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Abstract

In power systems, energy storage effectively improves the reliability of the system and

smooths out the fluctuations of intermittent energy. However, the installed capacity value of

energy storage cannot effectively measure the contribution of energy storage to the genera-

tor adequacy of power systems. To achieve a variety of purposes, several control strategies

may be utilized in energy storage systems. The purpose of this paper is to study the influ-

ence of different energy storage control strategies on the generation adequacy. This paper

presents the capacity value of energy storage to quantitatively estimate the contribution of

energy storage on the generation adequacy. Four different control strategies are considered

in the experimental method to study the capacity value of energy storage. Finally, the analy-

sis of the influence factors on the capacity value under different control strategies is given.

Introduction

With the strong demand to protect the environment and traditional energy sources becoming

increasingly tense, renewable energies are considered as clean energy to minimize environ-

mental impacts. The penetration of renewable energy into the power system is quickly increas-

ing. However, with the integration of renewable energy, the intermittent characteristic

adversely affects the reliability of power systems. Energy storage is a promising technology to

smooth output power fluctuations, and it effectively improves the generation adequacy of the

power system integrated with renewable energy.

Current work involving generator capacity is mainly centered on such renewable energies

as wind power [1–4], solar energy [5] and tide power [6–8]. Capacity value is usually adopted

to assess the contribution of renewable energy to the generation adequacy [9–11]. It is first

proposed to measure the contribution of wind power to the generation adequacy [9, 12–14].

With the wide use of solar power, the capacity value of the photovoltaics [15] and concentrated

solar power [16–19] are also investigated.

Existing studies consider energy storage devices as a reserve energy source to smooth the

output power of renewable energy [20–24] and the effects on system reliability is ignorable.

However, energy storage devices are also utilized for load shifting and peak smoothing, which

effectively contribute to system reliability. When the load demand cannot be satisfied by the
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generators in the power system, it may be supplied by the energy stored in energy storage

devices. The available capacity supplied by energy storage must be determined. With regard to

the capacity of energy storage, the contribution of the capacity of energy storage to the power

system is investigated integrated with wind power [20, 25–28]. Reference [25] presents a

dynamic planning method to study the capacity value of energy storage, but the effects of

the properties of the device and the operational strategies on the available capacity of energy

storage are not mentioned. Therefore, it is necessary to establish a separate energy storage

evaluation model to quantitatively estimate the contribution of energy storage to system reli-

ability. The method is capable of providing a basis for the planning and construction of power

systems.

In terms of the contribution of energy storage to the reliability of power systems, in existing

studies, the analysis of the overall reliability of energy storage and renewable energy is given

after accounting for energy storage. Reliability is evaluated in the power system with energy

storage and wind turbines. The contribution of energy storage and wind turbines to the gener-

ator adequacy is assessed [29–33]. The energy storage is used as the reserve source of the

renewable energy, and the quantitatively analysis of the capacity contribution of energy storage

has been analyzed quantitatively [34]. Energy storage such as batteries [35–37] and ultra capac-

itors [38–41] has its own characteristics. The output power of energy storage is restricted by its

own inherent attributes and energy management [42]. Otherwise, energy storage could be

operated by the wind farm owner or the power system operator; the different operation strate-

gies [43–47] largely affect the contribution of energy storage to system reliability.

Energy storage systems’ available capacity is influenced by several factors such as wind

power penetration, the variability of wind power and load profile and the correlation between

wind power production and load demand. The control strategy is the dominant factor influ-

encing the available capacity of energy storage systems. However, in most existing studies

there has been no comprehensive framework to evaluate the effects of the properties of the

device and the operation strategies on the available capacity of the energy storage system.

Therefore, it is necessary to establish a separate energy storage evaluation model to quantita-

tively estimate the contribution of energy storage to system reliability. Intent on revealing the

relationship between available capacity and control strategies of energy storage systems, this

paper presents possible control strategies in available capacity assessment models of energy

storage systems containing wind power. The method can provide a basis for the planning and

construction of power systems.

The key contributions of the work are as follows:

1. A metrics are used to quantitatively weigh the contribution of energy storage and provide a

basis for the system planners. The renewable energy-oriented available capacity metrics are

extended to access the energy storage system generator adequacy contribution with differ-

ent control strategies;

2. Give energy storage capacity values with different control strategies and their sensitivity to

different influences factors, such as maximum energy of energy storage, maximum dis-

charge power of energy storage, peak load of the power system, installed capacity of wind

turbines, and correlation with the capacity value of energy storage;

3. Present the control strategy oriented models of energy storage generator adequacy contri-

bution; modeling of energy storage considering several possible operation strategies and its

own characteristics is established for reliability evaluation. The effect of four different oper-

ational strategies and their parameters on the capacity value of energy storage is investi-

gated. The proposed empirical model considers the influence factors affecting the
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estimation of the energy storage system capacity value. This paper also presents the princi-

ple of decreasing marginal influence factors of energy storage systems.

