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Pumped storage power plant (PSPP) has the upper hand on economy and
cleanness. It also has the functions of frequency regulation, phase regulation,
and spare, which have been instrumental in maintaining the stability of power
system operation. But now the mechanism for PSPP to become involved in
electricity market transactions in China is imperfect. How to properly establish a
multi-time scale trading profit model and reasonably allocate the capacity of
PSPP has been instrumental in realizing the economic operation of the power
system. So, this article analyzes the mechanism for PSPP to become involved in
electricity market trading by providing combined electricity supply services and
ancillary services, and establishes an optimization model with respect to
economic optimization. At the same time, considering the volatility of
electricity prices in the spot market, the risk of PSPP becoming involved in
electricity market trading is measured by conditional Value at Risk (CVaR) to
achieve economic optimization while minimizing the risk. The case studies
demonstrate that the proposed profit model can enhance the revenue and
decrease the risk of PPSP.

KEYWORDS
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1 Introduction

Since the transitional burning of fossil fuels has led to global warming, reducing
greenhouse gas emissions has become an urgent problem (Luka et al., 2017). However, at
present, power generation in China’s power industry is still dominated by thermal power,
it is particularly important to replace traditional thermal power with clean energy power
generation. And accelerating the construction of a new type of power system based on
clean energy, so as to achieve the objective of carbon peaking and carbon neutrality (Yang
et al., 2021). However, on the one hand, the prediction of the amount of clean energy
generation is difficult, such as wind power is severely affected by wind and is highly
random; on the other hand, when transmission lines are congested or underloaded,
excessive clean energy generation will be cut, leading to energy waste and low utilization
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(Guo et al, 2021). Therefore, energy storage is particularly
important for power systems containing clean energy, energy
storage not only can enhance the utilization of clean energy but
also increase the dependability of electricity supply (Pang et al,
2021).

PSPP is considered to be a good solution for energy storage
units. Firstly, Pumped storage does not emit carbon dioxide when
generating electricity as a clean energy source. Secondly, the high
flexibility of PSPP dispatch has a significant effect on the constant
operation of the power system. Thus, with the further
advancement of green energy generation, the role of the PSPP
will become more important in the power system (Jahns et al,
2020).

However, because China’s electricity market is not mature
enough, it is tough for PSPP to recover its costs by making profits
only based on the difference between peak and valley electricity
prices. Therefore, various scholars have studied the cost recovery
and benefits situation of PSPP. Masoumzadeh et al. (2018)
pointed out that the current cost of PSPP is comparatively
high, but government support and decreasing technology costs
could create conditions for full-scale adoption of PSPP in the
electricity market. Julian et al. (2020) proposed a combination of
long-term and short-term cycles for pumped storage power
plants, which greatly reduces the cost of pumped storage
but this
requirements for the construction location of pumped storage

power plants, combination  requires  strict
power plants and the surrounding theoretical environment. Zhao
etal., 2021 used the cooperative game approach to share the cost
of auxiliary services of pumped storage power plants and develop
a compensation mechanism for auxiliary services, but in their
study, they mainly focused on peak-shaving auxiliary services
only, and the remaining several auxiliary services were not fully
considered. Sospiro et al. (2021) mainly consider the
environmental and social aspects of pumped storage plants
and focus on the environmental aspects of the auxiliary
services of pumped storage plants, but do not consider the
cost recovery of pumped storage itself. However, the cost
reclaim mechanism and revenue mechanism of PSPP studied
by most scholars nowadays are not perfect, and most of them
only share the cost for a single ancillary service, which cannot
give full play to the profitability of each ancillary service of PSPP,
making it difficult for PSPP to obtain considerable revenue.
Moreover, the current electricity price mechanism is not
sufficient and the fluctuation of electricity price is random, which
has a certain impact on the economic, stable and efficient
operation of PSPP. Li et al. (2022) proposed a two-part tariff
for pumped storage plants to promote wind power consumption,
but the pricing mechanism is not very different from the
traditional two-part tariff, and the role of the ancillary services
market is not considered in the trading process. Lazar et al.
(2020) analyze the role of peaking services of pumped storage
power plants on the power system and analyze the uncertain

relationship between tariff difference and revenue, but only the
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time-of-use tariff of pumped storage power plants is considered,
so the tariff mechanism is single. He et al. (2022) designed a two-
part tariff mechanism for different stages of pumped storage
power plants to enable pumped storage plants to earn significant
revenues, but did not consider pumped storage as an
independent trading entity and considered only peaking
auxiliary services. AK et al. (2019) propose a situational
method to work out the return of PSPP by considering the
volatility of electricity prices and using historical electricity
prices. And Koko et al. (2018) improved the current time-of-
use Pricing (TOU) by dividing the TOU into a weekday TOU and
aweekend TOU. By treating weekday TOU and weekend TOU as
variables, the consumption cost of residential customers at
different times is effectively reduced. However, most of the
on pumped storage tariff
mechanisms only involve a single unit price, like TOU and
tariff, tariff

current  studies electricity

double-stage without combining different
mechanisms.

