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ABSTRACT The problem of fossil energy shortage and pollution has become increasingly prominent.
In China, government-led electric energy substitution projects are being carried out in nationwide, aiming at
the end of energy consumption links, using electricity instead of coal-fired and oil-fired energy consumption,
in order to optimize the energy structure and achieve the goal of energy conservation and emission reduction.
Aiming at the planning and benefit sharing of electric energy substitution project, this research first designs
the planning mechanism of electric energy substitution for productive users, analyses distribution network
planning, transformation subsidy and so on, and puts forward three schemes. Secondly, based on the
cooperative game theory, the benefit allocation model of electric energy substitution project is established.
Finally, we take the flue-cured tobacco project about replacing coal with electricity in three areas of Yunnan
province as an example to analyze, optimize the game strategy, and put forward three indicators to measure
the benefits of the participants in the project. The pollution reduction situation that can not be converted
into economic benefits is counted. The modeling results show that the density of users geographically will
directly affect the cost of the distribution network transformation. The coal flue-cured tobacco heat loss and
serious pollution, after optimization, power grid enterprises can quickly recover investment.

INDEX TERMS Electric energy substitution, mechanism design, benefit analysis, tobacco industry.

I. INTRODUCTION
With the excessive consumption of global fossil energy,
the problem of energy shortage and environmental pollution
is becoming increasingly prominent. The Paris Accord sets a
target for global CO2 reduction of carbon emissions, which is
the European national system. A timetable for the withdrawal
of fuel-fired vehicles from the market has been set [1]. The
Chinese government has pointed out that the proportion of
electricity in terminal energy consumption should reach about
27% by 2016-2020 [2]. In response to the relevant policies of
the Chinese government, the State Grid Corporation of China
has launched in recent years the concept of ‘‘Replacing coal
with electricity, replacing oil with electricity, and using clean
electricity’’ as the core concept of electric energy substitution
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work [3]. Electric energy substitution refers to the energy
consumption mode of substituting electric energy for fossil
energy such as coal, oil, natural gas and conventional terminal
energy in the end energy consumption link [4].

Nowadays, China is actively carrying out electric energy
substitution projects. In the whole year of 2018, 38,000 elec-
tric energy substitution projects have been completed. The
additional electricity generated by substituting other energy
sources amounts to 135.3 billion kW·h, which is equivalent to
reducing 75.77 million tons of coal combustion, 135 million
tons of carbon dioxide emissions and 430 million tons of sul-
fur dioxide, nitrogen oxides and dust emissions, the economic
and environmental benefits of this project are remarkable [5].
Electric energy substitution emphasizes that priority should
be given to energy consumption through technological inno-
vation. In order to reduce the consumption of fossil energy,
the project encourages the use of various types of electric
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products and facilities, such as traditional coal-fired boilers,
coal burners, residential heating and cooking, to reduce coal
consumption [6].

In fact, similar projects have already begun in other coun-
tries. The United States began rural electrification [7] in the
last century and used ground heat pump technology [8]. Japan
levied a tax on fossil fuels at the rate of 2400 yen per ton
to promote the rise of electricity consumption [8]. European
countries are actively expanding electric heating [9]. Simulta-
neously, most countries in the EuropeanUnion are opening up
the powermarket, implementing self-pricingmechanism, and
accelerating the speed of substituting electric energy for other
energy sources [11]–[13]. In addition, electric transportation,
including electric vehicles, is supported by different countries
all over the world [14], [15]. Although similar projects have
been carried out in some countries, it is necessary to further
study the project in light of Chinese energy consumption
characteristics and policy background.

In recent years, related research has focused on energy
efficiency and power demand forecasting. The energy-GDP
elasticity coefficient is used to measure the change of energy
use when GDP changes by 1%. Csereklyei and Stern pointed
out that the growth of per capita energy use has been primarily
driven by economic growth [17] in the medium and long
term. Li and Tao summarized four main energy efficiency
evaluation methods [18]. Bukarica and Tomsica designed an
energy efficiency market model and compares it with market
conditions [19]. Chen and Chen evaluated the energy use of
construction industry in 28 major cities in northern China,
and pointed out that electric heating is more adaptable than
steam heating in rural areas of China [20]. In Malaysia with
abundant hydropower, Bello et al. studied uses ridge regres-
sion method and runoff generation function to estimate the
parameters, which verifies that hydropower can be used in
this country, feasibility of replacing fossil fuels [21].

Electricity can be substituted with other energy sources.
The substitution effect is an important factor driving the
power consumption intensity. The decrease of capital price
and energy price will lead to the increase of power con-
sumption intensity [22], [23]. Akay and Atak introduced
dynamic into grey forecasting model and tracked and pre-
dicted Turkey’s long-term electricity demand for the whole
society and industrial sector [24]. German buildings cur-
rently use electric heating, and by 2040 the German electric
power sector will gain an additional 260 TW·h of electricity
demand [10]. Yongxiu et al. used particle swarm optimization
combined with in-depth learning to predict China’s electricity
demand, and measured the impact of driving factors on elec-
tricity demand by correlation degree, it revealed the direction
of action of driving factors on electricity demand [25]. There
is a relationship between electricity demand and season.
A seasonal grey model (SGM) is proposed, which is based
on the cumulative operator generated by seasonal factors, can
effectively predict seasonal power demand fluctuations in the
primary industry [26].

Electric energy substitution can be divided into two cate-
gories from the economic point of view: production behav-
ior and non-production behavior. Some users mainly use
electric energy to replace other energy sources to improve
their quality of life, mainly residential users, such as electric
heating [49], electric cooking [50]. While the other users
with production behavior use electricity, they can replace
other energy sources to carry out production activities, e.g.
electrolytic aluminium [29], [31], electrolytic copper [30],
and electric boiler [31]. In other words, electric energy is one
of the means of production of such users, who use electric
energy to carry out production activities.

The electric energy substitution project has been carried
out on a large scale in China, but the planning mechanism
has not been designed in the existing research, which can not
guide the actual development of such projects. Therefore, this
paper studies the issue. The first part is about the design of
the planning mechanism of electric energy substitution, and
subsidy strategies are formulated for users and power grid
enterprises (PGE). The second part establishes the benefit
distribution model of electric energy substitution based on
cooperative game theory. The third part introduces the solu-
tion algorithm. In the fourth part, the strategy of replacing
coal by electricity for flue-cured tobacco in Yunnan province
was analyzed. The fifth part discusses the environmental
benefits of the flue-cured tobacco project. Finally, the sixth
part draws relevant conclusions.

