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Abstract: Pumped-storage plants are the most significant electrical storage component in new power
systems and show great potential for scaling up. In this paper, economic costs and benefits have been
investigated. Both the costs and benefits can be divided into transmission and distribution tariffs;
however, various factors need to be considered to reduce costs in transmission and distribution
tariffs. The cost characterization methodology for pumped-storage power plants has been developed.
A mathematical model for dispersal through the medium and long-term electricity market, the
electricity spot market, the ancillary services market, and the leasing of capacity to scenic power
stations has been proposed. A case study has been discussed for a regional grid company and a
provincial grid company; also, the effectiveness of dispersal has been analyzed based on the case
study. The results indicate that when the spot market and the capacity leasing of new energy sites
play the largest role in the diversion, the transmission and distribution prices in Province A can be
controlled within 1 cent/kWh by applying various diversion methods.
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1. Introduction

Cost Diversion Strategies for Driven by the “carbon peaking and carbon neutrality” goal in China, the demand
Pumped-Storage Tariffs for New for renewable energy in new power systems continues to increase, and the storage of
Power Systems. Sustainability 2023, power resources is maintaining a rapid growth trend. Although the investment recovery
15,515. https://doi.org/ and operating cost of pumped storage can be divided into transmission and distribution
10.3390/5u15010515 prices, it also needs to be channeled through various channels to reduce its effect on the

transmission and distribution price [1]. Furthermore, in a competitive electricity market,
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the pumped-storage power station only can obtain the expected income level when the

Received: 18 November 2022 price difference between peak and valley is large enough and the operating hours of
Revised: 18 December 2022 power generation reach a certain level [2]. Therefore, to further reduce the operating
Accepted: 26 December 2022 costs of pump-storage plants, pumped-storage units need to maximize their potential by

Published: 28 December 2022 participating in the operation of the electrical energy and ancillary services markets to

® maximize revenue [3].
In terms of the operating price mechanism of pumped-storage power stations, the

cost price of pumped hydropower is the main operating cost of pumped-storage power
stations, and it is very necessary to establish a reasonable price mechanism for pumped-
This article is an open access article ~ Storage power. The main factors of pumped-storage electricity pricing in China include
distributed under the terms and  Single-volume electricity pricing, single-capacity electricity pricing, and two-part electricity
conditions of the Creative Commons  pricing [4]. The single electricity price is based on the on-grid electricity and the pumped
Attribution (CC BY) license (https://  electricity; however, due to the relatively high feed-in price of the single electricity system,
creativecommons.org/licenses /by / the pumping price is low. Therefore, most of the single electricity system power stations
40/). are in a financial loss. The single-capacity electricity price is based on the investment and
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operation of the power station. As a result of lacking a lifespan pricing policy, having a
strong interest in single-capacity electricity and the utilization hours of pumped storage
are far lower than the design level [5]. The two-part electricity price is primarily from
capacity price and energy price. The capacity price is the compensational fixed cost of
the power station. The energy price is the compensational variable cost of the power
station [6]. Moreover, the FIRR (Financial Internal Rate of Return) of the joint operation
of new power energy and pumped storage increases, and profitability improves steadily
under the short-term power market reform mode, medium-term relatively mature market
mode, and long-term mature market mode [7]. It has been proven that in the competitive
electricity market under a congested transmission system, when the new power energy
systems and pumped-storage system units increased, the market clearing price (MCP) and
market clearing volume (MCV) will be optimized and electricity suppliers will be able to
satisfy the consumers’ energy demand at a minimum price [8]. In addition, it is found that
consumer grid power consumption during peak hours can be minimized by integrating the
new power system and pumped-storage system [9]. However, among relevant theses, it is
hard to find studies on the market mechanism of the pumped-storage system, and most
case studies are focused on a small area. However, some research has focused on massive
markets such as China, which has hundreds of millions of kW installed capacity.

