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Along with China’s rapid advancement of electricity market reform, market-oriented
policies in promoting renewable energy development and accommodation are
foreseeing. Assessing the economics of renewable energy under electricity marketization
is an important issue worthy of study. In this paper, we firstly employ merit order method
to establish an electricity market clearing model of the electricity trading by modeling 48
hypothetical scenarios. Then we simulate the market clearing prices at 15-min intervals
to discuss the economics of renewable energy in a benchmark feed-in tariff (FIT) scenario
and a market-oriented scenario with the historical data of Guangdong, China. Further, the
study exams the economic interrelationship between the outputs of wind and solar power
in different load scenarios. The results demonstrate that the consumption of renewable
energy is greatly improved in the market-oriented situation. However, in this scenario,
renewable energy generation is unprofitable and uneconomic compared with in the
benchmark FIT scenario. In the high-load scenarios, the changes in wind power output
have a negative impact on the economics of solar power, while the mixed effects exist
in the low-load scenarios. Based on these findings, conclusions and policy implications
are drawn at the end of the paper.

Keywords: renewable energy, marketization, clearing price, LCOE, economic analysis

INTRODUCTION

As an alternative to mitigating climate change, developing renewable energy has become
a general consensus all over the world (Liu W. et al, 2019). Developing renewable
energy sector and upgrading energy structure have strategically important role in Chinas
commitments against climate changes (Ji and Zhang, 2019). The ambitious development
plan of renewable energy and significant progress have been achieved in recent years in
China. With the large-scale expansion of renewable energy, the cost of renewable energy
has dropped considerably. China is accelerating the reform of electricity market which was
started in Guangdong Province as a crucial pilot. Government plays a large role in facilitating
progress in developing renewable energy (Jia et al., 2019; Wang et al., 2020). In the electricity
market situation, units with low marginal cost are dominant in the bidding process. It is
conducive to promote the accommodation of renewable energy and alleviate the curtailment
of wind and solar power. In addition, there emerges a new opportunity for the evolution of
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renewable energy and it is possible to achieve the transition from
a benchmark feed-in tariff (FIT) mechanism to a market-oriented
one in the future. Thus, it is of great practical significance to
assess the economics of renewable energy in China under the
electricity market situation.

In March 2015, the Chinese Communist Party Central
Committee and the State Council jointly issued “Document
No. 9 - Opinions on Further Deepening the Reform of the
Power System” (Zeng et al., 2016). In the following years,
a series of companion documents were issued by relevant
central government agencies to flesh out an action plan of the
reform. Provincial governments developed implementation plans
according to the central policy. Eight provinces have moved
into pilot runs of wholesale spot markets (Yu, 2020). Because
of regional disparity and convergence of electricity consumption
in China (Cheong et al, 2019), generation scheduling and
dispatch rules have been revised to better incorporate renewable
generators into electricity markets. Previous researches have
studied Chinese electricity reform from different perspectives.
The first perspective is a comprehensive review of Chinese
electricity reform. Wang and Chen (Wang and Chen, 2012)
discussed China’s electricity market-oriented reform from an
absolute to a relative monopoly perspective. Ngan (2010)
analyzed the three main stages of Chinas reform in order to
trace out the main characteristics of reform measures including
those for power investment financing, separation of government
and enterprise, and the division between power generation firms
and power grids. In addition, poor renewable energy integration
is posing a huge challenge to China’s electricity sector. Zhang
et al. (2018) examined the extent to which China’s power sector
reforms will assist renewable energy integration, and issues to
effective implementation. The policy suggestions to promote
the integration of renewable energy in the power market were
concluded. The second is the specific study of typical provinces.
Liu S. et al. (2019) analyzed the progress of Yunnan electric
power market reform, resource allocation and renewable energy
integration. The main contributions of this paper lie in the
extension of the existing understanding of electricity reforms
in Yunnan and China. Cheng (2018) reviewed four elements in
the reformed market architecture including market pricing rules,
transitional quantity controls, the generation rights market, and
inter-provincial trade in Yunnan and concluded on six insights
regarding the role of the grid operator, security checks on trade,
integration of cascade hydropower, the inclusion of renewables
in the generation rights market, price controls, and market
participant price uncertainty. In general, market is playing an
increasingly significant role in China’s electricity industry.

With respect to the economic evaluation of renewable energy,
it is generally analyzed and presented in three related indicators:
the per watt capital cost of renewable energy modules (typically
expressed as CNY/W), the levelized cost of electricity (LCOE)
(typically expressed as CNY/kWh), and the concept of “grid
parity” (Bazilian et al., 2013). The indicator of per watt capital
cost has the disadvantages that module costs do not translate
automatically into full installed system costs. While LCOE is a
popular metric which is widely used as a metric to rank the
competitiveness of power generation technologies (Limmanee