II. MECHANISM DESIGN OF ELECTRIC ENERGY
SUBSTITUTION
A. USER CLUSTERING PHENOMENON
In the actual electric energy substitution project, when the
number of users reaches a certain scale, there is scale ben-
efit, so the government and PGE are willing to promote the
development of this project. The potential substituted objects
are various, involving all energy users, possibly industrial
users, residential users, agricultural users, etc. When these
users are ready to use electric energy as power to carry out
production activities, the primary problem they face is how
to connect these users to the power grid, when the number
of users reaches a certain scale. These productive users are
often located in the production of raw materials, e.g. flue-
cured tobacco barns around tobacco planting areas. From
the point of view of distribution network planning, these
users have the phenomenon of ‘‘clustering’’ geographically.
Figure 1 shows the phenomenon of users clustering in the
distribution network.

The unconnected users in Figure 1 are potential objects of
electric energy substitution. This paper defines these users
as User Clusters (UC) that has a certain distance between
them and connected users. Combining with the GIS system
of distribution network, the UC are classified into three types
according to the dense degree: dispersed, medium and dense.
Equivalent, the characteristics of dispersed UC are that they

12868 VOLUME 8, 2020



K. Liu et al.: Planning Mechanism Design and Benefit Analysis of Electric Energy Substitution: Case Study of Tobacco Industry

FIGURE 1. Classification of user clusters dense degree.

are far away from adjacent operational lines or connected
users, while a small number of users need a longer length of
new lines, The characteristic of dense UC are that they have a
shorter distance from the users have access to the distribution
network, so new lines need to be shorter in length. The density
of UC directly affects the length of lines with different voltage
levels that need to be built and the number of transformers that
need to be added. Through the above statistical classification,
it is very important for the next practical project to complete
the preliminary data research work of electric energy sub-
stitution. In order to further quantify the denseness index,
in section II.B of this paper, the denseness coefficient of UC
is calculated by classifying statistics and weighting method
of five categories of users, which can represent the dense
degree of user distribution in a certain area in the distribution
network layer.

B. DESIGN OF ELECTRIC ENERGY SUBSTITUTION
PLANNING MECHANISM
The promotion of electric energy substitution projects can not
be separated from effective incentive and reasonable planning
mechanism. At present, there is no design of this mechanism
for electric energy substitution. The projects that have been
carried out in China generally have period of three years,
the longest is not more than 8 years. However, there is no
systematic method to guide the project planning. At the same
time, there are no reasonable economic incentive measures on
the user side. Therefore, we take into account the size of the
UC, the degree of psychological acceptance and the cost of
distribution network transformation. Consideration has been
given to the formulation of planning mechanism as shown in
the following figure:

As shown in Figure 2, the objects of electric energy sub-
stitution constitute a cluster. Because of the large number of
users in the project, it is impossible to make them participate
in the project all at once, and the project needs to respect the
wishes of users. Considering these factors, we will design
the substitution mechanism as shown in Figure 2. Firstly,
the UC are classified according to the number of users,

the psychological acceptance of electric energy substitution
projects and the cost of distribution network transformation.

1) NUMBER OF USERS
From the experience of electric energy substitution projects,
the number of potential users directly determines the project
cycle. The higher the number of users, the longer the project
cycle will be. Through the post-survey of such projects,
the number of users is in the order of 100 and 1000, giving
priority to short-term substitution. The number of users in
the order of 10,000 can consider medium-term substitution,
while the number of users is higher than 50,000, long-term
substitution needs to be considered.

2) PSYCHOLOGICAL ACCEPTANCE OF USERS
The biggest characteristic of the electric energy substitution
project on the user side is voluntary participation. Influ-
enced by many factors such as industry energy structure and
user’s energy consumption behavior, the user’s acceptance
of the use of power production or life varies. Therefore,
it is necessary to conduct user acceptance survey before
carrying out such projects. In this paper, users’ psychological
willingness is investigated by questionnaires. Questionnaires
are designed by Likert scale and Fuzzy Language Scale
[27], [28], as shown in Table 1. If a user chooses ‘‘uncertain’’,
the scale value κ = Pli · PFL, κuncertain = 3 · 10% = 0.3, and
the user has a neutral attitude to the project.

Through acquiring the data of potential users’ psycholog-
ical willingness and classifying the users according to their
acceptance degree, Lead users are more likely to participate
in the project and play a leading role in the UC. Neutral
users hold a wait-and-see attitude, while stubborn users are
less motivated to participate in the project, and even refuse to
make it happen.

3) COST OF DISTRIBUTION NETWORK TRANSFORMATION
Now, the vast majority of electric energy substitution projects
only involve the transformation of distribution network, and
there is no need to build new transmission network or
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FIGURE 2. Design of planning mechanism for electric energy substitution.

TABLE 1. Likert and fuzzy language scale.

transform higher voltage level lines, e.g. 110kV and 220 kV.
Therefore, we estimate that the cost of distribution network
transformationmainly considers the situation of adding 10kV,
0.4kV line length and the number of new transformers.
Combining the Part II A of UC density, we define the fol-
lowing UC density coefficients:

ξ =

p=5∑
p

ηpµp (1)

In formula (1), the user-dense factor covered by each
distribution station in a certain area, and also reflects the
new construction of 10kV, 0.4kV lines and transformers in
a certain distribution network area. The smaller the value
of ξ , the more dispersed the distribution of users, the higher
the cost of distribution network transformation in a certain
area may be. ηp is the proportion of the number of users
in the whole cluster within the number of p-type users.
Assuming that η5 = 30% represents more than 50 users in

the distribution area where 30% of the users are located, and
that µk is the corresponding weight factor of ηp, the weight
of ηp and the grading of distribution network transformation
such as Table 2 are adopted by expert weighting method [33].

TABLE 2. Classification of distribution network transformation based on
density.

On the basis of the above three evaluation indicators, and
combined with our investigation on a large number of com-
pleted projects, we design three substitution schemes:

A Short-term Substitution
Assuming that the number of potential users in a certain

area is small, the number of Lead-type users accounts for a
large proportion of the total number of users, and the cost
of distribution network transformation is low, this type of
UC and PGE are more suitable for short-term substitution.
Government’s subsidies for users and PGE need not be too
high, and appropriate incentives can be pushed forward. The
project cycle can be designed for one year when the project
is launched.

