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Abstract: Environmental protection pressures and green energy strategies have created major
challenges for a cleaner production of China’s coal-fired power generation. Although China’s electric
power dispatching department has tried to prioritize clean energy, the current dispatching models
lack environmental indicators related to coal-fired power generation. The main purpose of this paper
is to provide a comprehensive environmental indicator for the cleanliness evaluation of coal-fired
power plants. In this paper, the (Emergy-based Life Cycle Assessment) Em-LCA method is used
to measure and analyze environmental related resource consumption, socio-economic investment,
and emissions in the whole life cycle of coal-fired power plants. At the same time, based on the
above three environmental impacts in the whole life cycle, this paper constructs the (Em-LCA based
Cleaner Production Comprehensive Evaluation) ECPCE index to guide a green dispatching plan.
By comparing the calculation results of the index, this paper finds that there are differences in the
environmental advantages of different generating units in green dispatching, which are closely related
to the process management of coal-fired power plants in production and the environment.

Keywords: green power dispatching; Em-LCA evaluation; coal-fired power generation; environmental
impacts; process management

1. Introduction

China has always been an active participant in the global response to green development and
cleaner production. Over the last two decades, China’s CO, emissions per unit of GDP has dropped by
46.85%, which basically reversed the rapid growth of China’s greenhouse gas emissions [1]. The forest
coverage rate is 22.96%, and the forest stock volume was increased by 4.5 billion cubic meters.
Also, by the end of 2018, China’s renewable energy power installed capacity exceeded 700 million
kilowatts, of which hydropower, wind power, and photovoltaic installed capacity reached 350 million,
180 million, and 170 million kilowatts, while nuclear power installed capacity reached 44.64 million
kilowatts [1].

However, according to Global Energy and CO, Status Report published by International Energy
Agency (IEA) in 2019, energy-related CO, emissions rose by 1.7% to a historic high of 33.1 Gt CO; [2].
While emission from all fossil fuels increased, the power sector accounted for nearly two-thirds of
emissions growth. Coal-fired power generation is the single largest emitter, accounting for 30% of all
energy-related carbon dioxide emissions. China, India and the United States accounted for 85% of the
net increase in emissions. In addition, sulfur dioxide, nitrogen oxides, and soot produced by coal-fired
power generation are also the main sources of atmospheric pollutants.
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By the end of 2018, the installed capacity of coal-fired power was 1.14 billion KW, accounting for
60.00% of China’s national installed capacity [1]. In addition, due to current economic and technical
constraints, non-fossil energy power generation in China still cannot completely replace coal-fired
power generation. Therefore, it is necessary to strengthen the green power dispatching of coal-fired
power generation. In the traditional sense, the green dispatching of coal-fired power generation in
China refers to the priority dispatching of units with stable operation of desulfurization, denitrification,
and dust removal facilities, and reducing the power generation load of units that do not meet the
requirements of desulfurization and denitrification measures as well as whose pollutant discharge is
not up to standard. It is not only an effective management method, but also a tool to promote green,
low-carbon, and sustainable development.

Traditional power dispatching mainly relies on economic cost as the basis for decision-making,
which is also called economic dispatch [3]. With the requirements of green development, environmental
aspects are more and more commonly considered in power dispatching areas. King et al. proposed
a multi-objective dispatching model in order to minimize both the cost function and the emission
functions simultaneously and took SO, and NOy as the main environmental constraints [4]. Sdenz et al.
proposed a two-stage economic and environmental load dispatching framework to fulfill the demand
reliably at the lowest possible cost and to minimize emissions and other environmentally adverse
effects [5]. Kerl et al. integrated fluctuating pollutant information into electricity dispatching plan to
encourage power plant including environmental impacts into cost-base decisions [6]. Liang X et al.
emphasized the importance of grid energy saving and environmental protection dispatching by
constructing an energy saving and environmental protection (ESEP) model [7]. Goudarzi et al.
proposed a combined environmental economic dispatch model which used NOy emissions as the
environmental variable [8]. Zhang X et al. proposed to prioritize the generator sets according to the
energy consumption level, and then dispatch fossil energy generator sets according to the pollutant
discharge level [9]. However, the existing green power dispatching focuses on emission reduction and
energy conservation, while economic costs are the main decision support factors. When considering
environmental factors, only the final governance results are considered, and the analysis of the
environmental impact of the whole process is commonly ignored.