According to the cost diversion of pumped-storage power stations, the cost model
of pumped-storage power stations can be built through the Monte Carlo algorithm and
random probability algorithm [10], but since the production cost evaluation model will
affect the target and strategy of participating in market bidding, this method has certain
limitations. Meanwhile, it is necessary to consider the flexibility value of pumped-storage
power stations and analyze pumped-storage costs and increased power generation income
under different power market operation strategies, which can not only determine the
corresponding auxiliary service pricing mechanism but also realize pumped storage [11].
Moreover, the failure part is a consideration of ancillary market costs. Therefore, the price
mechanism has been considered based on the market environment of pumped-storage
power stations using the Conditional Value at Risk (CVaR) to measure the uncertainty
of market electricity prices and pumped-storage power stations have been established
to participate in electricity bidding and use its flexibility [12]. However, this model did
not consider new cost-alleviation methods such as capacity leasing of wind and solar
power plants.

In general, although much research has been conducted on the operation mechanism
and cost reduction of pumped storage, there is a lack of comprehensive and objective
cost-reduction strategies for pumped storage. On 30 April 2021, the National Development
and Reform Commission of China issued “The Opinions on Further Improving the Price
Formation Mechanism of Pumped Storage (FGJG [2021] No. 633)”, which stipulates
that the revenue of pumped-storage power stations comes from both the capacity and
electricity. The former is used to recover the fixed investment of the pumped-storage power
station, while the latter is used to bear the loss of pumping and power generation of the
power station and make proper profits. The capacity electricity charge shall be borne
by the transmission and distribution electricity price and channeled through the lease of
special power generators such as wind and photovoltaic. The electricity charge is finally
determined by the price difference in the spot electricity market, and 80% of its profits
together with 80% of the profits of the auxiliary service market are also included in the
capacity income to reduce the burden of transmission and distribution electricity prices.
Taking a provincial power grid company as an example, this paper established a cost
characterization method for pumped-storage power plants and proposed a mathematical
model for diversion through the medium- and long-term electricity markets, the spot
electricity market, the auxiliary service market, and the capacity leasing of wind power
plants according to the above policy. Finally, the effectiveness of diversion is analyzed
through an example. The overall cost division strategy is shown in Figure 1. By reducing
the cost of pumped storage, it will significantly improve the profitability of pumping and



Sustainability 2023, 15, 515 3o0f12

storage, promote the enthusiasm of investors in the construction of pumped storage, help
guide the orderly construction of pumped storage, alleviate the peak—valley differences in
the power grid, and promote the consumption of new energy.

| Pumping electricity bidding |

Pumping electricity |
i cost Purchase and sale of electricity in - Rerrllamu.lg. pumpmg
the spot market LC ectricitycost |
Capacity lease from wind and
photovoltaic

Capacity cost ~| 80% of spot price difference profit | # Remam]clzgsfapacﬂy

‘ ‘ | 80% of ancillary service revenue | ‘ ‘

Transmission and Distribution Transmission and Distribution

electricity price burden after
dredging

electricity price burden before
dredging

Figure 1. Diagram of cost division strategy for pumped storage.

2. Electricity Cost Model for Pumped-Storage Plants

For a regional power grid composed of several provincial power grid companies,
the cost of the pumped-storage power stations in the region under its jurisdiction can be
divided into the transmission and distribution electricity prices without cost guidance,
which includes the sum of annual pumping, the power generation loss of each pumped-
storage power station, and the capacity electricity charge that meets its fixed investment
income, which can be expressed as:

z

C =) [TViei(1 = i) + piVi] ¢y

1

Il
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where C is the total pumped-storage cost borne by the regional grid company; N is the total
number of pumped-storage power stations under the jurisdiction of the regional grid; T;
is the annual pumping hours of the ith pumped-storage power station; V; is the installed
capacity of the ith pumped-storage power station; c; is the grid-connected tariff of the
province where the ith pumped-storage power station is located; p; is the approved capacity
tariff of the ith pumped-storage power station under the condition of no price diversion
and meets the fixed investment income; and 7; is the pumping power generation efficiency
of the ith pumped-storage power station, which is generally taken as 75%.