PSPP not only faces the challenge of imperfect tariff
mechanisms but also the challenge of the imperfect electricity
market. Most studies have been conducted mainly for a single
electricity market. Zejneba et al. (2022) compared the benefits
between pumped storage plants and battery storage and
demonstrated that pumped storage is the most efficient energy
storage technology available. However, only energy arbitrage
returns were considered when comparing the two, without
diversifying to consider returns in other markets. Rodica and
Corentin, (2021)analyze the energy and capacity benefits of
pumped storage plants and propose the type of contract that
mixes capacity and energy, but it can only be applied to
competitive electricity markets and does not adequately
consider the ancillary service benefits of pumped storage
plants. Huang et al. (2022) introduced pumped storage into
the Midcontinent Independent System Operator (MISO) day-
ahead market in combination with other units to improve the
flexibility of MISO day-ahead market dispatch and to improve
the system economics through pumped storage. Luo et al. (2020)
considered the impact of the pollutant trading market on system
economics while considering the optimal economics of multi-
energy systems. The pollutant emissions are reduced while
achieving the optimal system economy. In addition to studies
considering only a single electricity market, some scholars have
also studied multiple electricity markets. Mosquera-Lopez and
Nursimulu (2019) contrasted the price drivers of the spot and
medium- and long-term market (MLTM), concluding that the
determinants of the spot market were renewable energy and
electricity demand, while the determinants of MLTM are the
prices of natural gas as well as coal. Zhu et al. (2021) researched
the mixed electricity market, extended the definition of the mixed
electricity market, and compared and analyzed two different
contract decision models of shared contract and wholesale price
contract to study the pricing strategy of clean energy grid
connection. Parinaz et al. (2022) transformed the terraced
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hydro plants into pumped storage plants to achieve enhanced
returns but did not consider the transformation costs and
medium- and long-term market transactions in the process.
Mou (2019) proposed to use the spot market to make up for
the defect of the two-sided market as well as combine different
ancillary service trading models to obtain more profitability for
PSPP. However, it did not consider the potential revenue of
ancillary services, which led to the underestimation of the
revenue of PSPP. In a summary, the current research on
multiple electricity markets is not sufficient, and most of them
only consider the research on the single spot market, and the
research on competitive bidding in the multi-time scale
electricity market is less. At the same time, there is less
research on the ancillary service market of PSPP, which does
not effectively leverage the ancillary services of PSPP to increase
revenue. Thus, there is a need to further improve the electricity
market mechanism to achieve a reasonable allocation of
resources for PSPP, to obtain higher revenue.

At the same time, with the gradual opening and improvement
of the electricity market, different bidding strategies will bring
different levels of risk, and the relationship between the balance of
risk and its economic benefits should also be addressed. Li et al.
(2021) proposed a p-robust algorithm to calculate the risk caused
by the uncertainty of electricity price on the revenue of pumped
storage power plants, but it needs to sacrifice part of the profit
while reducing the risk of pumped storage revenue. Luo et al.
(2021) considered the uncertainty of distributed energy sources
and the role of energy storage devices on multiple time scales to
optimize the operation of the electric grid. Yang et al. (2020)
proposed a demand response model of energy storage operators
to take part in the MLTM to reduce the uncertainty risk while
lowering the power purchase cost for operators through flexible
energy storage systems. Liu et al. (2021) considered the
randomness and volatility of wind power in multiple
microgrids and established a random planning model, which
provided a strategy for the balance of benefits and risks. Tian et al.
(2020) put forward a bidding method to avoid risks for PSPP,
which reduces the risk of participating in the market through
downside risk constraints. Gao et al. (2019) used the conditional
value at risk (CVaR) theory to study the uncertainty of virtual
power plant (VPP) market prices and proposed a bi-level model
to optimize the operating strategies in the day-ahead and real-
time markets. Canakoglu and Adiyeke, (2020) proposed a variety
of pricing models for power products based on price uncertainty.
The portfolio problem of mean-square optimization and
conditional Value at Risk was solved by combining price
forecasting and risk management. From above discussion, it
can be concluded that there are few studies on the balance
between return and risk for PSPP, and most of the studies on
PSPP only consider the maximization of power plant return and
ignore the risk caused by the volatility of electricity prices.
Therefore, how to balance the relationship between return and
risk is crucial for PSPP.
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Considering the above problems, this article improves from
the following aspects:

1) In the study of spot market trading of PSPP, the actual called
rotating reserve capacity is considered to complement the
power revenue and increase the total revenue of PSPP
participating in the spot market, and the impact of different
called price factors on the revenue of PSPP is analyzed.

2) Combining the electricity supply services and ancillary
services, the trading mechanism of PSPP participating in
the MLTM and the spot market is proposed, and an
optimization model with respect to economic optimality is
established, and compared it with the current double-stage
tariff mechanism in my country to prove that ancillary
services are of great significance to the cost recovery of PSPP.

3) Considering the volatility of electrovalence in the spot market,
the risk of PSPP taking part in the electricity market is
measured by CVaR to achieve economic optimization
while minimizing the risk, and the validity of the model is
proved through comparative analysis.

The rest of the article is shown below. Section 2 discusses the
tariff mechanism of PSPP. Afterward, Section 3 proposes a profit
model for PSPP. Next, Section 4 verifies the validity of the model

-

through example analysis. Finally, Section 5 summarises this

article.

2 Electricity price mechanism of
pumped storage power plant

At present, the electricity price mechanism of PSPP in China
is mainly TOU and double-stage tariff.

2.1 Time-of-use

The TOU refers to the cost of charging electricity for each
period according to the average marginal cost of system
operation. The periods are from the division of a 24-h day
according to the system operation condition (Zhao et al,,
2022). Further improving the TOU, especially reasonably
widening the price difference between peak and valley
tariffs, is conducive to PSPP to obtain higher electric
the
development of PSPP, thus further helping new energy

energy returns, and to create more space for

accommodation.

2.2 Double-stage tariff

The double-stage tariff is a method that combines the
basic tariff corresponding to the capacity and the electricity
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tariff corresponding to the electricity consumption to
determine the tariff (Tan et al.,, 2021). When the double-
stage tariff is applied, it can reflect the benefits of PSPP in all
aspects. On the one hand, the electricity tariff reflects the
basic operation mode of PSPP using the peak-to-valley price
difference, and on the other hand, the capacity tariff reflects
the multiple values of the ancillary services of PSPP such as
peak-shaving and backup, which has an important impact on
improving the benefits of PSPP.

3 Profit model of pumped storage
power plant

In the electricity market environment, PSPP can provide
multiple types of products in MLTM and spot market due to their
superior performance. For example, electric energy products and
ancillary service products include spinning reserve, black start,
and so on. PSPP can reveal the value of its own power and
capacity by taking part in the electricity market bidding and gain
considerable profits.

3.1 Profit of pumped storage power plant
taking part in the spot market

In this article, the profit of PSPP included electric energy
spot market profit and spot profit from ancillary services. In the
electric energy spot market, PSPP can earn revenue by
purchasing and selling electricity at different times using the
peak-to-valley difference. In the spot market for ancillary
services, PSPP can generate profits through rapid start-up or
rapid change in operating conditions and playing a
standby role.

The profit model of PSPP taking part in the spot market is

as (1).

)
=

Ny

Yo (8t - -00pd + o + o))
w=1
(6Y)

F, =

i

where, 77, is the probability of various typical electricity price
scenarios; 0; is the working state of the PSPP, including
pumping and power generation, the pumping state is
represented by 0, and the power generation state is
represented by 1; p{*® is the feed-in price of PSPP in the
ith time period; g;* is the on-grid energy of PSPP in the ith
time period; p'* is the purchased price of PSPP in the ith
time period, because PSPP purchases electricity from the
power grid as a large user, considering the usage fee of the
power grid, the purchased price of PSPP in the same period
should be higher than the on-grid electricity price, so the
purchased price of PSPP is 1.1 times the on-grid electricity
price.; qf.my is the amount of electricity purchased of PSPP in
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the ith time period; g;** is the spinning reserve capacity; pj**
is the electricity price of spinning reserve capacity in the ith
time period; qf’sr is the actual called spinning reserve
capacity in the ith time period; pf’S, is the electricity price
of the actual called spinning reserve capacity in the ith time
period.