One of the tools widely used in process management of coal-fired power production is the life cycle
assessment (LCA). LCA methodology is based on the axiom that all phases in the life of a product cause
environmental impacts and must therefore be analyzed, including raw material acquisition, product
manufacturing, transportation, installation, operation and maintenance, and ultimately recycling and
waste management [10]. Spath et al. performed LCA on coal-fired power production and examined the
environmental aspects of current and future pulverized coal boiler systems [11]. Wu et al. compared
three typical pollution control processes in coal-fired power plants by applying LCA and considered
the energy consumption, resource consumption, and pollutant emissions of each process [12]. Say et al.
assessed the environmental impacts of a coal-fired power plant in Turkey [13]. Steinmann et al.
presented a novel method of Monte Carlo simulation for differentiating uncertainty from variability in
LCAs of coal-fired power generation in the United States [14]. Babbitt and Lindner quantitatively and
qualitatively compared the contributions of different types of pollution, including air pollution, water
pollution, solid waste pollution, and heavy metal pollution by applying LCA [15]. Henriksson et al.
used LCA to calculate unit process data for Chinese coal-fired power generation at both the national and
the provincial level [16]. However, dealing with non-commensurate units with varying environmental
impacts (kilograms of CO2 emissions, kcals of energy consumption) and socio-economic costs is a
major challenge when using LCA for coal-fired power production.

In the early 1980s, Odum and co-workers proposed and developed the groundbreaking idea of
emergy as a way of understanding the behavior of self-organized systems, valuing ecological products
and services, and analyzing ecological and economic systems together [17]. Emergy analysis is a
method based on thermodynamic laws, general system theories [18], energetics [19], and measuring
both the productivity of natural resources and human socio-economic resources. To develop emergy
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analysis, a system is converted into a network of energy streams and a measure of solar emergy is
assigned to energy flows. Solar emergy represents the total amount of available solar energy that was
directly or indirectly used in order to generate or support a given product or service, and it is calculated
in solar equivalent joules (sej) [20]. Some attempts have been made to analyze the power generation
production system by using emergy analysis. Wang et al. applied emergy analysis to systematic
evaluation of a combined heat and power plant eco-industrial park (CHP plant EIP), considering
both material circulation and energy cascade utilization and clean energy technology aspects [21].
Zhang et al. conducted an emergy evaluation and an economic analysis to find out why China’s tidal
power generation industry has been largely lagging behind other renewable energy alternatives [22].
Wang and Zhang proposed new emergy indices for material circulation utilization and energy cascade
utilization to evaluate the emergy of a power plant eco industrial park [23]. Zhang et al. combined the
characteristics of emergy and exergy analysis in order to evaluate the sustainable development level of
three thermal power plants [24]. Sha and Herme used an energy-focused environmental accounting
method based on the embodied solar energy (emergy) principle to evaluate biomass and coal-based
combined heat and power (CHP) cogeneration processes [25].

Some attempts have been made to combine LCA method and emergy analysis. Jiang et al. applied
emergy-based LCA (Em-LCA) methodology to investigate the sustainability of laser engineered net
shaping (LENS) by comparing that of the computer numerical control (CNC) machining for gear
manufacturing [26]. Reza et al. applied emergy-based LCA (Em-LCA) to facilitate an informed
decision making process for different asset management scenarios by identifying and quantifying the
attributes of TBL impacts over the life cycle of a civil infrastructure system [27]. Duan et al. employed
emergy-based LCA to investigate a typical urban wetland park, the Green Lake Urban Wetland Park
(GLUWP) of Beijing in terms of its environmental and capital inputs, ecosystem services and organic
matter yields, environmental support, and sustainability [28]. Wang et al. used emergy-based LCA to
explore the ecological and economic effects of the wheat-maize double-cropping system on large-scale
grain production compared with small-scale production [29]. The Emergy analysis method can solve
the problem of unit inconsistency between different material flows, and the method is widely used in
comprehensive environmental evaluation. However, this method is less commonly used in the field of
power dispatching.

In summary, the current power dispatch field has the following problems: (i) When considering
the environmental advantages of units, power dispatching takes the final environmental treatment
results (whether pollutant emission reaches the standard or not) as the criterion, and lacks the attention
needed to process environmental management performance. (ii) The reference indicators for power
dispatching decisions are mainly based on economic costs and a lack of independent environmental
indicators. (iii) Due to the complexity of environmental factors, the environmental contribution or
impact of inputs and outputs of different processes cannot be directly compared horizontally.

The main purpose of this study is to provide a process-based environmental decision-making
reference for clean power dispatching by enabling a cleaner production evaluation of coal-fired power
generation. The main contributions of this paper are as follows: (i) This paper extends the life cycle
boundary of coal-fired power generation. In addition to the production process itself, all upstream and
downstream stages that may contain environmental impacts were also considered. (ii) The emergy
analysis method was used to calculate and compare the resource consumption, socio-economic
investment, and emissions during the whole life cycle of coal-fired power generation, thus achieving a
direct horizontal comparison of different life cycle stages. (iii) This paper constructs the (Em-LCA based
Cleaner Production Comprehensive Evaluation) ECPCE index to provide a separate environmental
indicator for clean power dispatching.

