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Abstract: The growing share of renewable energies needs more flexible services to balance their
intermittency and variance. The existing coal fired units and electrical energy storage (EES) systems
may play an important role in delivering flexible services. The value of their flexibility services, along
with the value of renewable energies, has to be analyzed from the perspective of the power system,
in which the capacity costs and operation costs of renewable energy power units, EES systems, and
thermal power generation units have to be taken into consideration. An optimal model is built to
analyze the renewable energy integration and the flexibility services delivered by the EES systems
and thermal power units in a power system. Taking the existing thermal power units and EES
systems in North China Power Grid as an instance, the overall cost of the grid is examined for the
penetration of renewable energies and flexible service provision. The results show that the growing
shares of renewable energies are affected by their capacity credits and flexibility sources in the grid,
and that the potential of thermal power units to provide flexible services will be reduced due to the
replacement of renewable energies for thermal power generation. The results also indicate that the
thermal units may be dispatched to have priority to delivering flexible services for the renewable
energy integration, and that the curtailment of renewable energies may be regarded as one type of
flexible service. According to these results, policy and strategy recommendations are put forward
to weigh the role of existing coal-fired units and EES systems in providing flexible services, and to
improve their compensation mechanism and their coordination.

Keywords: coal fired power generation; electrical energy storage; renewable energy; policy
recommendations; flexible services

1. Introduction

The climate change primarily driven by greenhouse gas emissions from human activi-
ties is one of the world’s great challenges. The transition to low carbon energy technologies
and renewable energy sources is regarded as the main strategy to meet the decarburization
target of 1.5 °C proposed by IPCC [1]. China attaches great significance to its sustainable
development and response to climate change, and steadily strengthens the targets of its
NDCs. The aims of NDCs were updated in 2020 and include striving to peak CO, emissions
before 2030 and achieving carbon neutrality before 2060, lowering the CO, intensity of
GDP by more than 65% by 2030 in comparison with that in 2005, and reaching the total
installed capacity of wind and solar power of over 1200 GW by 2030, etc. [2]. By the end of
2020, the cumulative capacity of wind and solar power was about 535.21 GW, accounting
for more than 24% of the total generation capacity in China, and it generated 727.6 TWh,
accounting for 9.54% of total electricity generation [3]. In order to meet the relevant aims
of NDCs, an average annual installed capacity of renewable energies will be more than
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60 GW, whose variances and intermittence may have complex and context-specific impacts
on the overall power system. However, over 20% penetration of renewable energy will
result in the destabilization of the existing power system [4], which requires more flexible
resources to mitigate their intermittence and variances.

The flexibility sources in China’s power system are mainly gas-fired power stations
and pumped-hydro energy storage stations, which grow slowly because of their operating
costs and construction conditions [5,6]. However, a large number of coal-fired units were
built in China to meet the electricity demand in the past decades, and now some of them
can be retrofitted to deliver the flexibility services for the integration of renewable energies.
The flexibility-retrofitted target of coal-fired units of 220 GW was set in the 13th Five-year
Plan, but less than 27% of the target was achieved because the revenue from the deep-
down regulations of flexibility-retrofitted coal fired units is low and less than expected [7],
resulting in the failure to achieve as much as they are supposed to do in the current
electricity market in China.

An EES system is another significant source to deliver flexible services, ranging from
energy, capacity, and ancillary services in the power system. An EES system is regarded as
one of the most potential technologies to balance the variances of renewable energies and
the mismatch between supply and demand sides in the power system. Many literatures
can provide a better understanding of the types of EES technologies, their similarity and
differences, their roles, and costs for the integration of renewable energies and decarburiza-
tion in the power grid, their support policy, and measurements [8-14]. The roles of EES
systems are based on their performance, duration time, location, economic, and environ-
mental impacts when they are deployed to integrate the renewable energy into the power
system [15-19], and they are highly sensitive to the share of renewable energy in the grid,
policy measures such as emission-taxes rates or penalty for the curtailment of renewable
energies [20]. The potential values of EES systems can be defined through their applications
in the power system including the bulk energy, ancillary services, customer services, etc.,
and their values vary due to utility and market structure, and valuation methodologies,
ESS ratings [21].

Many analyses have been performed to optimize the operation of the given power
system combined with EES systems according to certain criteria or economic indicators
such as minimizing the total cost or maximizing the benefits [6,22-25]. EES systems can
increase the value of renewable energies to some extent due to their high costs [26]. The
cost of an EES system, its potential revenues from the operation of a power system, and
its support policy are the main challenges to its applications [17,27-29]. However, recent
power systems may have inherent capabilities to integrate large amounts of renewable
energies, and if the power system is regarded as a whole to optimize and plan, the more
renewable energies could be integrated, and an EES system may be one of future potential
choices for flexibility services [30]. The flexibility of a power system is related to power
generation technologies and electricity markets. The near-zero marginal costs of renewable
energies and improper electricity market design can limit the initiatives to provide flexible
services [31]. Thus, it is necessary to optimize the operation of the power system including
the increasing share of renewable energies based on the flexible services delivered by EES
systems, ensuring the balance between power supply and demand and the reduction of the
total electricity cost [6,14,32].

Some studies on the planning and operation of the power system with a high pro-
portion of renewable energies have been carried out, focusing on the importance of EES
systems to provide flexible services and the security of power supply [30]. Based on the
indices of flexibility services from source-load-storage sides, a power system with high
penetration of renewable energy is optimized to minimize the investment cost or maximize
the overall revenue of the power system [26,33]. Literature [34,35] propose a model to ana-
lyze the long-term storage requirements with a high proportion of renewable energies, and
the model can value the EES system deployment and other options of flexibility services
including thermal power units, biomass units, and the curtailment of renewable energies,
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based on their capacity value, balancing value, arbitrage value. But these studies mainly
focus on the flexibility planning in a power system with high penetration of renewable
energy, and fail to carry out the research in depth on the key issues during the transition
to a high share of renewable generation, including the provision of flexibility services,
EES applications and replacement of thermal power generation, etc. Besides, the value of
the existing power plant portfolio cannot be captured in these analyses, and this would
limit the related policy conclusions on the transition to a renewable-dominated power
system. However, these analyses may provide the hints and foundation for the relevant
follow-up research.