Considering the inter-provincial sharing mechanism, the sharing of the electricity tariff
and the capacity tariff can often be adopted so the high costs are borne by the provincial
grid companies under the jurisdiction of the regional grid companies. If a province’s share
of the electricity tariff component is k; and its share of the capacity tariff component is k5,
the province’s share of the annual pumped-storage cost without price diversion is:

N N
C'=ki) TVici(1—n;) + k) piVi ()
i=1 i=1

With the above pumped-storage costs, if the province’s annual commercial and indus-
trial electricity is M, the pumped-storage plant will increase the province’s transmission
and distribution prices by

Ae = S k—lﬁT-V»c-(lfn-)+k—2ip»V- (3)
M Ml:1 Vi 1 Ml:l [
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3. Capacity Cost Diversion Model for Pumped-Storage Power Plants

The cost division methods mainly include the power market, spot market, auxiliary
service, and special power supply capacity, which will be introduced in detail in the
following sections.

3.1. Medium- and Lon—Term Power Market Diversion

According to the opinions of the National Development and Reform Commission on
further improving the Price Formation Mechanism of Pumped Storage (2021) No. 633,
before the electrical spot market opened, electricity charges can be channeled through
bidding in the medium- and long-term electricity markets. In other words, the bidding
electricity of the ith pumped-storage power station does not bear the pumping cost of
the power grid, which, according to the electricity price c;(1 — #;), is converted into the
benchmark electricity price and the pumping loss. However, the electricity generated by
certain specific power sources (primarily wind, light, and hydropower abandonment) is
determined by bidding. If the proportion of the bid electricity of the ith pumped-storage
power station is J;, then the cost burden of pumped-storage electricity that can be reduced
by the regional power grid company is:

N
ACy =) 6TiViei(1— 1) 4)
iz

It can be seen that the higher the proportion of electricity tendered by pumped-storage
power plants, the greater the cost of diversion. When 100% of the electricity is tendered, the
diversion reaches its maximum strength, and only the capacity tariff enters the transmission
and distribution price.

3.2. Spot Market Draw Spread Profit Diversion

When the electrical spot market is opened and pumped-storage power plants are
included in the main electrical spot market, all the pumped electricity tariffs of pumped-
storage power plants will no longer be borne by the power grid companies in accordance
with the power generation benchmark tariffs and pumping losses converted tariffs c;(1 — #;)
to cover the pumping costs, but they will purchase and sell electricity in the spot market
and gain revenue through the spot market price difference. Furthermore, 20% of this
revenue can be enjoyed by the pumped-storage power plant itself, while 80% will be used
for capacity tariff relief, and losses will be borne by the pumped-storage power plant itself.
Therefore, assuming that the annual average kWh pumped-storage power plant profit after
considering losses is AC; (AC; > 0), the cost of the regional grid company after the spot
market power tariff diversion portion is:

N
ACy = ) [T;Vici(1 — ;) + 0.8T;ViAci] )
i=1

The first part is the electricity cost diversion and the second part is the capacity
cost diversion.

3.3. Auxiliary Service Revenue Diversion

According to the “Opinions on Further Improving the Price Formation Mechanism of
Pumped Storage” issued by the Chinese National Development and Reform Commission
(2021) No. 633, pumped-storage power stations are encouraged to participate in the
electricity market or the compensation mechanism for auxiliary services, and 20% of the
corresponding revenue generated in the previous regulatory cycle, as well as the income
generated from the implementation of pumped electricity price and feed-in electricity
price, shall be shared by pumped-storage power stations. Auxiliary services include peak
shaving, frequency modulation, phase modulation, voltage regulation, climbing, standby,
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black start, etc., but the capacity electricity charge of pumped storage already includes
other service incomes, except peak shaving, so only deep peak shaving can bring additional
auxiliary service income to the pumped-storage power station. Considering the diversion
of the auxiliary service market, 20% of the income of the pumped-storage power station
participating in the auxiliary service can be enjoyed by the pumped-storage power station
itself, and 80% will be used for the diversion of capacity electricity charges. If the annual
ancillary service revenue of the ith pumped-storage power station is A;, the cost of ancillary
service market diversion within the area of the regional power grid company is:

N
AC3 =) 08A4; (6)
i=1

3.4. Special Power Supply Capacity Diversion

Finally, we consider the allocation of capacity electricity charges among special power
sources. If pumped storage leases the capacity for wind farms and photovoltaic power
stations and undertakes the system adjustment tasks required by new energy stations after
charging annual rent according to the leased capacity, the capacity electricity charges can
be diverted. If the leased capacity of the ith pumped-storage power station is S; (S; < V)
and the average lease price is d;, then within the area of the regional power grid company,
the cost of special power supply is:

N
ACy =Y d;S; )
i=1

4. Effect of Diversion

According to the above diversion methods, it can be seen that before the pumped-
storage power station is included in the main body of the spot market, the cost of the
pumped-storage power station borne by the regional power grid company is:

N
Chewl = Z[TiViCi(l - 771')(1 - (Si) + (in —d;S;i — O-SAi)] 8)
i=1

For a provincial power grid company whose electricity charges are apportioned
according to the amount of electricity and capacity, the cost of grief after diversion is:

N N
Chewt’ = k1) TiVici(1 — ;) (1 = 6;) + k2 ) _(piV; — d;S; — 0.8A;) )
i=1 i=1

The province’s transmission and distribution price increases are as follows:

Aepewt = ST §N T,Viei(1— 1) (1 —6;) + &
newi — - Vi~ 1 1
M M= M

=

(piVi — d;S; — 0.84;) (10)

i=1
After the pumped-storage power station is incorporated into the main body of the
spot market, driven by the profitability of pumped power generation in the spot market,

the cost of the pumped-storage power station borne by the regional power grid company is:

N
Crew2 = Y_[(piVi — 0.8T;ViAc; — d;S; — 0.84;)] (11)
i-1
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For a provincial power grid company whose electricity charges are apportioned
according to the amount of electricity and capacity, the cost of grief after diversion is:

N
Chew2' = k2)_(piV; — 0.8T;ViAc; — d;S; — 0.84;) (12)
i=1

The province’s transmission and distribution price increases are as follows:

CnewZ

N
A€o’ = Y (piVi — 0.8T;ViAc; — d;S; — 0.84;) (13)
i=1

_k
M
1
5. The Analysis of Examples
5.1. Development Trend Forecast

Based on the current situation of electricity marketization in the region, the short-term
(3-5 years later, 2025 or so), medium-term (8-10 years later, 2030 or so), and long-term
(1315 years later, 2035 or so) scenarios represent different facilitation scenarios. In the near
future, the immaturity of the spot market will be the primary consideration, and the role of
the spot market in facilitating the cost of pumping and storage will be temporarily ignored.
The price advantage of pumped storage is obvious compared with the new type of energy
storage. In the medium term, it is primarily considered that the spot market has opened, the
price of new energy storage has decreased to a stable value, and the competition between
pumped storage and new energy storage has formed. In the long term, it is primarily
considered that various mechanisms have matured, and pumped storage, new energy
installation, and trading power have entered the stage of slight growth.

In other aspects, when the pumping hours of the pumped-storage power station are
set at 1780, the pumping efficiency is 75% and the capacity price of a pumped-storage
power station without diversion is 430 yuan/kWh per year. At the same time, the allocation
proportion of province A in each stage is unchanged. Table 1 shows the current situation
of the grid companies’ and provincial companies’ installed capacity of pumped storage
and power generation in the near, medium, and long term. Furthermore, the development
forecast of the installed capacity of wind and solar new energy stations is also shown.

Table 1. Prediction of pumped-storage development environment for a regional power grid company
in province A.

