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Abstract: In China, the electricity load is concentrated in the east, but low-rank coal resources are
concentrated in the west. To solve this contradiction, in this study, three cases for energy transmission
about power system with and without solar energy were studied by life cycle assessment (LCA).
Case 1 directly combusts low-rank coal to generate electricity in western China and transmits it to
eastern China by grid. Cases 2 and 3 upgrade low-rank coal and transport it to eastern China for
power generation. With the evaluating indicators and various stages of LCA, the impact of each case
on the environment was compared clearly. The results show that over 90% of the pollutant emission
comes from coal combustion throughout the life cycle. The pollutant emission of upgraded coal
transportation is less than 5%. With low-rank coal upgrading then combusting, the total emission is
less than that of direct combustion. In particular, with solar energy added, the emission of combustion
can be further reduced. On the bases of LCA, analytic hierarchy process (AHP) was used to establish
the connection of these four evaluation indicators to comprehensively evaluate the performance
of the three cases through the objective function of AHP, which provided guidance for the energy
transmission and utilization in the eastern and western China. Finally, sensitive analysis shows the
main major factors affecting system performance on the system. The results show that the Case 3,
which integrates with solar energy, performs best in the whole life scale.
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1. Introduction

In China, western regions have abundant coal resources, while eastern demand for electricity is
great, which creates an imbalance in energy supply and demand. If the electric power generated in the
west China can be transferred to the eastern via the electric gird, the problem of imbalance between
energy supply and demand can be partly solved. However, more than half of the coal reserves in the
western China are low-rank coals [1], suffering from high moisture content and relative low power
generation efficiency, leading to a uneconomic pattern to directly transferring electric power from the
west China to the east China [2]. In addition to electric power transmission, directly transportation
of coal from the western China to the east where it is demand is also a pattern for energy transfer.
Unfortunately, the low-rank coals also have a low heating value [3], highly reactive nature, and highly
spontaneous combustion potential, and thus it is neither economical nor safe to transport the raw
low-rank coal directly for a long distance. It should be also noted that, in addition to efficient energy
transportation, Xinjiang has a large amount of electricity demand in recent years. Therefore, it is also
significant to pay attention to the improvement of local power generation efficiency in Xinjiang while
ensuring efficient power transmission.
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Low-temperature oxidative pyrolysis is a feasible process for low rank-coal upgrading [4–6],
in which coal particles are allowed to react with a small amount of oxygen and a mild thermal oxidation
reaction will occur. The active oxygenated functional groups will be cracked and part of the volatile
matter as well as moisture will be correspondingly released and removed. Kaji et al. [7] and Ogunsola
et al. [8] carried out a series of pyrolysis experiments on different kinds of low-rank coals at different
operation temperatures (200–600 ◦C), and found the water-holding capacity and the spontaneous
combustion potential would be reduced due to decomposition of oxygen-containing groups and
decrement of the equilibrium moisture. Xu et al. [9] found that when the water per kilogram of raw
coal is removed by 0.1 kg, the efficiency of the power plant can be increased by 0.6 to 0.9%, mainly
because the reduction of the flue gas improves the efficiency of the boiler. Guan et al. [10] found that the
oxygenated functional groups would gradually crack, releasing CO2 and H2O during the pyrolysis at
150–450 ◦C; meanwhile, the trend of oxygen absorption capacity of the treated lignite would decrease
with increasing temperature for pyrolysis. Xu [9] proposed a power generation and upgrading system
that uses steam heat to upgrade low-grade coal while generating electricity. The electricity generated
by this system is used for local electricity load in Xinjiang, and the upgraded coal will be transported to
eastern China for power generation. The results show that improved quality coal is easier to transport
and has higher power generation efficiency. The gross cost of electricity (COE) is also lower than
directly electricity transportation.

However, it should be pointed out that the conventional low-rank upgrading often uses the heat
of steam to provide the heat of upgrading, of which the energy consumed is essentially from the coal
combustion. Recently, Xu [11] also proposed a solar-assisted low-rank coal upgrading and power
generation system, incorporating coal predrying, low-temperature pyrolysis and power generation.
In the proposed system, the low-rank coal is effectively converted into value-added coal that can
be exported, and the solar energy supplied to the predrying and low-temperature pyrolysis of coal
in a cascade manner. The upgraded coal with higher calorific value can be achieved, and could be
transported to the east China by the railway. Clearly, from the perspective of the thermodynamics, this
concept could save part of the coal, which is originally consumed to supply the energy required for coal
drying and low-temperature pyrolysis, and promotes coal conversion efficiency and obtains satisfactory
solar energy conversion efficiency [12]. The economics of the proposed solar-aided low-rank coal
upgrading and power generation system also superior to the conventional one.

Although the coal upgrading can decrease the gross COE and the solar integration can further
improve the low-rank coal upgrading, the environment footprint in the whole life cycle of these systems
unknown. In other words, the pollutant and greenhouse gases emissions of the direct transportation of
electric power generated from the low-rank coal (Case 1) or upgraded coal with conventional method
low-rank coal (Case 2) and upgraded coal with solar energy integration (Case 3) from the whole life
cycle should be further assessed.

LCA is a tool for evaluating the environmental factors related to a product or service and its
environmental impact throughout the life cycle, which is one of the hotspots at home and abroad. The
entire life cycle usually includes raw material collection and equipment production, transportation,
use, reuse, maintenance and decommissioning processes [13]. At present, a variety of different life
cycle impact assessment methods based on the midpoint model and the endpoint model have been
formed internationally. Many scholars have applied LCA to the research of coal-fired power generation
systems, solar thermal power systems, and solar thermal hybrid systems. Whitaker et al. [14] used
LCA to evaluate a power tower concentrating solar power facility, finding its LCA indicators perform
well. Varun et al. [15] analyzed the carbon emissions of renewable energy power generation systems
by LCA, finding that for an optimum selection of the electricity sources there should be some mixed
technologies so that load on environment can be reduced and electricity distribution is possible.