With the increasing share of renewable energies in China, more thermal power gener-
ation will be replaced and renewable energy will dominate in the power grid, but more
flexible resources have to be required to balance their intermittence and variances during
the transition process to a high proportion of renewable energies [31,33]. Flexibility services
in a power system can be delivered by a mix of sources including demand response, gener-
ation side, and EES systems [36-38], but the deployment of existing coal-fired power units
and EES systems is a feasible and realistic option to deliver flexibility services in China.
The value of renewable energies to a power system may decrease with their increasing
penetration level, which will have an important effect on the existing power generation
portfolio [39]. Despite obvious benefits, for EES applications to integrate greater penetration
of renewable energies [6,14,32,33], they have to be optimized with other flexible options in
relation to the demand of a power system as a whole because of the complexity of valuing
their operations in a power system [30,39]. However, few studies have been carried out in
depth on the values of existing power plant portfolio and EES systems for flexible services
in China, and it is necessary to establish effective strategies for the transition to a high share
of renewable energies from China’s coal-dominated power system based on the existing
power generation portfolio and the effectiveness of EES applications. Therefore, this paper
focuses on the integration optimization of EES systems and existing thermal power units
during the transition of the power system to a high proportion of renewable energies in
China, and analyzes the related strategies and policy recommendations.

The structure of this paper is organized as follows: Section 2 presents a planning model
to minimize the total cost of the power system with the objective to optimize the capacities
of EES systems, renewable energies, thermal power units, etc. Section 3 introduces a case
study to analyze the cost and capacity changes of the above power generation sources
during the transition to a high share of renewable energies, and the results are demonstrated
and discussed. Section 4 shows the conclusions, the strategy, and policy recommendations.

2. Methodology

Increasing share of renewable energies necessitates more flexible services to address
their variance and intermittency problems, meanwhile more renewable energies may
gradually replace the existing conventional power units in the power system. However,
these conventional power units may be important providers of flexible services despite
their CO, emissions. The existing coal-fired unit can be retrofitted to run at 30% of its
power rating without using oil [40—43], delivering flexible services. A large number of
existing coal-fired power units in China can play a key role in integrating renewable
energies. Besides an EES system may also be one of the most promising providers of
flexibility services. The new requirements and changes during the transition to the growing
proportion of renewable energies have to be met in the development and planning of a
power system. Thus, based on the flexibility requirements in a power system, a planning
model is built to analyze the capacity allocation of renewable energies and an EES system
with the existing thermal power units, and their optimized operation in the transition to a
high proportion of renewable energies.
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2.1. Objective Function and Related Constraints
2.1.1. Objective Function

The total cost of a power system is minimized as the objective, including the capacity
investment costs of renewable energies and EES systems, the costs of existing thermal power
units, their operation costs which consist of their regular operation costs, and ancillary
service costs such as the costs of balancing reserves and flexibility services. A high share of
renewable energies may result in their declining value in a power system [39,44], and the
curtailment penalty of renewable energies will not be included in the model. The power
capacity and energy capacity of an EES system are its key characteristics [14,34], which
can help the applications of an EES system in a power system. The objective function is
formulated in Equation (1) [34,45,46]:

COStsys = min(COStinv,congen + COStinv,ren + COStinv,sto =+ COStoper,sys) (1)

Costiyy,convens, COoStiny res, CoStinysto are respectively shown from Equation (2) to
Equation (4).

nc nj nc
COStinv,congen = Z Cinv,coulNi,coul + Cinv,gaij,gas + Z Cretr,coalNi,coal (2)
i=1 j=1 i=1
nw np
COStinv,ren = Z Cinv,winde,wind + Z Cinv,val,pv (3)
k=1 =1
nm nm
COStinv,sto = Cinv,stocNm,sto + Z Cinv,sterm,sto (4)
m=1 m=1

The operation cost of the power system, Costgper,sys, is comprised of the charge and
discharge operation costs of an EES system, the regular operating costs of the existing
conventional thermal power units, the flexibility operation costs including deep-down regu-
lated costs, and startup costs. Costoper,sys in the scheduling period T is given in Equation (5):

nc T no T
COStoper,sys =) X [ui,tci,opGi,t + usi,tsi] +X X [uj,tcj,opGj,t + usj,tsj]
i=1t=1 j=1t=1 (5)

nm T

+X X [Cm,sto(Gm,stin+Gm,st011t)]
m=1t=1

2.1.2. The Related Constrains

The optimization of the object function has to be subject to the following related
constraints, including the balance constraints of power supply and demand, the power
outputs of the power generation units, the charge and discharge constraints of EES systems,
etc.

1. The balance constraints of power supply and demand.

nc ”j nw np nm nm
Z uip- Gip+ Z ujr-Gjp+ Z Gi + Z G+ Z G stout =D¢ + Z Gmstin ~ (6)
i=1 j=1 k=1 I=1 m=1 m=1

2. The constraints of renewable energy generation.

T wind * Nkwind = Gip + CUg )
Crl,pv ' Nl,pv = Gl,t + Cul,t (8)
Gr,t < Niwinds Gt < Nipo 9)

3. System reserve constraints.
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ne nj nm nm nm nm
Z Ujp- Ni,coul + Z Ujt - Nj,gus + Z Gm,stout + Z Gm,stout,rsrv + Z Gm,stin,rsrv = D¢+ Z Gm,stin + Rs; (10)
i=1 i=1 m=1

] m=1 m=1 m=1

4. The charge and discharge constraints of EES systems.

Stolevy,; = Stolevy, —1 + Gy stin - Nmstin — Gm,stout / Nm,stout (11)
Stolevy, 1 < Emsto (12)

Gum,stout + Gm,stout,rsro < Nim,sto (13)

Gum,stin + Gm,stin,rsro < Nm,sto (14)

Gm,stout + G stout,rsro < Stolevy, y—q (15)

Gustin + G stinrsro < Emsto — Stolevy, s 1 (16)

5. The operation constraints of thermal power units.

Uit Yicoal * Ni,coal < Gi,t < Ujp- Ni,coal (17)
Ujt - Yjgas * Njgas < Gj,t < Ut Njgas (18)
—Tido S UitGip — Ui 1Gip1 < Tip (19)
—Tido < UjtGir — Ujp-1Gjr—1 < Tjup (20)
Ui = Uiy — Ujp 1 (21)

USjp = Ujr — Ujr1 (22)
Uip1—Uip <1 —t gy, (23)
Ujp1— iy <1 —ujgy, (24)

2.2. Solving Method about the Model

The above model involves the on/off states of existing thermal power units and
their fuel consumption. Their on/off states are represented by binary variables, and their
curves of fuel consumption cost are usually convex. The model belongs to a MINLP
problem. The optimization analyses of a MINLP problem have been carried out by some
literatures [47-49]. In order to reduce the computational complexity of the model, the
curves of fuel consumption cost are linearized and the model becomes a MIP problem,
which can be programmed and solved in GAMS. The flowchart for the solving method
about the model is shown in Figure 1.