The rest of the paper is organized as follows: The second section introduces the method used in
this paper and the background of the case study; the third section shows the results of the case study
and relevant discussions; the fourth section is the conclusion.
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2. Materials and Methods

In this paper, the representative coal-fired power plants in China were selected as the research
object, and the Em-LCA method was used to quantify the resource consumption, socio-economic
investment, and emissions of coal-fired units in the whole life cycle, while a comprehensive cleaner
production evaluation index reflecting the above quantitative results was designed to comprehensively
evaluate the cleaner production level of different units. The power dispatching organization could
arrange the units with a high cleaner production level to generate power preferentially according to
the ranking results of the above indexes.

2.1. Background and Materials

We selected the Cangdong Power Plant as a research target, located in Hebei Province, China.
The Cangdong Power Plant is a coal-fired combined heat and power (CHP) power plant, mainly
supplying electricity for heating in North China and Southern Hebei. The Cangdong power plant has
two 600 MW subcritical units and two 660 MW supercritical units. It is a large and modern power plant
with management with extensive experience. The power plant uses Shenfu low-sulfur coal and has a
high-efficiency electrostatic precipitator, and synchronously uses a flue gas desulfurization device to
reduce its impacts on the environment.

The main data of this paper were obtained from the 2019 Environmental Protection Operation and
Pollutant Discharge Statistics Report, Environmental Statement, and Production Telecommunications
Express provided by Cangdong Power Plant. Data on pollutant emissions were tested and certified by
external environmental companies and monitored by the local environmental protection department.
Financial data and production data were audited by Klynveld Peat Marwick Goerdeler (KPMG).
The CO, emission data were calculated by a third-party organization according to the Requirements of
the Greenhouse Gas Emission Accounting and Reporting (Part 1: Power generation enterprise).

2.2. Em-LCA Method

In this research, to meet the challenges of the cleaner production evaluation of coal-fired power
generation, an emergy-base life cycle assessment (Em-LCA) method was proposed. Em-LCA aims to
offer a more quantitative and comprehensive technique than the existing LCA method. The Emergy
concept has been applied as a valuable complement, rather than an alternative to existing LCA,
as standard LCA is an important part of this method. By applying Em-LCA, it is possible to transform
all life cycle inputs and outputs throughout the life cycle of the coal-fired power generation. In this study,
the Em-LCA method consisted of the following steps: Em-LCA scope and boundary identification;
inventory analysis; and emergy quantification.

2.2.1. Em-LCA Scope and System Boundary Identification

This paper divides the life cycle of coal-fired power generation into five stages. In addition
to power generation and waste treatment, we also considered coal mining, coal washing, and coal
transportation, as shown in Figure 1. The benefit of this is that it expanded the system boundary of
coal-fired power generation and laid the foundation for a more comprehensive cleaner production
assessment. At each stage of the life cycle, the following three types of environmental impacts should
be considered:

e  resource consumption including renewable and non-renewable resources,
e  socio-economic investment including monetary costs and purchased labor and services,
e emissions including solid waste, atmospheric pollutants, and water pollutants.
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Figure 1. The emergy-base life cycle assessment (Em-LCA) methodology for coal-fired power generation.

2.2.2. Inventory Analysis

After the system boundary was established, the second step was to do an inventory analysis.
Inventory analysis requires collecting data for all process units and life cycle stages, and their associated
mass flows, as well as data on emissions and discharges into the receiving waters, soil, and air. The life
cycle inventories according to the collected data of four power generation units are listed in Tables 1-4.

Table 1. Life cycle inventory of a 600 MW coal-fired generating unit (Unit 1).

Items Coal Coal Coal Power Waste
Mining Washing Transportation  Generation Treatment
Input Coal (kg) 3.92 x 1010 — — 1.14 x 10° —
Steel (kg) 3.14 x 10° — — — —
Wood (kg) 3.53 x 10° — — — —
Gasoline () 4.89 x 108 — 1.24 x 1010 — —
Diesel (J) 2.44 x 108 — 1.04 x 1010 — —
Water (kg) 2.13 x 1012 242 x 1012 — 7.28 x 10° 4.1 %108
Electricity (kg) 2.8 x 1010 1.22 x 1010 — — 2.61 x 107
Limestone (kg) — — — — 1.25 x 107
Liquid ammonia (kg) — — — — 1.14 x 10°
Output CO; (kg) 3.34 x 1010 — 5.56 x 1011 4.73 x 10° —
SO, (kg) 2.27 x 10° — 454 x 10° — 1.58 x 105
Nox (kg) 2.44 x 108 — 1.12 x 10° — 412 x 10°
Peat (kg) — 6.98 x 107 — — —
Boiler ash (kg) 2.55 x 1010 — — — —
Slag (kg) — — — 2.25 x 101 —

