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The curtailment ofwind power and photovoltaic power is becoming increasingly serious from the year 2012 to present inChina. And
the small installed capacity captive coal-fired power plants have been developed rapidly aiming to cut production costs. Therefore,
by the substitution of renewable energy for captive coal-fired power plants, this paper establishes a time-of-use (TOU) pricing
mechanismwith a linkage between the supply side and the demand side to promote renewable energy consumption,which is applied
to the Western Inner Mongolia grid in China. The results show that the benefits to the grid company, electricity users, renewable
energy producers, and social environment are influenced by the quantity of renewable energy purchased in the market, the market
price for renewable energy, the quantity of electricity from grid to peak shaving, the carbon price, and the quantity of electricity
generated by captive coal-fired power plants shifting to grid, in which the first factor has the greatest influence on the benefits
of stakeholders. Furthermore, improving the accuracy of renewable energy generation forecast and optimizing using electricity
behaviors by considering the renewable energy generation characteristics could ensure the TOU mechanism implementation
successfully.

1. Introduction

Recently, China’s renewable energy installed capacity has
undergone rapid development. In 2016, China had the
largest increment, accumulation in wind power capacity, and
photovoltaic power capacity in the world [1, 2]. However,
renewable energy development has led to a serious curtail-
ment problem; the curtailment rate for wind power in Inner
Mongolia was 21% in 2016 [3]. This brought about huge
economic and environmental losses to China. Moreover, in
the Paris Climate Conference of 2015, China proposed to
decrease its carbon dioxide (CO2) emissions per unit of
GDP by 60%∼65% in 2030 compared with 2005 [4] and to
increase its nonfossil energy use to about 20% of its primary
energy consumption [5]. Under these proposals, alleviating
the curtailment of wind power and photovoltaic power
has become an unavoidable problem. Promoting renewable
energy consumption can not only reduce economic losses,

but also promote the achievement of emission reduction
targets and improve environmental quality.

At present, domestic and foreign scholars have studied the
policy mechanisms and technology that promote renewable
energy consumption. The impact of renewable energy on
economic growth in the Black Sea and Balkan countries has
been explored, and bidirectional causality between renewable
energy consumption and economic growth has been found
[6]. The problems of renewable energy price policies have
been analyzed [7, 8]. For example, in China, a good match
between the various types of renewable energy policies is a
better way of promoting renewable energy consumption [9].
In Germany, public acceptance, preferences, and the political
economy related to renewable energy have been studied, with
the aim of promoting renewable energy development [10, 11].
In order to promote renewable energy consumption, four
types of feed-in tariff mechanisms and profit distribution
patterns have been analyzed in China [12]. A threshold test
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Table 1: The average curtailment rate of wind power in China from 2012 to 2015.

Year 2012 2013 2014 2015
The average curtailment rate of wind power 17.12% 10.74% 8% 15%

has been employed to analyze the impact of subsidies on over-
capacity [13].The dynamic and complex relationship between
renewable energy investors, consumers, and policymakers
has been analyzed to optimize the subsidy policy [14]. If the
investment in installed capacity is to take market supply and
demand into account, the power generation subsidy should
correspond to the externalities of renewable energy (such as
greenhouse gas reduction) [15].

There are, at present,manyworks that focus onTOUprice
mechanisms. Some scholars proposed that peak load pricing
can plausibly reduce prices by making price competition
more severe and thereby reducing profits [16]. A novel control
methodology has been presented as an off-peak ground
precooling strategy [17]. A power structure using economic
models of price responsive loads has been constructed that
takes into account price elasticity of electricity demand,
perceived price, and the interests of customers to estimate the
influence of a regional electricity price policy andTOUpolicy
[18].

In addition, TOU block pricing is a combination of
TOU pricing and block pricing. The residential electricity
demand under TOU pricing with increasing block pricing
(IBP) has been analyzed. The result shows that IBP could
increase price elasticity significantly [19]. Electricity demand
behaviors under a TOU block tariff and a pure TOU tariff
have been analyzed, based on a two-level demandmodel with
residential electricity and micro family data such as home
appliances [20].

The effect of a TOU price mechanism has been evaluated.
In a perfectly competitive market, marginal cost pricing is
the best method of maximizing social welfare [21]. Scholars
have proposed an optimal TOU pricing mechanism in the
urban gas market on the basis of an evolutionary game-
theoretic perspective [22]. A static deterministic linear peak
load pricing model that finds the optimal mix of generation
technologies for a given duration curve has been established
[23]. A pilot study was used to assess the impact of real-time
price visualization of residential electricity consumption, and
the impact on costs and carbon (equivalent carbon dioxide
(CO2eq)) emissions was calculated, using hourly dynamic
CO2eq intensity [24].

In summary, there are many literatures about renewable
energy development and TOU pricing mechanisms. How-
ever, there was limited work that takes into account the
carbon emissions trading market, the interaction between
supply and demand, and the use of a TOU pricing mecha-
nism to promote renewable energy consumption. This paper
combines renewable energy with a TOU pricing mechanism
through the substitution of renewable energy for captive
coal-fired power plants, considering the benefits for the grid
company, electricity users, renewable power generators, and
social environment, to establish a TOUpricingmechanism to
promote renewable energy consumption.

Section 2 analyzes the current status of renewable energy
development and TOU price implementation in China.
Section 3 constructs the TOU pricing model and the benefits
analysis model. Section 4 takes the Western Inner Mongolia
grid as an example to evaluate the benefits for stakeholders
under the TOU pricing model of Section 3. The discussion
about TOU pricing model from the perspective of stake-
holders is presented in Section 5. Section 6 puts forward
conclusions and makes recommendations.

2. The Current Situation of
Renewable Energy Development and TOU
Price Implementation in China

2.1. An Analysis of the Renewable Energy in China. In 2016,
the thermal power generation capacity accounted for 64% of
the total power generation capacity, while wind power and
photovoltaic power accounted for 9% and 5%, respectively
[25]. However, the utilization efficiency of renewable energy
is not high. The average wind power curtailment rate for
the whole country fluctuated at around 10% from 2012 to
2015, as shown in Table 1 [26–28]. According to data from the
National Energy Administration in China, in 2016 the wind
power curtailment is 49.7 TWh, which brought about serious
economic losses to China.