GAMS is a high level modeling system for mathematical programming and optimiza-
tion, and it consists of a language compiler and a range of associated solvers [50], such as
Cplex, Scip, etc. Based on these solvers and their options, the above model can be solved.
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Figure 1. The flowchart for solving method about the model.

3. Case Study

3.1. Description of the Studied Power System

The certain regional grid of the North China Power Grid is taken as the studied power
system. The capacity of existing conventional thermal power units is 60,820 MW, including
the coal-fired power generation capacity of 50,425 MW, and the capacity of combined-
cycle gas turbines of 10,359 MW. The capacity of CHP units among these existing thermal
power units is about 31,806 MW. The detailed capacities of these existing power units are
given in Table 1. The conventional thermal power units can provide flexible services by
lowering their minimum load, increasing their ramping rate, and shortening their startup
time [40,41]. CHP units can deliver less flexible services during the heating season, and
their flexibility services can be increased by decoupling the generation of electricity and
heat. The regional power system is rich in renewable energies, and the available hours of
wind and solar PV power generation in the grid are respectively more than 2700 h and

1700 h.

Table 1. Capacities of the existing thermal power units in the studied regional grid.

Type

Total Capacity/ MW

CHP Capacity/ MW

Coal-fired units
CCGT units

50,425 21,411
10,395 10,395
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For the simplicity of analysis, this case study concentrates only on the flexible services
delivered by the EES systems and the existing conventional thermal power units, and
examines their impacts on the capacity allocation of renewable energies and an EES system
and their operation on the basis of the typical daily demand loads of the studied power
system during the transition to a high proportion of renewable energies.

3.2. Assumptions and Input Data

Due to the difficulty of data access and the complexity of analysis, the annual load
demand of the regional grid is analyzed based on its typical daily historical loads. The
demand loads on a typical day per month in the regional grid are shown in Figure 2, and
the related capacity factors of renewable energies [51] are shown in Figure 3.

70,000 r P Mar, —Apr.  —May Jun.

60.000 F —Jul.  —Aug —S8ep. —0cl. —Nov. —Dec

50,000

mand(MW)

< 30,000

d def

0 TIRNNE TN SN TN TN TN NN N SN TN SO TN SN SN NN SN TR AN SO S S N |

1 3 5 7 9 11 13 15 17 19 21 23
Time (h)

Figure 2. 12-month load profiles of the regional power system based on a typical day.

0.8
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06
205
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(a) (b)

Figure 3. 12-month capacity factors of renewable energies based on a typical day: (a) 12-month wind
capacity factors; (b) 12-month PV capacity factors.

The existing conventional thermal power units have different potentials to deliver the
flexibility services according to their startup time, ramping rate, and minimum load rate,
and these parameters are selected according to the literature [52,53]. CHP units have less
potential during the heating months to provide flexible services because the heat demand
has to be met from their heat and electricity generation to maintain a certain load rate,
which limits their ability to regulate the power output. Thus, it is assumed that a CHP
unit has the potential to keep 30% of its full load during the non-heating season and 40%
of its full load during the heating season after its flexible retrofits. The EES system of
Lithium-ion batteries is assumed to be deployed in the regional grid, and the related key
parameters of thermal power units and EES systems [45,54,55] are shown in Table 2. The
coal consumption rates of the existing coal fired units may vary according to the norm of
energy consumption per unit product of the general coal-fired power set [56], which is one of the
standards of the People’s Republic of China.
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Table 2. Costs of the existing thermal power units, Wind power and PV units, EES systems.

Tvpe Investment Cost Operating Cost Rtrofitted Cost
TP (CNY/KW) (CNY/KW) (CNY/KW)
Coal-fired units units 3200 0.18 500
CCGT units 2500 04 500
Wind power units 7600 0.00 -
PV units 4600 0.00 -
The EES systems of 1200 (1 h) 0.00389 B

Lithium-ion batteries

Besides, it is assumed that the capacity of wind power units is the same as that of solar
PV units, and the curtailment of their generation is free because of its decreasing value with
its increasing penetration. Transmission network constraints are also assumed to be met.
Then the impact of the flexibility demand of the regional grid on the capacity allocation of
renewable energies and an EES system, along with the existing thermal power units, will
be analyzed based on their optimal operation under different shares of renewable energies.

3.3. Simulation Results and Analysis
3.3.1. Integration of Renewable Energies and Total Cost of the Power System

Based on the flexibility retrofits of the existing thermal power units, the integration
of renewable energies and the total cost of the power system are shown in Figure 4. The
total cost of the power system increases with the growing shares of renewable energies
including solar PV and wind power. According to Equation (1), the total cost consists of
the capacity costs of renewable energies and EES systems, the flexibility-retrofitted costs of
existing thermal power units, and their operating costs. The flexibility-retrofitted capacities
of the existing thermal power units and the related costs are fixed by the above assumption.
The capacities of renewable energies and the EES system have to increase with the growing
share of the renewable energies, as shown in Figure 5, resulting in an increase of their costs.
Because the operating cost of renewable energy power units is near zero and the operating
cost of the EES system is relatively low, the overall operating cost of the power system
decreases with the growing integration of renewable energies replacing the generation
of existing thermal power units, although part of them run in off-designed load rate to
provide the flexibility services for the renewable energy integration which may lead to
higher fuel consumption and cost.

Retrofitted capacity cost of thermal power units
200 r Operation cost
mm Capacity cost of EES systems
PY capacity cost

—
>~ 160 F Wind power capacily cost |
Z —=—Total cost ol the power system
t:) Ovcrall capacily cost / -
g 120 f =
E M.N‘__,X”’(’ |
p—"g o -
o 80 F
=}
o .

40

0 LB 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Shares of renewable energies

Figure 4. The correlation among the integration shares of renewable energies, the related cost
portfolio, and the total cost of the power system.
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Shares of renewable energies

Figure 5. The correlation of the power capacity portfolio among the integration shares of

renewable energies.

The ratio of renewable energies available to the total power demand and their curtail-
ment are shown in Figure 6. The ratio of renewable energies available to the total power
demand increases with their growing share integration. When their integrating share
reaches about 0.25, their curtailment begins. The curtailment of renewable energies occurs
under the operating constraints of the power system and its total cost on the basis of the
flexibility services provided by the EES system and the existing thermal power units. The
curtailment increases with the growing share of renewable energies. Since the capacity
costs of renewable energies and the EES system outweigh the decrease in the operating cost
of the power system, their combined effect leads to an increase in the total cost.

