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Abstract: To reach Carbon Peak in 2030 and Carbon Neutrality in 2060, China is developing renewable
energy at a fast pace. Renewable energy enterprises will participate in the power market in an
all-round way as China gradually improves its electricity market. Signing the Power Purchase
Agreement (PPA) helps renewable energy companies to avoid market risk and achieve sustainable
development. Therefore, a novel PPA pricing model is proposed in our research. Based on the
theory of the Levelized Cost of Energy (LCOE), our model considers system operating costs in
China’s dual-track electric power sector, which is both government-guided and market-oriented.
First of all, key influencing factors of the PPA agreement are analyzed in view of the developments
of the renewable energy and electricity markets in China. Next, the design of pricing strategies for
renewable energy power plants to cope with market challenges is presented through a photovoltaic
project case study. The results show that when the operating costs of the system are considered
and other conditions remain unchanged, the investment payback period of the new energy power
station will change from 10.8 years to 13.6 years. Furthermore, correlation degree and sensitivity
coefficient (SAF) were introduced to conduct correlation analysis and sensitivity analysis of key
elements that affect the pricing of the PPA. Finally, it is concluded that the utilization hours of power
generation have the most significant effect on the PPA price, while the system’s operating cost is the
least sensitive factor. The study expands the application of LCOE, and provides a decision-making
solution for the PPA pricing of renewable energy power enterprises. It is expected to help promote
power transactions by renewable energy companies.

Keywords: electricity market; renewable energy; Power Purchase Agreement (PPA); Levelized Cost
of Energy (LCOE); market-government dual-track operation; correlation degree analysis; sensitivity
analysis

1. Introduction

Last year, China released its strategic goal to reach “carbon peak by 2030 and carbon
neutralization by 2060”, and the plan to increase its installed capacity of wind and solar
power to more than 1.2 billion kilowatts in 2030 [1]. In March 2021, President Xi Jinping
proposed an important work deployment for building a new power system, with renewable
energy as the main source [2]. There have been calls to vigorously develop the renewable
energy sector [3,4]. However, China’s present policy of awarding subsidies for renewable
energy generation is facing great pressure due to a widening financial gap: the renewable
energy subsidy is gradually declining [5]. In June 2021, the National Development and
Reform Commission (“NDRC”) issued a new policy that the government will no longer
grant central financial subsidies for newly approved renewable energy projects from 2021,
including centralized photovoltaic power plants, distributed photovoltaic projects for
industrial and commercial use, as well as onshore wind power projects. These projects are
offered the same local benchmark price that is set for coal-fired power generation. Newly
built projects can also form their own sales prices through voluntary market-oriented
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transactions to better reflect the value of green electricity from photovoltaic and wind
power and promote the healthy and sustainable development of the renewable energy
industry [6].

Since China launched the latest round of electricity reform in 2015, it has gradually
deepened the marketization of its power sector, and formed a medium- and long-term
trading-oriented pattern supplemented by spot trading. Currently, the first batch of spot
trading pilot projects has completed a trial operation of settlement; most provinces vigor-
ously promote the development of spot and ancillary services markets [7,8]. However, the
mechanism of renewable energy trading is not clear, so supporting policies for renewable
power and its trading mechanisms have become research topics [9]. At present, due to the
contradiction between the high proportion of new energy targets and the imperfect market
mechanism, new energy enterprises are facing severe challenges. Meanwhile, unstable
wind and solar power output due to random weather conditions increases the risk of
market transactions. Finding a solution to guarantee power sales income and avoid the
risk of spot price fluctuation is the key to the sustainable development of renewable energy
enterprises and an important condition for the healthy development of China’s renewable
energy sector.

Many scholars have conducted in-depth research on the development of renewable
energy. On the issue of securing the benefits of renewable power generation, most EU
countries and Japan implemented fixed subsidies [10]. With the development of renew-
able energy, Germany has replaced the fixed feed-in tariff mechanism with a premium
mechanism and a tendering and bidding mechanism [11]. In the United Kingdom, rea-
sonable benefits for renewable energy producers are ensured through CFDs between the
government and power producers [12]. In addition, countries such as the United Kingdom,
the United States [13], and Australia use the PPA to enable buyers and sellers to share
risks and protect mutual interests [14]. The PPA has become a popular pricing approach
for renewable energy companies [15–17]. Long-term PPA [18,19] is a crucial pathway to-
wards sustainable development for renewable power generation enterprises when selling
electricity at market prices without government subsidies.

