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Abstract: Wind power technology is developing rapidly in China. Especially in the north of China,
decentralized wind power (DWP) has developed rapidly. However, wind curtailment exceeds 4% of
the gross generation, which has become an important obstacle restricting the development of DWP in
2019. Technical schemes are effective solutions to promote decentralized wind power consumption
(DWPC). Moreover, there are few economic analyses of DWP projects with key technologies. This paper
summarizes the typical technical schemes and analyzes the economy of a DWP grid-connected project
with typical technical schemes by combining methods of the net present value (NPV) and real options
(RO). It appears that the DWP project can be profitable with an NPV of about CNY 4.3721 million and
an option value of CNY 16.6022 million in the case of a feed-in tariff of 0.34 CNY/kWh. Feed-in tariff
and equipment investment costs are the most relevant parameters for economic feasibility according
to the sensitivity analysis. Furthermore, 30.73 million kWh connects to the Mengxi grid each year.
The project has an annual maximum CO, emission reduction of about 31 thousand tons and an SO,
of about 0.1 thousand tons. In addition, it also realizes fine social benefits, including the support
of local residents and the improvement of local new urbanization levels. Finally, this paper puts
forward policy suggestions for the development of DWP mainly from an economic point of view.

Keywords: decentralized wind power; wind curtailment; technical schemes; economic analysis

1. Introduction

With the rapid development of the global economy, environmental problems caused by the
depletion of fossil energy are increasingly serious. According to the climate conference in Paris in 2015,
China committed to the following action goal: by 2030, CO, emissions per unit of GDP will be reduced
by 60-65% compared with 2005 [1]. This requires carbon emissions per unit of GDP to fall faster each
year in China.

In addition, it is necessary to change energy from traditional fossil energy to renewable energy.
To begin with, the impact of fossil energy on the global climate and environment and the demand
for resource recycling make energy transformation inevitable [2]. Secondly, renewable energy is not
only the product of structural social ecological relationship, but also plays a key role in promoting the
fairness and justice of society in the future [3]. Of course, energy transformation can effectively reduce
CO; emissions, environmental pollution and make stakeholders considerable economic benefits [4].
Moreover, the government has a vital impact on the process of energy transformation. On the one
hand, governments have the responsibility to promote energy transformation and achieve sustainable
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development. On the other hand, the state pays more attention to multiple policy tools so as to give full
play to the role of policy tools in social fairness and justice [3], and the implementation effect of mixing
different policy tools is better than that of a single one [5]. Finally, the green financial investment
provided by public sectors for energy transformation can make up the funding gap of renewable
energy enterprises [6], and provide a reliable financial guarantee for the successful completion of
energy transformation.

To realize the emission reduction and energy transformation, China has made much effort in
policy-making. In 2017, China National Energy Administration and China National Development
and Reform Commission published the “Energy Production and Consumption Revolution Strategy
(2016-2030)”, which required that the proportion of non-fossil energy power generation to total power
generation to reach 50% by 2030 [7]. In 2020, China Electricity Council published the “Analysis and
Forecast Report on the National Power Supply and Demand Situation in 2019-2020"”, which reported
that China’s non-fossil energy power generation is 2.39 trillion kWh, accounting for only 32.6% among
national power generation in 2019. Among them, grid-connected wind power is 405.9 billion kWh,
accounting for only 17% of non-fossil energy power generation. Therefore, the development of wind
power has become an important and urgent task. Decentralized wind power (DWP) avoids the
disadvantages of centralized power generation. It has the characteristics of flexibility and efficiency,
which have become a significant way to promote the development of wind power.

China has successfully promulgated policies to the development of DWP in recent years.
The “Twelfth Five-Year Plan” for renewable energy development was issued by China National
Energy Administration. It first proposed that the development of renewable energy should adhere to
the development mode of renewable energy that focuses on centralized development, decentralized
development, and distributed utilization. Under such circumstances, the government actively
promoted the utilization of decentralized wind energy resources and began to explore the development
and utilization of DWP. Then, China National Energy Administration published official documents
four times. The first two times, No. 226 [8] (2011) and No. 374 [9] (2011), clarified the definition,
access voltage levels, project scale, etc. of decentralized wind power projects, and also made strict
regulations regarding project construction management, grid connection management, operation
management, etc. In the last two times, No. 31 [10] (2017) and No. 3 [11] (2017), provinces were
required to formulate the “Thirteenth Five-Year” DWP development plan, clarify that the DWP project
was not limited by the annual guidance scale and encourage the spontaneous use of electricity and
local consumption within the microgrid (MG). Since then, a series of policies and plans have been
continuously improved, providing an institutional guarantee for promoting the development of DWP
in China. By the end of 2019, the total installed capacity of wind power was 2.1 billion kilowatts in
China, of which the cumulative installed capacity of onshore and offshore wind power was 2.04 billion
kilowatts and 5.93 million kilowatts. Among them, the “Three North” area accounts for 70%. The total
wind power generation capacity is 405.7 billion kWh with a year-on-year growth of 10.9% and an
average utilization hour of 2082 h. Local governments have responded positively to the government
policy. Shanxi plans to build 20 new DWP projects with a total capacity of 501 megawatts in Datong
during 2017-2020. Hebei plans to develop 4.3 million kilowatts of decentralized access wind power in
2018-2020. Henan plans to build 2.169 million kilowatts of distributed wind power in the “Thirteenth
Five-Year” Plan period. Distributed wind power has developed rapidly in China.