3.2 Price uncertainty in pumped storage
power plant market based on conditional
value at risk

Since the uncertainty of electricity prices in the spot
market effect on the bidding strategy of PSPP, this paper
the risk because of the
electrovalence in the spot market by applying the
conditional value at risk (CVaR) (do Prado and Chikezie,

measures uncertainty of

2021). The specific expressions are as (2).

1 X
Xevar = Xvar = - Z Mo [Fr = Xvar]” o)
w=1
where, Xy,r denotes the VaR; [F; — Xy.r]" is the difference
between the spot market return and the VaR; « is the confidence
level.

3.3 Profit of pumped storage participation
in medium- and long-term market

The profits of PSPP participating in MLTM are divided
into profits of electric energy and profits of ancillary services.
PSPP obtain profits of electric energy from signing MLTM
contracts for the provision of electricity, and obtain profits of
ancillary services from the black-start ancillary service
provided.

Since the time scale of MLTM and the spot market are
different, it is necessary to decompose MLTM electric
energy. In this paper, the daily power decomposition
curve is selected from the peak and flat curve model: the
day is divided into peak, flat and valley sections, which can
be negotiated by the historical load characteristics of PSPP
or other ways to determine the peak, flat and valley load
power.

The profit model of PSPP taking part in MLTM is as (3).

2
Fo =Y pi'q + putn 365 3)
i=1
where, pf’f is electricity prices of MLTM contracts, qf’f is the
daily decomposition electricity of PSPP in the ith time period; pj,
is the black start service fee provided by PSPP; t;, is the annual
black start service time of PSPP.
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3.4 Cost model of pumped storage power
plant

In addition to considering the power purchase cost of PSPP
in the spot market, this paper also considers the start-up and
stop-up cost of PSPP and the deviation cost of decomposing
electricity in MLTM.

The cost model of the PSPP is as (4).

C=C,+C, (4)

where, C; is the start-up and shutdown cost; C, is the deviation
cost of decomposing electricity in MLTM.

The start-up and shutdown cost C; represents the total start-
up and shutdown cost of PSPP in 1 day.

24
Ce= ) Cynf" (5)
i=1
where, Cy refers to the start-up and shutdown cost of a single
unit; 7¥* is the number of units started/stopped in the ith time
period.
The deviation cost C, refers to the cost caused by the
difference between the actual decomposed electricity and the
planned decomposed electricity of PSPP.

24
Co=M)Y Aw, (6)

i=1

where, Aw; is the electricity deviation of MLTM electricity
decomposition in the ith time period; M is the electricity
deviation penalty factor.

3.5 Profit model of pumped storage power
plant

The objective function consists of four terms.
F= max(F1+F2—C+ﬂ~XCVuR) (7)

where, the first term is the profit of PSPP in the spot market; the
second term is the profit of PSPP in MLTM; the third term is the
cost model of PSPP; the last term is the product of the conditional
VaR Xcyar and the risk preference coefficient . The risk appetite
coefficient { indicates the degree of the risk.

3.6 Constraints

3.6.1 Output constraints

qmin < qf)s < qmax (8)
qmin < q‘;’s < qmax (9)
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Amin < Q?uy < qmax (10)

Gnin <G < Qe (11)

Drin <5+ + 4" + G < e (12)
4 <q” (13)

where, G, is the minimum allowable generation/pumping
power for each time period; Gmayx is the maximum allowable
generation/pumping power for each time period.

3.6.2 Maximum continuous pumping and power
generation time constraints

T,<T, (14)
T,<T, (15)

where, T is the continuous pumping time variable and T is the
continuous power generation time variable; T, is the maximum
allowable continuous pumping time; and T'; is the maximum
allowable continuous power generation time.

3.6.3 Reservoir capacity constraints

Xmin < Xi < Xmax (16)

X=X A (1=-8)q" — 8 (g +4°) (17)

where, x; is the reservoir capacity converted to power generation
in the ith time period; X,y is the equivalent power generation of
maximum reservoir capacity; X, is the equivalent generating
capacity of minimum reservoir capacity; A is the total efficiency of
PSPP power generation, taken as 75%.