Depending on the different delivery methods used in the electricity trade, PPAs can be
divided into physical agreements and financial agreements [20]. Physical PPAs define all
of the commercial terms for the sale of renewable electricity between the seller and buyer,
including schedules for the delivery of electricity, penalties for under-delivery, payment
terms, etc. For renewable energy generators, signing physical PPAs is subject to serious
deviations due to intermittent and unstable solar or wind power generation, which also
affect the stable operation of the power market. Unlike physical PPAs, financial PPAs
are a hedged arrangement that offers power generation companies long-term contracts
with predictable revenues. Therefore, the financial PPA is a rational choice for renew-
able energy enterprises. As price is the key factor in the effect of the PPA contract [21],
many scholars and institutions have performed a large amount of research on PPA prices.
Lawrence Berkeley Laboratory has systematically analyzed PV technologies, costs and PPA
prices over the years in the United States, tracking PPA trends in a timely manner and
providing empirical evidence [13,22]. Some scholars have proposed a PPA pricing and risk
management model based on the relationship between renewable energy generation and
spot market price [23]. Heijden NCVD [24] has designed the best PPA for communities
with photovoltaic power generation facilities, in an attempt to minimize the total cost of
electricity. Some researchers estimate the cost of power generation technology [13,22] as
the price of the contractual transaction COE for the purchase of energy For example, Yan
Qingyou [25] introduced the Levelized Cost of Energy (LCOE), which made the net present
value of revenue equal to the net present value of cost, and analyzed the key content of the
agreement, including agreement price and contract period. Bruck et al. proposed an LCOE
calculation model for wind farm PPAs, focusing on the upper and lower limits of traded
electricity [14,26]. Mendicino et al. provided suggestions as to the length and price of CPPA
(Corporate Power Purchase Agreement) based on the LCOE model [18]. Some of these
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scholars have specifically evaluated the relationship between PPA and LCOE [27], and
emphasized the important influence of LCOE components on pricing strategies. However,
PPA negotiations require accurate LCOE estimates to ensure profitability [27]. Therefore,
a systematic analysis of the main components of renewable energy LCOE in the Chinese
market is not only important for evaluating renewable energy enterprise projects [28], but
can also provide the basis for renewable energy companies to formulate PPA strategies in
the online parity market environment.

In applying the LCOE model to renewable energy power generation enterprises,
Wang Yu [29] considered the whole process of wind power projects, including construction,
operation, transmission and connection to the grid, and obtained the LCOE model of wind
power. Chen Rongrong [30] estimated the LCOE level of grid-connected photovoltaic
power generation projects in different capacities. Some other scholars tried to improve the
classic LCOE model. Wang Yongli [31] considered the cost of environmental externalities,
Sun Jianmei [32] measured the income per CER unit, and Chang Dunhu [33] introduced
policy factors into the LCOE model to analyze the economic sustainability of photovoltaic
power generation projects. Many of these scholars have analyzed related issues on long-
term PPAs and LCOEs, but their studies lack a systematic analysis of the key elements
of PPA pricing adapted to the Chinese electricity market, which is expanding to become
wider and greener. Previous researchers ignored the change of system operation cost, as
renewable energy is called to account for an increasing proportion of China’s electricity
market.

To fill this gap, we performed a comprehensive analysis of China’s electricity market
and renewable energy enterprises’ participation in it. Key factors influencing PPA were
selected after our analysis. Furthermore, a market-based PPA pricing model for renewable
energy based on LCOE was built. Taking a practical photovoltaic project in a certain region
of China as an example, this paper presents an empirical analysis. In order to provide
strategic support for signing the PPA, a sensitivity analysis was performed on the factors
that may affect the PPA price of renewable energy enterprises, such as investment cost and
estimated payback period. The main contributions of this paper are as follows:

1. This paper systematically analyzes key elements of the PPA signed by renewable
energy enterprises in the context of China’s two-track electricity market. Besides
technical and system operation costs, the time value of capital is also identified as a
key factor affecting the agreement price.

2. Based on improved LCOE, a PPA pricing model considering system operation costs
and the time value of capital in the electricity market is proposed, expanding the
application of LCOE.

3. The model was verified as effective through empirical analysis, which was carried out
at a photovoltaic power station in a specific region of China. The empirical analysis
covered relevant factors affecting PPA prices, including investment payback period,
investment cost, system operation costs, contract length, discount rate, annual output
loss rate, etc.

4. In order to further analyze the impact of changing factors on the price of renewable
energy PPA, sensitivity coefficient (SAF) was introduced [14]. A varying trend of
contract prices was observed when changing indexes, including annual utilization
hours, investment cost, and payback period.