. Status Quo Near Term Mid Term Long Term
Range Category Unit (2021) (2025) (2030) (2035)
Pump storage 10 MW 255 830 1690 2000
Wind power 10 MW 3814 8900 11,260 12,320
Regional grid Photo.vglta.lc 10 MW 1579 3270 5640 7584
Electricity in
the whole 1 TWh/H 5636 6086 7436 8680
society
Pump storage 10 MW 135 290 530 900
Wind power 10 MW 665 1550 2100 2900
Photovoltaic 10 MW 346 580 1100 1740
Draw loss
Company in sharing rate % 22 22 22 22
Province A . .
Capacity tariff % 17 17 17 17

sharing rate
Industrial and
commercial 1 TWh/H 685 835 1020 1129

electricity
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5.2. Recent Diversion Strategies and Effectiveness Analysis

By 2025 or so, if there is no diversion, the regional power grid is expected to bear
1.378 billion yuan/year of pumping loss and 3.569 billion yuan of capacity electricity
charge, totaling 4.947 billion yuan/year. It can be predicted that approximately half of
the pumped electricity in the regional power grid is the bidding electricity through the
bidding of pumped electricity and auxiliary service market facilitation, and the pumping
loss expenditure of the whole network will be reduced by 690 million yuan/year. Ap-
proximately 160 million yuan/year can be gained from the whole network peak-shaving
auxiliary services, of which 80% will be used for the deduction of capacity charge in the
next cycle, and it is estimated that the capacity charge expenditure can be reduced by
128 million yuan/year. It is estimated that 40% of the newly added solar power sources
will lease the pumped-storage capacity at a rental price of 350 yuan/kWh per year, which
can reduce the capacity electricity charge by 949 million yuan/year. According to the
proportion of 17% of capacity and 22% of electricity, the cost borne by provincial grid A
under its jurisdiction is reduced from 910 million yuan/year to 575 million yuan/year. The
detailed data are shown in Table 2. It can be seen that capacity leasing is the most important
part of the diversion efforts, followed by the bidding of pumped electricity, and auxiliary
services have also played a particular role in mitigation. The capacity electricity price after
diversion is only 300.24 yuan/kWh per year.

Table 2. Expected results of comprehensive guidance mechanism (near term).

. Before Power . .
Range Category Unit Diversion Diversion After Diversion
Pump storage machine 10 MW 830 - 830
Pumped electricity 10 MW 147.74 74 73.74
Pump price gap 10 MW 0.0933 - 0.0933
pumping loss 1 TWh/H 13.78 6.90 6.88
Capacity price 10 MW 430 129.76 300.24
Capacity electricity bill 10 MW 35.69 - 24.92
. . Ancillary service revenue 10 MW 0 1.6 -
Regional grid Auxiliary service
deduction capacity % - 1.28 -
electricity bill
Capacity rental price % - 350 -
Capacity lease scale 1 TWh/H - 271.08 -
Capacity lease revenue 100 million - 9.49 -
yuan/year
Total cost 100 million 49.47 - 31.80
yuan/year
Pump storage machine 1TWh/H 290 - 290
Draw loss sharing rate 22% - 22%
. 100 million
Company in pumping loss yuan/year 3.03 1.52 1.51
Province A Capacity tariff sharing rate % 17% - 17%
Capacity electricity bill 100 million 6.07 1.83 424
yuan/year
Total cost 100 million 9.10 3.35 5.75
yuan/year

According to the prediction, in 2025, the industrial and commercial electricity usage of
Province A is 83.5 billion kWh/year, the transmission and distribution price will increase
by 1.1 cents/kWh before the diversion, but after the bidding for the pumped-power
generation and the assistance of the peak-shaving auxiliary service are jointly determined,
the estimated increase in the electricity price will be 0.69 cents/kWh. The smoothing
contribution of each initiative is shown in Figure 2.
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Billion
Yuan
10 = 9.1 -1.52
act [ | —-1.61
3.03
6 5.75
4 Amo
unt
7 6.07
Before Power Auxiliary service Capacity lease After
Diversion diversion diversion diversion diversion

Figure 2. Contribution forecast of comprehensive diversion measures in Province A (near term).