In this study, the LCA method was adopted to analyze the life cycle inventory and life cycle
range of these three systems (Cases 1–3) and calculate their pollutant emissions and primary energy
consumption; then, the analytic hierarchy process (AHP) was adopted to comprehensively evaluate
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system consumption and emissions performance and discussed it under different conditions. In order
not to lose universality, AHP analysis took into account the degree of regional development and
different perspective. Therefore, the analysis of Cases 1–3 is also of reference value to the utilization of
energy in other regions. Finally, with sensitive analysis, the main factors affecting the performance of
the system are discussed. Through analysis of the results, it can be deduced that the primary cause
of Case 2 and 3 emissions being lower than Case 1 is that the main emissions of thermal power are
generated during operation. Therefore, although there will be more investment for coal upgrading in
the early stage, the profit is considerable.

2. Cases Description

2.1. Systems Description

2.1.1. Case 1: Low-Rank Coal Fueled Power Generation and Electric Power Transmission

Figure 1 depicts a scheme of direct-fired low-rank coal for power generation in Xinjiang, in
which part of the generated electric power is used locally and the rest is transported to eastern China
by the gird. Obviously, in the west China, it is necessary to build several new power plants with
suitable capacity to satisfy both the local consumption and long distance electric power transmission.
The energy loss occurs in both power generation process and the electric power transmission. From the
perspective of the whole life scale, the pollutant and greenhouse gases of the power plants construction
should be considered.
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Figure 1. Power generation and transmission system.

Because of the high moisture content and low calorific value of low-rank coal, this power
generation method is inefficient and seriously pollutes the environment.

2.1.2. Case 2: Conventional Low-Rank Coal Upgrading and Upgraded Coal (UGC) Transportation

Figure 2 depicts the concept of the conventional low-rank coal upgrading, power generation, and
upgraded coal transportation pattern. Compared with Case 1, the local low-rank coal is first upgraded
to increase its caloric value, and then, part of the upgraded coal product is used for power generation
in Xinjiang province, and the rest upgraded coal is transported by the railway to eastern China. Clearly,
the power generation efficiency of power plants in Xinjiang province would be greater than that the
Case 1. From the perspective of the whole life scale, the pollutant and greenhouse gases of the power
plants construction, coal transportation, and railway construction should be considered.
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By reducing the moisture content and propensity for spontaneous of low-rank coal through
upgrading, safe and efficient transportation can be realized. However, the heat for upgrading comes
from waste steam. Whether the power generation efficiency is improved or not in the whole life still
needs to be studying.

2.1.3. Case 3: Solar–Hybrid Coal Upgrading Power Generation and UGC Transportation

Figure 3 depicts the scheme of solar–hybrid upgrading, power generation and upgraded coal
transportation pattern. The low-rank coal will be upgraded in Xinjiang province using the solar
energy. Part of the upgraded coal will be consumed to generate electricity locally, and the rest will be
transported by the railway to the eastern China to generate electricity. Comparing with the conventional
low-rank coal upgrading technologies, the required heat is provided by solar energy rather than fossil
fuel combustion, which decreases the fuel consumption and GHG emissions. Clearly, in this case, from
the perspective of the whole life scale, in addition to the pollutant and GHG emissions from the power
plants construction, the solar field related materials production and manufacture process will also
bring about pollutant and GHG emissions.
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Compared with Case 2, solar energy is aided, which can provide the heat for upgrading and
reduce the heat consumption of coal.

2.2. Initial Conditions and Assumptions

This study follows the principle of equal power production, which is based on minimum upgrading
and generating unit of the Case 2 proposed by Xu [9]. Figure 4 shows the principle of power generation
calculation. The unit consists of an upgrading system and three 600MW generator sets, where 197kg/s
lignite can be converted into 567MW electric energy and 84.1kg/s UGC. 84.1kg/s UGC can generate
1097 MW electricity for the user-side in eastern China. In order to compare the performance of the
three systems, it is necessary to ensure that Case 1 and Case 3 also supply 567MW of electricity locally
and can produce upgraded coal that can supply 1097 MW of electricity for eastern China.
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To simplify the calculation, some main assumptions are adopted here:

(1) The operating hours for all power plants are calculated as 4500 hours per annum.
(2) Both the electric power and upgraded coal transportation is 3000 km.

Additionally, some other detailed operation conditions are shown in Table 1 [9,11]. The average
DNI is designed at 610 W/m2 [16] and the average efficiency of the solar collector is 56.2% [11].

Table 1. Detailed operation condition.

Item Symbol Unit Value

boiler efficiency
(Case 1) η1 % 92.95

boiler efficiency
(Case 2) η2 % 93.83

boiler efficiency
(Case 3) η3 % 93.83

steam turbine ηt % 47.3
generator efficiency ηg % 99.0

Considering the setting of the exhaust gas and the flue gas compositions, the boiler efficiency of
low-rank coal and UGC can reach 92.95% and 93.83%, respectively. Due to the improvement of the
quality, the upgraded coal has higher boiler efficiency. Steam turbines and generators are mechanical
components whose efficiency is hardly affected by the type of coal, so these two parameters are the
same for the three cases. According to the main assumptions above, it can be calculated that the
amount of coal used in each case are 201.3kg/s, 197.7 kg/s, and 191.4kg/s.

3. Life Cycle Assessment (LCA) Analysis

3.1. LCA Methodology

LCA is a theory based on the conservation of energy flow and material flow, which determine
the scope and goal of the study. The traditional method to analyze the utilization of coal and solar
energy usually only considers efficiency; emission is neglected. However, the emission of the whole
life cycle such as the manufacture, transportation, and operation of the solar energy equipment should
be considered.

3.1.1. Goal and Scope

The goal and scope of the LCA analysis is shown in Figure 5 with the aim of calculating the
primary energy consumption and the emissions of greenhouse gases such as CO2, CO, and CH4; acid
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gases such as SO2 and NOx; and particulate matter (PM) 2.5 of Cases 1–3. The scopes of the systems
are materials, manufacture, transportation, operation, and decommission.Energies 2019, 12, x FOR PEER REVIEW 6 of 25 
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“Materials” refers to the energy consumption and pollutant emissions in the process of exploitation
and transportation of raw materials such as steel and glass for power plant equipment and upgrading
equipment. “Manufacture” refers to the building process of each equipment unit and the power system,
for example the boiler, turbine, generator, and other materials for construction. The “transportation”
process is composed of two parts: one is the transportation of materials during the construction of power
plants and the other is the transportation of coal. It is obvious that both the transportation of low-rank
coal to the power plant and the transportation of the upgraded coal should be taken into account.
In this study, two coal transportation patterns are considered railway and road. The “operation”
process is mainly caused by fuel combustion, desulfurization, and the denitration process in power
plants. The “decommission” phase refers to the energy consumption and pollutant emissions of the
demolition process after the unit is retired. No clear policy exists on the disposal process. Thus, this
stage is not considered.