Dust (kg) — — — — 1.93 x 10*
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Table 2. Life cycle inventory of a 600 MW coal-fired generating unit (Unit 2).
Ttems Coal Coal Coal Power Waste
Mining Washing Transportation  Generation Treatment
Input Coal (kg) 3.63 x 1010 — — 1.06 x 10° —
Steel (kg) 291 x 10° — — — —
Wood (kg) 3.26 x 10° — — — —
Gasoline (]) 452 x 108 — 1.15 x 1010 — —
Diesel (J) 2.26 x 108 — 9.65 x 10° — —
Water (kg) 1.97 x 1012 2.24 x 1012 — 6.8 x 10° 4.15 x 108
Electricity (kg) 2.59 x 1010 1.13 x 1010 — — 3.31 x 107
Limestone (kg) — — — — 1.13 x 107
Liquid ammonia (kg) — — — — 1.06 x 10°
Output CO, (kg) 3.09 x 1010 — 5.14 x 101 413 x 10° —
SO, (kg) 2.1 x10° — 42 x10° — 1.38 x 10°
Nox (kg) 2.26 x 108 — 1.03 x 10° — 35 x10°
Peat (kg) — 6.46 x 107 — — —
Boiler ash (kg) 2.36 x 1010 — — — —
Slag (kg) — — — 2.14 x 101 —
Dust (kg) — — — — 1.59 x 10*
Table 3. Life cycle inventory of a 660 MW coal-fired generating unit (Unit 3).
Ttems Coal Coal Coal Power Waste
Mining Washing Transportation  Generation Treatment
Input Coal (kg) 4.95 x 1010 — — 1.48 x 10° —
Steel (kg) 3.97 x 10° — — — —
Wood (kg) 4.45 x 10° — — — —
Gasoline (]) 6.17 x 108 — 1.57 x 1010 — —
Diesel (J) 3.09 x 108 — 1.32 x 1010 — —
Water (kg) 2.70 x 1012 3.06 x 1012 — 9.28 x 10° 3.36 x 107
Electricity (kg) 3.54 x 1010 1.54 x 1010 — 3.05 x 107
Limestone (kg) — — — — 1.75 x 107
Liquid ammonia (kg) — — — — 1.48 x 10°
Output CO, (kg) 4.22 x 1010 — 7.02 x 1011 6.81 x 10° —
SO, (kg) 2.87 x 10° — 5.73 x 107 — 2.69 x 10°
Noy (kg) 3.09 x 108 — 1.41 x 10° — 6.71 x 10°
Peat (kg) — 8.82 x 107 — — —
Boiler ash (kg) 3.22 x 1010 — — — —
Slag (kg) — — — 2.99 x 101 —
Dust (kg) — — — — 2.07 x 10*
Table 4. Life cycle inventory of a 660 MW coal-fired generating unit (Unit 4).
Ttems Coal Coal Coal Power Waste
Mining Washing Transportation  Generation Treatment
Input Coal (kg) 4.75 x 1010 — — 1.41 x 10° —
Steel (kg) 3.81 x 10° — — — —
Wood (kg) 427 x10° — — — —
Gasoline () 5.92 x 108 — 1.51 x 1010 — —
Diesel (J) 2.96 x 108 — 1.26 x 1010 — —
Water (kg) 2.59 x 1012 2.93 x 1012 — 8.91 x 10° 4.23 x 107
Electricity (kg) 3.40 x 1010 1.48 x 1010 — — 3.08 x 107
Limestone (kg) — — — — 1.73 x 107
Liquid ammonia (kg) — — — — 1.41 x 10°
Output CO; (kg) 4.05 x 1010 — 6.73 x 101 6.76 x 10° —
SO, (kg) 2.75 x 10° — 5.50 x 10° — 221 x 10°
Noy (kg) 2.96 x 108 — 1.35 x 10° — 6.27 x 10°
Peat (kg) — 8.46 x 107 — — —
Boiler ash (kg) 3.09 x 1010 — — — —
Slag (kg) — — — 2.91 x 101 —
Dust (kg) — — — — 2.38 x 10*
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2.2.3. Emergy Quantification

In step 1, for determining the scope and system boundary, this paper divides the environmental
impacts in the life cycle into three categories: resource consumption, socio-economic investment,
and emissions. The purpose of Emergy quantification was to translate these three types of environmental
impact into a uniform emergy unit. The following sections explain how to calculate the emergy values
of these three types of environmental impacts.

