 
plant. P’   pv(t-Δ t) is the actual PV power output of last moment, i.e., the smoothed PV 
power at t-Δt. In such a case, the power deviation between Ppv(t) and P’  pv(t-Δt) is within 
the ramp rate limit, so ESS will not start at t. Correspondingly, the smoothed PV power P’  
pv(t) can be determined as follows.

                                    (7)' ( )= ( )pv pvP t P t

(2) ESS discharges when the downward ramp rate is larger than the limit value.
During the time intervals [t1, t2] in Fig.4 (a)-(d), the PV power has downward ramp rate. 

In such case, the power deviation between Ppv(t) and P’  pv(t-Δt) may be beyond the ramp 
rate limit. If

                            (8)
'

lim

( ) ( )pv pvP t P t t
t


  




ESS will discharges to finitely control the ramp rate of PV power. Correspondingly, the 
smoothed PV power at t P’  pv(t) can be determined as follows.

                            (9)' '
lim( )= ( )-pv pvP t P t t t   

Accordingly, the discharge power of ESS PEd(t) is calculated as
PEd(t)= P’  pv(t-Δt)- λlim·Δt -Ppv(t)                      (10)

(3) ESS charges when the upward ramp rate is larger than the limit value.
During the time intervals [t3, t4] in Fig.4 (a) and [t2, t3] in Fig.4 (b)-(d), the PV power has 

upward ramp rate. If

                         (11)
'

lim

( ) ( )pv pvP t P t t
t


  




ESS will charges to finitely control the ramp rate, and the smoothed PV power P’  pv(t) 
can be determined as follows.

                        (12)' '
lim( )= ( )+pv pvP t P t t t  

Accordingly, the discharge power of ESS PEc can be calculated as
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PEc= P’  pv(t-Δt)+ λlim·Δt -Ppv(t)                    (13)
It should be pointed that to distinguish the charge/discharge state of ESS, PEd in Eq. (10) 

will be positive, and PEc in Eq. (13) will be negative. 
According to the control rules of ESS, Fig.4 shows the smoothing process of PV power 

variation. From Fig.4, it can be seen that in Fig.4 (a), during [t0, t1] the power deviation 
between Ppv(t) and P’  pv(t-Δ t) is within the ramp rate limit, so according to Eq. (7), P’  
pv(t) is equal to Ppv(t). Afterwards, during [t1, t2], a large piece of cloud is passing and the 
PV power varies with a relatively large ramp rate which is beyond the ramp rate limit. 
Consequently, the smoothed PV power P’  pv(t) will be calculated according to Eq. (9), 
and ESS will discharge to finitely control the ramp rate of PV power with a specified value 
in Eq. (10). Specially, during [t2, t3], although Ppv(t) keeps constant, according to Eq. (8), 
the power deviation between Ppv(t) and P’  pv(t-Δ t) is still larger than λlim. Accordingly, 
ESS still discharges for the finite ramp rate control. When the cloud is moving away, 
during [t3, t4], the upward ramp rate appears and when the ramp rate is beyond the limit, 
ESS will charges to finitely control the upward ramp rate, and P’  pv(t) can be determined 
according to Eq. (12). Also it should be noted that during [t4, t5], although the cloud leaves 
and Ppv(t) keeps constant, according to Eq. (11), the power deviation between Ppv(t) and P’  
pv(t-Δ t) is still larger than λlim. Hence, ESS keeps charging according to Eq. (13). In a 
similar manner, the process of ramp rate control of PV power in Fig.4 (b) - (d) can be 
analyzed, which are responding to various natural phenomenons.
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Fig.4 Finite ramp rate control with ESS
   

3.2 Impact of ESS on AGC reserve capacity requirement
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After the ramp rate control of PV power with the presented control rules of ESS, in a 
power grid with high PV penetration, the AGC reserve capacity requirement can be 
analysed. According to Eq. (1), when ESS is integrated, the equivalent load can be 
described as