3.1.2. Life Cycle Inventory

The measurement indexes of the systems consisting of primary energy consumption and pollutant
emissions can be described by the following formulas.

E = Erm + Em f + Etr + Eop (1)

P = Prm + Pmf + Ptr + Pop (2)

where E is the primary energy consumption; Erm, Emf, Etr, and Eop are the primary energy consumption
in materials, manufacture transportation, operation, and fuel stage, respectively; P is the pollutant
emission mass vector, and Prm, Pmf, Ptr, and Pop are the pollutant emissions in materials, transportation,
operation, and fuel stage, respectively.

Specifically, the elements that make up the vector Px are as follows

Px =
[

Px−CO2 Px−SO2 Px−NOx Px−PM2.5 Px−CO Px−CH4 Px−N2O

]T
(3)

where subscript “x” represents “rm”, “mf ”, “tr”, and “op”.
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As for the materials phase, the specific calculations can be obtained by

Erm =
5∑

i=1

3∑
j=1

m(i)
j ×E( j)

rm (4)

Prm,k =
5∑

i=1

3∑
j=1

m(i)
j ×P( j)

rm,k, (k = 1, 2, · · · , 7) (5)

where mj
(i) represents the quality of the material j required for building the equipment i and Erm

(j)

and Prm,k
(j) represent the primary energy consumption and the k-th pollutant emission mentioned in

Equation (3) for 1 kg of material j, respectively. (i = 1, 2, 3, 4, and 5 represent generators and their
auxiliary equipment, upgrading equipment, trough heat exchanger, power line, and pylon, respectively.
j = 1, 2, and 3 represent steel, aluminum, and glass.)

For the manufacture phase, the specific calculation can be obtained by the following
empirical formulas.

Em f = S× (Eg + Et) (6)

Pm f ,k = S× (Pg,k + Pt,k), (k = 1, 2, · · · , 7) (7)

where S is the generator capacity; Eg and Et are primary energy consumption of the steam turbine
and boiler unit, respectively; Pg,k and Pg,k are the k-th pollutant emission of generating unit and boiler
unit, respectively. (i = 1, 2, 3, 4, 5, 6, and 7 represent CO2, SO2, NOX, PM2.5, CO, CH4, and N2O,
respectively.) The primary energy consumption and pollutant emission from the construction process
of the long-distance electric power transmission, railways, and highways are long-standing and are
beyond the LCA boundary, and thus it is not considered in this study.

For the transportation phase, the specific calculations can be obtained by

Etr =
5∑

i=1

3∑
j=1

m(i)
j ×L j × E1 +

2∑
r=1

6∑
c=4

mc × Lc × Er (8)

Ptr,k =
5∑

i=1

3∑
j=1

m(i)
j ×L j × P1,k +

2∑
r=1

6∑
c=4

mc × Lc × Pr,k, (k = 1, 2, · · · , 7) (9)

where Lj represents the distance traveled by the j-th material. (r = 1 and 2 represent road and railway,
respectively. c = 4, 5, and 6 represent raw lignite, UGC without solar energy, and UGC with solar
energy, respectively.)

For the operation phase, the specific calculations can be obtained by

Eop =
3∑

c=1

Wc × ηb,1 × LHV1

ηb,c × LHVc
+

3∑
c=1

Wc × EDE,c

LHVc × ηb,c × ηi × ηg
(10)

Pop,k =
3∑

c=1

Wc

LHVc × ηb,c × ηt × ηg
×Cc,k +

3∑
c=1

Wc

DEc
× PDEc,k, (k = 1, 2, · · · , 7) (11)

where Wc represents the electric power generated from the coal as fuel. ηb,c is the the boiler efficiency
of the coal; LHVc is the lower heating value of th coal. ηt and ηg are the efficiency of the steam turbine
and generator, respectively; Cc,k is the pollutant emission of unit mass of the coal. This study only
considers the denitration process because the emissions from the desulfurization process are quite
small and are negligible compared with the denitration process. DEc is the relationship between the
amount of ammonia and electricity by the coal. EDE,c and PDEc,k are primary energy consumption of
the k-th pollution emission in the denitration process, respectively.
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Table 2 is a summary of the meaning of the aforementioned numbers in these projects.

Table 2. The meaning of the numbers.

Item 1 2 3 4 5 6 7

i
Generators and
their auxiliary

equipment

Upgrading
equipment

Trough heat
exchanger Power line Pylon - -

j Steel Aluminum Glass - - - -
k CO2 SO2 NOX PM2.5 CO CH4 N2O

c - - - Raw
lignite

UGC without
solar energy

UGC with
solar energy -

r Road Railway - - - - -

Taking environmental problems into account, the above-mentioned pollution can be summarized
in three categories: globe warming potential (GWP), acidification potential (AP), and respiratory effects
potential (REP), which can be recorded as CO2-eq, SO2-eq, and PM2.5-eq, respectively, by multiplying
a row vector shown in Table 3 [17,18].

Table 3. Conversion factors between various pollutant emissions for globe warming potential (GWP),
acidification potential (AP), and respiratory effects potential (REP).

Pollutant FGWP (g CO2-eq/g) FAP (g SO2-eq/g) FREP (g PM2.5-eq/g)

CO2 1 0 0
SO2 0 1 1.9
NOX 0 0.7 0.3
PM2.5 0 0 1

CO 3 0 0
CH4 21 0 0
N2O 310 0.7 0

Through the conversion factors of the corresponding global warming potential, acidification
potential, and respiratory effects potential, CO2-eq, SO2-eq, and PM2.5-eq can be obtained with the
following formulas.

[CO2 − eq] = FGWP ×P (12)

[SO2 − eq] = FAP ×P (13)

[PM2.5 − eq] = FREP ×P (14)

3.2. Analytic Hierarchy Process (AHP) Analysis

Taking primary energy consumption and environmental impact forms into account, this study
adopted an integrated index based on analytic hierarchy process (AHP) introduced by Thomas L.
Saaty [19]. AHP decomposes the relevant factors of complex systems into goals, criteria, and schemes.
The corresponding scale is given and the judgment matrix is constructed by comparing the relative
importance between the two factors. The scale objectively quantifies the subjective judgments of
different types of factors, obtaining the weight values of different factors or evaluation objects to
provide a basis for decision-making and evaluation of a complex system.