5.3. Medium-Term Diversion Strategy and Effectiveness Analysis

By 2030 or so, if there is no diversion, the regional power grid will be expected to
bear 2.807 billion yuan/year of pumping loss and 7.267 billion yuan of capacity electricity
charge, totaling 10.074 billion yuan/year. Through the bidding of pumped electricity and
the opening of the spot market, it can be predicted that the power grid in this region can
achieve complete power diversion, and the cost borne by the whole network to reduce the
pumping loss is 2.807 billion yuan/year. The whole network has gained approximately
190 million yuan/year from peak-shaving auxiliary services, and 80% will be used for
the deduction of capacity charge in the next cycle. It is estimated that the capacity charge
expenditure can be reduced by 152 million yuan/year. It is estimated that 50% of the newly
added solar power sources will lease the pumped-storage capacity at a rental price of
350 yuan/kW per year, which can reduce the capacity electricity charge by 2.014 billion
yuan/year. According to the proportion of 17% of the capacity and 22% of the electricity,
the cost borne by provincial grid A is reduced from 1.853 billion yuan/year to 867 million
yuan/year. The specific data are shown in Table 3. It can be seen that after the operation of
the spot market, the role of electricity in the facilitation is dominant, followed by capacity
leasing, and the role of auxiliary services continues to decrease. The capacity price after the
facilitation is only 301.83 yuan/kW per year.

Table 3. Expected results of comprehensive guidance mechanism (mid-term).

Before Power

Range Category Unit Diversion Diversion After Diversion
Pump storage machine 10 MW 1690 - 830
Pumped electricity 10 MW 300.82 300.82 0
Pump price gap 10 MW 0.0933 - 0.0933
pumping loss 1TWh/H 28.07 28.07 0.00
Capacity price 10 MW 430 128.17 301.83
Capacity electricity bill 10 MW 72.67 - 51.01
Ancillary service revenue 10 MW 0 1.9 -
Regional grid Auxiliary service
deduction capacity % - 1.52 -
electricity bill
Capacity rental price Y% - 350 -
Capacity lease scale 1 TWh/H - 575.35 -
Capacity lease revenue 100 million - 20.14 -
yuan/year
Total cost 100 million 100.74 - 51.01

yuan/year
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Table 3. Cont.

. Before Power . .
Range Category Unit Diversion Diversion After Diversion
Pump storage machine 1 TWh/H 530 - 530
Draw loss sharing rate - 22% - 22%
. 100 million
Company in pumping loss yuan/year 6.18 6.18 0.00
Province A Capacity tariff sharing rate - 17% - 17%
Capacity electricity bill 100 million 12.35 3.68 8.67
yuan/year
Total cost 100 million 18.53 9.86 8.67
yuan/year

According to the consideration of 102 and 112.9 billion kWh/year of industrial and
commercial electricity in Province A in approximately 2030 and 2035, respectively, the
transmission and distribution price will increase by 1.8 and 1.94 cents/kWh before the
diversion, but after the bidding for the pumped-power generation and the assistance of
the peak-shaving auxiliary service are jointly determined, the estimated increase in the
electricity price will be 0.85 cents/kWh. The smoothing contribution of each initiative is
shown in Figure 3a, Figure 3b, respectively.

Billion
Yuan
20 = 18.53 —6.18
6 = Extr
act
6.18 -0.26 .
oL =026 3.42
T B
unt
12.3
4 - 5
0 — - -
Before Power Aucxiliary service Capacity lease After
Diversion diversion diversion diversion diversion
(a)
Billion
Yuan o) 03 876
20 = Extr
act 7.31
16 — 7.31
1.45 —0.29
b L 22 3.88
Amo I:I 9.00
8 unt
14.6
4 2
0
Before Power Auxiliary service Capacity lease After
Diversion diversion diversion diversion diversion
(b)

Figure 3. Contribution forecast of diversion measures in mid-term and long-term. (a) Contribu-
tion forecast of diversion measures (mid-term); (b) contribution forecast of diversion measures
(long-term).