According to the “Renewable EnergyDevelopment Plan,”
China’s renewable energy consumption will amount to 15% of
primary energy consumption by 2020. Therefore, to achieve
this goal and solve renewable curtailment problem, China
still needs to adjust its energy consumption structure and
gradually expand its renewable energy consumption.

2.2. The Current State of TOU Pricing Mechanism in China.
A TOU price is an economic means of encouraging users to
change their electricity consumption behaviors by avoiding
peak electricity. The TOU price started from the year of
1985 in China; then, the TOU price could fluctuate based
on the grid average price in 1987, according to “Notice on
the ImplementationMethod of a Variety of Electricity Price.”
In 2003, in order to ease the power shortage in some areas,
the scope of implementation of TOU was expanded based
on the overall level of power unchanged. Up to July 2017, 27
provinces in China had implemented a TOU pricing scheme,
and four provinces had not (Sichuan, Guizhou, Tibet, and
part of InnerMongolia).The TOU price, which is formulated
by floating ratio method, has achieved the electricity peak
shaving and eased the power shortage situation in peak
period. And there are some lessons that should be given
attention.

(1) In order to remain the stable power price, in general,
shoulder price jumps up and down lightly based on
benchmark price which is formulated according to
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the electricity price approved by National Develop-
ment and Reform Commission of China (NDRC).

(2) In order to achieve peak shaving, the coverage of
TOU price mechanism should fully take the various
users’ power consumption proportion of total power
consumption in this area, the difference of peak load
and off-peak load, and users’ potential of peak shaving
into consideration.

Although many provinces in China have implemented
TOU pricing, there is still a serious problem with renewable
energy curtailment. The reasons are as follows.

Firstly, in recent years, many industrial users are utilizing
and establishing captive power plants to generate electricity
as soon as possible with the aim of cutting their production
costs. However, in general, the captive power plants are coal-
fired units with higher pollution, and the marginal cost of
captive coal-fired power plants is lower than the off-peak
price of TOU. Therefore, the full use of those plants could
reduce the load demand in demand side and influence the
generated output of renewable energy.

Secondly, at present, TOU pricing focuses on adjusting
the difference between the peak load and the off-peak load
for the whole grid and easing the shortage of power, not
considering the renewable energy consumption [29–32]. For
example, the TOU pricing has been carried out in Gansu
of China from the year of 1995, aiming to encourage the
behaviors of peak shaving, but the curtailment of renewable
energy is serious. And in 2016, the curtailment rate of wind
power was 43.11% [33].

Thirdly, with the rapid development of renewable energy,
there is presently an oversupply in the power market. And it
is still difficult with existing technology to store large quantity
of power.

2.3. Analysis regarding the Demand for Large-Scale Renewable
Energy on Grid with TOU Pricing. The random and fluc-
tuating nature of the large-scale renewable energy on-grid
supply means that ancillary service is needed to maintain
grid operation stable. However, there is no market mech-
anism for the ancillary service market in China; a large-
scale renewable energy on-grid supply becomes difficult.
Therefore, demand side management, especially the price
mechanism, has become an effective means of promoting
renewable energy consumption, given the current market
conditions and technology levels. At present, the renewable
energy installed capacity in China is concentrated on the
Northwestern regions, such as Gansu, Xinjiang, and Inner
Mongolia. In Western Inner Mongolia, from Figures 1 and
2 [34], it can be seen that the peak period of wind power
output is the off-peak load period generally. In Ningxia and
Gansu, the photovoltaic power output exists in the off-peak
load period from Figure 3 [35] and Figure 4.Therefore, in the
Northwestern region of China, the renewable energy could
take place in off-peak time.
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Wind power output characteristics
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Figure 1: Comparative analysis of wind generation and day load in
typical summer day of Western Inner Mongolia.
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Figure 2: Comparative analysis of wind generation and day load in
typical winter day of Western Inner Mongolia.

Considering that the renewable energy generation in
China usually takes place during off-peak times, three
requirements need to be met if the TOU pricing mechanism
is to promote large-scale renewable energy consumption:

(1) Using of the advantage that the marginal cost of
renewable energy is almost zero to attract users to
expand their off-peak electricity consumption

(2) Achieving reasonable connections among the genera-
tion, the transmission and the distribution of electric
power, and selling power with the aim of transferring
the low purchase cost of renewable energy in supply
side to the demand side

(3) Highlighting the advantage that renewable energy
is clean energy and combining it with the carbon
emission trading market.

3. TOU Pricing Model and Benefit Analysis for
Promoting Renewable Energy Consumption

3.1. TOU Pricing Model for Promoting Renewable Energy
Consumption. Recently, in order to have adequate electricity
for own use in a low price, power users have set up many
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Figure 3: Typical 30MW photovoltaic power plants day output in
Ningxia.
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Figure 4: Typical 50MW photovoltaic power plants day output in
Gansu.

captive coal-fired power plants. Meanwhile, the renewable
energy increases rapidly with the policy support from the
government in order to enhance the environment protection.
The situation of energy development makes the renewable
energy curtailment more and more severe, especially when
the power is oversupply, such as Gansu, Xinjiang, and Inner
Mongolia of China. Therefore, a TOU pricing mechanism
using a not higher power price than the marginal cost of
power from captive coal-power plant in off-peak period is an
effective way to encourage substitution of renewable energy
for captive coal-fired power plants. For example, in adequate
supply areas of renewable energy and captive coal-fired power
plants, the TOU pricing mechanism encourages renewable
energy consumption. In short supply areas of renewable
energy, the TOU pricing mechanism could expand users’
electricity demand for renewable energy, which is beneficial
to attract renewable energy investment.

According to “measures for the administration of the full
acquisition of renewable energy generation” issued by NDRC
in 2016, if more electricity is produced by renewable energy
enterprises than that has been arranged, this can be traded
by the bidding method. Thus, in an overcapacity situation,
renewable energy enterprises can utilize their low marginal

costs advantage to compete with other producers to improve
their profits and decrease the wind power and photovoltaic
power curtailment rate.