The comparison matrix is usually expressed in the following form.

A = (ai j)n×n =


a11 a12 · · · a1n
a21 a22 · · · a2n

...
...

. . .
...

an1 an2 · · · ann

 (15)
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According to Saaty’s theory, the meaning of scale aij is shown in Table 4.

Table 4. 1–9 scale of the meaning of aij.

Scale aij Meaning

1 The effect of Ci and Cj is the same
3 The effect of Ci is slightly stronger than that of Cj
5 The effect of Ci is stronger than that of Cj
7 The effect of Ci is evidently stronger than that of Cj
9 The effect of Ci is overwhelmingly stronger than that of Cj

2,4,6,8 The effect ratio of Ci and Cj is between the 2 adjacent grades
1, 1/2, . . . 1/9 The effect ratio of Ci and Cj is the reciprocal of the above

In AHP, it is necessary to check whether A is reasonable to confirm whether the weight vector is
reasonable by consistency test. The constraint condition is as follows

CR =
λ− n
n− 1

×
1

RI
< 0.1 (16)

where λ is defined as the maximum eigenvalue of matrix A. CR, RI, and n represent the consistency
ratio, consistency indicator, and the order of A, respectively. For the different n, Saaty has figured out
the consistency indicator on Table 5.

Table 5. Numerical value of consistency index of RI.

n 1 2 3 4 5 6 7 8 9 10 11

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51

For an N-layer model, the weight vector of the lowest layer to the target layer, w(N) can be
calculated by the following formulas.

W(k) =
[

w(k)
1 w(k)

2 · · · w(k)
mk

]
(17)

w(N) = W(N)
×W(N−1)

× · · · ×W(3)
×w(2) (18)

where wi
(k) is the k-th weight vector for the i-th index in the (k − 1)-th layer.

3.2.1. Hierarchical Model

According to the nature of the goal, the goal is divided into different hierarchical structures,
such as the target layer, primary index layer and the secondary index layer. The upper layer has a
dominant relationship with the next layer. Based on the AHP, the life cycle assessments of these three
systems comprehensively consider the primary energy consumption (PEC) and environmental impact,
and a hierarchical result model should be required. As shown in Figure 6, PEC and environmental
impact comprise the primary indicator level, and environmental impact, including GWP, AP, and REP,
comprises the secondary indicator layer.
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Where GWP, AP, REP, and PEC are the global warming potential, acidification potential, respiratory
effects potential, and primary energy consumption, respectively.

3.2.2. Object Function

To achieve the object function, the relationship between GWP, AP, REP, and PEC should be
established. First of all, the dimensions should be unified. As a result, all variables should be divided
by their base values to convert them to standard values:

GWP(EP) =
CO2 − eq

CO2 − eq(Base)
(19)

AP(EP) =
SO2 − eq

SO2 − eq(Base)
(20)

REP(EP) =
PM2.5 − eq

PM2.5 − eq(Base)
(21)

PEC(EP) =
PEC

PEC(Base)
(22)

The base values of the environmental impact factors are usually the total emission of a geographical
range. This article adopts the air quality of China, GB3095-2012 [20], which is the total emission on
average to population. The object functions derived from AHP can be expressed in the following form.

F = α1·GWP(EP) + α2·AP(EP) + α3·REP(EP) + α4·PEC(EP) (23)

where α1, α2, α3, and α4 are elements of weight vector w; F is the value of the objective function, of
which the unit is the product of population and year (p·y). Its meaning can be understood as the
equivalent resident population living consumption [21]. However, the actual situation is diverse.
As a result, this article will analyze these data from two dimensions: region and perspective, nine
cases totally.

4. Case Study

4.1. Basic Data for LCA Analysis

For the material stage, the materials to build the three systems, the energy consumption, and
emission levels of these materials, and the emissions and energy consumption of transporting these
materials to the power station need to be considered. The pollutant emissions and primary energy
consumption (PEC) of the unit raw materials in the construction phase are shown in Table 6 [22].
These emissions in this table are mainly produced in the exploitation, processing and transportation of
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raw materials. The specific materials of the adopted equipment are shown in Table 7 [23]. These are
the main materials for building power plants; some of the materials that are rarely used have been
ignored. For the manufacture phase, the basic data for the plant manufacturing is shown in Table 8 [24].
These emissions are converted according to the manufacturing capacity of the thermal power plant.
Particularly, in Case 3, the materials and manufacturing process of the solar energy upgrading
equipment should be considered separately. The total energy consumption and pollution emissions of
the materials and manufacturing processes can be calculated according to the area. The specific data
are shown in Tables 9 and 10 [11]. The upgrading equipment is mainly composed of solar panel and
trough heat exchanger. The transportation of the equipment is mainly determined by the transportation
distance and the weight of the equipment. The specific data are shown in Tables 11 and 12 [23].
In the operation phase, both the fuel combustion process and the desulfurization and denitration
processes are considered. In these three cases, the composition of coal is shown in Table 13 [25],
which is the basic data used to calculate coal emissions. The comparison of flue gas composition with
and without removal device can be calculated and shown in Table 14. The relationship between the
amounts of ammonia and coal is shown in Table 15 [26], which shows the amount of ammonia used for
denitrification when using the corresponding coal for 1 kWh electricity. PEC and pollution emissions
from the manufacture of ammonia are shown in Table 16. In addition, SO2, NOX, and dust within
the flue gas must be removed before being released into the atmosphere; PEC has been calculated as
standard value.

Table 6. The exploitation pollutant emissions and primary energy consumption (PEC) of unit
raw materials.

Materials CO2 (g) SO2 (g) NOx (g) PM2.5 (g) CO (g) CH4 (g) N2O (g) PEC (kWh)

Steel (kg) 2000.000 9.700 4.000 15.000 25.000 53.000 0.000 1.700
Aluminum (kg) 25800.000 205.500 94.700 290.000 14.000 24.000 0.000 36.100

Glass (kg) 132.300 1.100 3.700 7.000 0.000 0.000 0.000 0.600
Coal (kWh) 43.750 0.420 0.690 0.180 0.106 2.520 0.102 0.183
NH3 (kg) 2771.388 22.165 446.333 138.532 0.038 0.004 0.000 11.000

Table 7. Equipment material of direct coal-fired power plant.