Pel(t) = Pld(t) - P’  pv(t)                         
(14)
  The power variation of P’  pv(t) has been mitigated with ESS via the finite ramp rate 
control. Hence, for a determined load Pld(t), the power variation of the equivalent load, i.e., 
Pel(t), has also been mitigated. Correspondingly, according to the calculation of Pe(t) in 
Eq.(2), the pdf of Pe(t) will be obviously changed. Fig.5 shows the change of the pdf of 
Pe(t). As shown in Fig.5 (b), when ESS is integrated to finitely control the ramp rate of PV 
power, the AGC reserve capacity of this time interval is 3.4 MW. Comparatively, without 
ESS, according to the determination method of hourly AGC reserve capacity in Eq.(4), the 
determined AGC reserve capacity is 5.8 MW, as shown in Fig.5 (a). Obviously, in a power 
gird with high PV penetration, when the power variation of PV power has been effectively 
smoothed, the AGC reserve capacity of the grid can be decreased.
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Fig.5 Comparison of pdf of Pe(t) when ESS is integrated or not: (a) without ESS;(b) with ESS

4. Sizing methodology for ESS considering the cost of ESS and AGC payment
According to the presented control strategy of ESS, the PV power variation can be 

effectively smoothed via finite ramp rate control. Subsequently, the ESS size can be 
optimally determined by analyzing the AGC reserve capacity reduction and the investment 
cost of ESS, and correspondingly a cost-benefit-based optimization model is presented to 
minimize the sum of AGC payment and ESS cost in a power grid with high PV power 
penetration.
4.1 Objective function
  When ESS is utilized to control the ramp rate of PV power, the AGC payment including 
reserve capacity and regulation mileage, of a power grid with high PV penetration will be 
reduced. Meanwhile, the integration of ESS also incurs investment cost. When ESS has a 
higher capacity, the PV power can be better smoothed and more AGC payment can be 
decreased. Hence, there is a tradeoff between the reduction of AGC payment and the ESS 
investment cost. For this reason, a cost-benefit-based optimization model is built aiming to 
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maximize the net benefit from the frequency regulation when ESS is integrated in the grid. 
Specifically, the objective function is built as follows.

Max B = |C’ AE - CA| - CESS                     (15)
where B is the net benefit. CA is the annual cost of frequency regulation considering the 
AGC reserve capacity and regulation mileage without ESS. C’ AE is the annual cost of 
frequency regulation when ESS is integrated. Hence, |C’ AE - CA| can show the annual 
equivalent benefit from frequency regulation when ESS is utilized. CESS is the annual 
equivalent investment cost of ESS. It should be pointed out that considering the annual 
periodic feature of PV power, annual equivalent benefit and cost are calculated. 
Correspondingly, the objective function aims to maximize the net benefit by achieving the 
balance between the equivalent benefit incurred by ESS and the ESS investment cost, and 
the power capacity and energy capacity of ESS are decision variables in the objective 
function. Subsequently, the calculation of the equivalent benefit and ESS investment cost 
are detailedly described as follows. 

(1) Calculation of the annual equivalent benefit
The annual equivalent benefit is incurred by the reduction of the AGC payment. Two-

component market-based compensation scheme is applied to determine the AGC payment 
in this paper, which is issued in Federal Energy Regulatory Commission (FERC) order 755 
[18]. The first component is capacity payment depending on AGC reserve capacity which 
has been discussed in Section 1.1, and the second component is performance-based 
payment depending on the AGC regulating up/down mileage and performance score of 
AGC units when responding to AGC regulation commands. In this paper, AGC regulating 
mileage is calculated according to the CAISO Pay for Performance Regulation (PFPR) 
document [19]. When AGC units are ordered to respond upwards, if the response power is 
smaller than the command, AGC regulating mileage payment will be paid according to the 
actual AGC regulating power; otherwise, it will be paid according to the command value. 
When AGC units are regulating downwards, inversely, if the response is smaller, it will be 
paid according to the command; otherwise, it will be paid according to the actual response. 
Specially, if AGC regulation is opposite to the command, the regulation mileage is set as 
zero. 