et al., 2017; Tran and Smith, 2018; Sarasa-Maestro et al., 2019).
Many literatures have studied the application of traditional LCOE
calculation methods. Firstly, some of them aim to evaluate the
LCOE of specific energy technologies and analyze the factors
affecting the cost of renewable energy. For example, Mulligan
et al. (2015) provided the first commercial-scale LCOE estimates
for organic photovoltaics (OPVs) by integrating OPV-specific
measured and calculated data into the estimates. Abdelhady et al.
(2018) attempted to estimate the energy production and LCOE
of biomass power plant fed with rice straw in Egypt. Lerch
et al. (2018) performed a sensitivity analysis on the LCOE for
floating offshore wind farms to obtain maximum and minimum
LCOE variation limits and possible cost reduction potentials.
Secondly, some of them apply LCOE to compare projects. Zang
et al. (2018) provided a techno-economic comparative analysis
of biomass integrated gasification combined cycles with and
without CO, capture through LCOE evaluation. Luo et al.
(2017) discussed sensitivity factors of LCOE to capture the
impacts of solar multiple on the performance of direct steam
generation solar power tower plant with integrated thermal
storage. Thirdly, some studies extend the calculation method of
LCOE or revise the traditional LCOE calculation approach. Said
et al. (2015) presented improved modeling and analysis of the
LCOE associated with photovoltaic (PV) power plants in Egypt.
The presented model considers the effective lifetime of various
PV technologies rather than the usual use of the financial lifetime
and the result show that the effective lifetime has a significant
impact on the LCOE. Bruck et al. (2018) developed a new cost
model to evaluate the LCOE from a wind power source under a
Power Purchase Agreement (PPA) contract. The developed cost
model can be used as a basis for setting appropriate PPA terms,
such as a price schedule and performance metrics. Ling-zhi et al.
(2018) developed a new revised LCOE mathematical model based
on NPV and discounted cash flows techniques, and analyzes
the cost-benefit evolution of concentrated solar power (CSP)
technologies by taking the CSP industry of China as an example.
Aldersey-williams et al. (2019) developed a new approach and
methodology, which uses the United Kingdom (UK) “audited”
data published in company accounts, to determine more accurate
LCOE estimates. Geissmann (2017) set forth a novel approach
to calculate the LCOE using a probabilistic model that accounts
for endogenous input parameters. Branker et al. (2011) reviewed
the methodology of properly calculating the LCOE for solar PV,
correcting the misconceptions made in the assumptions found
throughout the literature.

Furthermore, the concept of “grid parity” has emerged as
a key competitiveness indicator to evaluate the economics
of renewable energy. It refers to the price intersection of
renewable and conventional electricity. For example, Bhandari
and Stadler (2009) computed the LCOE of a PV power
generation system in Germany and compares them to the
respective local electricity prices, which gave a suggestion that
grid parity will be reached between 2013 and 2014. Li et al.
(2016) explored the LCOE of wind, PV and coal power on
the utility’s transmission and distribution grids. Finding that
wind power is approaching the utility cost in 2020 and achieves
the grid parity in provinces with favorable wind resources and
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unfavorable coal electricity costs. Distributed PV stations can
reach the grid parity on the retail level for business or even
industrial consumers.

In the existing literature, scholars have presented various
methods to provide economic analysis for renewable energy.
However, the dynamics of economic analysis of renewable
energy in market conditions are complex. Most of the literature
either examine the economic analysis through the indicator of
LCOE on renewable energy, or compare the LCOEs with static
local electricity prices to verify the grid parity. Few examples
assess the economics of renewable energy between LCOEs and
dynamic market clearing prices in a market situation, especially
in China. Thus, our goal is to fill this gap. In this paper,
the economics of renewable energy is done by comparing the
calculation result - the LCOE - with the market clearing
price under the electricity marketization background. As one of
the first pilot province in the retail electricity market reform
process, Guangdong is also one of the developed provinces
in China. Therefore, this paper selects Guangdong Province
as the case. To the best of our knowledge, this is the first
paper to systematically compare the LCOE of renewable energy
with market clearing price under the electricity marketization
background in Guangdong Province, China. The contributions
of this paper are 2-fold. Firstly, the paper not only clearly
calculates the LCOEs of renewable energy in Guangdong but
also reveals the simulation process of market clearing prices
at 15-min intervals through merit order method and the
unit commitment constraints. Secondly, the paper studies the
economic interrelationship between wind and solar power in
different load conditions. The models proposed in this paper
can provide a reference for scholars to study the economics
of the renewable energy in the electricity marketization
framework. Furthermore, it is conducive to facilitating an
understanding of the renewable energy powers long-term
sustainable development pattern under free market conditions
in the future, and helping to provide references for policy-
making institutions.

The paper is organized as follows. Section Methodology
introduces the Methodology. Section Economic assessment of
renewable energy generation: the case of Guangdong Province
in China presents the economic calculation of renewable energy
generation in Guangdong. The discussion is presented in
section Discussion. Section Conclusions and Policy Implications
presents the study’s conclusions and policy implications.

METHODOLOGY

Generating Unit Commitment Model

The ideal power market is dispatched by the method of merit
order according to the principle of increasing marginal cost of
the power system. In the idealized situation, the clearing result
of the power system at a moment must be able to minimize
the marginal cost of the system. Therefore, in this paper, the
minimum marginal cost of the power system during the study
period is taken as the objective function of the unit commitment

in the market-oriented situation, which is written as follows:

obj = miny "> (OCy + SUCy + SDCy) (1)
t i

where OCj; is operating cost of unit i at time ¢, SUCj; is start-up
cost, and SDCj; is shutdown cost.