5.4. Long-Term Diversion Strategy and Effectiveness Analysis

By 2035, if there is no diversion, the regional power grid is expected to bear 3.321 billion
yuan/year of pumping loss and 8.6 billion yuan of capacity electricity charge, totaling
11.921 billion yuan/year. Based on the maturity of the spot market, it is predicted that the
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power grid in this region can realize profits of 3.321 billion yuan/year by reducing the
pumping loss expenditure according to the profit of 0.03 yuan (including loss) per kilowatt
hour of power pumped, and 80% of the profit of 1.068 billion yuan will be used for capacity
electricity charge diversion on the basis of complete power diversion. The whole network
gained approximately 210 million yuan/year from peak-shaving auxiliary services, 80% of
which is used for the deduction of capacity charge in the next cycle, and it is estimated that
the capacity charge expenditure can be reduced by 168 million yuan/year. It is estimated
that 45% of the newly added solar power sources will lease the pumped-storage capacity at
a rental price of 350 yuan/kW per year, which can reduce the capacity electricity charge by
2.286 billion yuan/year. According to the proportion of 17% of the capacity and 22% of the
electricity, the cost borne by provincial grid A is reduced from 2.193 billion yuan/year to
900 million yuan/year. Detailed data are shown in Table 4. It can be seen that when the
spot market is mature, if we compare it based on considering the consumption of pumped
electricity, the role of electricity is dominant, followed by capacity leasing, and the role of
auxiliary services is small. If compared based on zero pumping power loss, the facilitation
of capacity leasing is dominant, followed by electricity profitability, and the role of ancillary
services is still small. The capacity electricity price after facilitation is only 264.6 yuan/kW
per year.

Table 4. Expected results of comprehensive guidance mechanism (long term).

Range Category Unit D?:ef;)slif)n DiI;oeV;,sifm After Diversion
Pump storage machine 10 MW 2000 - 2000
Pumped electricity 10 MW 356 356 -
Pump price gap 10 MW 0.0933 0.03 -
pumping loss 1 TWh/H 33.21 - -
profit from pumping power 1 TWh/H - 10.68 -
Extracting profits to deduct
capacity electricity bills 1TWh/H i 8.54 i
Capacity price 10 MW 430 165.40 264.60
Regional grid Capacity electricity bill 10 MW 86 - 52.92
Ancillary service revenue 10 MW 0 21 -
Auxiliary service deduction o ) 1.68 }
capacity electricity bill ’
Capacity rental price % - 350 -
Capacity lease scale 1 TWh/H - 653 -
Capacity lease revenue 100 million - 22.86 -
yuan/year
Total cost 100 million 119.21 - 52.92
yuan/year
Pump storage machine 1 TWh/H 900 - 900
Draw loss sharing rate - 22% - 22%
Company 100 million
inProvince A pumping loss 7.31 7.31 0.00
yuan/year
Capacity tariff sharing rate - 17% - 17%

6. Conclusions

In this paper, the costs of the pumped-storage power station in the process of electricity
marketization and the mathematical model under different diversion methods in various
stages have been established. Through the example, the diversion effect has been analyzed.
The main conclusions are as follows:

(1) Before the start of the electricity spot market, bidding via pumping electricity is an
effective way to divide electricity costs. However, when the electricity spot market is
opened, the pumping loss of pumped storage will no longer enter the transmission
and distribution price, and the profit from the price difference will also feed back
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the cost of diversion capacity. Therefore, the maturity of the spot market will play a
critical role in promoting the diversion of pumping and storage costs.

(2) Pumped-storage power plants provide capacity-leasing services to wind and solar
power stations, which can not only reduce the cost of deploying energy storage for
wind and solar power plants but also facilitate pumping and storage cost diversion,
and it is more conducive to centralized regulation. This is a method of matching that
should be encouraged. Because pumped-storage power stations have less space to
participate in auxiliary regulation after capacity leasing and electricity diversion, the
role of the ancillary service market is relatively small.

(3) Under the combined effect of various diversion modes, the increase in the transmis-
sion and distribution prices in Province A can be controlled within 1 cent/kWh, of
which the spot power market and the capacity leasing of new energy stations play a
significant role.

The model proposed in this paper has certain universality. Multiple regions can
apportion the cost of pumping storage through the power market, spot market, auxiliary
service, special power supply capacity, etc. Different regions only differ in the spot market
value, apportionment ratio, and other parameters. It is suggested that readers combine the
local policy of the analyzed region and use the characteristics of energy to select appropriate
parameters to calculate the cost of pumping-storage apportionment in a certain region.
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