However, the increasing development of DWP is facing a serious wind curtailment problem.
The reasons for wind curtailment are the randomness of wind energy resources, the irrationality of
power supply structure, restriction of transmission and distribution lines, imbalance of power supply
and demand, and defectiveness of national policies [12-15]. For national policies, China National
Energy Administration issued instruments [16-18] emphasizing wind power clean heating, energy
storage technology and electricity price subsidies to make full use of the advantages of DWPC nearby
and increase the amount of on-grid electricity in 2016. In 2017, China National Energy Administration
released important documents in terms of complementary multi-energy and electricity price subsidies.
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In the same year, China attached importance to DWP grid-connected technology [11]. The ways of
large-scale wind power grid connection and consumption are discussed separately, and it is proposed
that cross-regional transportation is one of the key solutions to wind curtailment [19]. It can be
seen that China actively seeks power consumption solutions to alleviate wind curtailment. In 2019,
China’s wind curtailment capacity was 16.9 billion kWh, with an average wind curtailment rate of
4% and a year-on-year decrease of 3%. However, some areas, such as Xinjiang, Gansu and Inner
Mongolia, still have serious wind curtailment, with wind curtailment rates exceeding 5%. The total
wind curtailment reached 13.6 billion kWh, accounting for 81% of wind curtailment in the country.
Wind curtailment causes clean energy waste, which is not conducive to the realization of the Paris
Congress action goals and China’s development plan.

It is worth studying the economy of DWP projects that can allay the wind curtailment problem.
Most of the research discusses the reasons for the wind curtailment problem in China, methods to
settle the problem and calculations of project costs [15,20]. Some literature optimizes the economic
operation of the integrated energy system for wind power consumption [21], studies the economic
dispatching schemes [22], and evaluates the national economy of the schemes [23]. Few papers aim to
provide an economic analysis of DWPC with key technologies. Moreover, the construction of a wind
power project should also consider social factors, including whether it is supported by local residents
and the impact on the local ecological environment and new urbanization level. In view of the above
background information, this paper summarized the typical technical paths to alleviate the wind
curtailment problem. This paper presents a study of the economy of a DWP grid-connected project
which can not only increase the proportion of renewable energy and alleviate the wind curtailment,
but also obtain the support of local residents and improve the new urbanization level. A sensitivity
analysis of factors affecting the economy of the DWP project was carried out. Based on the economy
and sensitivity analysis, this paper put forward policy suggestions in terms of cost and price subsidies
to implement a rapid and healthy development of DWP in China.

The rest of the paper is organized as follows: Section 2 overviews the key technical solutions;
Section 3 explains the methodology and data management; Section 4 introduces the case study and
presents and discusses the main findings; and the final conclusions are given in Section 5.

2. Overview of Key Technical Solutions

By analyzing the above policy notices, it can be found that China mainly reduces the wind
curtailment rates from the three aspects of “source-network-load”. This article summarizes the key
technologies of DWPC from the aspects of energy storage dispatch, transmission and distribution lines
and load response.

2.1. Energy Storage Scheduling

The wind energy storage system makes full use of energy storage technology. It improves the
certainty and predictability by storing surplus wind power or changing its existing form. At present,
energy storage technology has become an indispensable part of renewable energy power generation.
According to the different storage forms of electric energy conversion, they are generally divided
into physical energy storage and chemical energy storage [24]. The energy storage battery, hydrogen
energy storage in chemical energy storage and the heat storage electric boiler, pumped storage,
and compressed air energy storage, which are parts of the physical energy storage, have a remarkable
effect on improving the efficiency of wind power.

2.1.1. Energy Storage Battery

Energy storage batteries have the characteristics of small size, rapid response and easy use, and they
have been broadly developed in renewable energy systems. However, problems such as high cost and
serious environmental pollution restrict their further development [25]. Energy storage batteries are
the main form of energy storage technology. Among them, lithium-ion batteries, all-vanadium flow
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batteries and lead-carbon batteries have high technology maturity and a wide range of applications [26].
The power generation capacity of the wind turbine generator cannot meet the power demand during
the day. In this situation, the energy management system (EMS) transmits instructions to the power
conversion system (PCS) to improve the power of the PCS system and supply power as a temporary
power source. The power load is low at night, but is relatively surplus. The EMS system instructs the
PCS system to store extra power in the energy storage battery to prepare for peak power consumption.
At this time, the energy storage battery is in the charged state. The schematic diagram of the wind
power energy storage battery system is shown in Figure 1 [27]. Through the process of charging
and discharging energy storage batteries, it temporarily stores the electricity to reduce the waste of
power during trough periods and increase the amount of DWPC on the grid. The solution of cost and
environmental pollution is bound to make the battery energy storage technology more mature [28,29].
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Figure 1. Schematic diagram of a combination of wind energy and the storage battery system.

Daqing Wind Energy Storage Intelligent Power Generation Project in Heilongjiang Province is
the first project in China to configure the energy storage system on the wind turbine generator side.
The project has the lead-carbon battery with the best comprehensive cost and is equipped with the
energy management system based on big data. The system selects accurately the optimal battery
charging and discharging strategy in time, according to the power generation data and battery charging
and discharging status, to improve electric power quality.

2.1.2. Electric Boiler Heat Storage

The solution of wind power combined with a regenerative electric boiler to solve the problem of
DWPC has been widely examined by researchers. It includes the optimization of system operation
scheduling [30,31], economic evaluation [32], and DWPC capacity evaluation [33,34]. This scheme
has the advantages of the short construction period, mature technology, and a wide range of site
selection. However, it has the disadvantages of low energy utilization efficiency and poor economy [35].
This scheme requires the installation of a large-scale heat storage device in a steam extraction
thermal power plant and a heat storage tank generally using water as a heat storage medium [36,37].
After configuring the heat storage tank, the thermal power plant can replace part of the steam turbine
with the heat storage tank to provide a part of the heat load during the nighttime when the wind power
is severely superfluous, and then decreases the heating power of the steam turbine to provide space
for the abandoned wind power. The heat stored in the heat storage tank can be obtained by increasing
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the heating power of the steam turbine during the non-abandoned wind period when the electricity
load is large during the day.