Accordingly, the AGC regulating mileage at time t is expressed as follows [19]: 

                  (16) 

   

   

, , ,

AGC, AGC,

, , ,

AGC, AGC,

max 0, min ,  
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max 0, max ,   

RE t AGC t RE t t
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RE t t RE t AGC t

t t t

S S S
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M t

S S S

if S S









 

 






 ＜

where MAGC(t) is the AGC regulation mileage at t. Δt is the time interval between the 
adjacent AGC commands. SRE,t and SRE,t-Δt are the response values of AGC units at t and t-
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Δt. SAGC,t and SAGC,t-Δt are the commands delivered to AGC units at t and t-Δt. Therefore, the 
AGC regulation mileage of the jth hour MAGC(Tj) is expressed as

                        (17)   0
1

N
j j

AGC AGC
i

M T M t i t


   

where Tj shows the jth hour. N is the number of total command intervals during the jth hour. 
tj 0 is the initial moment of the jth hour.

Moreover, the mileage payment is also related to the AGC performance, which is 
evaluated by measuring how well the AGC units follow the regulation command. 
Specifically, the first step is getting the absolute deviation Dt between the response power 
of units and the command values, which is expressed as follows.

                          (18), ,t AGC t RE tD S S 

In the proposal presented by CASIO, an evaluation index γt is given by a ratio between 
the deviation Dt and the regulation command [19].

                       (19), ,

,,

AGC t RE tt
t

AGC tAGC t

S SD
SS




 

When the AGC response power exactly follows the commands, γt will be equal to 0. 
The higher γt implies the worse performance of the AGC units. It should be noted that when 
reverse response occurs, which means the response power SRE,t is opposite to the command 
value SAGC,t, γt will be higher than 1. Then the score to show the AGC regulation 
performance δscore(t) can be defined as follows [19], [20].

                            (20)   max 0,1-score tt 
where δscore(t) is the AGC regulation score. 

Subsequently, the performance score of the jth hour δscore(Tj) can be calculated.

                          (21) 
 0

1=

N
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j i

score

t i t
T
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Therefore, the AGC mileage payment for the jth hour CAGC,mile(Tj) is expressed as

                   (22)     ,
j j j

AGC mile m AGC scoreC T p M T T  

where pm is the price per unit mileage in $/MW. The value of pm is determined according to 
the average market clearing price in CAISO market, e.g., pm=3.8 $/MW [21]. 

Similarly, the AGC reserve capacity payment for the jth hour CAGC,cap(Tj) is expressed as

                        (23) , ( )j j
AGC cap pC T p P T 

where P(Tj) is the AGC reserve capacity of the jth hour, as determined in Section 1.1. pp is 
the price of AGC reserve capacity per unit size in $/MW, and the value of pp is set as 25 
$/MW [21].
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Consequently, the annual AGC regulation payment CA can be determined as the sum of 
AGC mileage payment and AGC reserve capacity payment.

                (24)
    

    

, ,
1

1

+

     = + ( )

Hr
j j

A AGC mile AGC cap
j

Hr
j j j

m AGC score p
j

C C T C T

p M T T p P T







  




where Hr is the number of hours in a year, i.e. 8760.

Afterwards, as described in Section 2.2, when ESS is integrated in a power gird with 
high PV power penetration, the payment of both AGC mileage and AGC reserve capacity 
will be reduced. Consequently, according to the presented control rules of ESS, when ESS 
is integrated, the annual AGC regulation payment C’ AE can also be calculated as follows.

                (25)    ' ' ' '

1
+ ( )

score

Hr
j j j

AE m AGC p
j

C p M T T p P T


   

where M’
AGC(Tj) is the AGC regulation mileage of the jth hour when ESS is integrated. 

Similarly, δ’
score(Tj) and P’(Tj) are the corresponding parameters when ESS is integrated.   

(2) Calculation of the annual equivalent investment cost of ESS
The investment cost of ESS mainly includes the fundamental cost and the maintenance 

cost.
a) Fundamental Cost: The fundamental cost is mainly contributed by the power control 
system (PCS) and the energy storage pack. Specially, the cost of PCS is incurred by the 
power inverter and directly related with the rated power capacity of ESS. Meanwhile, the 
cost of energy storage pack is mainly determined by the rated energy capacity of ESS. 
Accordingly, the annual fundamental cost of ESS Cfun can be shown as follows.