3.6.4 Outbound flow constraints

Qi,min < Qi < Qi,max (18)

where, Q;in is the minimum discharge flow allowed in the ith
time period of PSPP; Q; is the average discharge flow in the ith
time period of PSPP; Qjuax is the maximum discharge flow
allowed in the ith time period of PSPP.

3.6.5 Spinning reserve market constraints

9 = ke g™ (19)
P = kipy (20)

The actual called spinning reserve capacity is only part of the
bidded spinning reserve capacity, and because the actually called
spinning reserve capacity cannot be accurately predicted. Thus, a
factor k. is set to indicate the proportion of the actual called
capacity to the bidded capacity. k; is the price factor of the called
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TABLE 1 Actual parameters of PSPP.

Parameters Qmin Grmax T, T,
Numerical 0 2400 MW h 8h 6h
value

capacity in the spinning reserve market, indicating that the price of
the called capacity in the ith time period is k; times of the on-grid
electricity price in the same period.

3.6.6 The conditional value at risk correlation
constraints

CVaR represents the profit of PSPP in changes of the
electricity ~market
conditions. And the higher the value of CVaR, the lower the risk.

under certain time and confidence

I N,

Xyar =Y. Y 7y F1 < [F1 = Xvar]" (21)
i=1 w=1

[Fi - Xvar]" 20 (22)

where, Xy,r denotes the VaR; [F; — Xyar]' is the difference
between the spot market return and the VaR.

3.6.7 Daily decomposition electricity constraints

Giin 4”7 < i (23)
a=q" +q* +q (24)
Ci=) e X={p, v} (25)
xeX
i = 0,Ci= ) giAT (26)
€T,
where, qzﬁax and qi’,ﬂm are the upper and lower limits of daily

decomposition electricity of the unit, which are determined
according to the technical parameters of the unit, contract
completion and maintenance plan; g; is the total output in the
ith time period of PSPP; C; is the daily contracted electricity of
PSPP; p,f and v represent peak, flat, and valley hours, respectively;
Cy,i 1s the contracted electricity in the ith time period of PSPP; T is
the set of time period indicators included in the ith time period; y,
is the proportion of the decomposition electricity in the ith time
period of PSPP to the contracted electricity. AT refers to a certain
time period in T'y; ¢f refers to the decomposition electricity of AT.

4 Case studies
This paper uses the CPLEX solver on the MATLAB software

platform to solve the established multi-time scale profit model
and derive the optimization results.
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Xmin Xinax X0 Conversion Number
efficiency of units
0 18400 MW h 0 0.75 4

06

4.1 Pumped storage power plant taking
part in the spot electricity energy market
only

When PSPP only participates in the spot market bidding,
only the spot market part of the profit model is considered,
MLTM and ancillary service market parts are not considered,
and the offset cost of MLTM power decomposition is not
considered. The parameters of a typical PSPP are shown in
Table 1.

Two sets of electricity price scenarios are determined to
research the profits of PSPP under different electricity tariff
scenarios. The different electricity tariff scenarios are shown

in Figure 1.

Scenario 1: The market demand for electricity is large, the
electricity supply is insufficient, and the price difference
between peak and valley is large.

Scenario 2: A small market demand for electricity, with
sufficient power supply and a low peak-to-valley price
difference.

The profits of PSPP under the two scenarios are shown in
Table 2. The operation of PSPP under scenario 1 is shown in
Figure 2.

As can be seen in Figure 2, PSPP pump during the low tariff
hours of 0:00-8:00 and 13:00-14:00, and sell electricity online
during the peak tariff hours of 9:00-11:00, 15:00-16:00, and 21:
00-23:00, using the difference between peak and valley tariffs to
obtain the power revenue.

From Table 2 it can be obtained that there is a positive
correlation between the profit of PSPP and the peak-to-valley
electricity price difference. When the peak-to-valley electricity
price difference is high, the profit of PSPP is high, and vice versa.
This is because PSPP relies on the peak-to-valley electricity price
difference to earn the profit, purchasing electricity for pumping
at low prices and selling it at high prices.

According to the static investment of PSPP of 4,500 CNY/
kW per unit kilowatt and the capital internal rate of return of 8%,
the capacity tariff is 685 CNY/kW, which translates into a daily
capacity profit of 4,505,100 CNY. Therefore, PSPP cannot rely on
the spot market alone to recover costs and gain more profit, but
also need to participate in the ancillary service market bidding
and MLTM bidding.
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FIGURE 1
Two scenarios of electricity tariff.