Datang Taonan Wind Power Heating Project is a demonstration project of DWPC in China.
The project was funded by Datang Xiangyang Wind Farm to build a thermal power station. A total
of nine thermal storage electric boilers were built for heat storage. The designed heating area is
163,000 square meters, which provides 24 h heating for the residents of the community and serves
more than 7000 people in Taonan City. Household heating plays a vital role in accelerating energy
substitution and optimizing the energy structure, as shown in Figure 2 [38].
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Figure 2. Schematic diagram of wind power and the clean heating system.

2.1.3. Pumped Storage

The pumped storage power station is composed of an upper reservoir, a lower reservoir, a water
diversion system, a workshop, and a pumped storage unit [39]. The operation mechanism to absorb the
abandoned wind is that the motor in the system uses the abandoned wind electricity to pump water,
and the electricity is stored in the upper reservoir which exists in the form of water potential energy.
When the power system is short of electricity, the turbine pulls the generator to convert the potential
energy of the upper reservoir into usable electrical energy. It is fed into the neighboring power grid
through the transformer by the load. It has the functions of peak adjustment, phase adjustment and
accident standby for conventional hydro-power stations. It can also convert low and cheap electricity
prices into peak electricity prices, ensuring stable, safe, and economic operation of the power system,
as shown in Figure 3 [40]. Pumped storage technology has a better national economy in terms of
peak shaving and wind power consumption [41]. In the past 10 years, there have also been relatively
mature research results on the optimal scheduling of multi-energy complementary systems with
pumped storage technology in China. However, considering factors such as high requirements for
water resources and geographical topography [42], a long development cycle, large scale, and high
cost, pumped storage technology has a limited chance of application in China.
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Figure 3. Schematic diagram of the joint of wind power and a pumped storage system.

Hunan Pingjiang Pumped Storage Power Station is equipped with four reversible pump-turbine
generator sets, which can be connected to the Hunan Power Grid and jointly dispatched with wind
and solar power in the western and northern regions. It can solve 1 billion kWh of wind curtailment
annually with profitable economic and environmental benefits.

2.1.4. Compressed Air Energy Storage

Compressed air energy storage (CAES) is a technology that uses compressed air to achieve
energy storage. It is a kind of energy storage technology with low investment risk and high maturity
similar with pumped storage technology [26]. The system mainly includes compressors, expanders,
heat exchangers, gas storage chambers, heat storages, heat medium supply sources, motors and
generators. The structural diagram is shown in Figure 4 [43]. It has the advantages of a long
service life, large capacity, low cost, and environmental protection [29]. However, there are also
disadvantages, such as low energy storage efficiency and high dependence on geographical conditions.
Among them, the non-heat source CAES is not sensitive to energy storage efficiency and is mainly
used as a backup power source, which is suitable for application in the DWPC system. In the valley of
electricity consumption, the air is compressed and stored in the air storage device so that the electrical
energy is converted into the internal energy of the air. During the peak of electricity consumption,
high-pressure air is released from the air storage device and then the turbine is driven to generate
electricity. At present, China’s research on CAES mainly focuses on the theoretical stages, such as system
optimization scheduling. Furthermore, there are few studies on DWPC. This technology remains in
the stage of technical research and project demonstration. However, the energy storage advantage
of CAES technology is significant with a growing amount of research on wind power consumption
with increasing instability of new energy power generation. The “10 MW Advanced Compressed Air
Energy Storage Technology Research and Development and Demonstration” project of the Institute of
Thermo-physics of the Chinese Academy of Sciences and the Zhangjiakou “Comprehensive Energy
Application Demonstration Project based on the 100 MW compressed air energy storage system” are
currently in process.
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Figure 4. Schematic diagram of the advanced adiabat compressed air energy storage (AACAES) system.
2.2. Transmission and Distribution Lines

The inconsistency between the construction speed of transmission and distribution lines and
the development speed of wind power is an important factor that hinders the absorption of wind
power. China is mainly coordinating the development speed of medium and transmission lines and
smart microgrids.

2.2.1. Cross-Regional Absorption

Improving the interconnection level of the power grid is one of the key measures to solve the
new energy consumption [44]. Compared with intra-provincial consumption and inter-provincial
consumption within the region, cross-regional elimination is the most economical and social benefit
consumption method [45]. This is due to DWP being generally small in scale and the construction
itself not in principle advocating new large-scale high-voltage transmission lines. Therefore, there are
not many practical applications of cross-regional wind power allocation in China, and wind power
consumption within the provinces and cities is the main focus. The sparsely populated provinces and
autonomous regions in Xinjiang, Gansu, Inner Mongolia and other places mainly adopt the technical
scheme of cross-regional power consumption. This solution mainly solves the problem of the uneven
spatial distribution of power. The power in wind-rich areas is connected to the large power grid
through transmission lines to meet the high load power demand in areas with scarce power resources.
For example, the 20 MW distributed access wind power project in Yining County under construction
in Xinjiang is connected to the Yining Industrial Park Substation, and the voltage level of the access
substation is 110 kV. A 10 MW distributed wind power grid-connected project is located in Xinhure
Sumu, Inner Mongolia. This project built 35 kV transmission lines, including an overhead line of
about 5 km and a cable line of about 150 m. The wind power will be transmitted to Muren 110 kV
substation and merged into the Mengxi Power Grid to solve the problem of power consumption in the
Mengxi area.
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2.2.2. Smart MG