Resource Consumption

This paper divides resource consumption into two types: renewable resources and non-renewable
resources. Renewable resources refer to material resources that can be naturally generated, grown,
multiplied, or increased in reserves through natural or artificial activities at a certain time (one year
or several decades) after being exploited by humans. It includes surface water, soil, plants, animals,
aquatic organisms, micro-organisms, forests, grasslands, air, sunlight (solar), climate resources, and
marine resources. Non-renewable resources are material resources that cannot be naturally formed
or produced over a long period of time (within millions of years) after being exploited by humans.
It includes various metal minerals, non-metallic minerals, rocks, solid fuels (coal, stone coal, peat),
liquid fuel (petroleum), gaseous fuel (natural gas), etc. The emergy quantification method of resource
consumption was shown in Equation (1):

Uei = Ei X Ti’i (1)

where U,; denotes the emergy value of the i-th resource, E; is the amount of i-th resource consumed
and Tr; is the transformity of the i-th resource.

Socio-Economic Investment

Socio-economic investments usually include monetary costs, such as purchased labor and services.
This paper further divides socio-economic investment into four categories: resource consumption
costs, air pollution costs, water pollution cost and solid waste pollution cost. One of the differences
between the Em-LCA approach and the traditional LCA approach is the concern for socio-economic
factors. The emergy quantification method of socio—economic investment in different life cycle stages
is shown in Equation (2):

U= C; X Ex; X Try, (2)

where U,; denotes emergy value of the i-th kind of socio-economic investment, C; was the monetary
amount of i-th socio-economic investment (expressed in national currency), it should normally be
converted to dollars by multiplying and exchange rate Ex, (USD:CNY = 7.067 in this article) and Tr;, is
the transformity of socio-economic investment.

Emissions

The consequences of airborne and water borne emissions and solid waste generation can be
quantified based on the natural and human capital losses or preliminary damage (e.g., acidification,
eutrophication of laces, ecotoxicity, and human health) that can harm the ecosystem, people’s health,
and the economy.

In this research, the approach of Eco-indicator 99 was used to evaluate the preliminary damage
due to natural and human capital losses. According to Eco-indicator 99, emission impacts on ecosystem
quality and human health can be expressed by two indicators:

(1) Potentially disappeared fraction (PDF) of species in the affected ecosystem
(2) Disability adjusted life years per unit emission (DALY).
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Then these two indicators can be converted to a corresponding emergy equivalent of loss (EL) as
proposed by Liu et al. [30,31] The emergy equivalent of loss in support of local ecological resources can
be measured by Equation (3):

ELpg = 2 m; x PDF(%); X Epio 3)

where ELgg denotes the emergy equivalent of loss of regional natural resources due to given emissions,
m; is the amount of i-th emission released PDF(%) was calculated as PDF x m? x yr x kg™!, and
Eyjo represents the unit of annual emergy allocated to regional natural capital, here 1.39 x 10?? was
used [32].

The emergy equivalent of loss in support of human resources can be calculated using Equation (4):

ELyy = Z m; X DALY; X E, )

where ELyy represents the emergy equivalent of human health loss due to given emissions m;, DALY
represents the disability adjusted life years per unit emission (yr x kg™!), and E, was the total annyal
emergy per population, here 1.83 x 10> was used [33].

In addition, damage associated with solid waste generation can be quantified based on land
occupation for landfill and disposal using Equation (5):

ELsy = Z m; X Loc X EL @)

where ELgyy represents emergy equivalent of natural loss due to discharge of solid waste on land, m;
is the given solid waste total mass, Loc represents the land occupation factor, and Ey is the emergy
value of land restoration per area (sej/ha).

2.3. Em-LCA Based Cleaner Production Comprehensive Evaluation (ECPCE) Index

In order to comprehensively reflect the cleaner production level of different units/power plants,
this paper includes an Em-LCA based cleaner production comprehensive evaluation (ECPCE) index
based on the above quantified emergy values. The intrinsic logic of the index was to weight and sum
the three types of environmental impacts at different stages of the life cycle. The basic idea of the
quantitative approach to environmental impact was to measure the emergy value of the ecosystem of
resource consumption, socio-economic investment, and emissions in the context of cleaner production.
Therefore, the smaller the index, the less emergy was consumed by production, that is, it occupies less
resources and consumes less environmental resources to dilute pollution emissions, and the cleaner
production level is higher.

On the one hand, the calculation process of the index can be used as a management tool for power
plant process management, and the calculation results of the index can provide a reference for the
cleaner dispatching of China’s coal-fired power generation industry. The dispatching department can
sort the cleaner production level according to the calculation result of the index, and provides priority
to the generation unit with a high cleaning level. The calculation method of the ECPCE index is shown
as Equation (6):

ECPCE index, = ) wijx Ej; ©6)
where the ECPCE index, represents the Em-LCA based cleaner production comprehensive evaluation

index of n-th generation unit, w;; is the weight of the j-th environmental impact of the i-th stage,
and E;; is the emergy of the j-th environmental impact of the i-th stage.
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3. Results and Discussion

3.1. Em-LCA Environmental Impacts Analysis

Tables 5-8 shows the life cycle resource consumption of four generating units by multiplying the
data in Tables 1-4 by the corresponding emergy transformities. The transformities used in this paper
come from the research of Odum [34] and his coworkers [23,35-39].