The definition of the capacity value of energy storage is introduced. Then, four different

control strategies of energy storage are presented and the calculation of the capacity value of

energy storage based on the Monte Carlo Method is given. Finally, a case study illustrates the

efficiency of the model. The effects of the rated power of wind turbines, the peak load and the

variables of energy storage are also analyzed in Section 5.

Materials and methods

Generation adequacy is utilized to measure the ability of the generator devices to satisfy the

load demand in power systems. The integration of intermittent energy challenges the reliabil-

ity of power systems. By peak load shifting, energy storage systems effectively improve the reli-

ability of power systems integrated with renewable energy. To quantitatively assess the

available capacity of energy storage, a reliability index is established to measure the reliability

of a power system; the contribution of energy storage devices to power generation is quantita-

tively assessed.

Reliability index

To measure the contribution of energy storage devices to the reliability of power systems, an

index for system reliability is established in this section. Using the reliability index, the capacity

value of energy storage with different control strategies can be quantitatively obtained.

The reliability index of a power system at hour i of the simulation time T can be calculated

as follows.

ReliabilityIndexi ¼ PðGload;i > Gtot;iÞ ¼ PðGload;i > ðGRE;i þ GES;i þ
Xk

g¼1

Gg;iÞÞ ð1Þ

where ReliabilityIndexi is the reliability index of the system at hour i. Because the reliability

index is a curtailment index, the index is related to the curtailment of power system at hour i,
(the frequency, probability and capacity of the curtailment); Gload,i is the load demand at hour

i; Gtot,i is the total available capacity of the power system at hour i. In addition, the available

capacity includes the available capacity of fuel generators Gg,i, renewable energy generators

GRE,i and energy storage system GES,i.

After the state of the system and load in a unit time are obtained, the reliability index of the

system at corresponding unit time can be calculated by Eq (1). By accumulating the reliability

indexes of all the sampling intervals in the sampling period, we can determine the reliability

index of the system. Therefore, the reliability index of a power system in the simulation period

is expressed as:

ReliabilityIndex ¼
Xn

i¼1

ReliabilityIndexi ð2Þ

where n is the total number of hours in the total simulation period T.

Capacity value of the energy storage system

The contribution of the energy storage devices to system reliability can be evaluated by analysis

of the impact of the installed energy storage on system reliability. According to the reliability

index and the installed capacity of the system, the corresponding function is established, and
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from Eq (1), the corresponding relationship is expressed as follows.

ReliabilityIndex ¼ f ðGload;i;Gg;i;GRE;i;GES;iÞ ð3Þ

where ReliabilityIndex is the reliability index of the power system in the sample period; Gg,i is

the output power of fuel generators at hour i; GRE,i is the output power of renewable energy

generators at hour i, and GES,i is the output power of the energy storage system at hour i.

Then, derived from Eq (1), the reliability index of a power system with energy storage

devices is expressed as follows:

ReliabilityIndexES ¼
Xn

i¼1

PðGES;i < ðGg;i þ GRE;i � Gload;iÞ � DtÞ

¼
Xn

i¼1

PððEES;i� 1 þ Dt � GES;i� 1Þ < ðGES;i < ðGg;i þ GRE;i � Gload;iÞ � DtÞÞ
ð4Þ

where EES,i-1 is the energy stored in energy storage at hour i−1, GES,i-1 is the output power of

energy storage at hour i, and t is the sampling interval at i.

A unit generator is installed in the power system instead of the energy storage unit. The reli-

ability index of the power system integrated with the unit generator is expressed as follows:

ReliabilityIndexCU ¼
Xn

i¼1

PðGU � Dt < ðGg;i þ GRE;i � Gload;iÞ � tiÞ ¼ FðEnergyCUÞ ð5Þ

where GU is the capacity value of the added unit generator.

Then, the capacity value of GU is adjusted, until:

FðEnergyESÞ ¼ FðEnergyCUÞ ð6Þ

The capacity value of GU that fulfills Eq (6) is defined as the capacity value of the energy

storage system. It is described as

GCVES ¼ GU ð7Þ

where GCVES is the capacity value of the energy storage system.

Wind/Battery energy storage system model

Wind power model

The output power of wind turbines is related to wind speed and the parameters of the wind

turbine. The output power of a wind turbine can be divided into four ranges according to the

related wind speed [48]. The output power of a single wind turbine can be calculated as:

PWind ¼

0; 0 � v < Cin

Pr � ðC1 þ C2 � v þ C3 � v2Þ; Cin � v < Crate

Pr; Crate � v < Cout

0; Cout � v

8
>>>><

>>>>:

ð8Þ

where Pr is the rated power of the wind turbine; C1, C2 and C3 are the parameters related to

wind speed and estimated by historical data. Cin, Crate and Cout are the cut-in, rated and cut-

out wind speed, respectively.

Historical wind speed data covering a sufficient time span is used for the wind speed char-

acteristic analysis [48–50]. Yearly historical chronological wind speed data is utilized to
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describe the wind power model. In this study, 10-year historical wind speed data at Prince

Albert in Canada is adopted.

Energy storage system model

The characteristics of intermittent energy, such as wind and photovoltaic energy, considerably

affect the reliability of a power system. Energy storage is capable of effectively providing

reserve energy; it is widely utilized for load shifting and peak smoothing. To quantitatively

measure the capacity value of energy storage, the model of energy storage considering opera-

tion strategy is given in this part.