The structure of this paper is as follows: Section 2 introduces the basic concepts and
key elements of PPA. In Section 3, the general structure of the LCOE model is introduced,
and then a renewable energy PPA pricing model considering system operation costs is
constructed. In Section 4, a photovoltaic power plant in a specific region of China is selected
as an example to carry out a series of empirical analyses. Further, Section 5 analyzes the
sensitive factors affecting PPA prices based on the empirical analyses, and obtains key
factors that affect the PPA price. Finally, Section 6 summarizes the conclusions of the paper
and offers recommendations on PPA pricing.
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2. Power Purchase Agreement

Interventionary studies involving animals or humans, and other studies that require
ethical approval, must list the authority that provided approval and the corresponding
ethical approval code. The term “Power Purchase Agreement” refers to a legally binding
agreement concluded between an independent power generation enterprise and a power
sales company, power grid or government for the purpose of obtaining the value of
power products and clarifying the rights and obligations of each party [34]. According
to trading rules in the electricity market, PPAs can be divided into physical PPAs and
financial PPAs [20]. Physical PPAs require the construction of dedicated power transmission
lines between the two sides of the transaction, which is costly and may cause excessive
investment in the construction of electricity distribution lines. In addition, renewable
power generation companies still have to pay market operators to maintain the stability
of the power system. The cost of physical PPAs is higher compared with that of financial
agreements. Therefore, financial PPA is a more economical option for renewable energy
enterprises looking to trade in the electricity market.

2.1. Overview of the Financial PPA

Renewable energy enterprises and electricity consumers are required to sign power
supply and consumption contracts for a certain period at a fixed price. After signing a
financial PPA, users purchase electricity from the market instead of directly from renewable
energy enterprises, while power generators sell electricity to the market instead of directly
delivering power to users. Financial PPAs fall under “Contract for Differences (CFDs)”.
When settling accounts, power generation enterprises are expected to compensate the
buyer if the user’s electricity purchase cost exceeds the agreed price. Similarly, the user
is expected to compensate the loss of revenue for the power generation company if the
market price is lower than the agreed price [35].

In addition, users who sign the PPA can obtain a “clean energy consumption voucher”
provided by the renewable energy enterprises. The energy flow is shown in Figure 1.

Figure 1. Financial PPA for Renewable Energy.

2.2. Analysis of Key Elements of Financial PPA

A typical financial PPA includes the following parameters: the duration of the agree-
ment, the contract price [36], minimum/maximum power delivery volume, penalties for
default, etc., [37]. Among them, the contract price is a key factor affecting the profitability
of renewable energy power generation companies. Therefore, it is necessary to analyze the
impact of various factors on the contract price during the implementation of the power
purchase agreement, so as to accurately calculate the investment payback period of the project.

In terms of contract prices, renewable energy projects, such as solar and wind energy,
generally use one-step pricing PPA, which only calculates the electricity tariff without the
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capacity tariff [21]. The current PPA prices include fixed electricity prices and floating
electricity prices. A fixed electricity price means that both parties must always provide the
contracted electricity at the same price during the contract period. The average market
transaction price increases over time due to inflation and fuel price increases. Therefore,
the fixed contract price may be higher than the average market price when the contract
is first signed, while the fixed price may be lower than the average market price during
the later period of the contract’s duration, as shown in Figure 2 by the black dashed line
and the green solid line. Users who sign a fixed electricity price agreement can hedge
against the risk of a sharp increase in market-based transaction prices. A floating electricity
price means that the contract price changes over time. There are different types of floating
electricity price. As shown in Figure 2, the red line means that the price will increase in a
certain proportion during the contract period (for example, an annual increase of 2%). The
blue line means that the contract price will increase by a certain percentage every year in
the early period of the contract’s duration, while the price will be fixed during the middle
and latter stages of the contract. The contract’s signatories can also divide the agreement
duration into multiple periods and re-negotiate the price before the start of each period.
They can also discuss other types of negotiated prices, according to their own conditions,
research, and judgment about the future.

Figure 2. Schematic diagram of PPA contract price.

In terms of contract duration, power generation companies generally sign long-term
contracts with customers for a period of 10–15 years to reduce variable risks. Power
generation enterprises can set specific contract terms based on such factors as investment
costs and expected payback periods. However, policy keeps changing for the renewable
energy sector as China’s electricity market is restructuring. Due to uncertain future policies,
power consumers may refuse to sign long-term contracts in order to maximize their own
interests. Therefore, domestic renewable energy enterprises can divide the life cycle of their
power plants into several short time spans to cater to electricity users. Signing several short-
term agreements is beneficial for enterprises looking to gradually recover their investment
costs.

In terms of power delivery, enterprises may allocate the proportion of contracted
power volume according to market conditions. When market risk hikes, enterprises can
increase the proportion of electricity volume for the contract signed with users. Conversely,
when enterprises see opportunities to benefit from the market, they can increase their share
of traded electricity.

3. Identification of Key Elements of PPA and a Novel Pricing Model Based on LCOE
3.1. Overview of the LCOE

LCOE (Levelized Cost of Energy), refers to the energy cost consumed by the system to
produce a unit of the total electric power output. It can be used to evaluate the cost or the
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comprehensive economic benefits of different power generation technologies in different
regions, at different scales, and at different investment amounts [29]. The basic definition
of levelized cost is expressed by the following Equation [26]:

LCOE =
∑n

t=0
Ct

(1+r)t

∑n
t=0

Et
(1+r)t

, (1)

In Equation (1), t represents the t-th year, n is the contract period, r is the discount rate, Ct
is the total cost of the t-th year, including construction costs, operation and maintenance
costs, capital costs, etc., and Et is the total power generation in the t-th year.