Table 5. Life cycle resource consumption of Unit 1.

Resource Coal Mining Coal Washing Coal . Powe{' Waste
Consumption (Sej) (Sej) Transpo#atlon Genera.ltlon Treatn}ent
(Sej) (Sej) (Sej)
Coal 2.62 x 1013 — — 7.61 x 1013 —
Steel 9.71 x 10%* — — — —
Wood 6.31 x 1020 — — — —
Gasoline 1.50 x 102 — 3.82 x 1024 — —
Diesel 7.65 x 1022 — 3.27 x 10%* — —
Water 1.42 x 1018 1.61 x 1018 — 4.83 x 1011 2.72 x 1014
Electricity 4.49 x 101 1.95 x 101 — — 4.17 x 1012
Limestone — — — — 4.55 % 10'°
Liquid ammonia — — — — 1.68 x 10
Non-renewable 227 %108 — 7.08 x 102 7.61 x 1013 455 x 1016
resources
Renewable resources 9.71 x 10%* 1.61 x 1018 — 4.83 x 101 1.68 x 101°
Table 6. Life cycle resource consumption of Unit 2.
Resource Coal Mining Coal Washing T Coal . Powef T Waste
Consumption (Sej) (Sej) ranspor'tatlon Genergtlon reatnr'lent
(Sej) (Sej) (Sej)
Coal 243 x 1015 — — 7.07 x 1013 —
Steel 8.98 x 10%* — — — —
Wood 5.84 x 1020 — — — —
Gasoline 1.39 x 108 — 3.53 x 10%* — —
Diesel 7.07 x 1022 — 3.02 x 10%* — —
Water 1.31 x 1018 1.49 x 1018 — 452 x 1011 2.76 x 1014
Electricity 4.15 x 1015 1.80 x 101 — — 5.29 x 1012
Limestone — — — — 413 x 1016
Liquid ammonia — — — — 1.56 x 101°
Non-renewable 2.10 x 102 — 6.55 x 102 7.07 x 1013 413 x 1016
resources
Renewable resources 8.98 x 102 1.49 x 1018 — 452 x 1011 1.56 x 109
Table 7. Life cycle resource consumption of Unit 3.
Resource Coal Mining Coal Washing Coal . PoweF Waste
Consumption (Sej) (Sej) Transpor'tatlon Genera}tlon Treatn.lent
(Sej) (Sej) (Sej)
Coal 3.31 x 1015 — — 9.92 x 1013 —
Steel 1.23 x 105 — — — —
Wood 7.97 x 102 — — — —
Gasoline 1.90 x 102 — 4.82 x 10%* — —
Diesel 9.66 x 1022 — 413 x 10%* — —
Water 1.79 x 1018 2.03 x 1018 — 6.16 x 1011 2.23 x 1013
Electricity 5.67 x 1013 2.46 x 1015 — — 4.88 x 1012
Limestone — — — — 6.37 x 1010
Liquid ammonia — — — — 2.20 x 1019
Non-renewable 2.86 x 103 — 8.95 x 102 9.92 x 1013 6.37 x 1016

resources

Renewable resources 1.23 x 10%5 2.03 x 1018 — 6.16 x 1011 2.20 x 101?
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Table 8. Life cycle resource consumption of Unit 4.

Resource Coal Mining Coal Washing Coal . PoweF Waste
Consumption (Sej) (Sej) Transportation Generation Treatment
(Sej) (Sej) (Sej)
Coal 3.18 x 1012 — — 9.40 x 1013 —
Steel 1.18 x 105 — — — —
Wood 7.65 x 1020 — — — —
Gasoline 1.82 x 108 — 4.62 x 10%* — —
Diesel 9.27 x 1022 — 3.96 x 10%* — —
Water 1.72 x 1018 1.95 x 1018 — 5.92 x 101! 2.81 x 1013
Electricity 5.43 x 101 2.36 x 105 — — 4.93 x 1012
Limestone — — — — 6.29 x 1016
Liquid ammonia — — — — 2.08 x 101
Non-renewable 274 % 103 — 8.58 x 1024 9.40 x 1013 6.29 x 1016
resources
Renewable resources 1.18 x 10%5 1.95 x 1018 — 5.92 x 1011 2.08 x 10%°