Materials Generators and Their
Auxiliary Equipment

Upgrading
Equipment

Trough Heat
Exchanger

Power
Line Pylon

Steel (t) 16936 - 116284 23904 375000
Aluminum (t) 0 - 0 15150 0

Glass (t) 0 - 62239 0 0

Table 8. Basic data for plant manufacturing.

Unit CO2
(kW/kg)

SO2
(kW/kg)

NOX
(kW/kg)

PM2.5
(kW/kg)

CO
(kW/kg)

CH4
(kW/kg)

N2O
(kW/kg)

PEC
(kW/kWh)

Power unit 4455.0631 0.8658 1.0110 0.3481 9.5053 0.0149 0.0497 12.4303
Boiler unit 110.0140 0.0214 0.0250 0.0086 0.2347 0.0004 0.0012 0.3070

Table 9. Materials of solar–hybrid upgrading.

Equipment Solar Panel Trough Heat Exchanger

Area(m2) 373014 183200
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Table 10. The PEC and pollutant emissions of solar upgrading equipment.

Equipment CO2
(kg/m2)

SO2
(kg/m2)

NOX
(kg/m2)

PM2.5
(kg/m2)

CO
(kg/m2)

CH4
(kg/m2)

N2O
(kg/m2)

PEC
(kWh)

Solar panel 16.29 0.15 0.065 0 0.00305 0.055 0.0013 0
Trough heat
exchanger 131.42 0.23 0.27 0.42 0.06 0.00 0.00 0.00

Table 11. The pollutant and PEC of different transportation methods.

Transportation CO2 (g) SO2 (g) NOx (g) PM2.5 (g) CO (g) CH4 (g) N2O (g) PEC
(kWh)

Railway (103

kg)−1km−1 6.772 0.065 0.033 0.004 0.039 0.046 0.002 0.063

Road (103 kg)−1km−1 209 9.421 3.159 0.942 8.942 0.143 6.409 0.9

Table 12. The distance of each item.

Item Steel
(km)

Glass
(km)

Aluminum
(km)

Equipment
(km)

Lignite
(km)

UGC
(km)

Case 1 200 200 200 900 200 0
Case 2, 3 200 200 200 100 200 3000

Table 13. Ultimate and proximate analyses data of three different coals.

Items
Ultimate Analysis LHV Proximate Analysis

Cdaf Hdaf Odaf Ndaf Sdaf (MJ/kg) Ad FCd Vd Mar

Raw lignite 79.78 3.45 15.48 0.69 0.60 19.33 7.39 64.21 28.39 26.40
UGC without solar energy 88.37 3.47 7.39 0.41 0.36 29.45 8.67 75,37 15.96 3.09

UGC with solar energy 81.85 3.50 13.48 0.63 0.55 27.18 7.69 66.79 25.53 2.75

Note: ar—as received basis; d—dry basis; daf—dry and free basis.

Table 14. Comparison of flue gas composition with and without removal device.

Pollutant
Non-disposition/Disposition/Difference Value

SO2 (g/kWh) NOX (g/kWh)

Raw lignite 2.772/0.332/2.440 1.459/0.332/1.127
UGC with solar energy 2.358/0.107/2,251 1.144/0.153/0.991

UGC without solar energy 1.404/0.107/1.297 0.828/0.153/0.675

Table 15. Relationship between the amount of ammonia and electricity.

Coal Ammonia (g/kWh)

Raw lignite 0.442944444
UGC without solar energy 0.263196313

UGC with solar energy 0.382219877

Table 16. PEC and pollution emissions from the manufacture of ammonia.

Materials CO2 (kg) SO2 (kg) NOX (kg) PM2.5 (kg) CO (kg) CH4 (kg) N2O (kg) PEC
(kWh)

Ammonia (kg−1) 2.771388 0.022165 0.446333 0.138532 0.000038 0.000004 2.771388 11.00

Although the cases investigated in this study are located in China, due to the diffusivity of
polluting gases, the system’s pollution emissions will inevitably have a global impact. Therefore, in
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addition to considering local and regional impacts, global impacts must be considered as well. As a
result, the performance of the system should be assessed from local, regional, and global perspectives.
Global regions are usually divided into developed regions, developing regions, and underdeveloped
regions. Combined with different perspectives, there are nine situations that need to be considered in
total [27]. The AHP comparison matrices of the target of different region are shown in Table 17 [28]. The
comparison matrices of the environmental impact of different perspectives are shown in Table 18 [28].
These matrices reflect the relative importance between different emissions and PEC in different regions
and at different perspective of view. The standardized base values for environmental impact factors
are shown in Table 19 [20]. The base values in this table reflect the contribution of GWP, AP, REP,
and PEC to the environment impact. Then weight vector w can be calculated with Equation(16) and
Equation(17).

Table 17. The comparison matrix of the target of different region.

Region The Comparison Matrix of the Target

Developed region
[

1 1/2
2 1

]
Moderately developed region

[
1 1
1 1

]
Underdeveloped region

[
1 2

1/2 1

]

Table 18. The comparison matrix of environmental impact of different perspective.

Perspective The Comparison Matrix of Environmental Impact

Global

 1 2 5
1/2 1 4
1/5 1/4 1


regional

 1 1/6 1/4
6 1 3
4 1/3 1


Local

 1 1/2 1/5
2 1 1/4
5 4 1


Table 19. Standardized base values for environmental impact factors.