The modeling of energy storage includes operation strategies, available energy stored in the

devices and maximum charging and discharging power. The contribution of energy storage to

adequate power supply depends on the output power of the energy storage (restricted by the

maximum permissible charging and discharging power), the surplus energy stored in energy

storage, the maximum and minimum energy limits, and the operation strategy [29]. Therefore,

the power output of the energy storage system can be expressed by a function as:

GESoutput
¼ f ðPcha; Pdischa; Ebat; PAvaÞ ð9Þ

where GESoutput is the power output of the energy storage system, Pcha and Pdischa are the charg-

ing and discharging power of energy storage, respectively, Ebat is the surplus energy stored in

energy storage and PAva is the available power of energy storage.

Charging and discharging. To clearly understand the capacity value of energy storage,

charging and discharging functions are described in this section. The operation strategies for

energy storage are stated as follows.

The charging power of the energy storage at hour i is:

Pcha;i ¼
PEScha Max; PSup;i � PEScha Max

PSup;i; PEScha Max > PSup;i � 0

(

ð10Þ

The discharging power of the energy storage at hour i is:

Pdischa;i ¼
PESdischa Max; � PSup;i � PESdischa Max

� PSup;i; PESdischa Max > � PSup;i � 0

(

ð11Þ

where PEScha_Max and PESdischa_Max are the maximum charging and discharging power of the

energy storage system, respectively. They are the constraints on charging and discharging

power. PSup,i is the surplus power of the power system with energy storage devices.

The model of the energy storage system is also related to operation strategy. The energy

storage system can be operated by the wind farm owner or the power system operator [20].

Therefore, the possible operation strategies are stated as Strategy 1 to Strategy 4.

Strategy 1. To improve the supply reliability of a power system and reduce load shedding,

Strategy 1 is presented. In this strategy, the power output of wind turbines and fuel generators

are all used to charge energy storage.

1. When the sum of the power output of the wind turbines and fuel generators is more than

the load demands, the surplus power will charge energy storage;

2. If the sum of the output power of the wind turbines and fuel generators cannot satisfy the

load demand, then the energy storage system will release energy to support the demand.

CVES and control strategies
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Thus, PSup,i in the charging and discharging equation is calculated as

PSup;i ¼ GRE;i þ
Xk

g¼1

Gg;i � Gload;i ð12Þ

In Eq (12), if Psup,i>0, energy storage stores the energy and works at charging status; and if

Psup,i<0, energy storage discharges energy.

Strategy 2. Because of constraints on wind power penetration levels in some power sys-

tems, Strategy 2 is proposed. In this strategy, the sum of the power output of wind turbines

and energy storage is not supposed to exceed X% of the load demand (X% = 30% usually).

Considering that the owners of the energy storage system and fuel generators are not the

same business, the charging power of the energy storage system from fuel generators is not

considered.

1. If the output power of the wind turbines is less than X% of the load demand and there is

available power in the energy storage system, then energy storage will supply the load to

maintain the total output of wind power and energy storage at X% of load demand.

2. If the output power of the wind turbines is less than X% of the load demand and the energy

storage system cannot supply the load demand, then the fuel generators will satisfy the

remainder of the load demand, and energy storage would not charge or discharge power.

3. If the output power of the wind turbines is more than X% of the load demand, then the sur-

plus power will be utilized to charge the energy storage system. The remainder of the load

demand is satisfied by fuel generators.

Thus, PSup,i is expressed as:

PSup;i ¼ GRE;i � X% � Gload;i ð13Þ

In Eq (13), if Psup,i>0, energy storage stores the energy and works at charging status; if

Psup,i<0, energy storage discharges energy.

Strategy 3. Strategy 3 is similar to Strategy 2. However, in this strategy, the fuel generators,

wind turbines and energy storage are supervised by the same organization. Energy exchanges

are allowed among them. Therefore, operation Strategy 3 is as follows.

1. When the output power of the wind turbines is less than X% of the load demand, energy

storage will supply the load. The fuel generators will satisfy the remainder of the load

demand.

Thus, if GRE,i< X% �Gload,i and Ebat> Emin, the energy storage system discharges. The PSup,i

in Eq (11) can be calculated by

PSup;i ¼ GRE;i � X% � Gload;i ð14Þ

2. If the output power of the wind turbines is less than X% of the load demand and the energy

storage system cannot supply the load demand, then the fuel generators will satisfy the

remainder of the load demand, and energy storage will not charge or discharge power.

Thus, the energy storage system discharges. The PSup,i in Eq (11) can be calculated by

PSup;i ¼ 0 ð15Þ

CVES and control strategies
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3. When the available power of the wind turbines is greater than X% of the load demand, but

the power output of the fuel generators is lower than (1-X%) of the load demand, energy

storage can be used to satisfy the load demand.