In the process of electric power dispatching, a series of
constraint conditions require to be considered, mainly including
power balance constraints, operational standby requirements,
unit maximum and minimum output constraints, climbing
constraints, start and stop constraints (Geng et al., 2009; Qiuna
etal., 2012; Lu et al., 2019).

Power balance constraint:

> Pu=Di+L Vt ()

1

where Pj; is the power supply of unit i at time ¢, D, is system load
and Ly is line loss at time t.
Operational standby requirement:

D Ri =RVt (3)
i

where R;; is operating reserve of unit i at time ¢, R; is minimum
operational standby requirements at time f.
Unit maximum and minimum output constraint:

Piujy < Piy + Riy < Piuy
1, on,,. (4)
Ujyp = {0 , oﬁVl’t

where P; is the minimum power supply, P; is the maximum
power supply, uj; is running state of unit i at time ¢.
Climbing constraint:

Ritgun < Pice1) = Pir < RLpVi,t (5)
where Rfilawn is the downbhill climbing constraint of unit i, RLP is

the upward climbing constraint of unit i.
Start and stop constraint:

(Atffn — Ath)wir — “i(t+1)) >0

o Vit (©)
Atyy — At (i) — i | = 0

where At is cumulative start-up time, and A#".. is cumulative
on p off

shutdown duration of unit i as of time t. At is minimum
start-up duration, At} y is minimum shutdown duration of unit i.

Economic Assessment Model

LCOE is a common metric for comparing power generating
technologies, which measures the economic lifetime electric
production and cost. This metric allows comparing the
generation costs of conventional plants with variable renewable
sources like wind and solar PV, despite their different cost
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structures (Ueckerdt et al., 2013). The method used to evaluate
the economic analysis of renewable energy is to calculate the net
economic value of unit electric energy provided by the generation
resources through the difference between the average electricity
price and LCOE, which is shown in Equation (7).

NV =P — LCOE 7
__ A(CAPEX)+A(OM)+A(F)+A(T)
LCOE = o

where, NV is the net value of unit electric energy. P is
the annual average electricity price, which is the annual
average market clearing price. A(CAPEX) is the annual levelized
capital expenditure, A(OM) is the annual value of operating
maintenance costs, A(F) is the annual value of fuel costs, A(T)
is the annual value of tax, and A(E) is the expected annual value
of on-grid electricity.

ECONOMIC ASSESSMENT OF
RENEWABLE ENERGY GENERATION: THE
CASE OF GUANGDONG PROVINCE IN
CHINA

As one of the first pilot province in the retail
electricity market reform process, Guangdong is also
one of the developed provinces in China. Therefore,

this paper selects Guangdong Province as the case and
economically assesses the renewable energy in Benchmark
pricing scenario and market-oriented scenario.

Benchmark FIT Scenario

In the case of benchmark FIT scenario, 100 MW wind power
units and 50 MW solar power units in Guangdong are taken as
the sample!. Since the marginal cost of wind and solar power
is negligible, its marginal contribution is approximately equal
to its benchmark FIT. In this paper, we prioritize the dispatch
of renewable energy and fulfill the remaining load with coal
power by adjusting its output level. Based on the data of 2017,
the economic values of wind and solar power in Guangdong
Province are calculated under benchmark FIT scenario, as shown
in Table 1°.

As can be seen in Table 1, no significant differences were
found between wind power and solar power for the indicators of
initial investment, the number of employees, and materials and
other costs. The difference in occupied area per unit capacity,
which has a significant impact on the value of tax, between the
wind and solar groups was significant. Annual full utilization
hours also has a significant impact on the value of on-grid
electricity. As a result, the LCOE of solar power is 0.31 CNY/kWh
higher than that of wind power. Therefore, the net value of
unit energy created by wind power and solar power in the
benchmark FIT scenario is positive, and the economic value of
wind power is 0.06 CNY/kWh higher than that of solar power.

'The 100 MW wind power units and 50 MW solar power units are mainstreams of
renewable energy installation in Guangdong Province.

?Detailed calculation data are provided upon request. This is true for all results
presented in this paper.

TABLE 1 | Parameters setting and LCOEs for wind and solar power generation.

Resource types Wind power Solar power
Initial investment (CNY/kW) 6,825 7,000
Annual full utilization hours (hour) 1,900 1,050
Occupied area per unit capacity 50,000 28,000
(M2/MW)

Number of employees (capita) 12 10
Materials and other costs (CNY/kWh) 0.02 0.01
Benchmark FIT (CNY/kWh) 0.60 0.85
LCOE (CNY/KWh) 0.48 0.79

Net value of unit energy (CNY/kWh) 0.12 0.06

The economics of wind power and solar power generation are
positively significant under the support of benchmark FIT.

Market-Oriented Scenario
Overview of Power Generation Capacity in
Guangdong
Based on the National Electric Power Industry Statistics
Express[R] (2017), Renewable Energy Data Sheet[R]
(2017), and partial actual survey data of Guangdong, the
installed power capacity of Guangdong Province is shown in
Appendix Table A1. Including indicators of integrated auxiliary
power rate, maximum load rate and maximum power supply.
In addition, the minimum technical output of coal-fired power
units needs to be considered according to the type and scale of
the single unit, which is listed separately in Appendix Table A2.
The surrounding provinces of Guangdong are rich in
hydropower resources, from which Guangdong will imports a
large amount of hydropower. Based on the statistics of China
Southern Power Grid, inter-provincial transaction hydropower
accounted for 24.53% of the whole electricity consumption
in Guangdong Province at the end of the “Twelfth Five-Year
Plan” period. Therefore, the impact of external hydropower
is considered in the output model of this paper. We assume
that the external hydropower import is flexible and can be
adjusted according to the power load of Guangdong Province.
That is, increasing the import output at the peak of electricity
consumption and reducing the import output at the valley of
power consumption. Due to the principle of increasing marginal
cost and uniform clearing price rules, the electricity price changes
with the load in the market-oriented situation.