4.2 Pumped storage power plant taking
part in both the electric energy and
ancillary services spot market

The profit obtained when a PSPP taking part in the ancillary
services market is related to two aspects. On the one hand, the
capacity tariff in the ancillary services market and, on the other
hand, the tariff coefficient in the ancillary services market. This
section still takes the example of a domestic PSPP in Section 4.1,
and the specific parameters remain the same. Take k. = 0.1,
ki =2, ¢; = 0.15 CNY/kWh.

Considering the uncertainty of electricity prices, ten
typical electricity price scenarios are generated as shown
in Figure 3. The corresponding probabilities of each
electricity price scenario are shown in Table 3. Scenario
1 and Scenario 2 are typical scenarios in Section 4.1. In
this section, three typical electricity price scenarios with the
highest probability are selected for comparative analysis. The
selected scenarios are scenario 1, scenario 2 and scenario 7,
the corresponding optimal daily operation mode is shown in
Figures 4, 5, 6.

It can be seen from Figures 4, 5, 6 that PSPP mainly
purchases electricity during the early morning valley hours of
1:00-7:00 and sell electricity during the peak hours of 9:00-11:00,
15:00-17:00 and 21:00-23:00 to recover costs through the peak-
to-valley tariff difference. Meanwhile, PSPP mainly provide

TABLE 2 Comparison of profit of PSPP under different scenarios.

Peak and valley

10.3389/fenrg.2022.975319

rotating backup services at 8:00-12:00 and 15:00-24:00 to
achieve PSPP cost recovery. The total returns of the three
typical respectively 8,954,200 CNY,
7,635,100CNY and 8,126,410CNY. It can be seen that taking
part in both the ancillary service spot market bidding and the

scenarios  were

electric energy spot market bidding can recover the cost of PSPP
and obtain more profits. And through comparison, it can be
found that the more PSPP participating in the auxiliary service
market, the higher the income will be.

4.3 Comparison with a single double-
stage tariff

Combined with the
characteristics of the provincial grid where PSPP is located,

electricity =~ consumption
the peak and valley hours on the power generation side are
divided as follows: peak hours: 9:00-16:00, flat hours: 17:
00-24:00, valley hours: 0:00-8:00; the tariff for flat hours is
0.44 CNY/kWHh, the tariff for valley hours is 0.24 CNY/kWh,
and the tariff for peak hours is 0.59 CNY/kWh. The actual
capacity profit of PSPP is about 931 million CNY per year,
which translates into a capacity tariff of 388.73 CNY/kWh,
while the theoretical capacity tariff should reach 685 CNY/
kWh based on the capital internal rate of return of 8%.
Therefore, the current profit of PSPP is low, and the
specific double-stage tariff scheme is shown in Table 4.

The profit of pumped storage under the double-stage tariff is
compared with the profit of pumped storage under the multi-
electricity market environment in Section 4.2. To ensure the
accuracy of the comparison results, the tariff under the electricity
market conditions is set according to the TOU in the double-
stage tariff case, and the results are shown in Table 5.

As can be seen from Table 5, the market return on electricity
energy under the electricity market bidding is lower than the
return on electricity under the single double-stage tariff. In
contrast, the ancillary service profit under the electricity market
tariff is more than twice as high as the capacity profit under the
single double-stage tariff, making the total profit higher than
the total profit under the single double-stage tariff. The
comparison shows that the capacity cost recovery of PSPP in
the electricity market environment is not enough to rely on the
power profit alone, and the level of profit in the ancillary
services market has an important impact on the cost
recovery of PSPP.

Revenue (million CNY)

tariff difference (CNY/kWh)

Scenario 1 0.7

Scenario 2 0.45
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FIGURE 2

Optimal operation of PSPP that only participate in the electric
energy spot market in scenario 1.
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FIGURE 3
Ten typical electricity price scenarios.

TABLE 3 Probability of ten electricity price scenarios.
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FIGURE 4
Optimal operation of PSPP that both participate in electric
energy and ancillary services spot market in scenario 1.