If PSup,i< 0 and
Xk

g¼1
Gg;i � ð1 � X%Þ � Gload;i < 0, the discharging equation of energy

storage is expressed as Eq (11), and the PSup,i in Eq (11) can be calculated by

PSup;i ¼ GRE;i þ
Xk

g¼1

Gg;i � Gload;i ð16Þ

If PSup,i� 0 and
Xk

g¼1
Gg;i � ð1 � X%Þ � Gload;i < 0, the discharging equation of energy

storage can be calculated by

Pdischa;i ¼

Xk

g¼1

Gg;i � ð1 � X%Þ � Gload;i; � PESdischa Max <
Xk

g¼1

Gg;i � ð1 � X%Þ � Gload;i < 0

� PESdischa Max;
Xk

g¼1

Gg;i � ð1 � X%Þ � Gload;i � � PESdischa Max

ð17Þ

8
>>>>><

>>>>>:

where PSup;i ¼ GRE;i þ
Xk

g¼1
Gg;i � Gload;i.

Strategy 4. This strategy is used to smooth the wind power. In the sample period, we cal-

culate the average power of the wind turbines. The operation strategy is detailed as follows.

1. When the power output of the wind turbines is greater than the average power of the wind

turbines, the surplus power will be stored in energy storage.

2. When the power output is smaller than the average power, the surplus power of load

demand will be satisfied by energy storage.

Thus, PSup,i in Eqs (10) and (11) is expressed as:

PSup;i ¼ GRE;i � GWind Ava ð18Þ

where GWind_Ava is the average power output of the wind turbines in the sampling period.

Energy stored in the energy storage. The energy stored in energy storage at the sampling

interval i is related to the energy at the previous interval. The energy stored in energy storage

at the sampling interval i + 1 is calculated as

EES;iþ1 ¼

EES;i þ T � PESoutput
;Emin � EES;i þ T � 1 � PESoutput

� Emax

Emin; EES;i þ T � 1 � PESoutput
� Emin

Emax; Emax � EES;i þ T � 1 � PESoutput

ð19Þ

8
>><

>>:

Emax and Emin are the maximum and minimum energy stored in energy storage devices. T rep-

resents the sampling interval. Compared to the sampling interval, the response time of battery

energy storage is very small. The response time is negligible in this model [50].

Based on the four operation strategies, the PI controller is utilized to allow output power of

the energy storage system to respond more rapidly to the available capacity of the power sys-

tem and the variation of load. The reference value of the active power of the energy storage

CVES and control strategies
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system is given by the PI controller. The governing equations are as follows.

PES ref ¼ ðkp þ
ki
s
ÞðGRE;i � Gref Þ ð20Þ

where Gref is the reference value of the active power of the energy storage system under differ-

ent operation strategies. For the reference values, kp and ki are the scale coefficient and integral

coefficient of the PI controller. PES_ref is the reference value of the output power of the energy

storage system. When PES_ref>0, the energy storage devices are discharged; when PES_ref<0,

they are charged.

Operation principle

A sequential Monte Carlo Method is utilized for the calculation. We can obtain the working

state of the fuel generators, wind turbines and load demand at the sample interval by MC sam-

pling, according to the time sequence and obtain the working state of the energy storage sys-

tem. The flowchart of the calculation of the capacity value of energy storage considering

control strategies is shown in Fig 1. The calculation process is detailed as follows:

1. Initialize the data of the original power system data, such as the wind turbine model, the

energy storage model and related parameters, and the load demand, the wind speed and the

fuel generators.

2. Confirm the control strategy of the energy storage system and wind turbines from the four

control strategies.

3. Obtain the output power of fuel generators by the MC method, the output power of wind

turbines by Eq (8) and the load demand of each sampling period. Then, calculate the output

power of energy storage by Eqs (10–18).

4. Calculate and save the reliability index of the power system with energy storage in the sam-

pling time period using Eq (4). If the available capacity cannot satisfy the load demand at

hour i, then the Reliability Index is accumulated. Otherwise, the value of the Reliability

Index remains the same.

5. Replace the energy storage system by the unit generator, and calculate the reliability index

of the power system with the equivalent generator using Eq (5).

6. If the reliability index of the power system with the equivalent generator is not equal to the

reliability index of the power system with energy storage, then adjust the value of the equiv-

alent capacity GU.

7. Calculate the reliability index of the power system with equivalent capacity.

8. Determine whether Eq (6) is met. If Eq (6) is met, go to Step 9). In addition, if not, go to

Step 6).

9. Store the value of the equivalent capacity; the equivalent capacity is defined as the capacity

value of energy storage.

Results and discussion

The assessment of the capacity value of an energy storage system under different operational

strategies is examined by application of the RBTS [51]. The key factors that affect reliability

will also affect the capacity value of energy storage. The reliability index with four operational
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strategies of energy storage is analyzed in terms of the effect of impact factors on the reliability

of the power system. They are the yearly peak load, the maximum permissible energy stored in

storage power and the installed capacity of wind turbines. The sensitivity analysis of these fac-

tors is investigated in the following case studies.