              (26)
 
 

 
 

1 11 1
1 int 1 int

P V

P V

N N

fun rat ratN N
P V

g g
C P V

N N
 

  
        

   

where χ and ψ are the cost of PCS and energy storage pack per unit size, respectively. Prat 
and Vrat are the rated power capacity and energy capacity of ESS, respectively. Here, Cfun 
takes the time value of capital into consideration [22]. int is the annual interest rate and g is 
the annual inflation rate. NP and NV are the lifetime of PCS and energy storage pack, 
respectively. Since nowadays power inverter is a mature technology, NP is determined as 20 
years in this paper. In terms of NV, the equivalent full cycle method is used for estimating 
the lifetime of energy storage pack to failure [22]. The equivalent full cycles are defined as 
the number of cycles to failure multiplied by the depth of discharge (DOD). Afterwards, 
accordingly to the usage of energy storage pack during the whole year, the lifetime of ESS 
can be calculated accordingly [11].
b) Maintenance Cost: The maintenance cost generated during the operation of ESS is 
introduced. Normally, the maintenance cost of ESS can be treated as a fix value, which is μ% 
of the fundamental cost. In this paper, μ is set as 2.
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Correspondingly, the annual equivalent ESS investment cost CESS can be calculated as 
follows.

           (27)   
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Based on the proposed cost models, the objective function for ESS sizing can be 

formulated as,

               (28)
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4.2 Constrains
Considering the damage incurred by a frequent deep discharge, the SOC of ESS SOC(t) 

is constrained within a reasonable range.
                       (29)min max( )SOC SOC t SOC 

where [SOCmin, SOCmax] is the range of SOC. 

5. Case study
To validate the effectiveness of the presented sizing methodology, the simulation based on 

actual PV power data has been conducted in this paper. Specifically, in a power grid with 
high PV power penetration, the power generation is mainly composed by thermal 
generators and PV power plants, and their installed power capacities are shown in Table I, 
in which TG means thermal generator.

Table I  Installed capacity of each power source in the gird

Type
Installed capacity per 
unit (MW)

Number of units Ramp rate (MW/min)
Total installed 
Capacity (MW)

TG 100 1 6 100
TG 50 2 3 100
TG 25 4 1.5 100
TG 20 3 1 60
TG 15 4 0.8 60
TG 10 8 0.5 80

PV plant —— —— —— 31

PV plant —— —— —— 34

PV plant —— —— —— 36

PV plant —— —— —— 24

PV plant —— —— —— 25
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The total power capacity of power sources is 500 MW, in which the installed capacity of 
PV power is 150 MW. In terms of power load, the typical daily load curves of various 
seasons are shown in Fig.6, Generally the peak load is about 340 MW, while the valley 
load is about 160 MW. For simplicity, it is assumed that there is no power congestion in 
transmission lines, and the parameters, e.g., active power, reactive power and voltage of 
each node, are within the reasonable range. Accordingly, the location of power sources and 
ESS will not affect the ESS size. The typical ESS operation parameters are shown in Table 
II.
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Fig.6 Typical daily load curves of various seasons

Table II  Parameter setting
Parameter Value Parameter Value

χ ($/kW) 700 Pdmax (MW) 50

ψ ($/kWh) 350 SOCmin, 0.2

pp ($/MW) 25 SOCmax 0.8

pm ($/MW) 3.8 g 3

Pcmax (MW) -50 int 2

5.1 Determination of ESS capacity
Using annual historical PV power data, and according to the presented ESS control and 

sizing methodology, the energy capacity and power capacity of ESS can be calculated in 
the simulation.

To demonstrate the relationship between the equivalent benefit and the ESS size, Fig. 7 
shows the variation of equivalent benefits along with the ESS power capacity and energy 
capacity. Specifically, assuming the energy capacity of ESS is fixed, when the power 
capacity of ESS is increasing, the benefit also increases firstly, and after the peak value 
point, it begins to decrease. Similarly, assuming the power capacity of ESS is fixed, when 
the energy capacity of ESS is increasing, the benefit will also increase firstly, and then 



15

decrease afterwards. Consequently, it can be seen than there will be an optimal ESS size 
which has the most equivalent benefit. It can be seen that over-sized ESS will not bring 
more financial return, but seriously decrease the equivalent benefit. 
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Fig.7 Contour map of equivalent benefits 

Using historical PV power data and according to the optimization model, the ESS power 
capacity and energy capacity are optimally determined, i.e., 12.67 MW and 8.87 MWh, 
respectively. The detailed optimization results are shown in Table III.