Compared with the existing TOU pricing mechanism in
China, the aims of TOU pricing mechanism proposed in this
paper are to not only shift the peak load, but also replace
captive coal-fired power plants by off-peak pricing to improve
the renewable energy consumption. The main idea of the
model is to make the off-peak price not higher than marginal
cost of power from captive coal-fired power plants on the
demand side and to purchase low price renewable energy
through amarketing approach on the supply side. Ultimately,
a price for peak load will be calculated based on the price for
shoulder load and the revenue of the grid company which is
held constant. In this model, considering the predictability of
electricity demand and the immatureness of carbon trading
market in some areas, the quantity electricity and carbon
price are set as exogenous variable, and the power price is
endogenous variable. And combined with the TOU price
development at home and abroad, it is indigenous in China
that the shoulder price is equal to current electricity price.
The peak price is calculated according to the off-peak price,
shoulder price, and electricity quantity of peak, shoulder,
and off-peak that is universally accepted and used by many
scholars to calculate TOU price [36, 37]. In case of the
substitution of renewable energy for captive coal-fired plants,
making the off-peak price not higher than captive coal-fired
plants is ad hoc assumptions, which is an innovation in this
paper.

The off-peak price is calculated according to the marginal
cost of captive coal-fired power plants. According to Chinese
laws and regulations, the marginal cost of captive coal-fired
power plants consists of the marginal production cost, the
reserve capacity expenses of the power system, government
funds, and structural adjustment funds. In addition, with
the development of China’s carbon emissions tradingmarket,
the value of carbon emissions needs to be considered in the
marginal cost of captive coal-fired power plants. In order to
ensure that the use of the power grid is the better alternative,
the off-peak power price should be not higher than the
marginal cost of the captive coal-fired power plants. The
calculation method is shown in

𝑃off-peak ≤ 𝐶𝑝 + 𝑇1 + 𝑇2 + 𝑇3 + 𝑃𝑟 × 𝐸CO2
, (1)

where 𝑃off-peak represents the off-peak power price, 𝐶𝑝 repre-
sents the production cost for captive coal-fired power plants,
𝑇1 is reserve capacity expenses of the power system, 𝑇2
is government funds, including rural grid loan repayment
funds, the national large-scale water projects construction
fund, the large- and medium-sized reservoir resettlement
support fund, renewable energy price surcharges, and city
public utilities surcharges, 𝑇3 is structural adjustment funds,
𝑃𝑟 is carbon price, and 𝐸CO

2

is CO2 emissions per kWh of the
captive coal-fired power plants.
𝐸CO

2

is calculated from the per kWh standard coal
consumption of captive coal-fired power plants and the CO2
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emissions for standard coal. The specific calculation method
is shown as

𝐸CO2
= 𝑄coal × 𝜅, (2)

where 𝑄coal represents the per kWh standard coal consump-
tion of captive coal-fired power plants and 𝜅 represents the
CO2 emissions for standard coal.

In order to ensure the power price stable and draw
lesson from Chinese TOU mechanism, the shoulder price is
equal to the current electricity price considering the user’s
electricity expenditure level and psychological acceptance.
The calculation formula is shown as

𝑃shoulder = 𝑃0, (3)

where 𝑃shoulder is the shoulder price and 𝑃0 is the current
electricity price.

The main idea of using the TOU pricing model to
promote renewable energy consumption is that the benefits of
the grid company must be the same as they are in the current
situation. However, considering the volatility of renewable
energy supply, the quantity of renewable energy consumption
may be limited, which needs to be decided by related grid
technology and ancillary service market development. The
specific calculation method is shown in

𝐺profit = (𝑃0 − 𝑐) × (𝑄peak + 𝑄shoulder + 𝑄off-peak)

𝐺profit

= 𝑄peak𝑃peak + 𝑄shoulder𝑃shoulder

+ 𝑃off-peak (𝑄off-peak + 𝑄replace-off-peak)

− (𝑐thermal𝑄thermal + 𝑐

renewable𝑄renewable) − Δ𝐼

× 𝜆𝑛 − Δ𝐶𝑜

𝐺profit = 𝐺profit

𝑄thermal + 𝑄renewable

= 𝑄peak + 𝑄shoulder + 𝑄off-peak + 𝑄replace-off-peak,

(4)

where 𝐺profit represents grid company’s current gross profit,
𝐺profit represents grid company’s gross profit when the TOU
price is carried out. 𝑃peak, 𝑃shoulder, 𝑃off-peak represent peak
price, shoulder price, and off-peak price, and𝑄peak,𝑄shoulder,
𝑄off-peak,𝑄replace-off-peak represent the peak electricity, shoulder

electricity, off-peak electricity without considering the quan-
tity of electricity from the power grid that replaces electricity
from captive power plants during the off-peak period, and the
quantity of electricity from the power grid that replaces elec-
tricity from captive power plants during the off-peak period,
𝑐 is the current average power costs, 𝑐thermal, 𝑐


renewable are the

purchase costs of thermal power and renewable energy power
when the TOU pricing model is in place, 𝑄thermal, 𝑄renewable
are the thermal power and renewable energy power when
the TOU pricing model is in place, 𝑃0 is current sale price
of power, Δ𝐼 is the investment required for changes in smart
meter purchase and installationwhen theTOUpricingmodel
is in place, 𝜆𝑛 is the coefficient of investment recovery in the
𝑛th year, 𝑛 is the payback period for the investment in the
smart meter purchase and installation, and Δ𝐶𝑜 is the annual
operation and maintenance cost changes for having a smart
meter.
𝑄replace-off-peak is related to the total power generated by

captive coal-fired power plants and to the users’ response
to electricity from the power grid replacing electricity from
captive coal-fired power plants during off-peak period, which
is called shift to grid in this paper. The calculation method is
shown in

𝑄replace-off-peak = 𝑄captive × 𝜔, (5)

where 𝑄captive represents total power generated by captive
coal-fired power plants and 𝜔 is the shift to grid.