B Medium-term Substitution
Assuming that the number of potential users in a certain

area is medium, the number of Lead-type and Neutral-type
users accounts for a large proportion of the total number of
users, and the cost of distribution network transformation is
not high, this type of UC and PGE are more suitable for
medium-term substitution. The government’s subsidies for
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UC and PGE can be referred to benchmark. The period of
design was 2-4 years.

C long-term Substitution
Assuming that the number of potential users in a certain

area is huge, the number of Stubborn-type users accounts
for a large proportion of the total number of users, and
the cost of distribution network transformation is high, this
type of UC and PGE are more suitable for long-term sub-
stitution, and government total subsidies for UC need to be
increased by a large margin. The design period of the project
is 5 years or more.

The three substitution plans can support government and
PGE on schematization, but it is not suitable for area with
complex energy consumption.

C. SUBSIDIES FOR ELECTRIC ENERGY SUBSTITUTION
How to calculate the subsidy cost is extremely important for
the government. It also involves whether it can stimulate the
PGE and UC, and play the role of economic leverage in the
process of the project.

1) SUBSIDY FOR UC
When the function Y has a sinusoidal relationship, there is:

SoddUC·i·k = ωk · S
base
UC·i

SbaseUC·i = (ε ±1ε)× Cequ
(2)

Sodduc·i·k is the subsidy for individual k–type users in the
i-th year, and Sbaseuc·i is the benchmark subsidy issued by the
government in the i-th year. The smaller the value of the psy-
chological willingness coefficient of k-type users, the easier
it is for users to participate in electric energy substitution
projects. ωk is calculated by appendix Table 7 and appendix
Formula A1. Cequ is the cost of equipment generated by the
user when replacing energy, ε is the ratio of subsidy, and
1ε is the floating range of subsidy rate. Every user receives
a subsidy only in the first year when he participates in the
electric energy substitution project, i.e. the subsidy is one-
time, and the same user cannot get the subsidy repeatedly.

2) SUBSIDY FOR PGE

SPGE ·i = ξ · SbasePGE·i

SbasePGE ·i = (0 ∼ 5%) · C i
D (3)

SPGE·i is the government’s subsidy for PGE in the i-th year,
SbasePGE·i is the benchmark subsidy for PGE issued by the gov-
ernment in the i-th year, and C i

D is the capital invested in
the transformation of PGE in the i-th year. The government
may flexibly subsidize PGE according to the tax situation
generated by the project. The meaning of ξ is consistent with
that of this paper II B.

III. BENEFIT GAME OF ELECTRIC ENERGY SUBSTITUTION
After the development of electric energy substitution projects,
there will be multiple benefits, which will inevitably lead to
conflict of distribution. Essentially, it can be summed up as

game problems. It should be noted that UC, PGE and govern-
ment must form a partnership, otherwise, none of them will
get the benefits of this project, and this kind of relationship is
just in line with the characteristics of cooperative game. The
relationship between all participants in the game and benefit
conflict are expressed as follows.

As shown in Figure 3, because of the different roles played
by UC, PGE and government in the distribution of electric
energy substitution benefits among different subjects, and
the different goals pursued by the corresponding subjects,
the game behavior of the interests of each subject is generated
when the project is carried out. The objectives of the UC
in Figure 3 include reducing energy costs and increasing
the ratio of energy to economic benefits. PGE expect to
increase electricity consumption in the end energy consump-
tion, the proportion of electric energy expands, but also need
to consider the safe and economic operation of transmission
and distribution network, and PGEwill contribute tax revenue
to the government. The government is more concerned about
the environmental benefits of electric energy substitution,
reducing the emissions of various pollutants through electric
energy substitution, and the government will stimulate UC
and PGE to participate in the projects in the form of economic
subsidies, thus promoting the change of energy consumption
structure.

FIGURE 3. Benefit game in electric energy substitution project.

The game pattern of government, PGE and UC should
be in a cooperative state. From the point of view of infor-
mation exchange, cooperative game shows that all partici-
pants understand each other’s objective function. From the
perspective of game benefit, the game points between UC
and government focus on environmental benefits, while the
game points between PGE and UC, PGE and government
focus on economic benefits. Only by objectively analyzing
the benefit contradiction of electric energy substitution for
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each participant can we effectively coordinate the benefit
distribution of each game subject and fully tap the potential
of electric energy substitution.

A. MODEL ASSUMPTIONS OF ELECTRIC POWER
SUBSTITUTION
The electric energy substitution takes cooperative game as the
background, and cooperative game emphasizes the rational-
ization of group decision-making, i.e. under the condition of
dynamic information exchange and satisfying constraints, all
participants can realize the reallocation of resources through
cooperation to improve the overall efficiency. Therefore,
cooperative game mainly studies how to optimize the allo-
cation of resources, and through the solution of cooperative
game and payment transfer to achieve global optimiza-
tion [45]. The following assumptions are made according to
the actual electric energy substitution projects:
Assumption 1: Electric energy substitution projects are

carried out under the cooperative mode. The government,
the PGE and UC form cooperative relationships to provide
benefits for the society, while the private sector can also
obtain reasonable profits.
Assumption 2: PGE and UC are self-interested, i.e. to

maximize their own interests.
Assumption 3: Each batch of substituted users forms a con-

sortium, which gives priority to maximizing cluster interests
in the game process.

B. DECISIONS OF GAME PARTICIPANTS
The governmentmakes decisions on subsidies. Their decision
variables for the project are as follows:
�GOV is a set of government decision variables, including

UC’s subsidy (SUC) and PGE’s subsidy (SPGE). S tUC·k is the
government subsidy fee for each k-type substitution user in
t-th year. kLead, kNerural, kStubborn represent lead users, neutral
users and stubborn users respectively. S tPGE is the govern-
ment’s subsidy to PGE in t-th year. X1 and X2 are two kinds
of subsidy fees.

�GOV



SUC

∣∣∣∣∣∣∣∣∣
SUC =

n∑
t=1

3∑
k=1

S tUC ·k , S
t
UC ·k ∈ X1,

∀t ∈ {1, 2, 3 · · · n} ,
k ∈ {kLead , kNetrual, kStubborn}

SPGE

∣∣∣∣∣SPGE = n∑
t=1

3∑
k=1

S tPGE , S
t
PGE ∈ X2,

∀t ∈ {1, 2, 3 · · · n}

(4)

The UC constructs its set of decision variables as follows:

�UC =


qUC

∣∣∣∣∣∣∣∣∣∣∣∣

qUC =
n∑
t=1

3∑
k=1

qtk , q
t
k ∈ X3

∀t ∈ {1, 2, 3 · · · n} ,

k ∈ {kLead , kNetrual, kStubborn}


(5)

�UC is the set of decision variables of UC in electric energy
substitution project, qUC is the total number of UC, qtk is the
number of k-type users who accept substitution in the t-th
year, and X3 is the set of substitution users.