In this study, fuel generators, wind turbines and energy storage devices are installed in the

system. There are three 100 kW fuel generators (FOR = 0.05) and one 50 kW generator

(FOR = 0.02) in the system. The wind speed is the same as Prince Albert in Canada, from the

years 2001 to 2012 [52]. The cut-in, rated and cut-out speeds are 3.75, 12 and 23.2 m/s,

Fig 1. The flowchart of the capacity value of energy storage considering strategy.

https://doi.org/10.1371/journal.pone.0178466.g001
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respectively. In addition, the values of C1, C2 and C3 are 0.1203, -0.08 and 0.0128, respectively.

The rated power of the wind turbines is 800 kW. A sequential load model of IEEE-RTS [53] is

applied in this test. For the energy storage system, Pchmax = 800 kW, Pdchmax = 250 kW and

Emax = 10000 kWh.

Comparison of the four strategies

In this part, the comparison of the capacity values of the four strategies is analyzed. As Strategy

2 and Strategy 3 are similar, the capacity values with the same dispatch restriction are close.

The comparison of the capacity values of Strategy 2 and Strategy 3 is analyzed. Table 1 demon-

strates the changing trend of the capacity value of energy storage with different X% of the load

demand. When the wind energy dispatch restriction changes from 25% to 55% of the load

demand, the changing trend of the capacity values of energy storage is shown in Table 1.

Because energy storage can be used when the output power of the fuel generator is lower than

(1-X %) of the load demand in Strategy 3, the capacity value of energy storage of Strategy 3 is

slightly higher than Strategy 2. Therefore, the energy storage is used more fully by Strategy 3.

As shown in Table 1, when the wind turbines and energy storage system are charged with

35% to 25% of the load demand, the wind turbines and energy storage are used fully to satisfy

the load demand, thus the capacity value of the energy storage system is high. The capacity

value of energy storage decreases when the supplied load demand is higher than 35%. The rea-

son is that wind power cannot satisfy the load demand, and the reliability of the power system

decreases. Therefore, the energy storage is not used sufficiently, and the capacity value of

energy storage also decreases.

Strategy 4 is used to smooth the wind power. The output power of the wind turbines and

energy storage system in 48 hours is analyzed. As shown in Fig 2, the average power of wind

turbines is 371 kW. The output power of the wind turbines and energy storage system with

Strategy 4 is closely to the average power of wind turbines. It has the minor wave range of

power (from 0 to 371 kW). And with Strategy 1, the energy storage system is fully used to sat-

isfy the load demand. The range of power is from -80 kW to 800 kW. Strategy 4 has a better

effect on suppressing the power fluctuations than Strategy 1.

Impact of the maximum energy of energy storage

In this part, the maximum energy stored in energy storage Emax is set from 500 kW to 4000

kW. Fig 3 shows the change trend of the capacity value of energy storage with different Emax in

four different strategies. In Fig 3, with the increase of Emax, the capacity values of all four strate-

gies increase with the Emax to a stable value.

Table 1. Comparison of Strategy 2 and Strategy 3 of capacity value of the energy storage against X%

of peak load.

Strategy 2 Strategy 3

X% = 25% 234.7 236

X% = 30% 234.7 236

X% = 35% 234.7 236

X% = 40% 227.6 229

X% = 45% 217.7 219

X% = 50% 196.2 198

X% = 55% 173.7 175

https://doi.org/10.1371/journal.pone.0178466.t001
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As shown in Fig 3, with the increase of Emax, the capacity value of energy storage in the four

strategies has the same changing trend; it increases slowly until it reaches a stable value. Until

the Emax increases to 3000 kWh, the capacity value reaches a constant value. In Strategy 1,

because the output power of energy storage is only restricted by its own characteristic parame-

ters, and fuel generators and wind turbines all can charge the energy storage, the capacity

value of energy storage in Strategy 1 is the highest. Since the output power of energy storage is

only related to the average wind power in Strategy 4, the capacity value of energy storage is

lower but more stable. In Strategy 2 and Strategy 3, the capacity values are nearly the same, cor-

responding to the same Emax. The utilization efficiency of energy storage in Strategies 2 and 3

is in the middle of Strategy 1 and 4.

Impact of the maximum discharge power of energy storage

With different values of the maximum discharge power Pdchmax, the capacity values of energy

storage have the same change trend in the four operation strategies. As Fig 4 shows, with the

increase of Pdchmax of energy storage, the capacity value of energy storage increases until it

reaches a stable value. This is because increasing the Pdchmax, increases the output power of the

energy storage system; therefore, energy storage will effectively improve the reliability of the

power system. The output power of energy storage is also related to the wind power, load

Fig 2. Comparison of Strategy 1 and Strategy 4 of the output power of renewable energy and the

energy storage in 24 hours.

https://doi.org/10.1371/journal.pone.0178466.g002
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demand, and maximum energy stored in energy storage; therefore, when the PESdischa_Max

increases to a certain value, the contribution of energy storage to the reliability of the power

system will reach a maximum value, and the capacity value of energy storage will reach a stable

value.