The results in Figure 2 show that the consumption of renewable resources is greater than the
consumption of non-renewable resources. Similar results have been reported by Wang et al. [40].
The results of this article further explain the results of the consumption of renewable resources. Figure 3
demonstrates life cycle resources consumption of the whole power plant. The main source of renewable
resource consumption is steel on the coal mining stage and water resources, power resources, and
liquid ammonia consumed in the waste treatment stage. China’s coal exploration is mainly based
on mine mining, which is more difficult than open pit mining and therefore requires more resources.
The coal of the power plant studied in this paper is mainly imported from Shanxi Province of China and
the vast majority of coal in that region use mine mining methods. The renewable resources consumed
in the waste treatment stage are mainly due to the operation of desulfurization, denitrification, and
dust removal devices. Due to the policy requirements of the environmental regulation department,
coal-fired power plants have generally carried out ultra-low emissions modification to control the
emission concentrations of atmospheric pollutants such as SO, and NOy. Although these devices
effectively reduce pollution emissions and improve air quality, their resource consumption should be
taken seriously by management departments. Wang et al. [40] believe that the main renewable resource
consumed in coal-fired power generation is water. However, a further analysis of the composition of
renewable resource consumption in this paper found that in addition to water resources, the use of steel
and environmental protection materials is also an important consumption area. These consumptions
are mainly related to the coal mining and waste treatment stages. This means that in addition to
improving power generation efficiency, transforming coal mining methods and developing more
energy-efficient environmental protection technologies are also crucial for cleaner production of
coal-fired power plants.
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Figure 2. Comparisons of renewable and non-renewable resource consumption (x10%4).
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Figure 3. Life Cycle renewable and non-renewable resource consumption (x10'1).

Table 9 shows the life cycle socio-economic investment for four power generation units expressed
in emergy. Figure 4 shows the total emergy consumption of socio-economic investment of four
generating units at different life cycle stages. The results show that socio-economic investment is
consumed the most at the generation stage.

Although the investment consumed in the generation stage is large, this paper pays more attention
to the investment in the waste treatment stage, as shown in Figure 5, because it is closely related to
environmental issues. Xie et al. [41] analyzed the environmental protection costs of coal-fired power
generation in China and found that they accounted for about 12% of the total costs, including the cost of
equipment as well as operation and maintenance costs of power generation plants to reduce pollutant
emissions, and the sewage charges paid to relevant departments. Most of these environmental
protection costs occur at the waste disposal stage. This article analyzed the environmental cost
components of the waste treatment stage in detail from a material perspective.
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Figure 4. Life Cycle socio-economic investment.
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Figure 5. Socio-economic investment of waste treatment stage.

Table 9. Life cycle socio-economic investment for four power generation units.

1#
.. . Coal Power Waste
Cost Type Coal(é\;[ 1)n ng Coal(\é\lea:hmg Transportation Generation Treatment
) ) (Sej) (Sej) (Sej)
Resource consumption cost 8.31 x 10° 4.89 x 108 2.26 x 1010 1.29 x 101 4.23 x 10°
Air pollution cost 9.78 x 108 5.03 x 10° 2.77 x 1010 4.36 x 1010 5.24 x 107
Water pollution cost 3.49 x 107 6.98 x 10° — 1.64 x 10° 4.35 x 10°
Solid waste pollution cost 1.05 x 108 1.05 x 108 — 9.43 x 108 224 x 10°
2#
Resource consumption cost 7.68 x 10° 452 x 108 2.09 x 1010 1.19 x 101 4.22 x 10°
Air pollution cost 9.04 x 108 4.65 x 10° 2.56 x 1010 4.03 x 1010 5.53 x 107
Water pollution cost 3.23 x 107 6.46 x 10° — 1.52 x 10° 4.21 x 10°
Solid waste pollution cost 9.69 x 107 9.69 x 107 — 8.72 x 108 2.10 x 10°
3#
Resource consumption cost 1.05 x 1010 6.17 x 108 2.86 x 1010 1.63 x 1011 5.23 x 10°
Air pollution cost 1.23 x 10° 6.35 x 10° 3.49 x 1010 5.51 x 1010 4.52 x 107
Water pollution cost 4.41 x 107 8.82 x 10° — 2.07 x 10° 4.11 x 10°
Solid waste pollution cost 1.32 x 108 1.32 x 108 — 1.19 x 10° 2.56 x 10°
a#
Resource consumption cost 1.01 x 1010 5.92 x 108 2.74 x 1010 1.57 x 101 3.89 x 10°
Air pollution cost 1.18 x 10° 6.09 x 10° 3.35 x 1010 5.28 x 1010 4.96 x 107
Water pollution cost 4.23 x 107 8.46 x 10° — 1.99 x 10° 4.26 x 10°

Solid waste pollution cost 1.27 x 108 1.27 x 108 — 1.14 x 10° 2.56 x 10°
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Through further analysis of the basic components of socio-economic investment in the waste
treatment stage, this paper finds that the socio-economic investment in the waste treatment stage is
mainly caused by the cost of resource consumption, followed by the cost of air pollutant control. Water
pollution costs and solid waste pollution costs account for only about 1.5 percent of the total. This shows
that most of the socio-economic investment in power plants is spent on purchasing environmental
protection materials and air pollution control, while little attention is paid to water pollution control
and solid waste pollution control. The reason for this is that, in the first place, the liquid ammonia
used in denitration is expensive. The average price of liquid ammonia used in the power plant in
this paper is about 3150 CNY per ton. Moreover, because China has clear limits on the concentration
of atmospheric pollutants emitted by coal-fired power plants, power plants often seek to reduce the
concentration of atmospheric pollutants, which in turn results in substantial investment in technology
and equipment.