Item Base Value Unit

GWP 9487.061 kg CO2-eq·(p·y)−1

AP 35.70132 kg SO2-eq·(p·y)−1

REP 14.05832 kg PM2.5-eq·(p·y)−1

PEC 25.00 kWh·(p·y)−1

4.2. Results and Discussion

According to eqts.1–11, the main pollutant emissions and primary energy consumption of these
three systems are listed in the Tables A1 and A2. It can be found that the pollutant emissions and PEC
in the combustion phase is far greater than the other phases. The pollution emissions and PEC during
transportation are almost negligible. In addition, it can be found that the manufacturing process of solar
equipment will produce 30152062.08 kg CO2. It is worth notation that LCA is more comprehensive
than conventional power plant analysis methods. Especially for solar energy generation processes,
traditional analytical methods usually only calculate the energy conversion rate without considering
the pollution emissions and PEC in the preparation process to use the energy [29], but the results of
LCA indicates that the process of creating conditions for utilizing solar energy also has emissions and
PEC. Figure 7 shows the normalized pollutant emissions and PEC over the whole life cycle. From it we
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can find that CO2 emissions are mainly produced by coal combustion during the operational phase,
which account for more than 90% throughout the life cycle, because the main component of coal is
carbon. Other pollutant emissions are mainly caused by materials, The SO2, NOX, and PM2.5 emissions
of materials accounted for nearly 60% and the CO, CH4, and N2O accounted for more than 90% because
pollutant emissions from the production of materials are diverse. Compared with low-rank coal direct
power generation, low-rank coal upgraded power generation has obvious advantages in reducing
greenhouse gas emissions and reducing resource consumption. For CO2, Case 3 performs best because
it uses solar energy to provide process heat for coal upgrading, reducing coal consumption. For CO
emissions, both Cases 2 and 3 are higher than Case 1. This difference is mainly caused by transportation,
because exhaust of the vehicle contains a large amount of CO. Figure 8 shows GWP, AP, and REP of
these three systems over the whole life cycle. It is clear that Case1 has the highest level and Case3
has the lowest for these three indicators. Combustion has the largest proportion in GWP, which is
because the greenhouse effect of thermal power plants is mainly generated and operated. AP and REP
are mainly caused by other stages, especially materials, because the production of materials, such as
iron and glass, produces pollutants with acidification potential and respiratory effects. UGC systems
are superior to lignite system in these three indicators, especially AP and REP, because lignite contains
a lot of sulfur and nitrogen impurities, while UGC removes some impurities. The reason why GWP of
Case 3 is lower than the other two systems is that it uses solar energy to provide energy for the coal
drying process.

Energies 2019, 12, x FOR PEER REVIEW 15 of 25 

 

much attention to primary energy consumption, while in underdeveloped regions the primary 
energy consumption has a higher evaluation weight, which reveals that developed regions may be 
better at using natural resources to create economic benefits [30]. 

The comprehensive evaluation results of each indicator using AHP are shown in Figure 9. The 
types of emissions are often diverse. Only one type of emission is considered comprehensive. In 
addition, PEC should also be considered. Compared with the method of multiplying each index by a 
subjective coefficient and summing [31], AHP is more objective and persuasive. The AHP object 
functions F come from three perspectives for three levels of development of Cases 1–3, whose 
meaning can be understood as the equivalent resident population living consumption. From a local 
perspective, the value of F for the developed region is the smallest, indicating that these cases of long-
distance energy transportation are the most acceptable for developed regions. It is worth noting that 
this is seen from the perspective of local users. Obviously, users in eastern China are suitable for this 
method. Specifically, Case 3 is the best for eastern China. Moreover, it can be found that in all 
situations, Case3 is always doing well, which means that the scope of application of Case3 is wide 
and can adapt to the requirements of different developed regions. 

 

Figure 7. Normalized life cycle pollutant emissions and PEC results. 

0.0%

20.0%

40.0%

60.0%

80.0%

100.0%

120.0%

Solar Module
Denitration
Combustion
Transportation
Manufacture
Materials

CO2 SO2 NOX PM2.5 CO CH4 N2O PEC

Figure 7. Normalized life cycle pollutant emissions and PEC results.



Energies 2019, 12, 2365 15 of 23Energies 2019, 12, x FOR PEER REVIEW 16 of 25 

 

 

Figure 8. Normalized Life cycle GWP, AP, and REP emissions. 

Table 20. The weight vector of PEC, GWP, AP, and REP in different regions and from different 
perspectives. 

Perspective 
Region  Global Regional Local 

 α1 0.6667 0.5000 0.3333 

Developed region α2 0.1898 0.2848 0.3797 
α3 0.1110 0.1665 0.2220 

 α4 0.0325 0.0487 0.0649 
 α1 0.6667 0.5000 0.3333 

Moderately 
developed region 

α2 0.0284 0.0426 0.0568 
α3 0.2147 0.3221 0.4295 

 α4 0.0902 0.1353 0.1804 
 α1 0.6667 0.5000 0.3333 

Underdeveloped 
region 

α2 0.0389 0.0584 0.0779 
α3 0.0666 0.0999 0.1332 

 α4 0.2278 0.3417 0.4556 

0.0%

20.0%

40.0%

60.0%

80.0%

100.0%

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Solar Module
Denitration
Combustion
Transportation
Manufacture
Materials

GWP AP REP

Figure 8. Normalized Life cycle GWP, AP, and REP emissions.

According to Equations (12) and (13), the weight vector of PEC, GWP, AP, and REP in different
regions and from different perspectives can be calculated; the results are shown in Table 20. It should
be noticed that the environmental impact share caused by the same environmental impact type is
significantly different from these three perspectives. The life cycle assessment of a system cannot be
limited to local or a single situation. It is also necessary to consider its impact on a region, or the world,
and analyze its scope of application; in different situations, there are different objective functions.
From a global perspective, the most important environmental impact type is GWP, and its evaluation
weight accounts for more than 60%. GWP has not received such great attention locally, where its weight
is 33%. Primary energy consumption varies significantly depending on the degree of development
of the region. Developed regions and moderately developed regions do not pay much attention to
primary energy consumption, while in underdeveloped regions the primary energy consumption
has a higher evaluation weight, which reveals that developed regions may be better at using natural
resources to create economic benefits [30].

The comprehensive evaluation results of each indicator using AHP are shown in Figure 9.
The types of emissions are often diverse. Only one type of emission is considered comprehensive.
In addition, PEC should also be considered. Compared with the method of multiplying each index by
a subjective coefficient and summing [31], AHP is more objective and persuasive. The AHP object
functions F come from three perspectives for three levels of development of Cases 1–3, whose meaning
can be understood as the equivalent resident population living consumption. From a local perspective,
the value of F for the developed region is the smallest, indicating that these cases of long-distance
energy transportation are the most acceptable for developed regions. It is worth noting that this is seen
from the perspective of local users. Obviously, users in eastern China are suitable for this method.
Specifically, Case 3 is the best for eastern China. Moreover, it can be found that in all situations, Case3
is always doing well, which means that the scope of application of Case3 is wide and can adapt to the
requirements of different developed regions.
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Table 20. The weight vector of PEC, GWP, AP, and REP in different regions and from different
perspectives.