The traditional LCOE calculation method only considers plant-level costs [38], includ-
ing capital costs (CAPEX) and operation and maintenance costs (OPEX) [39]. Systemic
costs, or cost changes in system evolution are ignored [40–42]. In the application process,
different LCOE-based calculations vary according to different research goals.

3.2. Cost Analysis of Renewable Energy Power Plants

When applying the LCOE model to determine the PPA price, some scholars consider
factors affecting the cost of renewable energy companies, such as a project’s residual value
or tax reductions and exemptions, but ignore the full cost of companies participating
in market transactions, especially in China’s dual-track electricity market. Management
assessment and ancillary service allocation costs are also not considered. However, the
dual assessment policies [43] involved in China’s market-government dual-track elec-
tricity market have a profound impact on the operation of renewable energy companies.
Therefore, it is necessary to systematically analyze the detailed cost of renewable energy
companies participating in the electricity market and propose a PPA pricing model for
China’s renewable energy plants.

The total cost of renewable energy power plants participating in the electricity market
mainly includes five parts, as shown in Figure 3:

Figure 3. Cost composition of renewable energy power plants participating in the electricity market.

1. Investment cost

Investment cost mainly refers to the construction cost. The investment cost of the
photovoltaic power generation system consists of the cost of the photovoltaic field power
generation system, the engineering cost of the booster station, and other expenses. Among
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them, the cost of the power generation system includes photovoltaic modules, brackets,
combiner boxes, inverters, box transformers, collection lines, and related installation and
construction costs. The engineering cost includes the costs of booster station equipment
and installation works, construction works, roads, and other works. Taking a typical
photovoltaic power station in 2019 as an example, photovoltaic modules were the largest
investment, accounting for about 38% of the total investment; construction and installation
engineering costs, support and basic costs, and cable costs together accounted for more
than 10%. In addition, there are land costs, grid connection fees, combiner boxes and other
major electrical equipment, inverters, and other costs.

2. Production and operation costs

Production and operation costs are used to manage, operate and maintain renewable
energy power stations. Management costs consist of the loan interest, depreciation, em-
ployee wages and benefits, and insurance premiums. The operation and maintenance cost
is determined by the aging of the generator set. Generally, the maintenance cost increases
as the operating period expands.

3. System operation costs

The system operation cost is used to maintain the stability of the whole power system.
Power generation enterprises are required to bear the system operation cost, or they can
choose to provide ancillary services to help maintain the stability of the system. Due to
unstable output, renewable energy companies usually cannot provide ancillary services, so
they have to bear part of the cost. At present, market rules vary across different provinces,
and the system operation costs are also different. Overall, the system operation costs borne
by the renewable energy enterprises include the apportionment cost of auxiliary services,
the cost of deviation assessment, the “Two Detailed rules” [43] assessment cost, the capacity
apportionment cost, and the cost of demand response apportionment.

The cost-sharing of ancillary services refers to the cost to power plants of providing
basic auxiliary services to the grid. Renewable energy enterprises are required to accept
assessment when they fail to meet the schedule and standards of auxiliary services. Costs
are determined during the appraisal. According to the rules in different provinces, renew-
able power plants are mainly subject to the government’s assessment of power prediction,
automatic voltage control (AVC), automatic generation control (AGC), primary frequency
modulation assessment, equipment automation access, and reactive power compensation
device assessment. Among them, power prediction is assessed through the upload rate,
short-term prediction accuracy, and ultra-short-term prediction accuracy. The AVC system
checks the rate of operation and the qualified rate of regulation. The AGC system checks
the operation rate and the implementation of the power generation plan. The equipment
automation is examined by checking the access to information of each device. The “Two
Detailed Rules” fees are incurred during the scoring and assessment of the power plants
by the Energy Regulatory Administration, which uses an evaluation criteria to optimize
the allocation of electricity resources and ensure the safe, stable, and efficient operation
of the power system. The deviation assessment cost occurs when generation companies’
actual electricity transactions with the power grid are different from the agreed volume
in the contract. Unstable renewable energy power output due to weather conditions is
considered a deviation; a deviation within ±10% from the contract volume is allowed in
some provinces, while some other provinces ignore positive deviation from the agreement
so that renewable energy enterprises do not discard surplus wind and photovoltaic power.
Capacity allocation fees mean that each renewable energy unit should pay compensation
to other generating units that help guarantee reliable generating capacity in the power
system to supply the peak load. The sharing of the demand response cost refers to user
subsidies provided by new energy enterprises to encourage demand.

According to the market conditions in different provinces, specific cost calculation
methods are divided into two types. In provinces where the electric power sector is
government-planed rather than market-oriented, non-market means are used to reduce
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the deviation in the power system; while in provinces where the power sector is market-
oriented, some deviations are adjusted through market means.