Table III optimization results
Parameter C’ AE ($) CA ($) Vrat（MWh）

Value 1.9760×106 3.8080×106 8.87

Parameter CESS ($) B ($) Prat（MW）

Value 9.3233×105 8.9967×105 12.67

From Table III, it can be seen that the annual equivalent ESS cost is 0.93236 million 
dollars, and from the value difference between FAGC and F’AGC, the annual reduction of 
AGC payment can be got, i.e., 1.832 million dollars. Correspondingly, the annual 
equivalent benefit of ESS can also be calculated, i.e., 0.89964 million dollars. 

From the simulation results, it can be seen that the application of ESS in decreasing 
AGC payment via ramp rate control of PV power has a relatively high return on investment. 
To further verify the effectiveness of the presented sizing methodology, the economic 
performance and technical performance of ESS will be demonstrated in the following 
sections.
5.2 Economic performance of ESS
   To fully describe the economic performance of ESS, the daily equivalent benefit of ESS 
has been statistically calculated, as shown in Fig.8.
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Fig.8 Daily Equivalent benefit of the whole year 

From the optimization model of the presented sizing methodology, it should be noted 
that the more dramatic the PV power fluctuation is, the more reduction of AGC payment 
can be got. Correspondingly, the more net benefit of ESS can also be achieved. From Fig.8, 
it can be seen that the benefit has a direct relationship with the weather conditions in 
various seasons. Specifically, in spring and autumn higher benefit can be got as there are 
more cloudy and overcast days in these seasons, generating PV power with more dramatic 
fluctuations. In contrast, in summer, the highest average PV power output appears, but the 
PV power fluctuation is mild, and then the average benefit is still not high. The same 
conclusion can be got in winter since there are low average power output and mild 
fluctuation in this season. From the daily distribution of benefit, it can be seen the highest 
daily benefit is about 6435 $, which appears in autumn, while the lowest benefit -2130 $, 
appearing in the winter. In the days when the PV power is low and the fluctuation is mild, 
the reduction of AGC payment cannot cover the daily equivalent ESS cost, and then the 
benefit will be negative. From Fig.8, it can also be statistically calculated that 73.7% of the 
days of one whole year have positive benefit, while 27.3% has negative benefit. 
Furthermore, the average daily benefit of various weather conditions has also been 
statistically calculated, and the results show that the average daily benefit are -906 $, 4732 
$, 3532 $ and -789 $ in sunny, cloud, overcast and rainy days, respectively.
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Considering the seasonal features of PV power variations, monthly distributions of the 
equivalent benefit are shown in Fig. 9. Similar conclusion can be got from the monthly 
benefit curve. Subsequently, the payback period of an ESS Tp can also be estimated. Tp can 
be calculated as follows:

                        (30)
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From the cost and benefit analysis above, the payback period of the ESS can be 
determined as 6.5 years in this paper. Considering the lifetime of PCS and energy storage 
pack, it can be seen that the application of ESS in a power grid with high PV power 
penetration has a relatively high return on investment, and a relatively short payback period 
as well.

From the analysis above, it can be deduced that due to the weather conditions in 
different geographical areas, the installation of ESS will be more beneficial for the power 
gird if the PV power shows dramatic fluctuation.
5.3 Smoothing performance of ESS in the ramp rate control of PV power

To demonstrate the smoothing performance of ESS in ramp rate control of PV power, 
the daily equivalent power variation of PV power is presented as an evaluation index to 
show the smoothing effectiveness. 