Region
Perspective

Global Regional Local

α1 0.6667 0.5000 0.3333

Developed region α2 0.1898 0.2848 0.3797
α3 0.1110 0.1665 0.2220
α4 0.0325 0.0487 0.0649

α1 0.6667 0.5000 0.3333
Moderately

developed region
α2 0.0284 0.0426 0.0568
α3 0.2147 0.3221 0.4295
α4 0.0902 0.1353 0.1804

α1 0.6667 0.5000 0.3333
Underdeveloped

region
α2 0.0389 0.0584 0.0779
α3 0.0666 0.0999 0.1332
α4 0.2278 0.3417 0.4556
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4.3. Sensitive Analysis

The sensitivity analysis of the systems analyzes some of the main factors affecting the performance
of the system. The method is to make certain parameters of the system change within a certain range
then observe the evaluation results to summarize the conclusions. It does not require analysis of
all factors, but only those that are important or influential. In the study of this paper, there are two
most important parameters for life cycle assessment: life cycle time pan and global per capita CO2

emission equivalent.

4.3.1. Effect of Life Span

Under normal circumstances, coal-fired power plants can last up to 30 years. The life cycle of the
calculated case in this paper is calculated in 25 years. In the sensitivity analysis, we will discuss the
performance of the three systems of 20–30year life span. The results are shown as follows. Figures 10–12
reflect the impact of the life span on total emissions. It can be found that in the interval of 20 to 30 years,
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emissions are growing at an approximately constant rate, and the GWP of Case 3 is always significantly
lower than the other two systems. With increasing span time, the gap between the emission of the
systems with upgrading phase and that of the system without upgrading phase is gradually increased
because the impact of the fixed investment of the previous upgrading equipment on the whole life
cycle is gradually reduced. Figures 10–12 reflect the impact of the life cycle on the average annual
emissions equivalent. By calculating the annual average emissions, it is possible to more intuitively
observe the changes in the performance of the systems with the life span. It can be seen from the
figures that as the life of the system increases, the performance of the systems gradually increases.

Energies 2019, 12, x FOR PEER REVIEW 18 of 25 

 

 

Figure 10. Effect of life span on average annual GWP. 

 

Figure 11. Effect of life span on average annual AP. 

0.065

0.070

0.075

0.080

18 20 22 24 26 28 30 32

A
ve

ra
ge

 a
nn

ua
l G

W
P 

(×
10

11
)

Life span (year)

Case1

Case2

Case3

0.09

0.10

0.11

0.12

0.13

0.14

0.15

18 20 22 24 26 28 30 32

A
ve

ra
ge

 a
nn

ua
l A

P 
(×

10
8

)

Life span (year)

Case1

Case2

Case3

Figure 10. Effect of life span on average annual GWP.

Energies 2019, 12, x FOR PEER REVIEW 18 of 25 

 

 

Figure 10. Effect of life span on average annual GWP. 

 

Figure 11. Effect of life span on average annual AP. 

0.065

0.070

0.075

0.080

18 20 22 24 26 28 30 32

A
ve

ra
ge

 a
nn

ua
l G

W
P 

(×
10

11
)

Life span (year)

Case1

Case2

Case3

0.09

0.10

0.11

0.12

0.13

0.14

0.15

18 20 22 24 26 28 30 32

A
ve

ra
ge

 a
nn

ua
l A

P 
(×

10
8

)

Life span (year)

Case1

Case2

Case3

Figure 11. Effect of life span on average annual AP.

4.3.2. Effect of Total Global Pollution Emissions

On the whole, the effect of unit discharge of pollutants on the environment will vary with the total
global emissions, in other words, the impact of pollution emissions on the environment is nonlinear.
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Therefore, when assessing the performance of the system, it is also necessary to consider global
pollution emissions. The greenhouse effect is the most globalized, so the sensitivity of the greenhouse
effect to the objective function of the evaluation is analyzed. We took the global annual per capita
CO2 emission equivalent as a variable, and the results are as shown in Figure 13. It can be seen that
in the case of an increase in global greenhouse gas emissions, the equivalent resident population
living consumption of these three systems will decrease, but this cannot be mistaken for they with
less emissions as the environment deteriorates. Rather, under this polluted condition, the emission
share caused by the systems is reduced. Therefore, comparing the three systems makes more sense.
Regardless of whether global CO2-eq is large or small, Case 3 is always more competitive than the
other two systems. However, as CO2-eq continues to increase, the advantage of Case 3 over Case 2
will decrease.
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5. Conclusions

In this study, the main study object is a solar hybrid low-rank coal upgrading and power generation
system; the reference systems are also studied accordingly. According to LCA, The results show
the following.

(1) From the perspective of the whole life cycle, upgrading the low-rank coal to power generation will
help reduce pollution emissions and primary energy consumption. Whether it is solar upgrading
or traditional nonsolar upgrading, it has a significant effect in reducing the acidification potential
of the system and the potential of respiratory effects, but the traditional upgrading is not effective
in reducing the greenhouse effect potential of the system, while the effect of the solar upgrading
system is clear.

(2) Pollution emissions and primary energy consumption are mainly concentrated in the operational
phase, which produces more than 90% CO2 and consumes more than 90% primary energy of
the life cycle. As a result the greenhouse effect potential of the system depends mainly on this
stage. Emissions and consumption during coal transportation are only a small fraction of the total.
Manufacturing coal upgrading equipment and solar energy collection equipment also account
for a small percentage. This shows that it is feasible to carry out long-distance transportation
after upgrading low-rank coal.

(3) Uncertainty analysis shows that system performance will vary with life cycle and global total
pollution emissions. Specifically, as the life span increases, the proportion of fixed investment
in the construction process will gradually decrease over the entire life cycle, resulting in an
increase in the comprehensive performance of the system. In particular, the advantages of solar
low-rank coal upgrading and power generation systems relative to the reference system will be
further revealed. The impact of global pollution emissions on the system is mainly reflected in
the cumulative effect of global pollution. Solar low-rank coal upgrading and power generation
systems can effectively mitigate the trend of pollution and have good competitiveness.
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AP acidification potential
REP respiratory potential
PEC primary energy consumption
COE gross cost of electricity
UGC upgraded coal
GHG greenhouse gas
LCA life cycle assessment
AHP analytic hierarchy process
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Appendix A

Table A1. LCA results of Cases 1–3.