4.4 Pumped storage power plant taking
part in medium- and long-term market
bidding and spot market bidding

When PSPP takes part in both MLTM and the spot market,
they need to break down MLTM power into the spot market and
reasonably allocate it with the spot market capacity to obtain
considerable profit. Firstly, the monthly contract of PSPP is
decomposed to each day, and then the 24-h decomposition is
adopted day ahead, and the contracted power corresponding to the
output in the whole optimization cycle can be provided to the
trading center as the result of contract decomposition.
Conventional medium- and long-term decomposition curves
include the following: Daily average decomposition, Peak-period
decomposition, Normal-period decomposition, Valley-period
decomposition, and Peak-valley-normal period decomposition
(Wu et al, 2022). The pumped storage plant in the example of
this paper adopts Peak-valley-normal period decomposition The

Scenario 1 2 3 4 5 6 7 8 9 10
probability 0.151 0.127 0.098 0.089 0.067 0.097 0.119 0.070 0.087 0.095
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daily power decomposition is carried out by determining the ratio

[ reserve electricity of peak, flat and valley load segments according to the historical
B on grid electricity . . . . . .
— W Punped electricity load, and its typical daily decomposition curve is shown in
Figure 7.

From Figure 7, PSPP suppresses the volatility of spot

electricity prices by decomposing medium- and long-term
1o contracted electricity on a time-by-time basis and replacing
part of the spot electricity. Meanwhile, the profit of PSPP
included three components. The first component is the profit
a00 from PSPP taking part in the spot market. The additional profit

1000 of MLTM contracts to damp fluctuations in spot electricity prices

1500 is expressed through MLTM contracted electricity prices minus

Pumped/on grid electric

2000 the product of the electricity prices for each period in the spot

2500 . market and MLTM decomposition to spot. The third component
0 2 4 6 8 10 12 14 16 18 20 22 24
time (h) is the benefit of PSPP providing black-start services in MLTM.
FIGURE 5 MLTM contract tariff for PSPP is 0.55CNY/kWh, the annual
Optimal operation of PSPP that both participate in electric black-start service of PSPP is shown in Table 6, and MLTM
energy and ancillary services spot market in scenario 2. decomposition of the power output is shown in Figure 8.

At this point, the total profit of PSPP is 13.625 million CNY,
which is significantly improved compared with the profit of
participation in the spot market alone, while also smoothing
out the risk caused by the randomness of the spot electricity price.
The joint bidding strategy of the MLTM and spot market is
obtained through the daily contract decomposition curve, which

- reserve electricity
B on grid electricity
] Pumped electricity

verifies the rationality and effectiveness of the model.
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4.5 Impact of risk preference coefficients
on returns

500
Because the risk in this paper only considers the risk

o

caused by the volatility of electricity prices in the spot
market, in order to compare the impact of different risk

1000 preference coefficient settings on the profit of PSPP, this

@
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t=3

section only uses the example in Section 4.2 as a reference
and does not consider the impact of MLTM on PSPP, and

Pumped/on grid electricity
o
S
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S
S

2500 ! calculates the expected profit and CVaR values of PSPP under
0 2 4 6 8 10 12 14 16 18 20 22 24 i . . )
time (h) different risk preference coefficients. The results are shown in
Figure 9.
FIGURE 6 . . .
Optimal operation of PSPP that both participate in electric It can be seen that as the risk preference coefficient increases,
energy and ancillary services spot market in scenario 7. the expected total profit gradually decreases and the CVaR

gradually increases, at which time a higher capacity price and

TABLE 4 Scheme of double-stage tariff.

Capacity tariff Amount Unit
388.73 CNY/kWh
Energy price Peak hours 0.59 CNY/kWh
Flat hours 0.44 CNY/kWh
Valley hours 0.24 CNY/kWh

Frontiers in Energy Research 09 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.975319

Luo et al.

TABLE 5 Profit of PSPP under different electricity tariff schemes.

Double-stage tariff

10.3389/fenrg.2022.975319

Electricity market bidding

Electricity profit Capacity profit Electric Ancillary services market
energy market profit profit
Revenue (million CNY) 201.56 255.95 161.95 463.56
Total revenue (million CNY) 457.51 625.51
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FIGURE 7
Time share power curve for daily contracts.

TABLE 6 Black-start service for PSPP.

Annual black-start time Black

of a PSPP start service cost
(min)

43200 60000 CNY/h

price coefficient of the called electricity is required to complete
the cost-benefit recovery. When the risk preference coefficient is
small, the expected total profit decreases slowly with the increase
of CVaR. However, when the risk preference coefficient is large,
the expected total profit decreases significantly even if the CVaR
increases by a small value.