Smart MG is a small-scale power generation and a distribution system composed of distributed
power supply, an energy storage device, an energy conversion device, relevant compliances,
a monitoring device, a protection device, feeder (A, B, C), and load, as shown in Figure 5 [46].
Any entity with an independent power infrastructure can operate the system, including two operation
modes of grid connection and island operation with grid connection as the main mode. The operation
principle of wind power consumption is that the MG will transfer the power generated by clean energy
(mostly wind power and solar power [30]) to the large grid to increase the capacity of the large grid to
accept power. When the power grid breaks down or the power quality cannot meet the requirements,
the MG will cut off the power grid in time and enter the off-grid state quickly to ensure the stability of
power consumption. This technical solution uses existing transmission lines to reduce investment in
construction costs and is flexible, efficient, and environmentally friendly [47]. However, the current
MG technology is still in the project demonstration stage with less commercial operation in China.
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Figure 5. Schematic diagram of smart microgrid (MG) structure.

The Smart MG Project of the Lingang New Campus of Shanghai Electric Power University
provides a total of 1.72 million kWh of clean electricity through intelligent control systems and rational
use of wind and solar energy, and guarantees the daily hot water and electricity demand of teachers
and students on campus. In addition, the smart MG pilot project of Daan Smart Energy Co., Ltd. in
Dacheng City, Jilin Province and the smart microgrid project of Goldwind’s Beijing headquarters has
played an active role in making the best of wind power, reducing power volatility and promoting
sustainable economic and technological development.

2.3. Load Response

The main idea of load response is to increase the demand side power load and increase the power
load actively, which is the main way to achieve wind power consumption. Typical schemes include
electric vehicle charging stations and hydrogen storage.
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2.3.1. Electric Vehicle Charging Station

With the electrification of the transportation industry and the development of the new energy
vehicle industry, electric vehicles have been widely seen in residents” daily lives. It is estimated that the
number of electric vehicles will reach 1.2 billion by 2050 [48]. As the peak load regulation characteristics
of wind power are consistent with the time shift in electric vehicles [49], a new electric vehicle charging
station on the load side of electricity can be built, and a virtual power plant (VPP) with DWP can be
formed [50]. Vehicle network (V2G) energy interaction technology is used to increase power demand
and coordinate power supply and demand balance through intelligent system scheduling. When the
electric vehicle is connected to the load side of the urban distribution network through the charging
station, the electric vehicle charging station can quickly switch between the charging and discharging
mode. The wind power is stored in the charging station through the load bus during periods of low
power consumption at night. Electric vehicles will be charged for use during peak daytime electricity
consumption. When the wind power is not enough to supplement the power grid, the electric vehicle
charging station can reversely supplement the grid power to achieve a benign interaction between the
vehicle and the grid. The time-sharing electricity price strategy is employed to charge and discharge
electric vehicles [51], reduce the charging cost of users, improve the utilization rate of wind power and
make the power supply system more stable and reliable, as shown in Figure 6 [50].
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Figure 6. Schematic diagram of an electric vehicle charging station connected to the load side.

The Shouguang charging station project in Shandong Province constructs eight sets of 120 kw
integrated direct current (DC) double gun charging piles to charge pure electric buses. The bus
operation departure interval is 30 min. The maximum power of a single charging gun can complete
the 60 kWh power supply, fully meeting the bus operation demand. The charging mode of “one pile
and two charging guns” is adopted to realize the automatic distribution of the charging power of the
two charging guns, improve the utilization rate of the equipment, and maximize the operation and
charging demand of the pure electric bus.
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2.3.2. Hydrogen Production by Wind Power

The wind power hydrogen generation system mainly includes wind turbines, electrolytic water
devices, fuel cell devices, hydrogen storage devices, compression devices, rectifiers, inverter devices,
and control systems [24]. The structure diagram is shown in Figure 7 [52]. The idea of this system is
that the electrical energy generated by the wind turbine flows into the grid through the transformer.
After meeting the local electrical load demand, the excess wind power can input DC to the water
electrolysis device through the rectifier to electrolyze water. Hydrogen produced by electrolytic water
enters a hydrogen-cooling separator through a hydrogen outlet pipe for cooling and separation and
is discharged to obtain high-purity hydrogen. The obtained hydrogen is injected into the hydrogen
storage equipment through pipelines and compression devices. Some are directly supplied to nearby
hydrogen-consuming enterprises such as industry and some transportation industries. The remaining
hydrogen is used for fuel cell power generation. The technical research started late in China. In the
past 5 years, there have been few research results and a single research mainly focused on coordinated
scheduling [53-55]. Additionally, analyses of the economics of the system are small in number [56]
and are not put into commercial operation [57]. There are a significant number of problems needed to
be solved at present. However, as a clean energy source, hydrogen energy relies on environmental
protection, high energy density, and high conversion efficiency, technology surrounding hydrogen
production via wind power will be paid more and more attention.

External grid

A A
-
The fuel cell
eI power Side-zone »  Storage
load 0 H,
2
I v
= A 4 ‘r - -+~ ]:lec-tr()l\jzer Vehicle-mounted
Power r{:‘glllﬁltl{)l—l -~ E Use ﬂL!ﬂFb:\-' hydrogen pipeling
'Cﬁ . 1_(: jd - = Water transportation
srid-Connecte Control e
: V purification
controller avatbe .
S system -Controller
-AC-DC converter i . h 4
i o 7l -Gas drying ]
'PU\’VDI I“l_‘gu.ldtl(.]ﬂ 2 r I—‘uel car battt‘l‘\_’
—» _Switch )

H,0

Figure 7. Flow chart of H, production by the wind energy system.