=—Renewable power available to the total power demand

100%

Curtailment rate of renewable power

80% I
60%

Ratio

40%
20%

0%
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Shares of renewable energies

Figure 6. The curtailment rate of renewable energies with their integration shares.

3.3.2. Flexibility Services for Renewable Energy Integration

The increasing share of renewable energy integration requires more flexibility services
to balance their variances and intermittence, and these flexible services are provided
through the existing thermal power units and the EES system in the power system. The
EES system delivers flexibility services by its charge and discharge operation. The existing
thermal power units provide flexible services by regulating their power output between
their maximum and minimum power outputs, and sometimes they may be shutdown
provisionally. When the load rate of a thermal power unit is regulated down below 50%
of its rated power output, the type of flexibility services is regarded as the deep-down
regulation, and the operation of above 50% of its rated power output belongs to its regular
operation. The flexibility services of power output from the EES system and existing
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thermal power units are shown in Figure 7, and the ratio of solar PV and wind power
output available to the overall demand of the power system and their curtailment is also
shown in Figure 8. The flexibility-regulated power output increases with the growing share
of renewable energies. The ratios of solar PV and wind power output available to the
overall demand of the power system increase with their growing shares. The curtailments
of solar PV and wind power output, respectively, begins at nearly 25% of renewable
energy integration, but the curtailments are too small to be shown in Figure 8. Then the
curtailments increase with the growing share of renewable energies.

100 B [LS systems

g0 } m startup of thermal power units

® Deep regulation of thermal power units

Flexiblity power output
{(GWh)
(=33
<

0 01 02 03 04 05 06 07
Shares of renewable energies

Figure 7. The flexibility sources with the integration share of renewable energies.

=PV power curtailment

100%
mm Wind power curtailment
80% F PV power available to the total power demand
—=—Wind power available to the total power demand
s 60%
=
=
= 40% t
20% F
0% i 1 1 1m0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Shares of renewable energics

Figure 8. The wind and PV curtailment ratios with the integration share of renewable energies.

Flexibility services for renewable energy integration can be provided by the existing
thermal power units before 25% of renewable energy integration, beyond which the flex-
ibility services from the EES system gradually play an important role in the renewable
energy integration, since the increasing proportion of renewable energies replaces part of
the power generation for the existing thermal power units and these conventional units
cannot provide enough flexibility services for the integration of renewable energies. The
flexibility services from their deep-down regulation are more than those from their startup
regulation (as shown in Figure 7), and the related costs are shown in Figure 9.
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Figure 9. The flexibility cost portfolio with the integration share of renewable energies.

3.3.3. The Net Operating Benefits of the Power System

The net operating benefits of the power system consist of energy savings and CO,
emission reductions. The benefit from CO, emission reductions is included in the model
as part of the operating costs of the existing thermal power units. The net operating
benefits of the power system increase with the growing share of renewable energies, as
shown in Figure 10, mainly because the power outputs of the existing thermal power
units are replaced by renewable energies with no fuel consumption and no greenhouse gas
emissions. Figure 11 shows the power outputs of all units and the related coal consumption
of the existing thermal power units in this regional grid under the different integration
shares of renewable energies. Some of the existing thermal units in the grid run in regular
operation, and some of them provide flexible services including the startups and deep-
down regulations. As the integration proportion of renewable energies in the grid increases,
the power generation of these thermal power units in regular operation will be replaced
gradually. The coal consumption of the thermal units delivering flexibility services shows
a slow growth trend. So, the benefits of the fuel saving and greenhouse gas emission
reductions are nearly from the replacement of the generation of the thermal power units in
regular operation.
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Figure 10. The net operating benefits with the integration share of renewable energies.
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Figure 11. The power generation and energy consumption with the integration share of renewable
energies: (a) the power generation portfolio; (b) the energy consumption portfolio.

However, with the growing shares of renewable energies, less number of thermal
power units can provide flexible services and the EES system has to be required to deliver
the flexible services for the integration of renewable energies. According to Figures 6 and 8,
the curtailment of renewable energies may be regarded as one of the flexible services for
their integration. Despite the power generation of renewable energies with no or fewer
operation costs, their capacity costs are still higher than those of conventional thermal power
units. With the growing share of renewable energies, the benefits from their replacement of
the existing thermal power units will be offset by the increase in their capacity costs.

3.3.4. Discussions and Further Analyses

GAMS has been applied in solving a broad range of power system optimization
problems [34,35,54,57]. According to the solvers in GAMS, their preprocessing, and gen-
eral options, the above power system optimization problems can be solved effectively to
mitigate or avoid some undesirable possibilities. But there are a few limitations in the
methodology and its assumptions. First, the capacities of wind power and solar PV units
are supposed to have the same capacities in the above assumptions. In fact, they may have
different capacities due to their respective resources, cost, and capacity credits. Second,
the impacts of the power demand side and sector coupling on the provision of flexibility
services and the related costs in the grid, are not reflected in the model. Third, the operating
benefits could result from energy saving and its related pollutants such as CO,, SO,, NOx,
etc. due to the integration of renewable energies in the grid. But only the benefit of CO,
emission reductions is taken into account in the methodology and above analyses.

However, this study emphasizes the fundamental rules about the integration of re-
newable energies and the required flexibility services despite the above limitations, which
might have an effect on or weaken the validity of these rules. The principles of renewable
energy integration and the flexibility services from the existing thermal power units and
the EES system still can be highlighted.

4. Conclusions and Policy Recommendations
4.1. Conclusions

This study shows that the growing shares of renewable energies are affected by their
capacity credits and flexible sources in the grid which are the key factors for their integration
into the power system. The existing thermal power units and EES systems are the most
promising providers of flexibility services due to their construction conditions, operation
costs, and technical development. The value of their flexible services, along with the value
of renewable energies, has to be analyzed from the perspective of the power system. Due
to the flexibility-retrofitted costs of the existing thermal power units and their related
operating costs are lower than the deployment costs of EES systems, the thermal units
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may be dispatched to have priority to deliver flexible services for the integration of the
renewable energies in the power system, and these existing thermal units may help the
renewable energies to be integrated even up to 25% of total electricity generation.

The increasing share of renewable energies needs more flexible services to balance their
variances and intermittence, but they also replace part of the existing thermal power units,
and the number of the thermal units providing flexible services will be reduced. When
the flexible services from the thermal units is not enough to support the growing shares of
renewable energies, the EES system will be employed to deliver flexible services. Besides,
this study also indicates that the curtailment of renewable energies may be regarded as one
type of flexible service for their integration based on the reasonable dispatch of the power
system at its minimum total cost.