Market Rules in Guangdong Province

According to the Interim measures for the preparation of priority
electricity purchase plans for priority Generation issued by the
State Development and Reform Commission, and combined
with the actual situation in Guangdong Province, the dispatch
order of priority generators is as follows: 1. Wind, solar, and
biomass power generation. 2. External hydropower. 3. Runoff
hydropower. 4. Nuclear power. 5. Comprehensive utilization
unit. Since there is no mandatory requirement for people’s
livelihood heating in Guangdong Province, cogeneration is
dispatched with the principle of increasing short-term marginal
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FIGURE 1 | Simulation curve of wind typical daily output of Guangdong in 2017.
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cost along with conventional coal-fired power, pumped-storage
power generation and natural gas power generation. In addition,
the FIT is determined by the uniform clearing price, which
is derived from the cost of the marginal generator unit that
meets Guangdong’s power demand in the market-oriented power
system. If the electricity market has already been cleared in a
priority generator unit, the unit quoted price with the lowest
marginal cost of participation in market bidding is the current
clearing price.

Wind and Solar Power Output Characteristics

Based on the historical data of wind power output surveyed in
Guangdong Province, the wind power output characteristics are
divided into four categories: strong breeze day, moderate breeze
day, light breeze day and windless day. The simulation curve of
wind typical daily output of Guangdong in 2017 is presented in
Figure 1. It can be found that the variations and uncertainties
occurred in intermittent wind power generation. Specifically,
daily wind output ranges from 2013 to 3,168 MW in strong breeze
day, from 573 to 2,686 MW in moderate breeze day and from 0
to 12,05 MW in light breeze day.

Solar power generation is significantly correlated with seasons
and light intensity. Referring to the output data of roof
photovoltaic in Guangdong, it is found that the output curve
of solar power is roughly the shape of a downward parabola,
and reaches the peak of 1 day at about 12:30. The output time
in summer is about at 5: 00-20: 00, spring and autumn at 6:

00-19: 00, winter at 7: 00-18: 00. Combined with the annual
photovoltaic power generation of 13,147 MWh (Su et al., 2013)
and the solar power generation of 2 million MWh in Guangdong
province in 2017, the real-time output curves of solar power
generation in different seasons of Guangdong Province in 2017
are simulated (Figure 2). The maximum output of solar power
will reach 1,643 MW in summer, 1,170 MW in spring and
autumn, and 637 MW in winter.

Furthermore, the proportion of light days and no light days is
also an important factor in solar power generation. According to
Figure 2, there are 15h of light a day in summer, 13 h in spring
and autumn, and 11h in winter. Combined with the annual
solar irradiation time of 2,200h in Guangdong Province, the
annual light days of Guangdong Province is about 160.98 days.
Hence, the proportion of light days and no light days in 1 year in
Guangdong Province is about 160.98: 204.02.

Generating Unit Commitment Constraint in
Guangdong

Considering the data availability and the low level of renewable
energy penetration in Guangdong Province, the marketization
situation has little effect on the climbing and start-stop of
the units. Therefore, to simplify, this paper does not consider
the climbing and start-stop constraints and its related costs.
Operating cost is the main factor in calculating the marginal
cost of the coal-fired power unit. Since the fuel cost accounts
for a dominant proportion in the operating cost of the coal-fired
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power unit, the unit’s marginal cost is simply replaced by the
unit’s fuel supply cost.

The line loss rate of Guangdong Power Grid Enterprise was
3.25% in 2016°. In the market simulation, the power load should
be converted into power supply load according to this ratio, and
then generator sets are dispatched in combination with power
system operation standby requirements. In consideration of the
large scale power system of Guangdong, the operating reserve
is considered as 5% of the maximum daily power supply load.
The maximum power generation resources are determined by
the installed capacity, the maximum load rate, and the integrated
auxiliary power rate. The minimum power generation mainly
considers the minimum technical output of power units, which
is assumed to be 45% of installed capacity for the conventional
coal power unit and the comprehensive utilization unit, and 50%
of installed capacity for the cogeneration unit.

The power balance constraint is based on the 2017 actual
electricity load data of Guangdong®. The electricity load data on
January 28, October 23 and August 9 represent the electricity
demand situation in winter weekends, spring and autumn
weekdays, and summer weekdays in Guangdong, respectively®.
According to the electricity load data on October 22 and 25,

3Data Sources: National Electricity Price Supervision Report[R] (2016).

4Data sources: China Southern Power Grid.

SThere is no seasonal difference between spring and autumn seasons in
Guangdong. In addition, the electricity load and consumption of the spring and

the corresponding daily electricity consumption in Guangdong is
calculated, and the conclusion that the weekends’ electricity load
in Guangdong is about 0.88 times of the weekdays’ electricity load
is obtained. Thus, the above typical daily load curves are extended
to six situations presented in Figure 3: (a) weekdays in winter,
(b) weekends in winter, (c) weekdays in spring and autumn, (d)
weekends in spring and autumn, (e) weekdays in summer, (f)
weekends in summer.