The demonstration project of comprehensive utilization of wind power for hydrogen production
in Zhangjiakou, Hebei Province can produce 17.52 million cubic meters of hydrogen per year, which can
effectively solve the problem of large area wind abandonment in the Bashang area. It is the largest
wind power hydrogen production project in the world and the first wind power hydrogen production
project in China. In addition, Baicheng, Songyuan, and other places in Jilin Province carry out wind
power hydrogen production projects as a means of wind power regulation and storage.
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3. Methods and Data Management

3.1. Economic Analysis Methods

This paper uses the net present value (NPV) method and real options (RO) method to calculate the
economy of the DWP project in order to reflect comprehensively the investment value of the project.

3.1.1. NPV Method

There are many methods to evaluate the project economy, such as the payback period method
(PP), net present value method (NPV), net future value method (NFV), net present value effect method
(UNPV) and internal rate of return method (IRR) [58]. This article will use the NPV, IRR and payback
time (Pt) to analyze the technical economy of the wind power absorption system. The calculation
formulas of each indicator are as follows:

1.  The NPV mainly inspects the absolute value index of the project profitability. It reflects the
present value of the excess profits that the project can obtain in addition to the profits that meet
the requirements of the discount rate. The financial NPV of the project is greater than 0, indicating
that the project is feasible and reaches or exceeds the profit level required by the discount rate.
The NPV can be calculated as follows:

(CI-CO)(1+1i)™" @)
0

NPV =

n

t=

where “CI” represents the annual income of the project in CNY 0.001 million, “CO” represents the

annual expenditure of the project which includes static investment and dynamic investment in

CNY 0.001 million, “i” represents the discount rate in percentage and “t” represents the operation
period of the project in year.

2. The IRR refers to the discount rate that can make the accumulated present value of the net cash
flow of the project in each year equal to zero in the whole calculation period. The IRR is therefore a
measure of the financial risk and is used to evaluate the profitability of the investment. When the
IRR > i, the project is feasible. The project is not feasible in other situations. The calculation

formula is:
n

Y (CI-CO),(1+IRR)™ =0 @)
t=0

3. The Pt refers to the time required to recover the project investment with the net income of the
project, which is widely calculated by the dynamic investment recovery period. The shorter
the investment payback time, the better the profitability and anti-risk ability of the project.
The criterion of the investment payback time is the benchmark investment payback period,
which can be determined according to the industry level or the requirements of investors.

The formula is:
Py

Y. (c1-co)(1+i)" =0 ®)

t=0

3.1.2. RO Method

The concept of the real option comes from the financial option. The financial option is an agreement
between the buyer and the seller, which promises the buyer an agreed price to buy or sell a certain
number of products before or at a specified time without performing any obligation [59]. The option
is actually a right of choice. The real options refer to options where products are physical assets.
When wind power investment enterprises believe that investing in wind power can bring benefits,
they will choose to invest in wind power projects. When the investment is postponed, the deferred
option may bring about an increase in benefits. It is assumed that the value of the subject matter
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follows a standard normal distribution and investors can borrow or lend at risk-free rates. A fixed
risk-free interest rate is also supposed. Assuming that the on-grid price conforms to the geometric
Brownian motion, we use the classical Black-Scholes (B-S) option pricing model to calculate the option
value, as shown in the formulas.

C = SN(dy) = Xe'TN(d,) 4)
2> T
In(%)+ (r+%)
d = 5
1 VT 5)
dz = dl -0 \/T (6)

In which “S” is the spot price, “X” is the option execution price, “o” is the future volatility of the
subject matter, “T” is the term of the real option, “r” is the risk-free interest rate, “N(d1)” and “N(d,)”
are the cumulative probability of standard normal distribution, and “C” is the real option value (ROV).

3.2. Data Management

The detailed steps for analyzing the economy of DWP projects by the NPV method and the RO
method are as follows:

e Step 1: Estimate the cost. Collect the cost indicators of wind power projects by using the
estimation method. Estimate the project cost, other project construction costs, basic reserve funds,
construction period interest and working capital investment by the cost quota method with
reference to the feasibility study report, environmental assessment report and Code for Economic
Evaluation of Wind Power Projects (NB/T 31085-2016).

e Step 2: Calculate the income. The annual income of the project is calculated by multiplying
the annual power generation or daily power generation that affects the income and that is
officially released by the government where the wind power project is located by the local on-grid
electricity price (including government subsidies) at that time. In addition, other subsidies given
by the government should also be included in the annual income of the project, such as energy
conservation and emission reduction income.

e  Step 3: Calculate the net income. Calculate the annual net income of the project by subtracting
the estimated project cost from the project income calculated in the previous step.

e  Step 4: Set assumptions. It is assumed that the construction period of the project is 1 year and
the operation period is 15 years. The loan during the construction period is CNY 13.2782 million.
The service life of major fixed assets such as wind turbines is 15 years. The depreciation is carried
out by the straight-line method and the residual value rate is 5% during the operation period.

e  Step 5: Calculate the NPV, IRR and Pt. The NPV, IRR and Pt can be solved by substituting the
data into the formulae (1)—(3).

e  Step 6: Calculate the real option value (ROV). Bring the numerical value calculated in step 5
and relevant assumptions into the formulae (4)—(6).

e Step 7: Economic analysis. Analyze the economy and feasibility of the project according to the
NPV, IRR, Pt and ROV results.

e  Step 8: Sensitivity analysis. Analyze the factors affecting the project economy, and conduct
sensitivity analysis on the influence of the project investment cost, operating cost, on-grid electricity
price and discount rate in order to make the project more economical.