In the term for the coefficient of investment recovery,
the equal value net recovery calculation method is used. The
coefficient of investment recovery is calculated using

𝜆𝑛 =
𝑖 (1 + 𝑖)𝑛

(1 + 𝑖)𝑛 − 1
, (6)

where 𝑖 is the discount rate.
The changed costs for the annual operation and main-

tenance of smart meters are related to the purchase costs of
smart meters. Because the operation and maintenance costs
only need to be paid for smart meters that are installed when
TOUpricingmechanism is carried out, the current operation
andmaintenance cost of a smartmeter is zero.The calculation
method is shown in

Δ𝐶𝑜 = 𝐶equipment × 𝜂, (7)

where 𝐶equipment is the purchase costs of smart meters and 𝜂
is the operating and maintenance cost rate.

According to the above research, the power peak price is
calculated by

𝑃peak =
(𝑐thermal𝑄thermal + 𝑐renewable𝑄renewable) + (𝑃0 − 𝑐) × (𝑄peak + 𝑄shoulder + 𝑄off-peak) + 𝐼 × 𝜆𝑛

𝑄peak

+
𝐶𝑜 − 𝑄shoulder𝑃shoulder − 𝑃off-peak (𝑄off-peak + 𝑄replace-off-peak)

𝑄peak
.

(8)
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3.2. Benefits Analysis Model for Stakeholders

3.2.1. Benefits Analysis Model for the Grid Company. The
changes in the benefits for grid company depend on its
income changes and its cost changes.The income changes are
related to changes in the sale price for power and to changes
in the quantity of electricity. The specific calculation method
is shown in

Δ𝑌grid = 𝑃peak𝑄peak + 𝑃shoulder𝑄shouleder

+ 𝑃off-peak (𝑄off-peak + 𝑄replace-off-peak)

− 𝑃0 (𝑄peak + 𝑄shouleder + 𝑄off-peak) ,

(9)

whereΔ𝑌grid is the income changes for the grid company after
TOU pricing mechanism is introduced.

The changes in the costs for the grid company consist
of the changes in the purchase cost for the total electricity,
investment changes for the annual smart meters purchases
and installationwhenTOUpricingmechanism is introduced,
and the annual operation and maintenance cost changes for
the smart meters.The specific annual cost changes are shown
in

Δ𝐶grid = Δ𝐶purchase + Δ𝐼 × 𝜆𝑛 + Δ𝐶𝑜 (10)

Δ𝐶purchase = 𝑐

thermal𝑄thermal + 𝑐


renewable𝑄renewable

− 𝑐 (𝑄peak + 𝑄shoulder + 𝑄off-peak) ,
(11)

where Δ𝐶grid represents cost changes for grid company and
Δ𝐶purchase represents changes in the purchase costs for the
total electricity.

Combining formulas (9)–(11), the changes in the benefits
for the grid company can be expressed as

Δ𝑅grid = Δ𝑌grid − Δ𝐶grid, (12)

where Δ𝑅grid is the changes in the benefits for the grid
company after TOU pricing mechanism is introduced.

3.2.2. Benefits Analysis Model for Electricity Users. The
changes in the benefits for electricity users consist of changes
in their electricity bills and changes in the operating costs
of captive coal-fired power plants. The specific calculation is
shown in

Δ𝑅user = 𝑃peak𝑄peak + 𝑃shouleder𝑄shoulder

+ 𝑃off-peak𝑄off-peak

− 𝑃0 (𝑄peak + 𝑄shoulder + 𝑄off-peak)

− (𝐶𝑝 + 𝑇1 + 𝑇2 + 𝑇3 + 𝑃𝑟 × 𝑄𝑢)

× 𝑄replace-off-peak,

(13)

where Δ𝑅user is the change in the expenditure of the users.

3.2.3. Benefits AnalysisModel for Renewable Energy Producers.
Given that the marginal cost of renewable energy is close to
zero, the changes in benefits are the changes in income. The
specific calculation method is shown as

Δ𝑅rp = (𝑃rp + 𝑃𝑟 × 𝐸CO2
) × 𝑄rp, (14)

where Δ𝑅rp is change in the benefits for renewable energy
producers, 𝑃rp is renewable energy feed-in tariff set by the
market, and𝑄rp is the renewable energy consumed as a result
of market transactions.

3.2.4. Benefits Analysis Model for Social Environment. The
social environment benefits are the reduction of CO2 emis-
sions from renewable energy consumption. The calculation
method is shown in

Δ𝐸 = 𝑄rp × 𝐸CO2
, (15)

where Δ𝐸 is the reduction of CO2 emissions from renewable
energy consumption.

4. Case Study

4.1. Basic Data. Western Inner Mongolia belongs to the
Northwestern region of China. No TOU pricing mechanism
had been introduced by July 2017. The main reasons are that
the goal of current TOU pricing mechanism in China is peak
shaving, not showing the direct relationship with renewable
energy. Also there is not so much difference between peak
load and off-peak load inWestern Inner Mongolia. However,
the TOU pricing mechanism to promote the renewable
energy consumption in this paper is suitable for Western
Inner Mongolia of China. The reasons are follows. First, the
TOU pricing mechanism’s targets in this paper are not only
peak shaving, but promoting renewable energy consumption
by the substitution of renewable energy for captive coal-
fired power plants. Second, as for the energy development of
Western Inner Mongolia, the renewable energy and captive
coal-fired power plants obtain rapid development; there is
serious curtailment of renewable energy and environmental
pollution. In addition, formulating the TOU price and imple-
menting the substitution of wind power for captive power
plants are encouraged in Western Inner Mongolia [38].

Recently, captive coal-fired power plants have undergone
rapid development in Western Inner Mongolia. By the end
of 2015, the installed capacity of captive power plants had
reached 9.26GW, and the power generated was 57.39 TWh
including 53.49 TWh for captive consumption.The electricity
consumed from grid company was only 18.73 TWh, which
accounted for 35% of captive consumption. This electricity
consumption behavior will have serious effects on the envi-
ronment.