Index Case Materials Manufacture Transportation Operation Ammonia Module Solar Module Total

CO2
(kg)

Case1 8646733800.00 10737445.97 59091692.52 162020801882.58 157546156.17 0.00 170894910977.24
Case2 8454037875.00 10737445.97 748319280.60 158909125395.09 184425013.73 0.00 168306645010.40
Case3 8187875721.17 10737445.97 804187264.80 153870685416.47 183307384.49 30152062.08 163086945294.98

SO2
(kg)

Case1 82083106.98 2086.77 731311.99 55370663.45 1260025.66 0.00 139447194.84
Case2 80676087.60 2086.77 7257975.18 30785924.01 1474997.90 0.00 120197071.46
Case3 78120930.92 2086.77 7794215.43 30836451.37 1466059.30 98815.42 118318559.22

NOX
(kg)

Case1 133400264.10 2436.74 341331.13 55370663.45 25372873.13 0.00 214487568.54
Case2 131932857.00 2436.74 3668316.04 35662927.16 29701724.18 0.00 200968261.12
Case3 127735099.60 2436.74 3940561.09 35735109.10 29521729.53 73072.83 197008008.89

PM2.5
(kg)

Case1 36467826.00 838.89 51684.60 12301771.26 7875160.12 0.00 56697280.88
Case2 35126370.00 838.89 450325.63 12056929.98 9218736.58 0.00 56853201.08
Case3 34031302.85 838.89 483325.03 11674769.64 9162870.36 77231.50 55430338.27

CO
(kg)

Case1 22704270.00 22909.48 499452.54 0.00 2172.89 0.00 23228804.91
Case2 21506925.00 22909.48 4388210.68 0.00 2543.60 0.00 25920588.75
Case3 20862052.12 22909.48 4709954.83 0.00 2528.19 12448.49 25609893.11

CH4
(kg)

Case1 490195375.20 35.95 397220.70 0.00 252.66 0.00 490592884.52
Case2 483792324.00 35.95 5070117.21 0.00 295.77 0.00 488862772.93
Case3 468461383.94 35.95 5449610.31 0.00 293.98 20515.77 473931839.95

N2O
(kg)

Case1 19645200.00 119.84 135354.94 0.00 0.00 0.00 19780674.78
Case2 19473075.00 119.84 285502.39 0.00 0.00 0.00 19758697.24
Case3 18852536.95 119.84 302002.09 0.00 0.00 484.92 19155143.81

PEC
(kWh)

Case1 35454678.78 29959.06 557006.11 438072254.63 625321.27 0.00 474739219.85
Case2 35023361.10 29959.06 6951011.49 431601376.28 732006.96 0.00 474337714.90
Case3 33910042.83 29959.06 7470752.04 431601376.28 727570.95 0.00 473739701.16
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Table A2. LCA results of Cases 1–3.

Index Case Materials Manufacture Transportation Operation Ammonia
Module Solar Module Summary

GWP
Case1 25098961489.20 10844080.61 110891715.12 162020801882.58 157557980.71 0.00 187399057148.22
Case2 24714850704.00 10844080.61 956462116.28 158909125395.09 184438855.65 0.00 184775721151.64
Case3 23932437394.74 10844080.61 1026379595.03 153870685416.47 183321142.53 30770563.38 179054438192.76

AP
Case1 189214931.85 3876.38 1064992.23 94130127.86 19021036.85 0.00 303434965.17
Case2 186660240.00 3876.38 10025648.09 55749973.03 22266204.82 0.00 274705942.31
Case3 180732276.51 3876.38 10764009.67 55851027.73 22131269.97 150305.85 269632766.10

REP
Case1 232445808.49 5534.78 1543576.72 134117230.85 17881070.81 0.00 385993221.64
Case2 227990793.54 5534.78 15340973.29 81249063.75 20931749.84 0.00 345518115.19
Case3 220781601.49 5534.78 16474502.68 80984559.97 20804901.88 286902.66 339338003.45
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the long run in the selected European countries. Econ. Sociol. 2018, 11, 245–254. [CrossRef] [PubMed]

28. Leiden University. Institute of Environmental science (CML) 2012 [EB/OL]. Available online: http://cml.
leiden.edu/research/industrialecology/ (accessed on 24 September 2012).

29. Zhu, Y.; Zhai, R.R.; Zhao, M.M.; Yang, Y.P. Analysis of solar contribution evaluation method in solar aided
coal-fired power plants. Energy Proc. 2014, 61, 1610–1613. [CrossRef]

30. Makarenko, D.; Streimikiene, D. Quality of life and environmentally responsible behavior in energy sector.
J. Int. Stud. 2014, 7, 179–192.

31. Zhai, R.R.; Li, C. Life cycle assessment of solar aided coal-fired power system with and without heat storage.
Energy Convers. Manag. 2016, 111, 453–465. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.14254/2071-789X.2018/11-1/16
http://www.ncbi.nlm.nih.gov/pubmed/29645010
http://cml.leiden.edu/research/industrialecology/
http://cml.leiden.edu/research/industrialecology/
http://dx.doi.org/10.1016/j.egypro.2014.12.304
http://dx.doi.org/10.1016/j.enconman.2015.12.053
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Cases Description 
	Systems Description 
	Case 1: Low-Rank Coal Fueled Power Generation and Electric Power Transmission 
	Case 2: Conventional Low-Rank Coal Upgrading and Upgraded Coal (UGC) Transportation 
	Case 3: Solar–Hybrid Coal Upgrading Power Generation and UGC Transportation 

	Initial Conditions and Assumptions 

	Life Cycle Assessment (LCA) Analysis 
	LCA Methodology 
	Goal and Scope 
	Life Cycle Inventory 

	Analytic Hierarchy Process (AHP) Analysis 
	Hierarchical Model 
	Object Function 


	Case Study 
	Basic Data for LCA Analysis 
	Results and Discussion 
	Sensitive Analysis 
	Effect of Life Span 
	Effect of Total Global Pollution Emissions 


	Conclusions 
	
	References