The process of the steps of economic analysis is as shown in Figure 8.

The NPV method assumes that the cash flow can be realized and remains unchanged in the
expected future. This method has the advantages of simple and easy operation. It has strong
adaptability and generally meets the decision-making of mutually exclusive investment schemes with
the same project life. However, the factors considered in this method are relatively simple, and they
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Figure 8. The process of economic analysis.

The RO method can make up for the deficiency of the NPV method. It is widely used in the power
industry, which can actively manage the uncertainty of risks by flexibly considering uncertain factors
such as market and industry competition. Moreover, the evaluation value of investment projects is
closer to the actual value of projects [60]. This method is a quantitative analysis method that must be
combined with qualitative analysis to reflect the enterprise value more comprehensively.

4. Case Analysis

In this article, a case study of a 10 MW distributed wind power grid-connected project in B City,
Inner Mongolia Autonomous Region is made to provide a decision-making basis for a wind farm
construction which can reduce wind curtailment.

4.1. Basic Overview

The 10 MW distributed wind power grid-connected project is part of the first batch of distributed
wind power projects in Inner Mongolia during the “Thirteenth Five-Year” plan, which was invested in
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and newly built by Bayannur Nengde Wind Power Co., Ltd. The construction site of the project is
in the northeast of B City—A resourceful city in wind resources and belongs to the class “I” of wind
resource areas. A total of four wind turbines with a single unit capacity of 2.5 MW were installed and a
new 35 kV transmission line with a line length of 5.5 km, including 5.35 km of overhead lines, 24 towers
and 0.15 km of cable lines, was built. All the power generated is incorporated into the large power grid.
The project, started on 20 October 2018, connected to the grid for the first time on 12 September 2019.

It is assumed that the loan for the construction period is CNY 13.2782 million with a one-year term
loan. All engineering costs form fixed assets with a service life of 15 years. During the operation period,
depreciation is accrued by the straight-line average method. The net residual value rate at the end of
the period is 5%. The annual repair rate during the operation period is 1.2%. The annual insurance
premium is 0.25% of the fixed assets. The material quota is 15 CNY/kW and the other expenses quota
is 25 CNY/kW. The annual average wage of employees is CNY 80,000, the welfare coefficient is 50%
and the quota is 2 people. The value added tax (VAT) rate is 3%. According to the data released by the
Inner Mongolia Coal Trading Center, the price of electric coal was about 480 CNY/t in January 2020.
The input tax of deductible fixed assets and reserve for the price difference is not considered for the
project temporarily and the on-grid price is tax inclusive.

For wind power project investment enterprises, the discount rate has a great influence on the
investment cost, which is second only to the power generation load coefficient and construction cost of
projects. The discount rate of 5% is applicable when the investment environment is relatively stable and
the default risk of investors is relatively low. The discount rate of 10% is applicable to investors who
are faced with a great financial crisis, backward technology and a price disadvantage [61]. This paper
assumes that the discount rate involved is 8% considering the average market interest rate at that time
and the discount rate of similar items in this case study.

4.2. Economic Analysis

4.2.1. NPV Method Results and Analysis

Based on the above data and information, the summary investment estimate and economic benefit
estimate of the project are calculated as shown in Tables 1 and 2.

Table 1. Total investment estimate (CNY 10,000).

Equipment Construction and Other Engineering Basic Interest during Working
Index Purchase R and Construction Reserve  the Construction Capital Total Cost
Installation Cost .
Cost Cost Cost Period Investment
10 MW
D‘St“bufegr‘;v(;“d Power 498871 897.08 887.05 139.4 57.76 30 7000

Connection Project

Table 2. An estimate of economic benefits (CNY 10,000).

Power Generation = Coal Saving Subsidy Fixed Assets
Index Total Income
Income Income Income Recovery Income
10 MW Distributed
Wind Power 1044.82 590.02 21.18 2943 1950.32
Grid-Connected ’ ’ ' ’ ’
Project

Taking this case as a sample, a net present value model estimates the three financial indicators of
the project, namely, the net present value, internal rate of return, and the dynamic investment payback
period. From the dynamic profitability index reflected in the cumulative net cash flow of the project in
Figure 9, it can be seen intuitively that although the net cash flow of the project in the early stage is
negative, the cumulative net cash flow is positive from the tenth year and presents year by year growth.
The total investment for the development of the project is about CNY 70 million. The annual operating



Energies 2020, 13, 4147 15 of 22

income is CNY 10.4482 million. From Table 3, the after-tax financial net present value, calculated as the
sum of all the discounted yearly cash flows, is CNY 4.3721 million. The after-tax financial internal rate
of return of 9% is higher than the benchmark rate of return of 8%. The after-tax dynamic investment
recovery time is 9.04 years shorter than the project operation period of 15 years. In the long run,
the economic benefits of the project are obvious. In terms of power consumption, 30.73 million kWh
are connected to the grid every year. This effectively decreases the rate of wind power abandonment in
the Mengxi area and realizes the full utilization of wind energy resources. Based on the above analysis,
the project is economically feasible.

(ten thousand CNY)

-3000 -

NPV

-4000 -

-5000 A

Figure 9. Cumulative net cash flow.

Table 3. Main economic indicators.