4. Tax cost

The taxes paid by renewable energy power companies mainly include value-added
tax, business tax and surcharges, and corporate income tax. A total of 50% of the value-
added tax levied on renewable energy enterprises is refunded immediately as an incentive.
Renewable energy power companies are exempted from income tax for three years, and
then pay half the standard rate of income tax for the subsequent three years. Business
taxes and surcharges mainly include urban construction and maintenance fees, education
surcharges and local education surcharges, with tariff rates differing among the regions
where the energy companies are located [8].

3.3. Modified LCOE Pricing Model for Renewable Energy with PPA

Considering the above factors comprehensively, the following LCOE calculation
models are proposed for renewable energy projects to participate in the electricity market:

LCOE =
I + ∑n

t=0
(Cpro

t +Cmar
t +Ctax

t −TCt)
(1+r)t − VR

(1+i)n

∑n
t=0

Et
(1+r)t

, (2)

In Equation (2), t is the t-th production year, r is the discount rate, I is the investment cost
of the renewable energy power station, Cpro

t is the power station production and operation
cost, Cmar

t is the system operation cost, Ctax
t is the tax cost, TCt is the tax-free cost, VR is the

residual value of the power station, and Et is the annual power generation.
Compared with the standard LCOE model, the modified LCOE model systematically

considers the lifecycle costs of variable renewable energy (VRE) in the market environment
and high share of VRE in power system, especially the system operation cost, as shown
in Figure 4. However, the system operation cost varies due to different market rules.
Furthermore, a capacity market has not been built in China, and the relative mechanism
needs to be improved. Moreover, the deviation assessment is based on the deviation
between the ISO forecast results and the actual generation of the RE power plant. Given
that RE power plants trade based on their own forecast results, this increases the risk of
deviation deficit for RE plants to a certain extent.

Figure 4. Comparisons of the standard LCOE and the modified LCOE model.
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4. Case Study
4.1. Basic Assumptions

A photovoltaic power station with an installed capacity of 20MW is newly built in a
certain area of Northwest China, and the investment payback period and the optimal price
of the PPA of the PV power station are calculated. Make the following assumptions:

1. The power station is located in a province in Northern China (azimuth angle: 0◦,
inclination angle: 30◦). The estimated maximum annual utilization hours of the power
station is 1200 h. Considering that the electricity output of the station will decrease
by 0.3% per year due to equipment aging, the lifetime of the power plant is 25 years,
with a unit investment cost of 2600 CNY/kW.

2. The cost of a photovoltaic power plant throughout its life cycle includes construction
costs, operation and maintenance costs, system operation costs, tax costs, etc. Among
them, fixed assets are depreciated using the average life method, with a depreciation
period of 25 years, and the residual value rate is 5%. According to statistics, the
operation and maintenance costs are expected to rise slightly in the near future, and
then remain generally stable in the long term, and the management costs will be
almost constant after construction [44]. The deviation assessment costs, ancillary
service allocation costs, and demand response allocation costs are calculated by
referring to the data from a similar renewable energy power station in Gansu Province
in 2020. China has not yet opened a capacity market, so capacity allocation costs are
currently not considered. Considering that new energy companies enjoy multiple tax
deductions and preferential policies in China [44], the tax cost accounts for a small
proportion, so it is temporarily not considered in the calculation.

3. The electricity output of the PV power station is sold into two halves. One half is
purchased by the government, according to indemnity plans, while the other 50%
is signed in the PPA in order to sell it on to power purchase companies and other
power purchasers. The setting of the sales price refers to the government-guided
price for renewable photovoltaic power and wind power projects in some provinces
(autonomous regions and municipalities) in 2021. The electricity price for government-
guaranteed purchase is set at 350 CNY/MWh, while power sold in the PPA is set at
327.4 CNY/MWh, with a discount rate set to 8% [45].

4.2. Case Analysis

According to the above basic assumptions, the total cost and total revenue can be
calculated, as shown in Table 1.

Table 1. Cost analysis.

Cost Item (CNY/Year) Year 0 Year 1–5 Year 6–25

Cost of investment 52,000,000 / /

Production and
operation costs

Operation and maintenance costs / 510,000 588,000
Management cost 80,000 90,000 90,000

System operation
costs

Deviation assessment fee / 203,122 203,122
“Two Rules” assessment fee 265,060 265,060

Ancillary services / 502,882 502,882
Demand response cost sharing / 4935 4935

Total cost 52,080,000 1,575,999 1,653,999

The investment payback period of the photovoltaic power station is analyzed by
calculating its total cost, income, and net present value. The data shows that the total
investment can be recovered at the end of the 13th year under the above assumptions, and
the LCOE at this time is 340 CNY/MWh if calculated by the proposed method, as shown
by the orange line in Figure 5 (LCOE 1). As shown by the dotted orange and blue lines in
Figure 5, the total cost of the PV power station for the first 13.6 years is always greater than
the revenue. After 13.6 years, the cumulative revenue is greater than the cumulative cost,
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which indicates that the power station starts to make profits. In order to assess the impact
of system operation costs on the power station, the LCOE that does not consider the system
operation costs is shown by the green line in the Figure 5 (LCOE2). While keeping the
basic assumptions unchanged, a cumulative cost curve that does not include the system
operation costs is added, as shown by the black dotted line in Figure 5. At this point, the
intersection of the cumulative cost curve and the cumulative yield curve moves to the end
of the 10.8th year, on the left, shortening the payback period by 3 years. It can be seen
that system operation costs have a significant impact on the payback period for renewable
energy companies.