It can be seen from Figure3 that the typical daily load
curve in Guangdong is roughly the trend of “three peaks and
three valleys.” According to the criteria for the four seasons of
Guangdong and ratio of working days to weekends at 5:2, the
annual sustained load curve of Guangdong Province is obtained,
as shown in Figure 4. It can be seen that the duration of the load
of 103,092 MW is only 32.59 h, and the duration of the load that
no < 17,955 MW is 8,760 h.

In addition, considering the typical daily load curve, the
annual electricity consumption in Guangdong Province is
calculated to be 595 billion kWh, which is very close to the actual
electricity consumption (595.9 billion kWh) in 2017°. It is further
verified the rationality of the selected typical daily load curve and
the relative simulation hypothesis.

autumn are basically similar according to the statistics. Therefore, seasonal factors
are divided into three categories: spring and autumn, summer, winter.
Data Sources: National Electric Power Industry Statistics Express (2017).
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Power Supply Curve in Guangdong Province

Under the principle of marginal cost increment, the key to
simulate the power supply curve in Guangdong is to dispatch
the units participating in the market bidding according to
the marginal cost. The marginal cost of the coal-fired power
supply is determined by coal consumption and coal price.
Additionally, the coal consumption of power supply is related
to the output of the units. According to the “Guangdong Power
Grid Coal Consumption Online Monitoring System Monthly
Report (January 2017),” the coal consumption of coal-fired
power plants at 80% and 90% load rate is presented, and the
power supply of coal-fired power units in Guangdong under
various load rates is calculated. In 2017, the coal price index
in Guangdong Province ranges from 600.26 to 641.20 CNY/t,
which is equivalent to 841.00-898.35 CNY/t of standard coal.
According to the maximum and minimum coal-fired price in
2017, the high and low coal prices are set, and the coal-fired
power generation in Guangdong is used to calculate the marginal
power supply cost of the coal-fired power units in Guangdong
under various load rates, which are shown in Table A3.

7National Development and Reform Commission Price Monitoring Center: http://
jgjc.ndrc.gov.cn/zgdmjgzs.aspx?clmld=syjgzs6

100000 —
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FIGURE 4 | Annual sustained load curve of Guangdong.

Since September 1, 2017, the gas price of Guangdong Natural
Gas Pipeline Company has been cut to 2.32 CNY/m?>. Assuming
that one unit (1 m®) natural gas will generate 5.18 kWh
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FIGURE 5 | Guangdong power supply curve and clearing electricity price in STW1WD2L1 scenario.
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electricity, combined with the natural gas power generation
comprehensive auxiliary power consumption rate of 2.02%,
and the marginal cost of natural gas power supply is about
457.11 CNY/MWh.

In ideal circumstances, it is assumed that the pumped storage
power station will obtain relevant information about electricity
price in a timely and accurate manner, and accordingly make
pumping or power generation decisions. So as to minimize
the pumping cost and increase the economic benefits of
power generation.

According to the market rules described in 3.2.2, wind and
solar power output characteristics, the marginal cost above-
mentioned resources, and combined with the typical daily load
curve of Guangdong Province, the power generation resources
of Guangdong are simulated in Figure5. For the sake of
simplicity, the season uses S1, S2, S3 instead of summer,
spring and autumn, and winter, respectively. Weekdays and
weekends are represented by W1 and W2, respectively. WDO,
WDI1, WD2, and WD3, respectively indicate windless day,
light breeze day, moderate breeze day, and strong breeze day.

L0 and L1, respectively indicate no light day and light day.
We use short-term simulation at 15-min intervals as market
clearing results. The power supply curve was obtained in 48
cases of a random combination of the above factors. Figure 5
shows the power supply curve and the clearing electricity
price in the case of SIWIWD2L1, and the others are available
on request.

In Figure 5, the dispatch order of resource power supply is
shown in bottom-up order. Specifically, the order of dispatch is
wind power, solar power, biomass power, external hydropower,
runoff hydropower, nuclear power and comprehensive utilization
of coal power. The generation resources with lower dispatch
order are coal generating units with high marginal cost of
power supply, pumped storage generation and natural gas
power generation. It can be found that due to the high-
load in summer weekdays, the natural gas power generation
unit is the clearing unit in most cases, the pumped-storage
power generation unit in several cases, and the coal-fired
power generation price only a few times. In other seasons,
the price of coal-fired power plants is mainly cleared, but
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the electricity price of pumped storage power is cleared in a
few cases.

Interestingly, when the natural gas power generation unit
is used as the marginal clearing unit, the electricity price
curves in the cases of high and low coal prices are coincident.
Indicating that the coal price only affects clearing price
when coal-fired power and pumped-storage power generation
as marginal clearing units. While it will not affect the
clearing price when natural gas power generation as marginal
clearing units. A possible explanation lies in the fact, that
the pumped-storage power station pumps water at the valley
price of electricity and generate electricity at a rate of
3/4. While the valley price of electricity is mostly cleared
in coal-fired power generation. Hence, the marginal cost
of pumped storage power supply will be affected by the
coal price.