PGEmakes decisions on electricity price in the project, and
the decision set is constructed as follows:

�PGE =

Ip
∣∣∣∣∣∣
I tp·k ∈ X4,∀j ∈ {1, 2, 3 · · · n}
∀t ∈ {1, 2, 3 · · · n} ,
k ∈ {kLead , kNetrual, kStubborn}

 (6)

�PGE is a set of decision variables for PGE in the electric
energy substitution project. The decision variables are elec-
tricity price (IP). I tP·k is the fee charged by PGE to k-type
substitution users in the t-th year, and X4 is the price set.

C. GAME MODEL OF ELECTRIC ENERGY SUBSTITUTION
BENEFIT
Quantifying the benefits of each participant is the key to the
game model. Based on the actual electric energy substitution
project, this paper pays attention to the income and cost
of each participant in the game, and considers the discount
rate of funds and the operation cycle of the project, we take
the tobacco industry as an example to model. By analyzing
and observing the decision variables of each participant in
the game, the problem is summed up as a mixed integer
programming problem (MILP) [46], and the following game
model is constructed.

� The revenue function and constraints of government

Max FGOV = Ecarbon − SUC − SPGE +1Rtax (7a)

Ecarbon = PETS
n∑
t=n

k=3∑
k

(qtkL
t
carbon·k ), n = 1, 2, 3, 4, 5

(7b)

SUC =
n∑
t=n

k=3∑
k

(ωPI ·kqtkS
t
UC ·k ), n = 1, 2, 3, 4, 5

(7c)

SPGE = ξ
n∑
t=1

SPGE ·t , n = 1, 2, 3, 4, 5 (7d)

The government’s objective function is formula 7a. FGOV
is composed of four parts (Ecarbon, SUC, SPGE,1Rtax). Ecarbon
is the government’s carbon income, the reduction of carbon
emissions by users is converted into economic benefits.
PETS is the carbon price under Emission Trading Scheme
(ETS) [47]. L tcarbon·k is the reduction of carbon emissions
by k-type users in the t-th year. SUC is the government’s
total subsidy expenditure to users during the project cycle
to compensate for the cost of purchasing energy equip-
ment when users change their energy use patterns. S tUC·k
is the subsidy cost to k-type users in the t-th year; ωPI·k
is the psychological willingness coefficient of k-type users
to the project, the lower its value is, indicating that the more
enthusiastic such users are to participate in the project, and it
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same as ωk of this paper section 2.

1Rtax = 1Rtaxpower +1R
tax
production (7e)

1Rtaxpower = µ
tax
power

n∑
t=n

k=3∑
k

(qtk I
t
p·k ) (7f)

1Rtaxproduction = σ
tax
production·i(R

′
− R)

n∑
t=n

k=3∑
k

(qtk1M
t ) (7g)

Formula (7e)-(7g) denotes the change of tax revenue
caused by the change of energy use.1Rtax is the total change
of tax revenue. It includes the increment of electric energy
tax (1Rtaxpower) and the increment of product tax (1Rtaxproduction).
µtax
power is the tax payment rate of PGE. σ tax

production is the tax rate
of flue-cured tobacco levied by the government on tobacco
farmers [48], 1M t is the annual incremental yield of flue-
cured Tobacco. For the annual increase of the output of flue-
cured tobacco,R’ the price per unit mass of electric flue-cured
tobacco (¥/kg), and R is the price per unit mass of coal flue-
cured tobacco (¥/kg).

Formula (8a-8c) is the constraints of equality and inequal-
ity in government objective function:

subject to : SPGE

= (0 ±10)ξ
n∑
t=1

SPGE ·t , n = 1, 2, 3, 4, 5 (8a)

S tUC ·k ≥ 0, S tUC ·k is integer variables. (8b)

S tUC ·k = 0 ±10 × Cequ (8c)

Formula (8a) is the equation constraint of distribution net-
work transformation subsidy. 0 is the benchmark subsidy
ratio for distribution network transformation and 10 is the
floating ratio based on 0. Formula (8b) is the integer con-
straint of subsidy cost. Cequ is the equipment cost when using
other energy converts to use electric energy. Formula (8c) is
the equation constraint of subsidy when users change the type
of using energy.

� The revenue function and constraints of UC

Max FUC = Eincome + SUC − C
power
COST − C

equ
UC (9a)

Eincome = (R′ − R)
n∑
t=1

k=3∑
k

(qtk1M
t )

1M t
= M ′ −M , n = 1, 2, 3, 4, 5 (9b)

Cpower
COST = Qi

M ′

n∑
t=1

k=3∑
k

Ip·k·tqtk , n = 1, 2, 3, 4, 5 (9c)

Cequ
UC = Cequ

n∑
t=1

k=3∑
k

qtk , n = 1, 2, 3, 4, 5 (9d)

The objective function of UC (FUC) is formula (9a), which
includes four parts: Eincome is output income, Cpower

COST is the
cost of electricity consumption for the whole UC in the
project cycle,Cequ

UC is the total cost of equipment for the whole

UC to bake tobacco leaves in electric oven, Qi is the corre-
sponding annual power consumption (kW·h) when the pro-
duction quantity isM ’,M is the production quantity of using
original energy.

subject to: qk·t ≥ 0

and qk·t is integer variables. (10a)

Cequ
UC = Cequ

n∑
t=1

k=3∑
k

qtk , n = 1, 2, 3, 4, 5 (10b)

qUC =
n∑
t=1

k=3∑
k

(qtk ), n = 1, 2, 3, 4, 5 (10c)

qUC = qk∈Lead + qk∈Netrual + qk∈Stubborn (10d)

qLead =
n∑
t=1

qtk∈Lead , n = 1, 2, 3, 4, 5 (10e)

qNetrual =
n∑
t=1

qtk∈Netrual, n = 1, 2, 3, 4, 5 (10f)

qStubborn =
n∑
t=1

qtk∈Lead , n = 1, 2, 3, 4, 5 (10g)

Formula (10a-10g) is the constraints of equality and
inequality in the objective function of UC. Formula (10a) is
the integer constraint of the number of users participating in
the project every year. Formula (10b) is the equality constraint
of the total number of UC. Formula (10c-10g) is the equality
constraint of different types of users.
� The revenue function and constraints of PGE

Max FPGE = RGRID + SPGE − CCOST
GRID −1R

tax
power (11a)

RGRID = Cpower
COST (11b)

CCOST
GRID = Cnew

line·tra + C
operation
cos t (11c)

As shown in (11a), the objective function of PGE (FPGE)
is composed of four parts. RGRID is the revenue from the
increase of electricity consumption, which is equal to the
Cpower
COST of the UC, SPGE is the total subsidy cost of distribu-

tion network transformation, CCOST
GRID is the construction and

operation cost of distribution network transformation, and the
definition of 1Rtaxpower is same as (7f).