4.2. Policy and Strategy Recommendations
4.2.1. To Strengthen the Role of Existing Coal-Fired Units in Providing Flexibility Services

In order to promote the provision of flexible services for the renewable energy inte-
gration in the power system, a Notice on Encouraging Renewable Energy Power Generation
Enterprises to Build or Purchase Peak Shaving Capacity to Increase the Grid-connected Scale of their
renewable power generation was issued in 2021 by The National Development and Reform
Commission (NDRC), National Energy Administration (NEA) [58]. This policy encourages
the renewable energy power generation enterprises to take their initiatives to deploy EES
systems or peak regulation sources, which may help to advance the development of EES
systems and ensure flexible service provisions for renewable energy integration.

There are a great number of coal-fired units in operation in China, and they have the
potential to deliver much more flexible services for the integration of renewable energies.
EES systems may be another promising flexible source for the renewable-dominating power
system. However, their high capacity costs and new development uncertainty except the
pumped-hydro energy storage stations might have an effect on their deployment for the
integration of renewable energies. Due to the capacity and operation costs, and construction
conditions of the flexibility sources in China, the existing thermal power units, especially
the existing coal-fired units are the better candidates to deliver the flexibility services. Thus,
much more attention should be paid to the existing coal fired units to deliver flexible
services during the transition to a high share of renewable energies.

4.2.2. To Improve the Compensation Mechanism for the Exiting Thermal Power Units and
EES Systems Delivering Flexibility Services

The exiting thermal power units and EES systems are the important providers of
flexibility services for renewable energy integration. At present, the flexibility services
provided by the thermal power units only include the deep-down regulations, startup,
and shutdown regulations. However, the operation regulation of above 50% of its rated
power output for the integration of renewable energies should also have to be included.
Delivering flexibility services will lower the load rates of the thermal power units, resulting
in an increase in their fuel consumption. Meanwhile, the growing shares of renewable
energies and their replacement may also cut down the benefits of these thermal units from
the power generation. Besides, the deployment of EES systems may significantly increase
the fixed costs of renewable energy power generation enterprises, but there is a lack of a cost
recovery mechanism for the capacity costs of EES systems. The charging and discharging
dispatch of an EES system is closely related to the revenue from renewable energies. If the
EES system participates in the power market as an independent market entity, it will also
face the same challenges.

The value of flexibility services delivered by the EES system and coal fired units, cannot
be fully captured by the existing market mechanism. The new incentives have to be further
designed from the respective public goods and externalities, to compensate for the costs and
benefits of the providers of flexibility services, guaranteeing that the existing thermal power
units and EES systems deliver the flexible services for the renewable energy integration.
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4.2.3. To Coordinate the Dispatch of Flexibility Services Based on the Overall Benefits of
the Power System

The share of renewable energies increases at the cost of the flexibility service provisions
under the operating constraints of the grid, which has an effect on the overall benefits of the
power system and these benefit distribution among the power market entities. Renewable
energy resources vary in different regions in China, and the variance and intermittency
of renewable energy power generation can be offset to a certain extent. Therefore, from
the perspective of the power system as a whole, the requirement of flexibility services for
the aggregated renewable energy generation will be reduced, finally, the costs of flexibility
services and the power system will decrease. In addition, the curtailment of renewable
energies can also be regarded as one type of flexible services on the basis of the overall
cost of the power system. When the costs of flexibility services are beyond the costs and
benefits of the renewable energy integration, their curtailment is a reasonable option for
the operation of the power system.

The flexibility services dispatched from the perspective of the power system can guar-
antee the utilization effectiveness of flexibility resources and reduce the overall dispatch
costs of the power system, and the economics of scale from the flexibility resources could
be leveraged. Thus, the coordinated dispatch of flexibility services should be improved
based on the price signals and compensation mechanisms from the overall benefits of the
power system.
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Nomenclature
Symbol Description
Costsys Total cost of the power system
Total capacity cost of existing conventional
Cost iy conven thermal power units incluing their
flexibility-retrofitted costs
Cost iy res Total investment cost of renewable energies
Costiyy sto Total investment cost of an EES system
Costoper,sys Operation cost of the power system
Cing coal Unit investment cost of existing coal fired unit
Cinw,gas Unit investment cost of existing gas fired unit j
Crotro ot Un.it ﬂexibility—retroﬁtted cost of existing coal fired
¢ unit
Cin wind Unit investment cost of wind power unit k
Ciny,po Unit investment cost of solar PV unit [
Cing stoc Power capacity cost of EES system m
Cinw stoe Energy capacity cost of EES system m

i Number index of existing coal-fired units
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Gm,stin
Gm,stout
Uit

uj,t
Uus; t

Dy

CTk wind

cry o

CUy +
CUy

Gm ,stout,rsro
Gm ,stint,rsro
Rs t
Stolevy, 1
Mm,stin

Nm stout

Yi coal
Yj.gas

Tiup

Tido

Tjup

Tido

Ui dur

u i, dur
Abbreviations
GDP

EES

IPCC
NDCs
GW

TWh
MINLP

Total number of existing coal-fired units

Number index of existing gas-fired units

Total number of existing gas-fired units

Number index of wind power units

Total number of wind power units

Number index of solar PV units

Total number of solar PV units

Number index of EES systems

Total number of EES systems

Capacity of coal-fired unit i

Capacity of gas-fired unit j

Capacity of wind power unit k

the capacity of PV unit /

Power capacity of EES system m

Energy capacity of EES system m

Sheduling period

Operating cost of existing coal fired unit i

Operating cost of existing gas fired unit j

Operating cost of EES system m

Power output of existing coal fired unit i at time ¢
Power output of existing gas fired unit j at time ¢
Power input of EES system m at time ¢

Power output of EES system m at time ¢

Status of existing coal fired unit i at time ¢

Status of existing gas fired unit j at time ¢

Startup status of existing coal fired unit i at time ¢
Startup status of existing gas fired unit j at time ¢
Startup cost of existing coal fired unit i

Startup cost of existing gas fired unit j

Power output of wind power unit k at time ¢

Power output of PV unit [ at time ¢

System power load demand at time ¢

Wind capacity factor of unit k at time ¢

PV capacity factor of unit [ at time ¢

Curtailed power output of wind power unit k at time ¢
Curtailed power output of PV unit [ at time ¢

Reserve discharging capacity of EES system m at time ¢
Reserve charging capacity of EES system m at time ¢
System reserve capacity at time ¢

Energy level of EES system m at time ¢

Charging efficiency of EES system m

Discharging efficiency of EES system m

Minimum load rate of existing coal fired unit i
Minimum load rate of existing gas fired unit j
Ramping-up constraints of existing coal fired unit i
Ramping-down constraints of existing coal fired unit i
Ramping-up constraints of existing gas fired unit j
Ramping-down constraints of existing gas fired unit j
Status of continuous operation time of existing coal fired unit i
Status of continuous operation time of existing gas fired unit j