Industrial users are taken as an example for analyzing
the use of the TOU pricing mechanism proposed in this
paper. Since the load characteristics of industrial users are
relatively stable and the difference between peak load and off-
peak load is small, the peak, shoulder, and off-peak electricity
figures are set at one-third of the whole industry.The quantity
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of industry electricity demand is obtained according to
the “13th Five-Year Plan” load prediction of Western Inner
Mongolia grid and the electricity consumption in 2015. As
for grid company’s purchased costs, thermal power costs are
determined by coal price and coal consumption of per kWh.
And the purchased electricity is dominated by thermal power
in 2015.Therefore, it is assumed that thermal power cost is the
samewith current average purchase cost, considering the coal
richness of Inner Mongolia.

In addition, to investigate shift to grid, three scenarios are
designed. The basic data are shown in Table 2.

By the end of the year 2015, the wind power installed
capacity in Western Inner Mongolia was 14,976.94MW, and
the photovoltaic installed capacity was 4,083MW. According
to the relevant laws and regulations of Inner Mongolia,
when the renewable energy utilization hours exceed 1,600 h,
the renewable energy producers can participate in market
transactions. The renewable energy power generation is
therefore 30.50 TWh, including 23.96 TWh wind power and
6.53 TWh photovoltaic power. According to the “Notice on
the Expected Control Goal for Power Generation of the
Western Inner Mongolia Power Grid in 2016 ((2016) No. 74)”
issued by the InnerMongolia Autonomous Region Economic
and Information Commission, the thermal power generation
is 17.183 TWh, the wind power generation is 28.15 TWh, and
the photovoltaic power generation is 6.94 TWh in Western
Inner Mongolia in 2016. Under the control goal, the power
that can be traded by the market is 4.59 TWh, which includes
4.19 TWhwind power and 0.41 TWh photovoltaic power.The
data are shown in Table 3.

In addition, combined with the grid technology and the
development of ancillary service market, the largest quantity
of wind power has exceeded 25% of the whole electricity
from grid [39]. According to load prediction of the “13th
Five-Year Plan” of Western Inner Mongolia grid, the total
electricity demand is 192.5 TWh in 2016. The renewable
energy is 35.09 TWh from Table 3, which is lower than 25%
of the electricity demand in 2016. So, the renewable energy
which can be traded by market in 2016 is 4.59 TWh.

4.2. The Calculation of the TOU Price. The marginal cost of
captive coal-fired power plants in Western Inner Mongolia is
shown in Table 4.

In order to improve the competitiveness of the electricity
from the power grid, the off-peak power price is 0.02
Yuan/kWh below the marginal cost for captive coal-fired
power plants.Therefore, according to Table 3 and formula (1),
the off-peak power prices are shown in Table 5.

According to formula (2), the specific data are shown in
Table 6.

According to the investigation of Western Inner Mon-
golia, when the off-peak price is 0.02 Yuan/kWh below
the marginal cost for captive coal-fired power plants, the
electricity shift to grid is notmore than 5%.However, because
the captive coal-fired power plants’ fixed cost will increase per
kWh when the power generation by captive coal-fired power
plants reduces, the shift to grid is assumed to be 0, 2%, and
4%. So, combined with formula (8), the power price is shown
in Table 7 under different shift to grid.

Table 2: Basic data.

Items Units Value
Current average purchase cost Yuan/kWh 0.2389
Purchase cost of thermal power Yuan/kWh 0.2389
The market price for renewable energy Yuan/kWh 0.05
Purchase and installation costs of smart
meters Million Yuan 0

Operation and maintenance expenses Million Yuan 18.834
Operation and maintenance rate % 10
Industry

1–10 kV
Peak GWh 3711.88
Shoulder GWh 3711.88
Off-peak GWh 3711.88

35–110 kV
Peak GWh 2657.58
Shoulder GWh 2657.58
Off-peak GWh 2657.58

110–220 kV
Peak GWh 4277.16
Shoulder GWh 4277.16
Off-peak GWh 4277.16

220 kV and above
Peak GWh 2483.12
Shoulder GWh 2483.12
Off-peak GWh 2483.12

Calcium carbide, electric furnace ferroalloy,
electrolytic caustic soda, ammonia synthesis,
electric furnace calcium magnesium
phosphate, electric furnace yellow
phosphorus, electrolytic aluminum,
polycrystalline silicon, single crystal silicon

1–10 kV
Peak GWh 55.19
Shoulder GWh 55.19
Off-peak GWh 55.19

35–110 kV
Peak GWh 6305.21
Shoulder GWh 6305.21
Off-peak GWh 6305.21

110–220 kV
Peak GWh 4781.77
Shoulder GWh 4781.77
Off-peak GWh 4781.77

220 kV and above
Peak GWh 4986.65
Shoulder GWh 4986.65
Off-peak GWh 4986.65

Power generated by captive coal-fired power
plants shift to grid —

0
2%
4%

Note: industrial users’ smart meters support TOU price implementation, so
the purchase and installation costs of smart meters are 0.

From Table 7, taking 1–10 kV voltage level as an exam-
ple, it is shown that off-peak price declines from 0.4548
Yuan/kWh to 0.2313 Yuan/kWh in order for captive coal-fired
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Table 3: Calculation of the renewable energy that can be traded in the market in Western Inner Mongolia in 2016.

Items Value
Wind power installed capacity in 2015 (MW) 14976.94
Photovoltaic power installed capacity in 2015 (MW) 4083
Wind power when utilization hours are 1600 h (TWh) 23.96
Photovoltaic power when utilization hours are 1600 h (TWh) 6.53
Predicted wind power in 2016 (TWh) 28.15
Predicted photovoltaic power in 2016 (TWh) 6.94
Wind power which can be traded by market in 2016 (TWh) 4.19
Photovoltaic power which can be traded by market in 2016 (TWh) 0.41
Renewable energy which can be traded by market in 2016 (TWh) 4.59

Table 4: The marginal cost of captive coal-fired power plants.