Cnew
line·trans = (P/F, r, t − 1)(

NL∑
x=1

cx lx+
Ntra∑
s=1

cs)

(P/F, r, t − 1) = (1+ r)−t (11d)

Coperation
cos t = (P/F, r, t − 1)

n∑
t=1

Crepair
cos t·t ,

n = 1, 2, 3, 4, 5 (11e)

In formula (11d),Cnew
line · trans is the cost of new 10 kV, 0.4 kV

lines and new transformers, (P/F , r , t-1) = (1+r)−t is the
compound present value coefficient,cx is the unit length of
line construction cost (¥/km), lx is the length of line x, and
Nl is the number of new lines. cs is the unit price of new
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transformer and Ntra is the total number of new transformers.
C repair
cost·t is the operation and maintenance cost of the distribu-

tion network covered by the UC in the t-th year.

subject to: 0 ≤ I tp·k ≤ Ip max

and I tp·k is non-integer variables (12a)

NL ≤ NL·max,NL =
m∑
g=1

Ng,∀g ∈ �+ (12b)

Ntra ≤ Ntra·max,Ntra =
z∑

v=1

Nv, ∀v ∈ 5+ (12c)

Crepair
cos t·t·base ≤ Crepair

cos t·t ≤ C
repair
cos t·t·max (12d)

Formula (12a)-(12d) constraints for PGE, Formula (12a)
denotes that the decision variable price of PGE is a non-
integer variable, and Formula (12b) shows thatNg is the num-
ber of 10kV lines to be built in the distribution area g, while
the number of distribution areas to be reconstructed in this
area ism,�+ is a set of newly added lines.Nv is the number of
new lines to be built in the distribution area v. The number of
transformers is z,5+ is a new set of transformers, moreover,
line operation and maintenance costs must be higher than
benchmark maintenance costs (C repair

cost·t·base), but it is not be
higher than the upper limit of the maximummaintenance cost
(C repair

cost·t·base).
The final decision variables of the three game participants

will determine the benefit allocation of the project.

MAX arg
GOV ,UC,PGE


P∗GOV = argmax

GOV
(S∗UC , S

∗
PGE , qUC , Ip)

P∗UC = argmax
UC

(SUC , SPGE , q∗UC , Ip)

P∗PGE = argmax
PGE

(SUC , SPGE , qUC , I∗p )

(13)

In formula (13), the government, UC and PGE make deci-
sions on their respective decision-making quantities and then
get the balanced strategy ofmaximizing the tripartite revenue.
Max arg () is a set of variables that maximize the value of the
tripartite income function. All equality and inequality con-
straints must be satisfied for the above optimal equilibrium
strategies.

IV. SOLUTION OF GAME MODEL OF ELECTRIC ENERGY
SUBSTITUTION BENEFIT
Based on the above analysis of the game pattern of electric
energy substitution projects, the game problem is summed
up as a multi-objective optimization problem. At present,
the main algorithms for solving multi-objective problems
are MOEA [51], SPEA [52], NSGA-II [41], NSGA-III [42],
[43]. Deb proposed NSGA-III with reference point selection
strategy in 2014. However, the algorithm uses predefined
structured reference point set and lacks preference informa-
tion, which often leads to premature solution space harvest
when dealing with practical optimization problems. So we
design a PNSGA-III algorithm as shown in the Figure 4:

FIGURE 4. Relevant selection with preferences.

Figure 4 is based on the distribution of s in the target space.
After adaptive normalization of each target, it is necessary
to associate the individual population with each reference
point. In order to realize the association between individual
population and reference point, reference line is defined here,
i.e. in the hyperplane, the line formed by connecting reference
point and coordinate origin becomes the reference line of
each reference point. Then the vertical distances between the
individual and the reference line in population s are calcu-
lated. Individuals with the smallest vertical distance from
the reference line in the hyperplane are associated to the
corresponding reference points. Suppose we have a one-level
preference for Goal 3, then we add a preference reference
point between each original reference point in the direction
of f3, i.e. the blue point in the Figure 4. We can see that
some of the relevant points will be re-connected to the new
reference line, i.e. the red line representation. The two-level
preference needs to be added reference point between the
reference points of the one-level preference. Three to N-level
preferences operate on the same principle.

The more the preference points increase, the stronger the
relevance of the direction of the target. In practical problems
such as uneven distribution of benefits of one party or arti-
ficial need to take care of one participant’s benefits when
the objective function conflicts, the search of solution space
is guided from the level of algorithm. In this paper, in the
game of electric energy substitution, because PGE will invest
more funds, the objective function of the relevancy selection
is preferred to PGE, with one-level preference.

V. CASE STUDY
In this paper, the tobacco industry in Kunming, Baoshan and
Wenshan, Yunnan Province, China, is taken as an example.
Firstly, the tobacco farmers are planned to connect to the
distribution network. On the basis of obtaining the distri-
bution network planning data, the Pareto plane is found by
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FIGURE 5. Density of tobacco barns in Kunming, Baoshan, and Wenshan areas.

PNSGA-III algorithm, and the optimal tripartite strategy is
obtained under Nash equilibrium. To analyze the benefits of
government, UC (This refers to the cluster of tobacco farm-
ers) and PGE participating in such projects more concretely,
the benefit evaluation indicators are proposed for different
participants. Relevant data and questionnaire results of user
types in three areas are given in the appendix Table 8 and
Table 9.