Gross domestic product

Electrical energy storage
Intergovernmental panel on climate change
Nationally Determined Contributions
Gigawatts

Terawatt-hours

Mixed integer nonlinear programming
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MIP Mixed integer programming
GAMS General algebraic modeling system
VRE Variable renewable energy
PV Photovoltaic
CHP Combined heat and power
CCGT Combined-cycle gas turbines
NDRC National Development and Reform Commission
NEA National Energy Administration
References
1. Masson-Delmotte, V.; Zhai, P.; Pértner, H.O.; Roberts, D.; Skea, J.; Shukla, PR.; Pirani, A.; Moufouma-Okia, W.; Péan, C.; Pidcock,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

R.; et al. Global Warming of 1.5 °C: An IPCC Special Report on the Impacts of Global Warming of 1.5 °C; IPCC: Cambridge University
Press: Cambridge, UK; New York, NY, USA, 2018.

The State Council Information Office of the People’s Republic of China. Responding to Climate Change: China’s Poli-
cies and Actions. Available online: http://www.scio.gov.cn/zfbps /32832 /Document/1715506 /1715506.htm (accessed on 11
December 2021).

China Electricity Council (CEC). China Power Industry Development Report; China Building Material Press: Beijing, China, 2021;
pp- 60-61.

Gur, T.M. Review of electrical energy storage technologies, materials and systems: Challenges and prospects for large-scale grid
storage. Energy Environ. Sci. 2018, 11, 2696-2767. [CrossRef]

Gu, Y.; Xu, J; Chen, D.; Wang, Z.; Li, Q. Overall review of peak shaving for coal-fired power units in China. Renew. Sustain.
Energy Rev. 2016, 54, 723-731. [CrossRef]

Arbabzadeh, M.; Sioshansi, R.; Johnson, J.X.; Keoleian, G.A. The role of energy storage in deep decarbonization of electricity
production. Nat. Commun. 2019, 10, 3413. [CrossRef]

Research on Flexible Operation and Life Extension Operation of Coal-Fired Power Generating Units. Available online: https:
/ /www.cec.org.cn/detail /index.html?3-297198 (accessed on 11 December 2021).

Zhao, H.; Wu, Q.; Hu, S.; Xu, H.; Rasmussen, C.N. Review of energy storage system for wind power integration support. Appl.
Energy 2015, 137, 545-553. [CrossRef]

Evans, A.; Strezov, V,; Evans, T.]. Assessment of utility energy storage options for increased renewable energy penetration. Renew.
Sustain. Energy Rev. 2012, 16, 4141-4147. [CrossRef]

Koohi-Fayegh, S.; Rosen, M.A. A review of energy storage types, applications and recent developments. J. Energy Storage 2020,
27,101047. [CrossRef]

Rahman, M.M.; Oni, A.O.; Gemechu, E.; Kumar, A. Assessment of energy storage technologies: A review. Energy Convers. Manag.
2020, 223, 113295. [CrossRef]

Chen, H.; Cong, T.N.; Yang, W,; Tan, C.; Li, Y.; Ding, Y. Progress in electrical energy storage system: A critical review. Prog. Nat.
Sci. Mater. Int. 2009, 19, 291-312. [CrossRef]

Olympios, A.; McTigue, ].D.; Farres-Antunez, P.; Tafone, A.; Romagnoli, A; Li, Y.; Ding, Y.; Steinmann, W.D.; Wang, L.; Chen, H,;
et al. Progress and prospects of thermo-mechanical energy storage—A critical review. Prog. Energy 2021, 3, 022001. [CrossRef]
He, W.; King, M.; Luo, X.; Dooner, M.; Li, D.; Wang, ]J. Technologies and economics of electric energy storages in power systems:
Review and perspective. Adv. Appl. Energy 2021, 4, 100060. [CrossRef]

Aneke, M.; Wang, M. Energy storage technologies and real life applications—A state of the art review. Appl. Energy 2016,
179, 350-377. [CrossRef]

Kyriakopoulos, G.L.; Arabatzis, G. Electrical energy storage systems in electricity generation: Energy policies, innovative
technologies, and regulatory regimes. Renew. Sustain. Energy Rev. 2016, 56, 1044-1067. [CrossRef]

Gallo, A.B.; Simoes-Moreira, J.R.; Costa, H.LK.M.; Santos, M.M.; Moutinho dos Santos, E. Energy storage in the energy transition
context: A technology review. Renew. Sustain. Energy Rev. 2016, 65, 800-822. [CrossRef]

Arbabzadeh, M.; Johnson, J.X.; Keoleian, G.A.; Rasmussen, P.G.; Thompson, L.T. Twelve Principles for Green Energy Storage in
Grid Applications. Environ. Sci. Technol. 2016, 50, 1046-1055. [CrossRef] [PubMed]

Lin, Y.; Johnson, J.X.; Mathieu, J.L. Emissions impacts of using energy storage for power system reserves. Appl. Energy 2016,
168, 444-456. [CrossRef]

Denholm, P; Ela, E.; Kirby, B.; Milligan, M.R. The Role of Energy Storage with Renewable Electricity Generation; Technical Report
No. NREL/TP-6A247187; NREL: Godlen, CO, USA, 2010. Available online: https://www.nrel.gov/docs/fy100sti/47187.pdf
(accessed on 8 October 2021).

Balducci, PJ.; Alam, M.].E.; Hardy, T.D.; Wu, D. Assigning value to energy storage systems at multiple points in an electrical grid.
Energy Environ. Sci. 2018, 11, 1926-1944. [CrossRef]

Ho, W.S.; Macchietto, S.; Lim, J.S.; Hashim, H.; Ab Muis, Z.; Liu, W.H. Optimal scheduling of energy storage for renewable energy
distributed energy generation system. Renew. Sustain. Energy Rev. 2016, 58, 1100-1107. [CrossRef]