Figure 5. Investment payback period and LCOE curve.

5. Discussion
5.1. Correlation Analysis of Price and Other Factors in PPA

From the case study, we can see that construction costs, system operation costs, the
contract length, the contract price, discount rates, the annual output loss rate and other
factors can all influence the operating income of renewable energy enterprises. In order to
identify the key factors for renewable energy companies to determine whether they should
launch their investments, a correlation analysis between the contract price and other factors
was conducted based on equation (2) for the 20MW PV plants. The basic assumptions
remained the same as the case study in Section 4.

Correlation Analysis 1: Investment Cost and PPA Price
According to the conditions in and prospects of China’s photovoltaic industry, the

average cost of constructing a photovoltaic power plant was between 2100–3100 CNY/kW
in 2020, and it is expected to fall to 2100 CNY/kW by 2025. Therefore, the correlation
between the construction cost (2100–3100 CNY/kW), the payback period (9–25 years), and
the PPA price was analyzed, based on equation (2), as shown in Table 2. Assuming that
the state-owned power grid enterprise purchases 50% of the electricity generated by the
photovoltaic power station at a government-guided price for the photovoltaic resource
area II in 2021 (the guiding prices vary from different areas divided by the government),
the remaining 50% of the electricity volume is under a PPA.
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Table 2. Correlation analysis of unit kilowatt construction cost, investment payback period and PPA
price (the result is PPA price).

PPA Price
Payback Period

9 11 13 15 17 19 21 23 25

Construction
cost per kW

2100 305 249 210 182 161 145 132 122 114
2200 335 277 236 207 184 167 154 143 135
2300 365 304 262 231 208 190 176 165 156
2400 395 332 287 255 231 212 198 186 177
2500 425 359 313 279 254 235 220 207 198
2600 455 386 338 304 277 257 241 229 219
2700 486 414 364 328 301 280 263 250 240
2800 516 441 390 352 324 302 285 272 261
2900 546 469 415 376 347 325 307 293 282
3000 576 496 441 401 370 347 329 314 303
3100 606 524 467 425 394 370 351 336 324

As shown in Table 2, if the plant plans to enter into a fixed-term contract, the price of
the PPA contract can be determined with certain construction costs, assuring the enterprise
of a certain amount of profits.

For example, if the construction cost of the plant is 2500 CNY/kW, the total invest-
ment is expected to be recovered within 15 years. The PPA price must be higher than
279 CNY/MWh, so that the funds can be recovered within the expected time. We can also
analyze the trend of the payback period under the given PPA price and construction cost.
For example, at a construction cost of 3000 CNY/kW and a PPA price of 313 CNY/MWh,
the payback period for the plant is 23 years. With PPA prices remaining unchanged, the
payback period falls to 13 years when construction costs fall to 2500 CNY/kW.

Correlation Analysis 2: System Operation Costs, Payback Period, and PPA Price
To generate and consume more clean power in accordance with China’s move to-

wards “carbon peak and carbon neutrality”, the flexible operation of power systems is
critical in transmitting renewable electricity. Therefore, in addition to the investment and
maintenance costs, the system operation costs for renewable energy enterprises must be
considered in the future. Moreover, renewable energy companies may be expected to bear
a larger share of the system costs in the future. The system operation cost of a 20MW
photovoltaic power station in Gansu province was 980,000 CNY in 2020, accounting for
1.88% of the investment cost. Using this data as a reference, and considering a fluctuation
of 50%, the ratio of market participation cost to investment cost was assumed to be between
0.94% and 2.82% (500,000 CNY to 1.5 million CNY per year). Next, the correlation degree
between the system operation costs, the investment payback period, and the PPA price
was analyzed, as shown in Table 3.

Table 3. Analysis of the Correlation between System Operation Costs, Investment Payback Period
and PPA Price.