The curves of the four operational strategies are shown in Fig 4. The slope of the curve is

more moderate in Strategy 4. For this operation strategy, the capacity value reaches the maxi-

mum value when the PESdischa_Max increases to 250 kW, and then it maintains this value. In

Strategies 3 and 2, the capacity value reaches the maximum value when the PESdischa_Max

increases to 350 kW and in Strategy 1 when the PESdischa_Max increases to 500 kW. In addition,

the influence of the PESdischa_Max on the capacity value of energy storage in Strategies 2 and 3

are the same.

Impact of the peak load of the power system

In this part, the impact of the peak load on the capacity value of energy storage for four opera-

tional strategies is analyzed. Fig 5 demonstrates the change trend of capacity value with differ-

ent yearly peak load power values.

When the yearly peak load power increases from 500 kW to 700 kW by 50 kW steps, the

capacity value of energy storage is shown in Fig 5. Because the energy storage devices have

been fully applied in improving system reliability, when the peak load increases from 500 kW

to 700 kW, the capacity value of energy storage in Strategies 1, 2 and 3 have little increase, even

a decrease in Strategy 3. However, for Strategy 4, the output power of energy storage is also

related to the average power of wind turbines; therefore, with the increase in peak load, the

Fig 3. Variations of the capacity value of energy storage for different Emax of energy storage.

https://doi.org/10.1371/journal.pone.0178466.g003
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Fig 4. Variations of the capacity value of energy storage against different maximum discharge power

values of energy storage.

https://doi.org/10.1371/journal.pone.0178466.g004

Fig 5. Variations of the capacity value of energy storage against different peak load.

https://doi.org/10.1371/journal.pone.0178466.g005
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contribution of energy storage to the system reliability also increases in Strategy 4, and the

capacity value of energy storage has steady growth.

Impact of the installed capacity of wind turbines

Fig 6 shows the capacity value of energy storage in four operation strategies when the rated

output power of the installed wind turbines increases from 500 kW to 1300 kW. Compared

with Strategies 1, 2 and 3, the capacity value of energy storage in Strategy 4 has the minimum

value. With the increasing of the installed capacity of wind turbines, there has been a general

uptrend in the capacity value of energy storage in Strategy 4. While the capacity value in other

operation strategies keeps on a stable value. This is because the output power of energy storage

in Strategy 4 is closely related to the wind power. Therefore, when the installed wind power is

lower, the energy stored in energy storage has not been fully utilized and the capacity value is

small. The main purpose of the energy storage in this strategy is to smooth the output power of

the wind turbines. With the increase of the installed power of the wind turbines, the capacity

value of energy storage in Strategy 4 also increases. The applied efficiency of energy storage in

Strategy 4 is effectively raised.

Conclusion

An energy storage system can effectively improve the reliability of a power system with inter-

mittent energy. It can also be used to smooth the fluctuation of wind power. In this paper, the

definition of the capacity value of energy storage is presented to quantitatively weigh the con-

tribution of energy storage to the generation adequacy. An energy storage model considering

Fig 6. Variations of the capacity value of energy storage against different installed capacity values of

wind turbines.

https://doi.org/10.1371/journal.pone.0178466.g006
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four possible operating strategies for reliability evaluation is presented and applied to a test sys-

tem. The capacity value of energy storage under four different operational strategies is ana-

lyzed and compared in terms of impact factors. The impact factors of the capacity value of

energy storage are investigated in the case study.

The impact of the key factors on the capacity value of energy storage in Strategies 2 and 3

are nearly the same. The maximum discharging power of energy storage can greatly affect the

reliability benefits from energy storage in Strategies 1, 2 and 3, and it will have negligible effects

on the reliability benefits in Strategy 4. Comparing the four operation strategies, the capacity

value in Strategy 1 is the maximum, which means that the energy storage in Strategy 1 has

more capacity to improve system reliability. In Strategy 4, the capacity value of energy storage

is the minimum because the mainly aim of energy storage in Strategy 4 is mainly used to

smooth the fluctuant wind power and plays a minor role in improving system reliability.

Acknowledgments

This study was supported by the Key Project of Chinese National Programs for Research and

Development (No. 2016YFB0900100).

Author Contributions

Conceptualization: NS.

Data curation: NS YL.

Formal analysis: NS.

Funding acquisition: YL.

Investigation: NS YL.

Project administration: NS YL.

Resources: YL.

Supervision: YL.

Validation: NS.

Writing – original draft: NS.

Writing – review & editing: NS YL.

References
1. Zhang YG, Wang S, Gao YL. A novel wind power generation capacity prediction technique based on

optimal combination forecasting method. Control Engineering of China. 2016.

2. Wu JC, Wang YH. Power conversion interface for small-capacity wind power generation system. Iet

Generation Transmission & Distribution; 2014; 8(4): 689–696.

3. Aliari Y, Haghani A. Planning for integration of wind power capacity in power generation using stochastic

optimization. Renewable & Sustainable Energy Reviews; 2016; 59: 907–919.

4. Kashima K, Kato M, Imura JI. Probabilistic evaluation of interconnectable capacity for wind power gen-

eration. The European Physical Journal Special Topics; 2014; 223(12): 2493–2501.