A. DISTRIBUTION NETWORK PLANNING ANALYSIS
In order to obtain the complete distribution network data of
the three areas, we use the GIS system of the PGE and the
GPS information of the flue-cured tobacco barn to connect.
According to the following steps, we can count the distribu-
tion network planning data of the three areas.
i. By using the flue-cured tobacco geographic information

system of China Tobacco Yunnan Company, the flue-
cured tobacco barns which are not connected to 10 kV
lines at present are screened out, and the GPS data of this
part of the flue-cured tobacco barns are imported into the
power grid GIS system.

ii. Use the power grid GIS system to find out the 10 kV
transformer nearest to each flue-cured tobacco barn,
so that each flue-cured tobacco barn is connected with
the 10 kV transformer of the power grid.

iii. Calculate the length of 10 kV and 0.4 kV lines that need
to be added in a certain area.

Ln =
g∑
v=1

lv·s (14)

In formula (14), Ln adds 10 kV line length, v is the v-th flue-
cured tobacco barn, g is the number of flue-cured tobacco
barns connected to 10 kV line, and lv·s represents the new
line length of flue-cured tobacco barn v from transformer s.
The length of the new 0.4kV transmission line is calculated
according to the average of about 20m per flue-cured tobacco
barn.

Figure 5 reflects the density of flue-cured tobacco barns in
Kunming, Baoshan and Wenshan, which have not yet been
connected to the 10kV distribution network. Simultaneously,
the ratio of five types of users to all users in this area
is counted. The distribution of flue-cured tobacco barns in
Baoshan is very concentrated, 81.87% of which are located
in the distribution network area, the number of flue-cured
tobacco barns is more than 50, only 0.28% of flue-cured
tobacco is distributed in the distribution network area with
less than 10. The distribution of flue-cured tobacco barns in
Wenshan is relatively scattered, and only 17.62% of the barns
are located in more than 50 barns in the distribution network
area. Distribution density of flue-cured tobacco barns in three
areas is different, and different density will affect the next
distribution network planning.

It can be seen from the Table 3 that although the total
number of flue-cured tobacco barns in Baoshan is large,
in fact, there are not many flue-cured tobacco barns that need
to be connected to 10 kV. The length of new 10 kV and
0.4 kV lines in Baoshan is relatively short, and the number
of new transformers is the least. Although the number of
flue-cured tobacco barns in Wenshan is less than that in
Baoshan, the density of flue-cured tobacco barns in this area
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TABLE 3. Distribution network planning of Tobacco barns in three areas of Yunnan province.

FIGURE 6. Pareto plane.

is low. Therefore, the number of new transformers needed in
this area is as high as 1673, and the length of new 10 kV
and 0.4 kV lines totals 1840.74 km. It can be seen that the
transformation of distribution network in Wenshan requires a
relatively large investment. The cost of distribution network
transformation in Kunming is medium, and the number of
flue-cured tobacco barns in Kunming is the smallest among
the three areas.

B. NASH EQUILIBRIUM ANALYSIS
On the basis of the mathematical model of electric energy
substitution established in section III, the game model is
solved by NSGA-III and PNSGA-III algorithms. The two
algorithms generate 100 populations at the same time and
iterate 500 times. The Pareto of the three areas is shown as
Figure 6:

In Figure 6, f1, f2 and f3 represent the objective functions
of the government, the UC and the PGE respectively. There
are conflicts among the benefits of the three participants on
the Pareto plane. None of the non-dominated solutions can
satisfy the requirements of maximizing the benefits of the
three parties at the same time. Compared with NSGA-III,
PNSGA-III has a preference for the objective function of
PGE by introducing preferential association selection, so
the distribution of non-dominant solutions in space is more
concentrated. Especially in Kunming and Wenshan, both the
local PGE are in loss. However, because of the preference
association operation of PNSGA-III algorithm, more non-
dominant solutions are searched in solution space, which

make the loss of PGE smaller. Obviously, these solutions have
more practical value to guide the decision-making of all par-
ticipants, and at the same time, they maintain better diversity.
It can be seen that PNSGA-III has better optimization effect
than NSGA-III.

C. OPTIMAL STRATEGY
Finding an exact solution on the Pareto is very essential
for the participants, so Nash equilibrium solutions need
to be screened out, i.e. the optimal compromise solution.
We use PNSGA-III algorithm to obtain the following optimal
strategies:

In Table 4, the optimal strategy of flue-cured tobacco UC
listed by area, type of UC and time. The optimal solution
satisfies the constraints of the number of UC (the proportion
of different types of users in different areas). To optimize the
benefits of all participants, we suggest that the number of UC
per year should not be generalized, but be precise to a single
digit, which will achieve better benefits for all participants in
the game. In terms of time planning, it is enough to ensure
that all types of users can be replaced in the project cycle.
However, if the number of substituted users varies greatly in
different years, for example, the number of substituted users
is too large in a certain year, which results in a huge amount of
work for the distribution network transformation in that year,
and causes a largeworkload for the PGE. This kind of strategy
is not desirable, so we need to reconsider the optimization
strategy.
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TABLE 4. Optimal strategy of UC.

TABLE 5. Optimal strategy of government.

TABLE 6. Optimal strategy of PGE.

The Table 5 gives the optimal strategies of three local
governments:

There are two main types of government decision vari-
ables: carbon subsidies and distribution network subsidies.
As for carbon subsidy, the cost of carbon subsidy does not
need to be too high for Lead-type tobacco farmers. Such
users are willing to participate in the project. In the three-
year project cycle, the cost of carbon subsidy for lead tobacco
farmer in all three areas is less than 7,000 ¥per year, for
Neutral-type tobacco farmers, the cost of carbon subsidy is
between 8,000 and 9,000¥per year. Stubborn users are reluc-
tant to accept electric energy substitution and need higher
carbon subsidy fees to attract them to participate in the
project. In the three areas, the same types of users have
little difference in the cost of carbon subsidies. In terms of
distribution network subsidy, Baoshan district has the lowest
cost of distribution network transformation and the lowest
corresponding optimal cost of distribution network subsidy.
However, Wenshan district government needs to give higher

subsidy cost to local PGE, because the cost of distribution
network transformation will be high.

The Table 6 gives the optimal strategies of three local PGE:
Electricity price charged by PGE for three types of UC

should be cascaded. By solving the game model, the feasi-
bility of cascaded electricity price in the game is confirmed.
For Lead users, their participation in electric energy substitu-
tion is high. The corresponding PGE should lower the price
charged to them, but for stubborn users, they should adopt the
strategy of increasing electricity price to respond to their low
enthusiasm of participating in electric energy substitution.
Among Lead users and neutral users, the fluctuation range
of electricity price charged by PGE is not too large, while
for stubborn users, PGE can bid in a larger range. In dif-
ferent areas, there are also differences in electricity prices.
Difference between Kunming and Baoshan is not big, while
Wenshan charges users higher electricity prices. It can be seen
that the level of distribution network costs will also lead to
fluctuations in electricity prices.
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FIGURE 7. The revenue of participants in three areas.