Items Value
Marginal production cost 0.15 Yuan/kWh

Reserve capacity expenses of power system
35 kV and below: 0.031 Yuan/kWh

110 kV: 0.027 Yuan/kWh
220 kV: 0.02 Yuan/kWh

Government funds
Rural grid loan repayment funds 0.02 Yuan/kWh
National large-scale water projects construction funds 0.004 Yuan/kWh
Large and medium-sized reservoir resettlement later support funds 0.0031 Yuan/kWh
Renewable energy price surcharges 0.019 Yuan/kWh
City public utilities surcharges 0.007 Yuan/kWh

Structural adjustment funds 0.0054 Yuan/kWh
Carbon price 14.59 Yuan/t
CO2 emissions 0.8066 kg/kWh
Note: carbon price data comes from Hubei carbon emission trading center. The reason is that, currently, there are seven pilot areas of carbon emission trading
market in China, namely, Beijing, Tianjin, Shanghai, Chongqing, Hubei, Guangdong, and Shenzhen. The industrial structure of Inner Mongolia has a big
difference with Beijing, Tianjin, Shanghai, Guangdong, and Shenzhen. And the Chongqing carbon emission trading center is lack of activity.

power plants to be replaced by renewable energy (when the
TOU is not carried out, the price is equal to shoulder price in
Western Inner Mongolia in this paper). Therefore, the peak
price goes from 0.4548 Yuan/kWh to 0.6487 Yuan/kWh to
ensure the benefits of grid company. Also, it is shown that the
peak power price rises when the shift to grid increases. The
main reason for this is that the quantity of electricity in off-
peak times increases when shift to grid increases.

4.3. Benefits Calculation Based on the Benefits Analysis Model

4.3.1. Benefits Calculation for the Grid Company. Peak shav-
ing is introduced to analyze the benefit changes for the grid
company. In this paper, the peak shaving is defined as the rate
at which peak power is transferred to off-peak power without
considering shift to grid. The specific calculation method is
shown in

𝜃 =
𝑄peak − 𝑄peak
𝑄peak

, (16)

where 𝜃 is the peak shaving, 𝑄peak is the current peak power
without shift to grid, and 𝑄peak is the peak power after the
TOU pricing mechanism is introduced, without shift to grid.

For the grid company of Western Inner Mongolia, elec-
tricity situations are analyzed with different shift to grid and
peak shaving in Figure 5.

Based on Table 7, Figure 5, and formula (9), the income
changes for a grid company are shown in Figure 6.

Using formula (10), the cost changes for the Western
Inner Mongolia grid company in 2016 when TOU pricing is
introduced are shown in Figure 7.

The benefit changes for the grid company in 2016 when a
TOUpricingmechanism is introduced are shown in Figure 8.

As we can see from Figure 8, the benefits for the grid
company are gradually reduced when the peak shaving and
the shift to grid are increased. However, when the peak
shaving and the shift to grid are both less than 4%, the
benefits for the grid company will increase after a TOU
pricingmechanism is introduced.There are twomain reasons
for this result; first, the increase in shift to grid, which leads to
electricity sales increasing, enhances the revenue of the grid
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Table 5: Off-peak power prices for different voltage classes.

Items Units 1–10 kV 35–110 kV 110–220 kV 220 kV and above
Off-peak power price Yuan/kWh 0.2313 0.2313 0.2273 0.2203

Table 6: Shoulder power prices for different voltage classes for industrial users. Unit: Yuan/kWh.

Items 1–10 kV 35–110 kV 110–220 kV 220 kV and above
Industry 0.4548 0.4398 0.4278 0.4208
Calcium carbide, electric furnace ferroalloy, electrolytic caustic soda,
ammonia synthesis, electric furnace calcium magnesium phosphate,
electric furnace yellow phosphorus, electrolytic aluminum,
polycrystalline silicon, single crystal silicon

0.4118 0.3968 0.3848 0.3778

0 2 4 2 4 0 2 40
Peak shaving (%)
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Off-peak
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Figure 5: Electricity under different peak shaving and shift to grid.
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Figure 6: Income changes for the grid company in 2016when aTOU
pricing mechanism is introduced.

company. Second, when the peak shaving and the shift to grid
are both less than 4%, the savings in the purchase costs for
power caused by the presence of low-cost renewable energy in
the market are more than the increases in the costs of power
caused by the shift to grid. In addition, the implementation
of TOU pricing mechanism to promote renewable energy
consumption is conducive to peak shaving, which could
reduce the grid investment demand of grid enterprises in
order to meet the peak load.
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Figure 7: Cost changes for the grid company in 2016 when a TOU
pricing mechanism is introduced.
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Figure 8: Benefit changes for the grid company in 2016 when a TOU
pricing mechanism is introduced.

4.3.2. Benefits Calculation for Electricity Users. The changes
in the benefits for electricity users are changes in expenses,
which consist of changes in the power costs and savings
on expenses caused by the consumption of electricity from
the grid in place of electricity from captive coal-fired power
plants. The benefits changes are shown in Figure 9.

According to Figure 9, electricity users’ expenses decrease
as the peak shaving and the shift to grid increase. At the
same time, when the peak shaving and the shift to grid are
positive, the electricity users’ expenses will be reduced. The
main reason is that the off-peak price is lower than the captive
coal-fired power plants’ marginal cost.
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Table 8: Changes in the benefits to the social environment.

Items Increased renewable energy CO2 emissions reduction Total benefit changes
Units TWh kg/kWh Thousand tons
Value 4.59 0.8066 3705.6

Table 9: Five factors used in the sensitivity analysis for changes in the benefits for the grid company.

Items Units −10% Baseline scenario 10%
Peak shaving — 1.8% 2% 2.2%
Power gird enterprise’s benefit changes Billion Yuan 0.746 0.744 0.742
Shift to grid — 1.8% 2% 2.2%
Power gird enterprise’s benefit changes Billion Yuan 0.745 0.744 0.743
The quantity of renewable energy purchased in the market TWh 4.13 4.59 5.05
Power gird enterprise’s benefit changes Billion Yuan 0.666 0.744 0.822
The market price of renewable energy Yuan/kWh 0.045 0.05 0.055
Power gird enterprise’s benefit changes Billion Yuan 0.765 0.744 0.724
Carbon price Yuan/t 13.131 14.59 16.049
Power gird enterprise’s benefit changes Billion Yuan 0.743 0.744 0.745
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Figure 9: Changes in benefits for electricity users.