5. Wu YK, Ye GT, Shaaban M. Analysis of impact of integration of large pv generation capacity and optimi-

zation of pv capacity: Case studies in taiwan. IEEE Transactions on Industry Applications; 2016; 52: 1–

1.

6. Wu JC, Wang YH. Manchester S, Barzegar B, Swan L, Groulx D. Energy storage requirements for in-

stream tidal generation on a limited capacity electricity grid. Energy; 2013; 61(3): 283–290.

CVES and control strategies

PLOS ONE | https://doi.org/10.1371/journal.pone.0178466 May 30, 2017 15 / 17

https://doi.org/10.1371/journal.pone.0178466


7. Radtke J, Dent CJ, Couch SJ. Capacity value of large tidal barrages. IEEE Transactions on Power Sys-

tems; 2011; 26(3): 1697–1704.

8. Shapiro GI. Effect of tidal stream power generation on the region-wide circulation in a shallow sea.

Ocean Science; 2010; 7(1): 165–174.

9. Zhu S, Zhang Y, Chowdhury AA. Capacity credit of wind generation based on minimum resource ade-

quacy procurement. IEEE Transactions on Industry Applications; 2011; 48(48): 730–735.

10. Khallat MA, Rahman S. A model for capacity credit evaluation of grid-connected photovoltaic systems

with fuel cell support. IEEE Transactions on Power Systems; 1988; 3: 3(3): 1270–1276.

11. Amelin M. Comparison of capacity credit calculation methods for conventional power plants and wind

power. IEEE Transactions on Power Systems; 2009; 24(2): 685–691.

12. Haslett J, Diesendorf M. The capacity credit of wind power: A theoretical analysis. Solar Energy; 1981;

26(5): 391–401.

13. Caralis G, Zervos A. Value of wind energy on the reliability of autonomous power systems. IET Renew-

able Power Generation; 2010; 4(2): 186–197.

14. Keane A, Miligan M, Dent CJ, Hasche B. Capacity value of wind power. IEEE Transactions on Power

Systems; 2011; 26(2): 564–572.

15. Perez R, Taylor M, Hoff T, Ross JP. Reaching consensus in the definition of photovoltaics capacity

credit in the usa: A practical application of satellite-derived solar resource data. IEEE Journal of

Selected Topics in Applied Earth Observations and Remote Sensing; 2008; 1(1): 28–33.

16. Usaola J. Capacity credit of concentrating solar power. Iet Renewable Power Generation; 2013; 7(7):

680–688.

17. Dent CJ, Hernandez OA, Blake SR, Miller D. Defining and evaluating the capacity value of distributed

generation. IEEE Transactions on Power Systems; 2015; 30(5): 2329–2337.

18. Mosadeghy M, Yan R, Saha TK. A time-dependent approach to evaluate capacity value of wind and

solar pv generation. IEEE Transactions on Sustainable Energy; 2016; 7(1): 129–138.

19. Munoz FD, Mills AD. Endogenous assessment of the capacity value of solar pv in generation invest-

ment planning studies. IEEE Transactions on Sustainable Energy; 2015; 6(4): 1574–1585.

20. Xu Y, Singh C. Power system reliability impact of energy storage integration with intelligent operation

strategy. 2014; 1129–1137.

21. Sanhu KS, Mahesh A. A new approach of sizing battery energy storage system for smoothing the

power fluctuations of a pv/wind hybrid system. International Journal of Energy Research. 2016; 40(9):

1221–1234.

22. Lin J, Wen B, Chen C. An energy storage system capacity configuration method based on piecewise

smoothing wind power output fluctuations. Power Capacitor & Reactive Power Compensation. 2016.

23. Liu J, Zhang L. Strategy design of hybrid energy storage system for smoothing wind power fluctuations.

Energies. 2016; 9(12): 991.

24. Yuan Y, Sun C, Li M, Choi SS, Li Q. Determination of optimal supercapacitor-lead-acid battery energy

storage capacity for smoothing wind power using empirical mode decomposition and neural network.

Electric Power Systems Research. 2015; 127: 323–331.

25. Bhuiyan FA, Yazdani A. Reliability assessment of a wind-power system with integrated energy storage.

IET Renewable Power Generation; 2010; 4(3): 211–220.

26. Wu JC, Wang YH, Zhang Y, Zhu S, Chowdhury AA. Reliability modeling and control schemes of com-

posite energy storage and wind generation system with adequate transmission upgrades. IEEE Trans-

actions on Sustainable Energy; 2011; 2(4): 520–526.

27. Abu Abdullah M, Muttaqi KM, Sutanto D, Agalgaonkar AP. An effective power dispatch control strategy

to improve generation schedulability and supplyreliability of a wind farm using a battery energy storage

system. IEEE Transactions on Sustainable Energy; 2015; 6(3): 1093–1102.

28. Thapa S, Karki R. Reliability benefit of energy storage in wind integrated power system operation. Iet

Generation Transmission & Distribution; 2015; 10(3): 807–814.

29. Hu P, Karki R, Billinton R. Reliability evaluation of generating systems containing wind power and

energy storage. Iet Generation Transmission & Distribution. 2009; 3(8): 783–791.