Economic Analysis of RE Power

Generation in Guangdong

According to the simulation results of the power market in
Guangdong Province, the daily return of wind and solar power
in Guangdong under 48 scenarios are obtained, and shown
in Table 2.

Generally speaking, the market clearing price is determined
by the coal-fired power units in most cases and determined by
pumped storage and gas power in a few cases. It can be seen from
Table 2 that the coal price affects the income level of wind and
solar power. In the scenario of high coal price, the return of wind
power and solar power generation is generally higher than that of
low coal price. Reasons for the different effects lie in the different
power supply marginal cost of the coal-fired power units which
significantly affected by coal prices.

There is an interaction between wind and solar power, and the
interaction will change with the load variation. In summer, for
the scenarios of S1L1, the higher output level of wind power is,
the higher profits it will earn. This is because of the low level of
renewable energy penetration in Guangdong, renewable energy
generation revenue is positively related to its output. In short, the
higher output level of wind power is, the higher income it will get,
and vice versa. While the income level of solar power generation
decreases with the increase of wind power output. This is due
to the increase in wind power output, which will lead the power
system to use lower marginal cost generators as clearing units,
thus decreasing the clearing price. Hence, in the case of a certain
solar power generation, the market income of solar power will
decrease. For the scenarios of SIWD3, SIWD2, and SIWD1,
wind power has a higher income in the case of no light day than
light day. That is the decline in solar power output will cause a
higher clearing price. Hence, in the case of a certain wind power
generation, the market income of wind power is increased.

However, the above conclusions may not be concluded in
spring, autumn, and winter scenarios, where the load is relatively
low. For example, in S3W2L1 scenarios, the income level of solar
power generation decreases with the reduction of wind power
output. In SSW2WD3 scenarios, wind power has a higher income
in the case of light day than no light day. This is due to the

TABLE 2 | Typical daily return of wind and solar power generation under the
market condition in Guangdong Unit: 10,000 CNY/day.

Resource types Low coal price High coal price

Wind Solar Wind Solar
STW1WD3L1 2,149.42 659.49 2,218.75 670.51
S1W1WD2L1 1,424.50 676.69 1,466.47 686.74
STW1WD1LA 328.45 683.64 333.88 691.60
STWIWDOL1 0.00 689.17 0.00 696.25
STW1WDS3LO 2,204.67 0.00 2,265.25 0.00
S1W1WD2L0 1,438.47 0.00 1476.35 0.00
S1W1WD1LO 333.61 0.00 338.74 0.00
STW1WDOLO 0.00 0.00 0.00 0.00
STW2WD3L1 1,721.15 492.47 1,838.54 526.06
S1W2wD2L1 1,072.41 493.08 1,145.55 526.71
S1W2WD1LA1 235.57 499.22 251.64 533.27
STW2WDOL 1 0.00 515.62 0.00 550.79
STW2WD3LO 1,757.91 0.00 1,877.81 0.00
S1W2WD2L0 1,088.36 0.00 1,162.59 0.00
S1W2WD1LO 240.72 0.00 255.73 0.00
STW2WDOLO 0.00 0.00 0.00 0.00
S2W1WD3L1 1,634.29 277.59 1,745.76 296.52
S2W1WD2L1 1,048.84 287.72 1,120.38 307.34
S2W1WD1LA1 221.50 278.00 236.60 296.96
S2W1WDOL1 0.00 283.78 0.00 303.13
S2W1WD3LO 1,683.70 0.00 1,798.54 0.00
S2W1WD2L0 1,048.20 0.00 1,119.69 0.00
S2W1WD1LO 221.13 0.00 236.21 0.00
S2W1WDOLO 0.00 0.00 0.00 0.00
S2W2WD3L1 1,630.46 282.73 1,741.66 302.01
S2W2WD2L1 1,059.61 283.51 1,131.88 302.85
S2W2WD1LA1 220.16 277.63 235.17 296.57
S2W2WDOL 1 0.00 276.68 0.00 295.55
S2W2WD3LO 1,640.74 0.00 1,752.64 0.00
S2W2WD2L1 1,051.18 0.00 1,122.87 0.00
S2W2WD1L1 222.10 0.00 237.24 0.00
S2W2WDOL 1 0.00 0.00 0.00 0.00
S3W1WD3L1 1,509.28 117.74 1,612.22 125.77
S3W1WD2L1 958.49 117.77 1,023.87 125.81
S3W1WD1LA1 207.19 117.62 221.33 125.65
S3W1WDOL1 0.00 122.70 0.00 131.07
S3W1WD3LO 1,612.08 0.00 1,615.21 0.00
S3W1WD2L0 963.61 0.00 1,029.33 0.00
S3W1WD1LO 209.27 0.00 223.54 0.00
S3W1WDOLO 0.00 0.00 0.00 0.00
S3W2WD3L1 1,495.83 121.11 1,697.86 129.37
S3W2WD2L1 968.51 118.97 1,034.57 127.08
S3W2WD1L1 200.71 118.95 214.39 127.06
S3W2WDOL 1 0.00 115.95 0.00 123.86
S3W2WD3LO 1,476.01 0.00 1,676.68 0.00
S3W2WD2L0 955.90 0.00 1,021.10 0.00
S3W2WD1L0 203.17 0.00 217.02 0.00
S3W2WDOLO 0.00 0.00 0.00 0.00

For the sake of simplicity, the season uses S1, S2, S3 instead of summer, spring and
autumn, and winter, respectively. Weekdays and weekends are represented by W1 and
W2, respectively. WDO, WD1, WD2, and WD3, respectively, indicate windless day, light
breeze day, moderate breeze day, and strong breeze day. L0 and L1, respectively, indicate
no light day and light day. For example, STW1WDSL1 is weekday with strong breeze
and light in summer, S2W2WD2L1 is weekend with moderate breeze and light in spring
and autumn.