4518 =10

When 8 = 10, PSPP is extremely risk-averse and will adopt a
very conservative strategy at this time, and its most profitable
daily operation mode is shown in Figure 10.
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FIGURE 8
MLTM decomposition of PSPP output.

Compared with the operation mode at § = 1, it can be seen that
at this time, for the purpose of reducing the risk and increasing the
profit expectation of the tail, PSPP tends to take part more in the
spinning reserve market to earn capacity profit for the power
extracted during the low period, so as to reduce the risk brought
by the uncertainty of electrovalence. At this time, the total profit is
8,315,000 CNY, which is slightly lower than that at § = 1 in Section
4.2. However, the risk is also relatively low. At the same time,
reducing the amount and frequency of pumping during the low
period reduces the losses of PSPP, which is beneficial to prolong the
life of the unit.

4528=0

When = 0, PSPP only aims at the maximum expected profit
and will adopt a more aggressive strategy, which will have a greater
impact on the stable profit of PSPP. At this time, PSPP can
participate in the bidding of the day-ahead electricity market and
the spinning reserve market, respectively, with a fixed percentage all
the time, which can buffer the risk to a certain extent.

Assume that the percentage of pumped storage participating
in the day-ahead electricity market is in the range of 10%-90%,
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Operation of PSPP (B = 10).

and at the same time, assume that the price of the transferred
power in the spinning reserve capacity is fixed in the electricity
market environment, i.e., k is taken as 1.1. The profit of PSPP at
this time is shown in Figure 11.

From Figure 11, it can be seen that when PSPP participates in
the ancillary service market with a proportion of 80%, PSPP can
obtain a maximum profit. Because the electric energy income
obtained by PSPP only through a single peak-to-valley electricity
price difference is limited, and the provision of ancillary services
is the main way for PSPP to improve its own income. b. In the
actual electricity market environment, the price of the transferred
power in the spinning reserve capacity will also change with the
change of supply and demand. However, it will be greater than
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FIGURE 12
PSPP revenue when participating in 80% of the ancillary
services market.

the feed-in tariff in the day-ahead electricity market. Thus, the
price coefficient of the transferred power in the spinning reserve
market is chosen to range from 1 to 3, and the percentage of PSPP
participating in the spot market is tentatively set at 80%. The
change of PSPP profit with the change of price coefficient is
shown in Figure 12.

It can be seen from Figure 12 that theoretically, the greater
the price coefficient of the transferred electricity, the more profit
of the PSPP. However, in practice, it is necessary to consider the
real market situation, when the price of the ancillary services
provided by PSPP is higher, the capacity of the ancillary services
sold will be lower, and the profit of PSPP will also be lower. Thus,
it is necessary to set the price coefficient of the called electricity
reasonably.
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5 Conclusion

In this paper, the trading mechanism of PSPP in the MLTM
and spot market are analyzed. The participation of PSPP in the
multi-time scale electricity market is considered, by combining
energy and ancillary services. A profit model with respect to
optimal economy and lowest risk is established to achieve a
reasonable capacity allocation of PSPP in the multi-time scale
electricity market.

(1) When PSPP participates in the spot market, it gains energy
through the peak-to-valley price difference. The total profit is
3,995,000 CNY when the peak-to-valley price is 0.7 CNY/kWh
and 1,501,300 CNY when the peak-to-valley price is 0.45 CNY/
kWh. For every 1% decrease in peak-to-valley tariff difference, the
total profit from PSPP decreases by 2.5%. When PSPP takes part
in both the spot market and the ancillary service market, the total
profit is 8,954,200 CNY, which is more profitable than the single
participation in the spot market, and the recovery of the cost of
PSPP can be achieved through reasonable participation in the
ancillary service market.

(2) Since the volatility of real-time electricity prices can have an
impact on the profit of pumped storage, different PSPPs have
different risk preferences, and the expected total profit of PSPP
gradually decreases while the CVaR gradually increases, when the
risk preference coefficient increases. The profit of PSPPs under
different risk preference coefficients is analyzed to provide a power
allocation scheme for PSPPs with different risk preferences.

(3) This paper decomposes MLTM contract power into day-ahead
24-h power, and conducts market trading together with the spot
market, so that the volatility of real-time power prices in the spot
market can be smoothed out through the stable prices in MLTM.
Thus, greater profits can be obtained while reducing the profit
risks.

In this paper, the quotas in the ancillary services market
decomposition of MLTM contracts to the spot market are not
considered, which will be included in future studies.
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