PPA Price
Payback Period

9 11 13 15 17 19 21 23 25

System
Operation Costs

50 414 345 297 262 236 216 200 187 177
60 423 353 305 270 244 224 208 196 185
70 431 362 314 279 253 232 216 204 194
80 439 370 322 287 261 241 225 212 202
90 447 378 330 295 269 249 233 221 210

100 455 386 338 304 277 257 241 229 219
110 464 395 347 312 286 266 250 237 227
120 472 403 355 320 294 274 258 246 235
130 480 411 363 328 302 282 266 254 244
140 488 419 372 337 311 290 275 262 252
150 497 428 380 345 319 299 283 271 260

As can be seen from Table 3, a 50% fluctuation in the system operation costs leads
to a 9.2% fluctuation in the same direction in the PPA price when the expected payback
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period remains unchanged. Assuming no change occurs in the system operation costs,
the PPA price can be expected to increase by about 15% for every two years of reduced
payback period. It can be seen that in the current electricity market conditions, the system
operation costs have a significant impact on renewable energy enterprises. With further the
improvement of new energy permeability in the future, it is possible that the proportion of
this cost to the investment cost will increase further. At that time, new energy companies
should take more care to consider the impact of the cost on the payback period and PPA
contract price.

Correlation Analysis 3: Annual Utilization Hours, Payback Period and PPA Price
Annual power generation hours directly impact the income of renewable energy

enterprises. In most regions in China, the average annual utilization hours of photovoltaic
power stations surpasses 900 h, while some specific areas see this time reach 1500 h.
Therefore, the correlation analysis of annual utilization hours (900–1500 h), investment
payback period, and PPA price was conducted, as shown in Table 4.

Table 4. Correlation Analysis of Utilization Hours, Payback Period and PPA Price.

PPA Price
Payback Period

9 11 13 15 17 19 21 23 25

Annual
utilization hours

900 716 624 560 514 479 452 431 414 401
960 651 565 505 461 429 403 384 368 355
1020 594 512 456 415 384 360 342 327 315
1080 542 466 412 374 345 322 305 291 279
1140 497 424 374 337 309 288 271 258 248
1200 455 386 338 304 277 257 241 229 219
1260 418 352 307 274 249 229 214 202 193
1320 384 322 278 246 222 204 190 178 169
1380 353 293 252 221 199 181 167 156 148
1440 325 267 228 198 177 160 147 136 128
1500 299 244 205 177 156 140 128 118 110

As can be seen in Table 4, with the expected payback period unchanged, a 6% reduction
in annual utilization of hours leads to an 8%–12% increase in PPA prices. Moreover, the
longer the payback period, the larger the influence of annual utilization hours on the
agreement price. Therefore, the annual utilization hours, the enterprise’s investment
payback period, and PPA prices are all closely associated. The PPA price of new energy
power plants in different regions should be reasonably designed according to the variation
in annual utilization hours due to regional solar resources.

Correlation Analysis 4: Discount Rate, Payback Period, and PPA Price
The discount rate, which reflects the cash flow of enterprises, is a key factor affecting

the survival of enterprises. Assuming that the discount rate ranges from 5.5% to 10.5%, a
correlation analysis was performed.

As shown in Table 5, the impact of the discount rate on the enterprise’s income is
larger than its influence on the cost to the renewable energy companies. It is possible that
the greatest proportion of the total cost takes the form of an initial one-time investment,
which is less affected by the discount rate. However the renewable energy enterprise’s
annual income remains stable, so it is more vulnerable to the effects of the discount rate.
In addition, a 0.5% increase in the discount rate led to a 4% and 12% growth in the PPA
price, respectively, when the payback period was expected to be 9 and 25 years. It can be
concluded that the longer the payback period, the greater the influence of discount rate
on the agreement price. Therefore, the enterprise should recover as much as possible in
the early stage of the project, as the discount rate will bring greater financial pressure over
time.
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Table 5. Correlation Analysis of Discount Rate, Payback Period, and PPA Price.

PPA Price
Payback Period

9 11 13 15 17 19 21 23 25

Discount rate

5.5% 381 311 262 226 198 177 159 145 134
6.0% 396 326 277 241 214 192 175 161 150
6.5% 411 341 292 256 229 208 191 178 167
7.0% 425 356 307 272 245 224 208 195 184
7.5% 440 371 323 288 261 241 224 212 201
8.0% 455 386 338 304 277 257 241 229 219
8.5% 471 402 354 320 294 274 259 246 237
9.0% 486 418 370 336 311 291 276 264 255
9.5% 501 433 386 353 328 309 294 282 273

10.0% 517 449 403 369 345 326 312 301 292
10.5% 533 465 419 386 362 344 330 319 311

Correlation Analysis 5: Proportion of PPA Power, Payback Period, and PPA Price
China’s renewable energy enterprises are still at the initial stages of signing the PPA.

Choosing a proper proportion from the total power generation output to be signed in PPAs
is a significant issue. Different proportions of contracted volume to companies’ total output
were analyzed, assuming that electricity volume not covered in the PPA is purchased by
state-owned grid companies at 350 CNY/MWh.

The results are shown in Table 6. When the price of the PPA is higher than the state-
guaranteed purchase price, the larger the proportion of electricity output signed in the
PPA, the shorter the payback period. Therefore, if power generation enterprises predict
that the market electricity price will fall below the potential price agreed in the PPA, they
should allocate a large proportion of electricity volume to be signed in the agreement, so as
to protect their revenue. Conversely, if power companies expect market prices to rise, they
should allocate more of their electricity generation to the real-time market to obtain higher
yields.