                    (31)   
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where P’ Y is the equivalent daily power variation of PV power. Y is the days of selected 
time period. [ti 0, ti y] is the time interval of the ith day. Accordingly, for the purpose of 
comparison, the daily power variation of PV power without ESS can also be got.
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Hence, the comparison between P’ Y and PY shows the smoothing performance of ESS 
in the ramp rate control of PV power. 
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According to the calculation of daily power deviation, the average monthly power 
variation of PV power can also be got, as shown in Fig. 10. From Fig.10, it can be observed 
that the smoothed PV power with ESS has lower power variation in each month, which 
means ESS shows an excellent smoothing performance. Furthermore, it can be seen that 
during the same season, the PV power variation are close, whereas the average value in 
various seasons are quite different. The reason is that the PV power are seasonal in nature. 
This can also be concluded from the curve of the smoothed PV power with ESS.

Besides, the daily SOC curves of ESS under typical weather conditions have been 
chosen to show the operation conditions of ESS, as shown in Fig.11. Correspondingly, the 
smoothing effectiveness of PV power under various typical weather conditions has also 
been presented in Fig.12 to show the performance of ESS. 
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From the Figs. (11) and (12), it can be seen that the weather conditions have a direct 
relationship with the ESS SOC conditions and the power smoothing effectiveness. 
Specifically, Fig. 12 (a) shows the typical PV power in sunny days, and there is no obvious 
fluctuation in PV power. Hence, there is no frequent charge/discharge mode switch of ESS 
to control the ramp rate of PV power, and accordingly SOC of ESS keeps within a 
relatively small range, as shown in Fig.11 (a). The PV power of a typical cloudy day is 
shown in Fig. 12 (b). It can be seen that during [11:00, 16:00], the PV power fluctuates 
dramatically, and correspondingly the ramp rate of PV power is beyond the limit range. 
From the charge/discharge curve of ESS, it can be seen that ESS can effectively control the 
ramp rate of PV power to decrease the power fluctuation. Meanwhile, in Fig.11 (b), the 
ESS SOC varies within a reasonable range. From the simulation results, it can be seen that 
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in cloudy days, ESS plays an important role in dealing with the PV power fluctuations via 
ramp rate control. Fig.12 (c) shows the smoothing performance in overcast days, in contrast 
with cloudy days, the duration of upwards and downward power ramp in overcast days is 
longer, and the fluctuation of PV power is relatively mild. The reason is that the PV power 
is mainly related with irradiance and temperature, so when continuously covered by cloud, 
the PV power will vary along with the change of temperature. Then, the downwards ramp 
of PV power has a relatively long time duration. Similarly, when the cloud gradually 
dissipates, the upwards power ramp also shows a long duration due to the increasing 
temperature. In such a case, the number of charge/discharge intervals of ESS is decreasing, 
while the charge/discharge power of each interval is increasing. Hence, the SOC of ESS in 
overcast days still varies in a relatively wide range. Finally, in a rainy day, as shown in Fig. 
12 (d), it can be seen that there is no obvious power fluctuation, and the PV power is 
relatively small. Hence, ESS seldom starts to charge/discharge during most time of this day.  
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Fig.12 Smoothing performance of ESS under various typical weather

From the analysis of simulation results, it can be seen that the smoothing performance 
of ESS has been fully demonstrated. ESS can effectively smooth the PV power fluctuation 
via finitely controlling the ramp rate of PV power. Consequently, the negative impact of PV 
power fluctuation can be mitigated, and the AGC reserve capacity can also be decreased. 
Meanwhile, the SOC of ESS keeps operating within a reasonable range.
6. Conclusion

A novel ESS sizing methodology in a power grid with high PV power penetration is 
presented in this paper. Considering the increasing AGC reserve capacity requirement 
incurred by the rapid fluctuation of PV power, ESS can finitely control the ramp rate of PV 
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power to mitigate the fluctuation and correspondingly decrease the total AGC reserve 
capacity requirement. By maximizing the net benefit incurred by ESS, the presented sizing 
methodology can achieve the tradeoff between the ESS investment cost and the reduction 
of AGC payment. Case studies with historical PV power data are fulfilled to demonstrate 
that the determined ESS can effectively mitigate PV power fluctuation and decrease the 
AGC payment. Besides, the economic performance and smoothing performance of ESS 
have been fully demonstrated, and the simulation results show that the ESS integration in a 
power grid with high PV power penetration is essential, since ESS has a relatively high 
return on investment and shows satisfactory performance in smoothing PV power 
fluctuation.
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