Frontiers in Energy Research | www.frontiersin.org

June 2020 | Volume 8 | Article 98


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Liu et al.

Economic Analysis of Renewable Energy

TABLE 3 | Economic value of wind and solar power generation in guangdong
province under the market condition.

TABLE 4 | Economic value of wind and solar power generation when the
electricity load increased 10% in Guangdong Province under the market condition.

Economic indicators Low coal price High coal price

Economic indicators Low coal price High coal price

Wind Solar Wind Solar Wind Solar Wind Solar
Annual average 0.32 0.35 0.33 0.36 Annual average 0.42 0.63 0.44 0.64
electricity price electricity price
(CNY/KWh) (CNY/KWh)
Net value of unit energy —-0.16 —0.44 —-0.15 —0.43 Net value of unit energy —0.06 -0.16 —0.04 -0.15
(CNY/KWh) (CNY/KWh)

fact that coal-electricity are generally used as marginal clearing
units in the power system during the period of low-load scenario.
The reduction of wind power output will increase the load rate
of coal-fired power units. As a result, the coal consumption
and the marginal power supply cost of coal-fired power units
are reduced, leading to the reduction of clearing price. Further,
the market revenue of solar power generation (or wind power
generation) decreased, resulting in its economic deterioration.
Therefore, the economic benefits of wind power (or solar power)
is dependent on the combined effect of load and wind power (or
solar power) output.

In order to better show the economics of wind and solar
power between the high and low coal prices, we calculate the
economic value of wind and solar power generation based on
the economic analysis of resource power generation under the
market condition and the simulation results of the power market
in Guangdong, as shown in Table 3.

As can be seen from Table 3, the annual average electricity
price of solar power is higher than that of wind power. This
is due to the positive correlation between solar power output
and load, while the random output of wind power. In the case
of light day, the peak of solar power output corresponds to
the peak of the load, and the price of electricity is also at its
peak. While the output of wind power is uncertain, and even
in most cases the output is low. Therefore, the annual average
electricity price of solar power is slightly higher than that of wind
power. However, since the LCOE of solar power is significantly
higher than wind power, under market-oriented condition, the
net economic value of unit wind power is higher than that of
solar power.

Table 3 also shows that the net value of unit energy of
wind and solar power are both negative in the market-oriented
scenario. Even if the wind and solar power are all consumed in
priority dispatching, they are still uneconomic. Because in most
cases, the clearing unit is coal-fired, and occasionally it is gas, in
which the cost of wind and solar power are much higher than
the clearing price. Indicating that the market benefits of wind
and solar power generation are not enough to make up for their
fixed costs. However, the utilization level of low marginal cost
units has been greatly improved due to the economic dispatching
principle adopted in the market-oriented scenario, in which the
wind and solar curtailment can be eliminated approximately.
According to the comparison between Tables 1, 3, in the market-
oriented scenario, the net value of unit energy of wind and

solar power is obviously lower than that of the benchmark
FIT scenario. With the advancement of retreat subsidy policy,
the cost of renewable energy has dropped significantly, the
wind and solar power present good economic result under
the benchmark FIT scenario. Therefore, to ensure the better
economics of renewable energy in the market-oriented scenario,
it is essential to adjust policies and measures to promote the
survival and development of renewable energy in the context
of electricity market reform. One of alternative policy selection
for China is to change from FIT to feed-in premium (FIP)
gradually. In addition, there is a 0.01 CNY/ kWh difference
in the net economic value of unit energy between the cases
of high and low coal prices, indicating that the coal price
level has a positive impact on the market returns of wind and
solar power.

DISCUSSION

The Impact of Load Growth on the
Economics of Renewable Energy

Generation

With the economic growth of Guangdong Province, its power
load will increase significantly. Based on this, this section carries
out the following counterfactual simulation: assuming that the
electricity load in Guangdong Province increased 10%, while
the power installed capacity, wind and solar resources status
and other unit commitment constraints remain unchanged. This
paper evaluates the impact of load growth on the economics of
renewable energy generation in Guangdong Province.

The scarcity pricing rules need to be considered in the
counterfactual simulations. When the available power supply
fails to meet the system load and 5% operational standby
requirements, part of the load needed to be unloaded and an
administrative pricing mechanism needed to be implemented.
Since there is no scarcity pricing rule in China, it is assumed that
the administrative price of 2 CNY/kWh will be implemented at
the appointed time.