4.3.3. Benefits Calculation for Renewable Energy Producers.
From Table 3, a total of 4.59 TWh of renewable energy is
purchased at low cost in market transactions. Moreover,
the marginal cost of renewable energy is close to zero, so
the changes in the benefits of renewable energy producers
are their income changes. The benefit changes of renewable
energy producers are 283.77 million Yuan in 2016.

4.3.4. Benefits Calculation for the Social Environment. The
changes in the benefits for the social environment mainly
come from the reduction in CO2 emissions. As shown in
Table 8, the changes in the benefits to the social environment
are 3,705.6 thousand tons.

4.4. Sensitivity Analysis. In this section the effects of main
factors on the changes to the benefits of the stakeholders will
be analyzed in the scenario in which the peak shaving and the
shift to grid are both 2%.

The effects of peak shaving, shift to grid, quantity of
renewable energy purchased in the market, market price of
renewable energy, and carbon price on the calculations for
the grid company are analyzed, and the specific calculation
results are shown in Table 9 and Figure 10.

From Figure 10, it can be seen that the quantity of
renewable energy purchased on the market has the most
influence on the benefits received by the grid company; when
the quantity of renewable energy purchased on the market
changes by 10%, the benefits to the grid company change by
10.46%. There is a positive relationship between these two
variables. Moreover, the benefit to the grid company has a
positive relationship with the carbon price. In addition, with
the increases in peak shaving, shift to grid, and the market
price for renewable energy, the benefits to the grid company
will reduce. At the same time, the degree of influence on the
benefits to the grid company of the five factors is greatest for
the quantity of renewable energy purchased in the market,
decreases for the market price for renewable energy, for peak
shaving, and for carbon price, and is least for shift to grid.

Overall, the benefits of grid company are determined
by income and cost. As shown in Figure 10, the quantity
of renewable energy purchased in the market, which has
a relationship with cost, has the greatest influence on the
benefits to the grid company. Therefore, the grid company
should pay more attention to renewable energy generation
characteristics and increase the quantity of renewable energy
with cheap price actively based on strong and stable big power
grid.

Themain influencing factors on the benefits for electricity
users are peak shaving, shift to grid, quantity of renewable
energy purchased in the market, and the market price for
renewable energy. The results of the sensitivity analysis are
shown in Table 10 and Figure 11.

From Figure 11, it can be seen that the quantity of
renewable energy purchased in the market has the most
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Table 10: Four factors used in the sensitivity analysis for changes in the benefits to electricity users.

Items Units −10% Baseline scenario 10%
Peaking shaving — 1.8% 2% 2.2%
Electricity users’ expenses Billion Yuan −0.129 −0.131 −0.133
Shift to grid — 1.8% 2% 2.2%
Electricity users’ expenses Billion Yuan −0.129 −0.131 −0.134
The quantity of renewable energy purchased in the market TWh 4.13 4.59 5.05
Electricity users’ expenses Billion Yuan −0.122 −0.131 −0.140
The market price of renewable energy Yuan/kWh 0.045 0.05 0.055
Electricity users’ expenses Billion Yuan −0.134 −0.131 −0.129
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Figure 10: Picture of the effects of the five factors used in the sensitivity analysis for changes in the benefits for the grid company.
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Figure 11: Picture of the effects of the four factors used in the sensitivity analysis for changes in the benefits to electricity users.

influence on the changes in electricity users’ expenses; when
the quantity of renewable energy purchased in the market
changes by 10%, the electricity users’ expenses change by
6.82%. And if there is an increase in the market price
for renewable energy, the expenses of electricity users will
increase.

In other words, the degree of influence on the benefits to
electricity users of the four factors is greatest for the quantity
of renewable energy purchased on the market transaction,
then decreases for the market price, for renewable energy,
and again for shift to grid, and is least for peak shaving.
Since the grid company plays a role of transmitter between



Mathematical Problems in Engineering 13

The quantity of renewable energy purchased in the market
The market price for renewable energy
Carbon price

−10

−5

0

5

10

15 Benefits change rate of renewable
energy producers (%)

−5 0 5 10−10

−15

Factors change
rate (%)

Figure 12: Picture of the three factors used in the sensitivity analysis for changes in the benefits to renewable energy producers.

Table 11: Three factors used in the sensitivity analysis for the changes in the benefits for renewable energy producers.

Items Units −10% Baseline scenario 10%
The quantity of renewable energy purchased in the market TWh 4.13 4.59 5.05
Renewable energy producers’ benefit changes Million Yuan 255 284 312
The market price of renewable energy Yuan/kWh 0.045 0.05 0.055
Renewable energy producers’ benefit changes Million Yuan 266 284 312
Carbon price Yuan/t 13.131 14.59 16.049
Renewable energy producers’ benefit changes Million Yuan 278 284 289

Table 12: Sensitivity analysis for the effect of the quantity of renewable energy purchased in the market on the changes in the benefits to the
social environment.

Items Units −10% Baseline scenario 10%
The quantity of renewable energy purchased in the market TWh 4.13 4.59 5.05
CO2 emissions reduction Billion Yuan 33.350 37.056 40.762
Social environment benefit changes — −10% 0 10%

supply and demand, the power purchase cost savings by
purchasing cheap renewable energy could transmit to users.
Then, with the increase of cheap renewable energy, the power
expenses will reduce. Therefore, users can optimize using
electricity behaviors to reduce power expenses considering
the characteristics of renewable energy power generation.

The main factors influencing the changes in the benefits
for renewable energy producers are the quantity of renewable
energy purchased in the market, the market price for renew-
able energy, and the carbon price. The sensitivity analysis
results are shown in Table 11 and Figure 12.