Based on these correlation analyses, we suggest that renewable energy enterprises
should inquire about the minimum contract price in the above forms when the investment
cost is known and the investment payback period is fixed. They can also judge whether
the project is economically feasible through the above analysis of the discounted rate, the
proportion of PPA electricity, and other factors.

Table 6. Analysis of the Relationship between Contract Signing Proportion, Investment Payback
Period and PPA.

PPA Price
Payback Period

9 11 13 15 17 19 21 23 25

Proportion of
PPA Electricity

37.5% 414 345 297 262 236 216 200 187 177
40.0% 423 353 305 270 244 224 208 196 185
42.5% 431 362 314 279 253 232 216 204 194
45.0% 439 370 322 287 261 241 225 212 202
47.5% 447 378 330 295 269 249 233 221 210
50.0% 455 386 338 304 277 257 241 229 219
52.5% 464 395 347 312 286 266 250 237 227
55.0% 472 403 355 320 294 274 258 246 235
57.5% 480 411 363 328 302 282 266 254 244
60.0% 488 419 372 337 311 290 275 262 252
62.5% 497 428 380 345 319 299 283 271 260

5.2. Power Purchase and Sale Contract Price-Sensitivity Analysis of Investment Payback Period

The above analysis is focused on the correlation between the PPA price and the
payback period, but it fails to show the changing trend of influence when the values of
different factors vary. In order to further analyze the impact of changes to various factors
under different contract prices, a sensitivity coefficient (SAF) analysis was introduced [46].
SAF > 0 means that the evaluation object and the uncertainty factor change are in the same
direction. If SAF < 0, then the evaluation object and the uncertainty factor change are in
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the opposite direction. The larger the |SAF|, the more sensitive the evaluation object will
be to the uncertainty factor. The SAF analysis of factors including annual utilization hours,
investment cost, and system operation costs are shown in the figure below.

As shown in Figure 6, as the expected investment payback period increases, the
sensitivity of PPA prices to various parameters grows. For the different expected investment
payback periods, the sensitivity coefficient of the investment cost, the system operation
costs, discount rate, and the proportion of electricity volume signed in the PPA is larger
than 0, which means that these factors are positively correlated with the price of the PPA,
while the number of annual utilization hours is negatively correlated with the PPA price.
Among these factors, investment costs and annual utilization hours have the strongest
impact on the PPA price, while changes in the system operation costs have the weakest
impact on the price. The reason for this may be that the system operation cost accounts
for only 1.88% of the construction cost under current market conditions, which leads to a
much smaller impact on the negotiated price than that of other factors. In addition, there
is a linear relationship between the construction cost, the proportion of electricity agreed
when signing the PPA, the discount rate, the system operation costs, and the price of the
PPA; while the annual utilization hours and the PPA price have a non-linear relationship,
and as the annual utilization hours decrease, the PPA price becomes more sensitive to this
factor.

Figure 6. Sensitivity analysis of investment payback periods for different contract electricity prices.

6. Conclusions

PPA is of great significance to the participation of renewable energy companies in
the power market. The price of the PPA directly affects the operating efficiency of an
enterprise. Therefore, this paper first summarized the typical characteristics and key
elements of the PPA, then analyzed the cost structure for renewable energy power plants
participating in China’s electricity market. Based on the above, a novel LCOE pricing
model that considered the system operation cost in China’s market-government dual-track
environment for renewable energy power plants was constructed. Next, a PV power plant
in Northwest China was selected as a case study. Furthermore, the factors affecting the
price of PPA contracts were analyzed for correlation and sensitivity. The conclusions drawn
were as follows:
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1. Against the background of large-scale renewable energy participation in the electricity
market, renewable energy power plants can no longer rely on government subsidies.
By signing the PPA, companies and large users can avoid market risks and create
stable profits to companies;

2. Renewable energy enterprises should consider not only the CAPEX, general OPEX
and tax, but also the allocation of system operation costs in the current dual-track
power market environment in China, such as the cost allocation of management and
auxiliary services;

3. After considering the allocation of system operating costs, the payback period for the
PV power plant changes from 10.8 years to 13.6 years if the other assumptions are
maintained;

4. Affected by factors such as technological progress and policy changes in the renewable
energy industry, the price of renewable energy components is expected to drop
significantly in the future, and the initial investment and operation and maintenance
costs will be further reduced, which will help to promote the further reduction of the
cost of renewable energy leveling;

5. The results of the correlation analysis and sensitivity analysis show that the invest-
ment cost and annual utilization hours of renewable energy power plants have a
significant impact on companies’ investment payback period, suggesting that against
the background of the current technical level and development of the electricity
market, renewable energy companies still need to prioritize investment costs and
geographic location when building renewable energy power stations.
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