D. BENEFIT ANALYSIS OF OPTIMAL SOLUTION
We get the optimal strategy through the PNSGA-III algo-
rithm. This section will analyze the revenue of the govern-
ment, tobacco farmers and PGE under the optimal compro-
mise solution. After the project cycle is over, the cumulative
total revenue of the three participants shown as Figure 7:

As can be seen from Figure 7, the benefits of the three
participants are quite different in different areas when the
flue-cured tobacco project of replacing coal with electricity
is carried out. The cumulative total revenue of government
and tobacco farmers in the project cycle is positive in all
three areas. Only the total income of PGE in Baoshan is
positive, and the PGE in Wenshan and Kunming areas are
in a loss state. Among them, the loss of PGE inWenshan area
is larger in the project cycle. The fundamental reason is that
the distribution of flue-cured tobacco barns in Wenshan area
is dispersed, which greatly increases the cost of distribution
network transformation. While in Kunming area, the number
of tobacco farmers is less than that of other two areas, and the
new electricity generated by substituting users is not enough
to support the PGE to recover the cost of distribution network
transformation, so the PGE in Kunming also suffer a slight
loss.

In order to further analyze the specific benefits of each
participant in the project, we listed three indicators from the
perspective of three participants: carbon repay rate, unit heat
cost and distribution network cost recovery time.

1) THE CARBON REPAY RATE
For measuring the revenue of the government in the game,
we define the carbon repay rate as an index to measure the
profit of the government’s carbon compensation behavior.

ρ =
Rtaxcarbon
Ccost
carbon

× 100%,

Rtaxcarbon = 1R
tax·elec
carbon +1R

tax·tocaboo
carbon (15)

In formula (15), ρ is the carbon repay rate, Ccost
carbon is

all fee of carbon compensation, and Rtaxcarbon is the tax rev-
enue from the project, which includes two parts: Rtax·eleccarbon ,
Rtax·productioncarbon , Rtax·eleccarbon is tax of new electricity consumption,
and Rtax·productioncarbon is the tax, which comes from the increase in
production that electricity replaces other energy.

In Figure 7, the three local governments are profitable in
general, but in fact, to analyze whether the carbon compen-
sation behavior of the three local governments is profitable,
it needs to be measured according to the index of carbon
repay rate, after the three local governments have made car-
bon compensation for tobacco farmers, the corresponding
carbon repay rate is shown in Figure 8. In the process of
carbon compensation, the governments of all three regions
have not received 100% return. It can be seen that in the
process of carbon compensation, the government has not
been able to get full return. Considering that the electri-
cal energy substitution project is still in the early stage of
promotion, and other environmental benefits generated by
electric energy substitution can not be converted into eco-
nomic benefits, e.g. ammonia nitrogen compounds. So we

FIGURE 8. The carbon repay rate in three areas.

12878 VOLUME 8, 2020



K. Liu et al.: Planning Mechanism Design and Benefit Analysis of Electric Energy Substitution: Case Study of Tobacco Industry

think it is reasonable that the government’s carbon compen-
sation behavior has a certain loss in the initial stage of the
project.

The carbon repay rate of the three areas is all in the range
of 30%-40%. However, the average carbon repay rate of
Wenshan in three years is higher than those of the other
two areas. The reason is that the average electricity price
of Wenshan in three years is higher than that of the other
two areas, which leads to tax growth and thus improves the
carbon repay rate of Wenshan. Therefore, the government
has a higher level of electricity price, carbon compensation
in the area will get better benefits. The carbon repay rate
of Baoshan shows an increasing trend, Wenshan area has a
relatively stable carbon return rate, Kunming has a downward
trend, resulting in fluctuations in carbon repay rate in dif-
ferent years due to fluctuations in annual electricity prices.
Of course, carbon prices also have an important impact on
carbon returns, but in order to ensure fairness, carbon prices
are the same in the three areas.

2) THE UNIT HEAT COST
Lignite is the main coal used in flue-cured tobacco in Yunnan
Province. The comprehensive efficiency of traditional flue-
cured oven boilers is 0.8, the yield is 0.9, and the average coal
consumption is 2.5 kg/kg (dry tobacco). The corresponding
calorific value of coal combustion can be calculated to be
about 13600 kJ/kg. According to calorific value conversion,
the lignite is about 0.37 tons of standard coal per ton, and the
price of lignite in Kunming, Baoshan and Wenshan is given
in appendix Table 8. Based on the relevant data and game
results, we calculate the average electricity price in three
areas, and calculate the unit heat cost of coal-fired tobacco
and electric-fired tobacco in three areas, which is expressed
as Figure 9:

Under the same production capacity, the unit heat cost
of coal-fired tobacco is about 100 times higher than that of
electric-fired tobacco. It can be seen that the cost of coal-
fired tobacco is too high. The basic reason is that the heat
loss released after coal combustion is serious in the process
of roasting tobacco. The heat of roasted tobacco leaves only
accounts for a small part of the heat released by coal com-
bustion. Utilization rate is extremely low, while the electric
flue-cured tobacco has a very high heat utilization rate, most
of the heat is used for flue-cured tobacco, so the heat loss is
less. In three areas, for coal flue-cured tobacco, the change
trend of unit heat cost is similar to that of coal price. After
using electric flue-cured tobacco, the unit heat cost of electric
flue-cured tobacco is higher than that of the other two areas in
Wenshan, where the distribution network investment is larger
than that of electric flue-cured tobacco. For users, the index
of unit heat cost can effectively compare and analyze the
difference of economic cost between the two energy con-
sumption modes, and help users understand more intuitively
the efficiency and economy of using electric energy.

FIGURE 9. Unit heat cost of coal-fired tobacco and electric-fired tobacco.

3) THE DISTRIBUTION NETWORK COST RECOVERY TIME
In Figure 10, only Baoshan recovered the cost of distribution
network transformation and realized profit in the project
cycle. The project invested high cost in the stage of dis-
tribution network transformation, while the PGE concerned
about how long they would take to recover the cost of
transformation.

FIGURE 10. Distribution network cost recovery time.