Index NPV (CNY 10,000) IRR (%) Pt (year)

10 MW Distributed Wind Power
Grid-Connected 437.21 9 9.04
Project

4.2.2. RO Method Results and Analysis

After calculation, the Sis CNY 85.4318 million, the X is CNY 81.0597 million and the o is tentatively
set at 12.5%, and remains unchanged every year. The T is 2 years and the r is 4.35% according to the
one-year lending rate of the central bank in 2019. It can be seen that the comprehensive value of the
project, including option value, can reach CNY 21 million by being delayed for two years, which is
more economically feasible than the results of the NPV method after substituting the above data into
the formulas.

4.2.3. Sensitivity Analysis

To further analyze the impact of uncertain variables on the economy of the 10 MW distributed
wind power grid-connected project, identify the key variables and provide a theoretical basis for the
formulation of DWPC policy, this article selects indicators from two aspects of cost and income to
perform sensitivity analysis on the NPV and IRR. In terms of cost, the main variables are equipment
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investment, operation cost and discount rate. The on-grid price of wind power is the main variable
for income. The benchmark values of each sensitive factor are shown in Table 4. The changes in
equipment investment, operating costs, and on-grid prices of wind power change in positive and
negative directions by 10% and 20%. The discount rate takes values of 6%, 7%, 9%, and 10%. Figure 10
is a graph of the impact of the changes in various sensitive factors on the NPV.

Table 4. Baseline values of sensitivity factors.

Factors Equipment Investment Operating Cost Discount Rate Feed-in Tariff
(CNY 10,000) (CNY 10,000) (%) (CNY/kWh)
Reference value 5000 150 8 0.34
2500
2000
)
Z 1500
o
g
s 1000 + Electricity price
3
o == Equipment investment
£ 500 TPt
§ —~——— Operating costs
= 0 : 1 : 1 = Discount rate
> -20%  -103 0 100NN%
'z -500 -
-1000 -+
-1500 -

Figure 10. Analysis chart of sensitivity factors.

(1) The first part is the equipment investment. In the case of a feed-in tariff of 0.34 CNY/kWh,
the changes in the NPV and IRR are measured by equipment investment costs of 10% and
20% floating up and down. The results show that the NPV and IRR are inversely related to
changes in project equipment investment costs. The NPV of the project is more sensitive to
equipment investment compared with operating costs and discount rates. Take the equipment
investment costs of CNY 40 million, CNY 45 million, CNY 55 million, and CNY 60 million as
samples. The corresponding net present values are CNY 13.3743 million, CNY 8.7447 million,
CNY —0.5146 million, and CNY —5.1442 million, respectively. The net present value of the project is 0
if the equipment investment cost is CNY 54.4735 million. This shows that the investment cost of the
project’s fans and other equipment is not feasible when it exceeds CNY 54.4735 million. The higher
the investment cost on the internal rate of return, the lower the internal rate of return. Within the
calculation range, the project’s internal rate of return is equal to the discount rate when the equipment
investment increases by 10%. The project’s internal rate of return is reduced to 7% when the equipment
investment amount is CNY 60 million and the expected economic benefits cannot be achieved.

(2) The second part is the operating costs. Figure 11 shows that the operating cost is inverse
relation to the net present value of the project under the premise that other sensitivity factors remain
unchanged. However, within the test range, the net present value changes relatively small because the
operating cost is relatively small compared to the investment in fixed assets such as fans. The change
in the operating cost does not have great impact on the net present value. Therefore, the net present
value does not show significant volatility with changes in operating costs. When the operating cost
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increased to CNY 1.65 million, the net present value decreased by 28.39% from the baseline value
and thus decreased to CNY 3.1310 million. When the operating cost decreases to CNY 1.2 million,
the net present value of the project increases by CNY 2.3253 million from the baseline value, which can
increase by 53.18%.This demonstrates that the project will have significant profitability by greatly
reducing operating costs. In terms of the internal rate of return, when the operating cost of the project
fluctuates between CNY 135-165, the IRR of 9% is greater than the discount rate of 8% and has better
profitability. When the operating cost increases to CNY 1.8 million, the IRR is equal to the project
discount rate. According to the law that the operating cost and the net present value change in reverse,
the operating cost should not exceed CNY 1.8 million.

3

1.9900 0.8300 O _1"'0

(4]

W Purchase cost of
equipment and tools

m Constructionand
installation cost

m Other expenses of
project construction

M Basicreserve

M Interest during
construction

m Working capital
investment

Figure 11. The proportion of various expenses in the total investment.

(3) The third part is the discount rate. The discount rate is negatively correlated with the NPV of
the project, while other sensitivity factors are fixed. That is, the higher the discount rate, the lower the
NPV. The main reason is that as the discount rate increases, the debt repayment required by the project
loan increases. Furthermore, it reduces the net cash flow and the net present value. In general terms,
the discount rate is straightly tied to the net present value. It is calculated that when the discount
rate is 6% and 7%, the NPV of the project is CNY 13.86 million and CNY 8.8433 million, respectively.
When the discount rate is increased to 9% and 10%, the NPV of the project is CNY 0.3805 million and
CNY -3.1885 million, respectively. This shows that the project can barely achieve profitability when
the discount rate of the project is up to 9%.