From Figure 12, it can be seen that the quantity of
renewable energy purchased in the market has the most
influence on the changes to the benefits to renewable energy
producers; when the quantity of renewable energy purchased
in the market changes by 10%, the benefits to renewable
energy producers change by 10%, and the benefit to renewable
energy producers also has a positive relationship with the
market price for renewable energy and the carbon price.

In other words, the degree of influence on the changes in
benefits for renewable energy producers of the three factors
is greatest for the quantity of renewable energy purchased in
the market, less for the market price for renewable energy,
and least for the carbon price.Therefore, improving the quan-
tity of renewable energy consumption is crucial under the
electricity safety and stability. In order to promote renewable
energy consumption, the renewable energy producers can
improve the accuracy of renewable energy generation forecast
for the power dispatching department when the TOU is
carried out.

Themain factor influencing the changes in the benefit for
the social environment is the quantity of renewable energy
purchased in the market. The sensitivity analysis results are
shown in Table 12.

From Table 12, it can be seen that if there is an increase in
the quantity of renewable energy purchased in the market,
the benefits to the social environment will increase. So
the government should promote collaborative development
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among multienergy according to the hydropower, wind
power, photovoltaic power generation, and other renewable
energy generation characteristics and construct ancillary
service markets actively to provide safe and stable on-gird
access for renewable energy.

5. Discussion

Given the overcapacity in electricity generation, curtailment
of renewable energy, and the development of captive coal-
fired power plants for industrial users, this paper designs
a TOU pricing mechanism to promote renewable energy
consumption by the substitution of renewable energy for
captive coal-fired power plants with a linkage mechanism
between the supply side and demand side. As shown in the
case study of the Western Inner Mongolia grid in China, the
grid company and renewable energy producers’ benefits have
been improved and users’ expenses and CO2 emissions have
been reduced.

In the TOU pricing mechanism to promote renewable
energy consumption, grid company plays a key role in
transmitting between supply and demand to increase power
purchase costs savings by purchasing cheap renewable energy
for demanders. To ensure the TOU pricing mechanism being
carried out successfully, there are some key works that need
to be done by the grid company:

(1) Improving the power grid’s intelligence and enhanc-
ing the control ability for the power grid to ensure
renewable energy on grid as much as possible

(2) Improving the forecast accuracy of intermittent
power, such as wind power and solar power

(3) Setting a low limit for off-peak price and guiding peak
shaving reasonably to prevent inversion between peak
load and off-peak load.

Regarding users, the captive coal-fired plants’ operation
cost per kWh is related to coal consumption per kWh,
coal price, and carbon price. Therefore, the users need to
pay attention to coal trading market and carbon emissions
trading market to calculate operation cost accurately, which
is a determining factor for electricity generated captive
coal-fired plants shifting to grid. In addition, when the
cheap renewable energy consumption decreased, the power
purchase expenses will increase. So users could optimize
using electricity behaviors, according to renewable energy
generation characteristics to promote renewable energy con-
sumption.

The key factors to renewable energy producers’ benefits
are the consumption and the price from the renewable energy.
So in order to promote the renewable energy consumption,
improving the forecast accuracy and generation characteris-
tics of renewable energy is vital.

From the government perspective, the TOU pricing
mechanism is conducive to achieving emission reduction
commitments and renewable energy consumption targets.
Therefore, the government should provide some support for
it:

(1) Encouraging multienergy complementary develop-
ment, such as thermal power, hydropower, wind
power, and solar power to ensure the grid operation
is stable

(2) Because the coal price, carbon price, and other fac-
tors are unstable, the government should focus on
the linkage mechanism among coal, electricity, and
carbon to adjust the TOU price.

6. Conclusions and Recommendations

Combined with the development of the Western Inner
Mongolia power grid, this paper studies a TOU pricing
mechanism to promote renewable energy consumption, by
the substitution of renewable energy for captive coal-fired
power plants. The conclusions and recommendations are as
follows:

(1) Combined with the load prediction results about the
“13th Five-Year Plan” ofWestern InnerMongolia grid,
if a TOU pricing mechanism is introduced and the
peak shaving and the shift to grid are both 2%, the
benefits to the grid company will increase by 0.744
billion Yuan, the expenses of power users will reduce
by 0.131 billion Yuan, the benefits to renewable energy
producers will increase by 0.284 billion Yuan, and
CO2 emissions will reduce by up to 3,705.6 thousand
tons.

(2) When TOU pricing is introduced in the Western
Inner Mongolia power grid, the biggest factor affect-
ing the benefits for the grid company, the electricity
users, the renewable energy producers, and the social
environment is the quantity of renewable energy
purchased in the market.

(3) With the improvement in the electricity market
mechanisms, in order to increase the benefits for the
grid company, the electricity users, the renewable
energy producers, and the social environment, the
government should, when setting the TOU price,
take into consideration the costs of the purchase and
installation of smart meters, the costs of the operation
and maintenance of smart meters, the quantity of
renewable energy purchased in the market, the price
of renewable energy on the market, and the carbon
price.

(4) Based on the lessons learnt from the existing TOU
pricing mechanism, smart meters are the vital equip-
ment. So, to ensure the implementation of the TOU
pricingmechanism, upgraded smartmeters should be
promoted to apply the TOU price mechanism based
on close cooperation between the government and the
grid company. In addition, considering the electricity
market development about renewable energy in the
TOU price mechanism proposed in this paper, the
power generation plan should be released gradually
to promote transactions in the power market.

(5) The grid company is responsible for the benefits
fluctuation with different peak shaving based on the
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existing TOU pricing mechanism of China, which
does not consider the renewable energy. In the TOU
price mechanism proposed by this paper, unstable
renewable energy has been taken into account, which
increases grid company’ risk; as a result, it is sug-
gested that a balanced fund accounting for the TOU
price mechanism should be established by the local
government to ensure the sustainable development
of the economic and power industry. In the future,
a spot market (a real-time electricity market) should
be promoted, and a power balance market should be
developed in an orderly and coordinated way with
the aim of establishing the full market TOU price
mechanism.
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