Zafirakis, D.; Chalvatzis, K.J.; Baiocchi, G.; Daskalakis, G. The value of arbitrage for energy storage: Evidence from European
electricity markets. Appl. Energy 2016, 184, 971-986. [CrossRef]


http://www.scio.gov.cn/zfbps/32832/Document/1715506/1715506.htm
http://doi.org/10.1039/C8EE01419A
http://doi.org/10.1016/j.rser.2015.10.052
http://doi.org/10.1038/s41467-019-11161-5
https://www.cec.org.cn/detail/index.html?3-297198
https://www.cec.org.cn/detail/index.html?3-297198
http://doi.org/10.1016/j.apenergy.2014.04.103
http://doi.org/10.1016/j.rser.2012.03.048
http://doi.org/10.1016/j.est.2019.101047
http://doi.org/10.1016/j.enconman.2020.113295
http://doi.org/10.1016/j.pnsc.2008.07.014
http://doi.org/10.1088/2516-1083/abdbba
http://doi.org/10.1016/j.adapen.2021.100060
http://doi.org/10.1016/j.apenergy.2016.06.097
http://doi.org/10.1016/j.rser.2015.12.046
http://doi.org/10.1016/j.rser.2016.07.028
http://doi.org/10.1021/acs.est.5b03867
http://www.ncbi.nlm.nih.gov/pubmed/26629882
http://doi.org/10.1016/j.apenergy.2016.01.061
https://www.nrel.gov/docs/fy10osti/47187.pdf
http://doi.org/10.1039/C8EE00569A
http://doi.org/10.1016/j.rser.2015.12.097
http://doi.org/10.1016/j.apenergy.2016.05.047

Energies 2022, 15, 4699 17 of 18

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

de Sisternes, EJ.; Jenkins, ].D.; Botterud, A. The value of energy storage in decarbonizing the electricity sector. Appl. Energy 2016,
175, 368-379. [CrossRef]

Arciniegas, L.M.; Hittinger, E. Tradeoffs between revenue and emissions in energy storage operation. Energy 2018, 143, 1-11.
[CrossRef]

Braff, W.A.; Mueller, ].M.; Trancik, J.E. Value of storage technologies for wind and solar energy. Nat. Clim. Chang. 2016, 6, 964-969.
[CrossRef]

Sardji, J.; Mithulananthan, N.; Gallagher, M.; Hung, D.Q. Multiple community energy storage planning in distribution networks
using a cost-benefit analysis. Appl. Energy 2017, 190, 453-463. [CrossRef]

Locatelli, G.; Palerma, E.; Mancini, M. Assessing the economics of large Energy Storage Plants with an optimisation methodology.
Energy 2015, 83, 15-28. [CrossRef]

Juelch, V. Comparison of electricity storage options using levelized cost of storage (LCOS) method. Appl. Energy 2016,
183, 1594-1606. [CrossRef]

Lund, P.D,; Lindgren, J.; Mikkola, J.; Salpakari, ]. Review of energy system flexibility measures to enable high levels of variable
renewable electricity. Renew. Sustain. Energy Rev. 2015, 45, 785-807. [CrossRef]

Riesz, J.; Milligan, M. Designing Electricity Markets for a High Penetration of Variable Renewables. Available online: https:
/ /wires.onlinelibrary.wiley.com/doi/pdf/10.1002/wene.137 (accessed on 19 December 2021).

Luo, X.; Wang, J.; Dooner, M.; Clarke, J. Overview of current development in electrical energy storage technologies and the
application potential in power system operation. Appl. Energy 2015, 137, 511-536. [CrossRef]

Kondziella, H.; Bruckner, T. Flexibility requirements of renewable energy based electricity systems—A review of research results
and methodologies. Renew. Sustain. Energy Rev. 2016, 53, 10-22. [CrossRef]

Zerrahn, A.; Schill, W.-P. Long-run power storage requirements for high shares of renewables: Review and a new model. Renew.
Sustain. Energy Rev. 2017, 79, 1518-1534. [CrossRef]

Schill, W.-P,; Zerrahn, A. Long-run power storage requirements for high shares of renewables: Results and sensitivities. Renew.
Sustain. Energy Rev. 2018, 83, 156-171. [CrossRef]

Dowell, J.; Hawker, G.; Bell, K.; Gill, S. A Review of Probabilistic Methods for Defining Reserve Requirements. In Proceedings of
the IEEE-Power-and-Energy-Society General Meeting (PESGM), Boston, MA, USA, 17-21 July 2016.

Rebours, Y.G.; Kirschen, D.S.; Trotignon, M.; Rossignol, S. A survey of frequency and voltage control ancillary services—Part I:
Technical features. IEEE Trans. Power Syst. 2007, 22, 350-357. [CrossRef]

Rebours, Y.G.; Kirschen, D.S.; Trotignon, M.; Rossignol, S. A survey of frequency and voltage control ancillary services—Part II:
Economic features. IEEE Trans. Power Syst. 2007, 22, 358-366. [CrossRef]

Heptonstall, PJ.; Gross, R.J.K. A systematic review of the costs and impacts of integrating variable renewables into power grids.
Nat. Energy 2021, 6, 72-83. [CrossRef]

Agora Energiewende, Flexibility in Thermal Power Plants—With a Focus on Existing Coal-Fired Power Plants. Available
online: https:/ /www.agora-energiewende.de/fileadmin2 /Projekte /2017 /Flexibility_in_thermal plants/115_flexibility-report-
WEB.pdf (accessed on 8 December 2021).

Kumar, N.; Besuner, O.; Lefton, S.A.; Agan, D.; Hilleman, D. Power Plant Cycling Costs; Subcontract Report NREL /SR-5500-55433;
National Renewable Energy Laboratory: Golden, CO, USA, 2012. Available online: https:/ /www.nrel.gov/docs/fy12osti/55433.
pdf (accessed on 15 October 2021).

Gonzalez-Salazar, M. A ; Kirsten, T.; Prchlik, L. Review of the operational flexibility and emissions of gas- and coal-fired power
plants in a future with growing renewables. Renew. Sustain. Energy Rev. 2018, 82, 1497-1513. [CrossRef]

Schroder, A.; Kunz, E; Meiss, J.; Mendelevitch, R.; von Hirschhausen, C. Current and Prospective Costs of Electricity Generation
Until 2050; Deutsches Institut fiir Wirtschaftsforschung (DIW): Berlin, Germany, 2013. Available online: https://www.diw.de/
documents/publikationen /73 /diw_01.c.424566.de/diw_datadoc_2013-068.pdf (accessed on 20 October 2021).

Xu, T.; Gao, W,; Qian, F; Li, Y. The implementation limitation of variable renewable energies and its impacts on the public power
grid. Energy 2022, 239, 121992. [CrossRef]

Ren, D.; Jin, C.; Hou, J.; Xiao, J.; Du, E.; Zhou, Y. Planning model for renewable energy with energy storage replacing thermal
rower based on time series operation simulation. Electr. Power 2021, 54, 18-26.