30. Hittinger E, Whitacre JF, Apt J. What properties of grid energy storage are most valuable?. Journal of

Power Sources. 2012; 206(206): 436–449.

31. Solomon AA, Kammen DM, Callaway D. Investigating the impact of wind-solar complementarities on

energy storage requirement and the corresponding supply reliability criteria. Applied Energy. 2016;

168: 130–145.

CVES and control strategies

PLOS ONE | https://doi.org/10.1371/journal.pone.0178466 May 30, 2017 16 / 17

https://doi.org/10.1371/journal.pone.0178466


32. Black M, Strbac G. Value of storage in providing balancing services for electricity generation systems

with high wind penetration. Journal of Power Sources. 2006; 162(2): 949–953.

33. Zhao P, Wang J, Dai Y. Capacity allocation of a hybrid energy storage system for power system peak

shaving at high wind power penetration level. Renewable Energy. 2015; 75(C): 541–549.

34. Shi N, Luo Y. Energy storage system sizing based on a reliability assessment of power systems inte-

grated with wind power. Sustainability. 2017; 9(3): 395.

35. Shi N, Luo Y. Bi-level programming approach for the optimal allocation of energy storage systems in dis-

tribution networks. Applied Sciences. 2017; 7(4): 398.

36. Hu X, Li S, Peng H, Sun F. Charging time and loss optimization for LiNMC and LiFePO4 batteries

based on equivalent circuit models. Journal of Power Sources. 2013; 239(10): 449–457.

37. Zheng L, Zhang L, Zhu J, Wang G, Jiang J. Co-estimation of state-of-charge, capacity and resistance

for lithium-ion batteries based on a high-fidelity electrochemical model. Applied Energy. 2016; 180:

424–434.

38. Zhang L, Hu X, Wang Z, Sun F, Dorrell DG. Experimental impedance investigation of an ultracapacitor

at different conditions for electric vehicle applications. Journal of Power Sources. 2015; 287:129–138.

39. Zhang L, Wang Z, Sun F, Dorrell DG. Online parameter identification of ultracapacitor models using the

extended kalman filter. Energies. 2014; 7(5): 3204–3217.

40. Zhang L, Hu X, Wang Z, Sun F, Dorrell DG. Fractional-order modeling and State-of-Charge estimation

for ultracapacitors. Journal of Power Sources. 2016; 314: 28–34.

41. Zhang L, Wang Z, Hu X, Dorrell DG. Residual Capacity Estimation for Ultracapacitors in Electric Vehi-

cles Using Artificial Neural Network. IFAC Proceedings Volumes. 2014; 47(3): 3899–3904.

42. Wu X, Hu X, Moura S, Yin X, Pickert V. Stochastic control of smart home energy management with

plug-in electric vehicle battery energy storage and photovoltaic array. Journal of Power Sources. 2016;

333: 203–212.

43. Malysz P, Sirouspour S, Emadi A. An optimal energy storage control strategy for grid-connected micro-

grids. IEEE Transactions on Smart Grid. 2014; 5(5): 1785–1796.

44. Shu Z, Jirutitijaroen P. Optimal operation strategy of energy storage system for grid-connected wind

power plants. IEEE Transactions on Sustainable Energy. 2014; 5(1): 190–199.

45. Stimoniaris D, Tsiamitros D, Dialynas E. Improved energy storage management and pv-active power

control infrastructure and strategies for microgrids. IEEE Transactions on Power Systems. 2015; 31(1):

1–8.

46. Liu W, Niu S, Huiting XU. Optimal planning of battery energy storage considering reliability benefit and

operation strategy in active distribution system. Journal of Modern Power Systems & Clean Energy.

2016; 1–10.

47. Zeng A, Xu Q, Ding M, Katsuhiro I. A classification control strategy for energy storage system in micro-

grid. Ieej Transactions on Electrical & Electronic Engineering. 2015; 10(4): 396–403.

48. Hasche B, Keane A, O’Malley M. Capacity value of wind power, calculation, and data requirements: the

irish power system case. IEEE Transactions on Power Systems; 2011; 26(1): 420–430.

49. Billinton R, Karki R, Gao Y, Huang D. Adequacy assessment considerations in wind integrated power

systems. IEEE Transactions on Power Systems; 2012; 27(4): 2297–2305.

50. Wen Y, Guo C, Kirschen DS, Dong S. Enhanced security-constrained opf with distributed battery

energy storage. IEEE Transactions on Power Systems; 2015; 30(1): 98–108.

51. Billinton R, Kumar S, Chowdhury N, Chu K, Debnath K. A reliability test system for educational pur-

poses-basic data. IEEE Transactions on Power Systems; 1989; 4(3): 1238–1244.

52. Subcommittee PM. Ieee reliability test system. IEEE Transactions on Power Apparatus & Systems;

1979; PAS-98(6): 2047–2054.

53. Historical climate data. http://climate.weather.gc.ca.; 2012.

CVES and control strategies

PLOS ONE | https://doi.org/10.1371/journal.pone.0178466 May 30, 2017 17 / 17

http://climate.weather.gc.ca
https://doi.org/10.1371/journal.pone.0178466