Based on the economic analysis of the resource generation
under the market-oriented condition in part 2.2 and the results of
electricity market simulation in Guangdong Province, the market
value of wind and solar power generation is obtained in the
counterfactual simulation that the electricity load is 10% higher
than the current situation, as shown in Table 4.
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As can be seen from Tables 3, 4, although the market value
of wind and solar power is still negative when the electricity
load increases 10%, there has been an improvement significantly.
Specifically, the annual average electricity price of wind power
increases about 0.1 CNY/ kWh, and the annual average electricity
price of solar power increases about 0.28 CNY/ kWh. The annual
average electricity price of solar power generation has increased
by a large margin compared with wind power. The reason might
due to the positive correlation between solar power output and
load, which will be simulated and verified in section 3.2.6.3.
This paper assumes that administrative pricing is implemented
at the peak of power consumption, which emphasizes the scarcity
value of peak electricity consumption, thus greatly increasing the
market revenue of solar power generation.

According to the results of the counterfactual simulation,
it can be foreseen that, with the electricity load growth and
the rationalization of electricity scarcity pricing in Guangdong,
the subsidies required for renewable energy development
will decrease gradually and achieve “zero subsidy” possibly.
That is to say, the economic feasibility of renewable energy
generation projects can be guaranteed only by the complete
market mechanism.

Correlation Between Power Generation
Output and Load

This section examines the correlation between power output and
load through Monte Carlo simulation. We assume a uniform
distribution of wind and solar resources. Firstly, according to
the proportion of strong breeze day, moderate breeze day,

light breeze day and windless day in Guangdong Province,
the cumulative probability distribution map of wind resource
condition is obtained, which is shown in Figure 6A. The
cumulative probability distribution of solar resource condition is
shown in Figure 6B according to the proportion of light days and
days without light.

Secondly, two random numbers with uniform distribution
from 0 to 1 are generated separately as random values of the
cumulative probability of wind and solar resources. Based on the
cumulative probability distribution of wind and solar resources,
the wind and solar resources of a certain day were determined.
Thirdly, according to the typical daily output curve of wind and
solar power generation, combined with the division standard of
four seasons in Guangdong Province, the output of wind power
and solar power generation is obtained 1 day. Finally, this paper
repeats the above process until a year of wind and solar output
are simulated. We further calculate the correlation coefhicient
between power output and load. Simulation results are shown in
Figures 7, 8.

Simulation results in Figures 7, 8 show that the correlation
coeflicient between wind power output and load is —0.05, and
the correlation coeflicient between solar power output and load
is 0.29. Indicates that there is a slightly negative correlation
between wind power output and load, while the solar power
output is positively correlated with the load. This is due to the
high output of wind power at night and the low output during the
day. While the solar power generation reached the peak output
at noon, which is consistent with the peak of the power load.
Therefore, the peak shaving effect of solar energy has certain
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guiding significance for maintaining the safe and stable operation
of the power system.

CONCLUSIONS AND POLICY
IMPLICATIONS

This paper constructs an electricity market clearing model
through the merit order method based on the short-term
marginal cost increment principle and the generating unit
commitment constraints. Further, the historical data in
Guangdong is used to simulate different scenarios in a market-
oriented situation to discuss the economics of wind and
solar power.

The paper found that under market condition, it effectively
promote accommodation of wind and solar energy, and

significantly mitigate the serious problem of wind and solar
curtailment. However, due to local conditions, coal power is
cleared in most cases, and gas power is cleared in a few
cases. The LCOE of renewable energy is much higher than
the marginal cost of coal power. In such market clearing
prices, renewable energy is unprofitable and uneconomic in
market scenario compared to the benchmark FIT scenario.
Hence, when the clearing price is settled, wind and solar
power cannot recover the cost, resulting in the uneconomic
results. This is due to the high cost of renewable energy
on the one hand, and the lack of subsidy policy support
under market conditions on the other hand. Therefore, the
continued support policy is required to make renewable energy
competitive in the energy market. On the one hand, it is
of glorious significance to transfer FIT to FIP. For FIP, the
fixed premium subsidies or floating premium subsidies should
be implemented according to the technological development
maturity. Specifically, it is recommended to adopt a fixed
premium subsidy for renewable energy generation with relatively
mature technologies such as solar photovoltaic and onshore
wind power, while floating premium subsidies are recommended
for emerging power generation technologies such as offshore
wind power. On the other hand, measures needed to be
taken to reduce renewable energy costs from technological and
non-technological aspects. First, it is imperative to accelerate
technological innovations of renewable energy due to its
fundamental role in the long-term reduction of cost. Second,
an inventory of non-technological costs should be formulated
to regulate related operations and control total cost. The non-
technological costs are the investment except the part into
facilities, which is expected to be the key source of cost reduction
for renewable energy in the future. It is necessary to clarify
the management body, the division of responsibilities and
related standards for non-technical costs, to provide a legal
system for the development of renewable energy. Currently, the
government is supposed to clearly define the category of the land
occupied by wind farms or solar stations as soon as possible,
along with the corresponding standards of land acquisition
compensation and taxes, which should be strictly enforced under
effective supervision.

In addition, the results show that the economics of renewable
energy generation is closely related to the change of coal price
and power load under the condition of marketization. Both the
coal price and power load have a positive effect on the economics
of renewable energy generation. The main reason is that the
increase in coal price and load will raise the markets clearing
price, which will enhance the economic efficiency of renewable
energy generation. In particular, the influence of coal price on the
economics of wind power is more significant than that of solar
energy. The effect of power load on the economics of solar power
is more significant compared to wind power.
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