Zhang, N.; Hu, Z,; Shen, B.; Dang, S.; Zhang, J.; Zhou, Y. A source-grid-load coordinated power planning model considering the
integration of wind power generation. Appl. Energy 2016, 168, 13—24. [CrossRef]

Gil-Gonzalez, W.; Danilo Montoya, O.; Rajagopalan, A.; Fernando Grisales-Norena, L.; Hernandez, J.C. Optimal Selection and
Location of Fixed-Step Capacitor Banks in Distribution Networks Using a Discrete Version of the Vortex Search Algorithm.
Energies 2020, 13, 4914. [CrossRef]

Gil-Gonzalez, W.; Garces, A.; Montoya, O.D.; Hernandez, ].C. A Mixed-Integer Convex Model for the Optimal Placement and
Sizing of Distributed Generators in Power Distribution Networks. Appl. Sci. 2021, 11, 627. [CrossRef]

Montoya, O.D.; Gil-Gonzalez, W.; Serra, EM.; Hernandez, J.C.; Molina-Cabrera, A. A Second-Order Cone Programming
Reformulation of the Economic Dispatch Problem of BESS for Apparent Power Compensation in AC Distribution Networks.
Electronics 2020, 9, 1677. [CrossRef]

GAMS System Overview. Available online: https://www.gams.com/products/gams/gams-language/ (accessed on 15
May 2021).


http://doi.org/10.1016/j.apenergy.2016.05.014
http://doi.org/10.1016/j.energy.2017.10.123
http://doi.org/10.1038/nclimate3045
http://doi.org/10.1016/j.apenergy.2016.12.144
http://doi.org/10.1016/j.energy.2015.01.050
http://doi.org/10.1016/j.apenergy.2016.08.165
http://doi.org/10.1016/j.rser.2015.01.057
https://wires.onlinelibrary.wiley.com/doi/pdf/10.1002/wene.137
https://wires.onlinelibrary.wiley.com/doi/pdf/10.1002/wene.137
http://doi.org/10.1016/j.apenergy.2014.09.081
http://doi.org/10.1016/j.rser.2015.07.199
http://doi.org/10.1016/j.rser.2016.11.098
http://doi.org/10.1016/j.rser.2017.05.205
http://doi.org/10.1109/TPWRS.2006.888963
http://doi.org/10.1109/TPWRS.2006.888965
http://doi.org/10.1038/s41560-020-00695-4
https://www.agora-energiewende.de/fileadmin2/Projekte/2017/Flexibility_in_thermal_plants/115_flexibility-report-WEB.pdf
https://www.agora-energiewende.de/fileadmin2/Projekte/2017/Flexibility_in_thermal_plants/115_flexibility-report-WEB.pdf
https://www.nrel.gov/docs/fy12osti/55433.pdf
https://www.nrel.gov/docs/fy12osti/55433.pdf
http://doi.org/10.1016/j.rser.2017.05.278
https://www.diw.de/documents/publikationen/73/diw_01.c.424566.de/diw_datadoc_2013-068.pdf
https://www.diw.de/documents/publikationen/73/diw_01.c.424566.de/diw_datadoc_2013-068.pdf
http://doi.org/10.1016/j.energy.2021.121992
http://doi.org/10.1016/j.apenergy.2016.01.086
http://doi.org/10.3390/en13184914
http://doi.org/10.3390/app11020627
http://doi.org/10.3390/electronics9101677
https://www.gams.com/products/gams/gams-language/

Energies 2022, 15, 4699 18 of 18

51.
52.
53.
54.
55.
56.

57.
58.

Chen, X.; Zhang, H.; Xu, Z.; Nielsen, C.P.; McElroy, M.B.; Lv, J. Impacts of fleet types and charging modes for electric vehicles on
emissions under different penetrations of wind power. Nat. Energy 2018, 3, 413—-421. [CrossRef]

Zhao, J.; Shen, B. The Strategies for Improving Energy Efficiency of Power System with Increasing Share of Wind Power in China.
Energies 2019, 12, 2376. [CrossRef]

Zhao, C.X. Technical Manual for Steam Turbine Units; China Market Press: Beijing, China, 2007; pp. 325-330. (In Chinese)

Schill, W.-P. Electricity Storage and the Renewable Energy Transition. Joule 2020, 4, 2059-2064. [CrossRef]

International Energy Agency (IEA). Projected Costs of Generating Electricity 2020. Available online: https://www.iea.org/
reports/projected-costs-of-generating-electricity-2020 (accessed on 15 December 2021).

Standardization Administration. The Norm of Energy Consumption per Unit Product of General Coal-Fired Power Set. Available
online: http://www.cspress.com.cn/biaozhunziliao/1553.html (accessed on 11 December 2021).

Soroudi, A. Power System Optimization Modeling in GAMS; Springer: Berlin, Germany, 2017. [CrossRef]

The National Development and Reform Commission (NDRC); National Energy Administration (NEA). Notice on Encouraging
Renewable Energy Power Generation Enterprises to Build or Purchase Peak Shaving Capacity to Increase the Grid-Connected
Scale of Their Renewable Power Generation. Available online: https:/ /www.ndrc.gov.cn/xwdt/tzgg/202108/t20210810_129339
7_ext.html (accessed on 28 December 2021).


http://doi.org/10.1038/s41560-018-0133-0
http://doi.org/10.3390/en12122376
http://doi.org/10.1016/j.joule.2020.07.022
https://www.iea.org/reports/projected-costs-of-generating-electricity-2020
https://www.iea.org/reports/projected-costs-of-generating-electricity-2020
http://www.cspress.com.cn/biaozhunziliao/1553.html
http://doi.org/10.1007/978-3-319-62350-4
https://www.ndrc.gov.cn/xwdt/tzgg/202108/t20210810_1293397_ext.html
https://www.ndrc.gov.cn/xwdt/tzgg/202108/t20210810_1293397_ext.html

	Introduction 
	Methodology 
	Objective Function and Related Constraints 
	Objective Function 
	The Related Constrains 

	Solving Method about the Model 

	Case Study 
	Description of the Studied Power System 
	Assumptions and Input Data 
	Simulation Results and Analysis 
	Integration of Renewable Energies and Total Cost of the Power System 
	Flexibility Services for Renewable Energy Integration 
	The Net Operating Benefits of the Power System 
	Discussions and Further Analyses 


	Conclusions and Policy Recommendations 
	Conclusions 
	Policy and Strategy Recommendations 
	To Strengthen the Role of Existing Coal-Fired Units in Providing Flexibility Services 
	To Improve the Compensation Mechanism for the Exiting Thermal Power Units and EES Systems Delivering Flexibility Services 
	To Coordinate the Dispatch of Flexibility Services Based on the Overall Benefits of the Power System 


	References