After game optimization, compared with the forecast of the
Yunnan PGE, the cost recovery time of distribution network
in three areas is obviously shortened. Baoshan recovers the
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cost of distribution network transformation within half of the
estimated time of PGE. PGE in Kunming and Wenshan can
not recover the cost of distribution network transformation
within three years, but in the first year after the completion of
the project, the PGE in Wenshan and Kunming can achieve
profits. It is worth noting that although the cost of distribution
network transformation in Wenshan is high, compared with
Kunming, it can also make profits in the fourth year, and
the profits of the PGE in Wenshan will be much higher than
that in Kunming every year after that. After all the tobacco
farmers are using electricity, the new electricity consumption
in Kunming is about 190 million kW·h/year, while that in
Wenshan is about 320 million kW·h/year. It can be seen that
the number of users has played a dual role in the income
of PGE. On the one hand, it causes the cost of distribution
network transformation to rise, the cost recovery period to
extend, On the other hand, after cost recovery, new electricity
consumption increases sharply, which brings considerable
profits to the PGE.

VI. DISCUSSION OF EMISSION REDUCTION
A. BENEFITS OF ATMOSPHERIC EMISSION REDUCTION
In the electric energy substitution project, when tobacco
farmers used coal to bake tobacco, carbon emission is the
main emission reduction index, but in this process, some other
atmospheric pollutants cannot be converted into economic
benefits, but it should not be ignored.

We collected lignite used by tobacco farmers in three areas.
Through the analysis of the components of coal samples,
we found that there was little difference in the composition
of lignite in the three areas. The main components of lignite
are shown in the appendix Table 10.

As shown in Figure 11, from the point of view of atmo-
spheric pollution, the electric energy substitution will effec-
tively reduce the emissions of greenhouse gases e.g., CH4 and
N2O [34], [35]. The important precursor of photochemical
pollution, NOX [36], also reduces emissions. At the same
time, SO2, the key reactive gas forming acid rain, also reduces

FIGURE 11. Emission reduction of air pollution.

emissions greatly [39]. In addition, the emission reduction of
PM2.5, the primary pollutant affecting atmospheric quality,
is also very large. Another point of view is that the lignite
used by tobacco farmers now does not use such purification
measures as desulfurization [37], [40], denitrification [38],
and dust removal, plus the large number of flue-cured tobacco
farmers, the air pollution caused by burning coal to bake
tobacco leaves every year can not be ignored.

B. BENEFITS OF HEAVY METAL EMISSION REDUCTION
About heavy metal pollution (see Figure 12 and Figure 13),
the project will reduce Zn emissions very high, followed by
As and Cd.

FIGURE 12. Emission reduction of heavy metal.

FIGURE 13. The form of heavy metal.

There are mainly four forms of heavy metals in coal:
exchangeable form, sulfide-bound form, organic matter-
bound form and residue form. It is generally believed that
the exchangeable form has a high mobility in the ecosystem.
Heavy metal elements in coal are also often found in sulfide-
bound form and organic-bound form. The migration of these
two forms is relatively small, the heavy metals in the organic
matter-bound form are more volatile during combustion,
the heavy metals in the sulfide-bound form are decomposed
at high temperature, and the heavy metals in the residual
form are stable. Therefore, in order to solve the problem of
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TABLE 7. User acceptance weight.

heavy metal pollution caused by electric energy substitution,
the emission reduction brought by the change of energy use
modemainly comes from the exchange form of heavymetals,
sulfide-bound form and organic matter-bound form. Residual
form should not be included in emission reduction, because
heavy metals in residual form are still concentrated in natural
soils even if tobacco leaves are not baked by coal combustion.
In other words, the emission reduction of heavymetals should
not be able to analyze the total amount of heavy metals
in coal, but should consider the amount of heavy metals
migration caused by human use of energy, whichwill do harm
to the environment.

VII. CONCLUSION
This research designs the actual development mechanism of
electric energy substitution project. From the point of view
of distribution network planning, we put forward the ‘‘user
clusters phenomenon’’, and quantifiy the phenomenon as
one of the evaluation indicators of the project. Meanwhile,
we design liker scale to investigate the willingness of users
to accept electric energy substitution. Three types of indica-
tors correspond to different substitution. In addition, on the
issue of government subsidy, targeted subsidy measures have
been formulated for UC and PGE. These subsidy measures
constitute closed-loop feedback, for providing reference for
the government in formulating relevant subsidy standards and
schemes.

This paper establishes an optimization model of electric
energy substitution decision-making based on cooperative
game theory, and abstracts this engineering problem into a
multi-objective optimization problem with mixed integers.
A preferential optimization algorithm (PNSGA-III) is pro-
posed to solve this problem. Nash analysis was performed
on Pareto. The problem of finding the optimal compromise
solution among many non-dominant solutions is solved.

In the case study, three areas of Yunnan Province in China,
namely Kunming, Baoshan and Wenshan, are selected for
the upcoming flue-cured tobacco project of replacing coal
by electricity. Firstly, through the analysis of distribution
network planning, the density geographically of UC directly
affects the cost of distribution network transformation.
Secondly, Nash equilibrium solution shows that UC need
to accurately make sure the number of users participating
in the project every year. According to the different objects
of subsidy, there must be obvious difference between the
two kinds of governments’ subsidy. Similarly, PGE should
also charge different electricity prices for different types of
users. In addition, PGE should raise the electricity price
appropriately in areas with high cost of distribution network
transformation.

This paper also defines three indicators: carbon return
rate, unit heat cost and distribution network transforma-
tion recovery time. The three indicators reflect the specific
benefits of the three participants. Moreover, the amount of
pollutant emission reduction that cannot be quantified as eco-
nomic benefits is also counted. The research shows that the
flue-cured tobacco industry without environmental protection
technology actually produces serious air pollution, which is
of great environmental significance for the industry to carry
out electric energy substitution. In the analysis of heavymetal
emissions reduced by electric energy substitution, we should
consider the amount of heavy metal migration caused by
human use of energy, rather than the total heavymetal content
of fossil fuels.

TABLE 8. Case data.
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TABLE 9. Questionnaire results and factors of user types in three areas.

TABLE 10. Composition and corresponding calorific value of lignite in
Yunnan.

We hope attract attention of engineers, and help apply
optimization theory in the project. Call for more countries and
regions to use clean energy.

APPENDIX

ωk =

3∑
x=1

wx · mx ,mx =
mx
m
,

mx ∈ {mLead ,mNeutral,mStubborn} (A1)

ωk is same as define of this paper, wx is weight of x type, mx
is Percentage of x type users,m is total number of users, users
are classified by acceptance, which includes lead, neutral and
stubborn.

The value of σ tax
production is 0.2.
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