(4) The fourth part is the feed-in tariff. The net present value is CNY -12.1882 million,
CNY -3.90.86 million, CNY 12.6528 million and CNY 20.9334 million under the scenarios of the
on-grid electricity price of 0.272 CNY/kWh, 0.306 CNY/kWh, 0.374 CNY/kWh and 0.408 CNY/kWh,
respectively. It can be found that the net present value is positively related to the electricity price level
under the premise that other parameters remain unchanged. When the electricity price is reduced
to 0.322 CNY/kWh, the net present value of the project is 0. Therefore, the on-grid electricity price
should be maintained at least at 0.190 CN'Y/kWh so that the project has a development and utilization
value. In terms of the internal rate of return, the electricity price level has a positive correlation with
the internal rate of return of the project. When the electricity price changes within the range of +10%
and +20%, the IRR is 5%, 7%, 11% and 13%, which is greater than the basic rate of return. This can
indicate that the project is attractive and profitable within the estimated range.
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4.2.4. Conclusion of Economic Evaluation

The above economic analysis shows that the net present value is about CNY 4.3721 million with an
internal rate of return of 9% and a dynamic investment payback time of 9.04 years. The project value,
including the option value, is about CNY 21 million, which has a favorable economy and feasibility.
The results are the same as those in [62]. This case also has positive social benefits. It promotes a new
urbanization level (it is located in a developing area of China) and a proportion of renewable energy,
and it gains recognition from the local residents. The results of the sensitivity analysis of uncertain
factors show that the NPV of the project is positively related to the on-grid price and negatively related
to the construction investment, operation investment and discount rate. The NPV is most sensitive
to the on-grid price of wind power followed by the investment cost of equipment. Investment and
construction costs account for most of the total project cost, thus, they represent a vital function in
the total project cost [61]. Therefore, the on-grid tariff and the equipment investment cost are two
key factors for the profitability of wind power investment projects. Besides, the cost of wind power
projects is absolutely sensitive to the load factor [61], and it decreases with the increase in load factor.

5. Conclusions

This paper summarized the main technical schemes of DWP in terms of power consumption
from the three aspects of “source-network-load” in China. The “source” mainly uses energy storage
technology to dispatch temporary electricity, which includes an energy storage battery, hydrogen energy
storage, heat storage of an electric boiler and pumped storage. The “network” is the transmission and
distribution lines connecting the power generation end and the power consumption end. It includes
transmission and distribution lines across regions and smart MG technology. The “load” promotes
DWPC by increasing the power load, which includes the increase in high energy-consuming enterprises
and electric vehicle charging stations. Differently from what was previously mentioned in this study,
the establishment of transregional transmission and distribution lines has advantages of wind power
near grid connection and consumption, no need to add additional equipment, and relatively low
costs. Simultaneously, it is inferior on a small scale and has a high labor cost of later operation
and maintenance. By calculating the NPV, IRR, Pt and ROV of the case, this paper analyzed the
economy and the viability of the DWP grid-connected project and the single-factor sensitivity of the
four uncertain factors of equipment investment costs, operation costs, discount rate and on-grid price.

Taking a 10 MW distributed wind power grid-connected project in B City of China as an example,
the results show that the NPV is CNY 4.3721 million and the ROV is CNY 16.6022 million, the dynamic
investment recovery cycle is 9.04 years, and the capital return rate is 9%, which indicates that the project
has a good economy under the condition of a discount rate of 8% and an operation cycle of 15 years.
Moreover, the project has a remarkable effect on energy conservation and environmental protection,
with a coal saving benefit of CNY 5.9016 million, an annual maximum CO, emission reduction of about
31 thousand tons and a SO, of about 0.1 thousand tons. It also has positive social benefits, including
the promotion of the proportion of renewable energy and of the local new urbanization level (as it is
located in a developing area of China) and recognition from the local residents.

Through the sensitivity analysis, it can be seen that the NPV is highly susceptible to the feed-in
tariff and has a positive correlation with the NPV. This shows that the further development of China’s
DWP needs a reasonable feed-in tariff, especially for small wind power enterprises with small profits.
China should continue to maintain the corresponding subsidy policy for a clean energy tariff. On the
other hand, investment in fixed assets during the construction period has a significant impact on the
project’s economy. The project gradually loses its economic feasibility with a growth in equipment
investment costs. Currently, the manufacturing cost of the wind power industry has been to a large
extent debased in China, and it is of great importance to reduce equipment investment costs. This will
provide active economic circumstances for the development of DWP and lay an economic foundation
to abate the wind curtailment rate in China.
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In order to implement a rapid and healthy development of DWP in China, this article makes the
following recommendations.

e It can be seen from the economic analysis that wind power projects have made outstanding
contributions to energy conservation, emission reduction and social benefits. It is better to develop
vigorously clean energy, especially wind energy, to optimize the energy structure. This will
accelerate the pace of China’s achievement of energy conservation and emission reduction targets.

e Itis considerably difficult for DWP project investment enterprises to achieve profitability without
government subsidies, especially for the small and low-profit enterprises mentioned in this case.
Therefore, China should continue to implement the electricity price subsidy policy and innovate
the way by which the electricity price is subsidized. Issuance of green certificates and a quota
system through the market could generate economic benefits.

e Equipment investment costs play a vital role in the economy of DWP projects [61].
The manufacturing cost of major equipment such as wind turbines will be further reduced
with scientific and technological innovation. This can contribute to achieving higher economic
benefits and provide space for normalized prices.

e  Finally, the utilization hours of wind farms should be increased. This can increase revenue, achieve
the emission reduction targets promised by China in the international community as quickly as
possible, and promote a sound and rapid development pace of China’s economy.

This study analyzed the economy of a DWP project with typical technical schemes by combining
methods of the net present value and real options. The investors of the DWP project in this case study
are small and low-profit enterprises, which is certainly representative of most DWP projects, providing
a good setting for analysis. In addition, the influence of inflation on the on-grid price and discount rate
was not considered in this case study, and relevant content should be added in future studies.

Further research should be in the form of case studies of DWP projects, with the technical path of
reducing wind curtailment on a larger scale and using other advanced methods to conduct a more
accurate economic analysis of DWP projects—the binomial model, for instance.
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