Table 10 shows the result of emergy equivalent of loss of regional natural resources, human health
loss due to given emission, and the emergy equivalent of natural loss due to discharge of solid waste on
land of four power generating units. Figure 6 shows the life cycle emission emergy of whole coal-fired
power plants.
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Figure 6. Life cycle emission emergy of whole coal-fired power plant.

Table 10. Life cycle emission for four power generation units.

1#
Cost Tvpe Coal Mining Coal Washing Coal Transportation Power Generation Waste Treatment
P (Sej) (Sej) (Sej) (Sej) (Sej)
ELgg 2.66 x 10% — 441 x10% 3.75 x 1032 5.95 x 1027
ELyy 2.80 x 1020 — 8.50 x 1020 1.82 x 1018 9.59 x 1016
ELgw 6.70 x 1015 1.83 x 1013 — 426 x 101° 223 x 108
24
ELgg 2.46 x 10% — 4.08 x 1034 3.28 x 10%2 5.06 x 102
ELny 2.59 x 1020 — 7.86 x 1020 1.59 x 1018 3.54 x 107
ELsw 6.20 x 1015 1.70x1013 — 4.05 x 1012 1.84 x 108
3#
ELgg 3.36 x 10% — 5.57 x 1034 5.41x10% 9.70x10%7
ELnr 3.53 x 1020 — 1.07 x 102 2.62 x 1018 1.50 x 107
ELgw 8.46 x 1015 2.32 x 1013 — 5.66 x 101° 239 x 108
44
ELgg 3.22 x 10% — 5.35 x 1034 5.36 x 1032 9.07 x 10%
ELngr 3.39 x 1020 6.61 x 10% 2.60 x 1018 1.40 x 107

ELsw 8.12 x 10%° 222 x 1013 — 5.50 x 101° 2.75 x 108
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According to Figure 6, the coal transportation stage causes more natural and human capital losses
due to emissions into the air and water, and discharge of solid waste on land. In addition, we found
that the three phases associated with coal as a whole cause more natural and human capital losses than
the two phases inside the coal-fired power plant. Reza et al. [42] referred to this type of environmental
impact as upstream impact and downstream impact. From this perspective, the upstream impact
of coal-fired power plants is greater than the downstream impact. This tells us that although the
environmental management facilities inside coal-fired power plants can greatly reduce the emission
of terminal pollutants, if we do not pay attention to the resource and environmental management of
the upstream environmental management, then coal-fired power generation is still a burden to the
ecological environment of the whole society.

3.2. Calculation Results of ECPCE Index

In this paper, Delphi expert scoring method is used to assign weights to different environmental
impact categories in life cycle stages. The results of the weighting are shown in Table 11.

Table 11. Life cycle weightings of environmental impact categories.

s 1. .. . Coal Power Waste
Weightings Coal Mining Coal Washing Transportation Generation Treatment
Resource consumption 0.25 0.35 0.40 0.24 0.45
Socio-economic 0.37 0.20 0.35 0.33 0.20
investment
Emissions 0.38 0.45 0.25 0.43 0.35

Figure 7 shows the results from the ECPCE index of four generating units. Generating unit 4
ranked first while generating unit 3 ranked last. In addition, generating unit 4 was slightly better than
unit 2. Therefore, unit 4 has an environmental advantage in the cleaning dispatching plan, followed by
unit 1 and unit 2, and unit 3 has the smallest environmental advantage in the cleaning dispatching plan.
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Figure 7. The ECPCE index of four generating units.

4. Conclusions

With the requirement of green development and the urgent need for clean energy, the green
dispatching of coal-fired power has become an important issue for the development of green and
sustainable power and energy. However, the existing green dispatching plans are mainly based on
economic indicators, and lack of attention to environmental process management. The main purpose
of this study is to provide a process based environmental indicator for clean power dispatching.

In this paper, the environmental impact of coal-fired power plants is divided into three categories:
resource consumption, socio-economic investment and emissions. The above three categories of
environmental impact in the whole life cycle from coal mining stage to waste disposal stage are
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analyzed. In terms of resource consumption, the consumption of renewable resources is greater
than that of non-renewable resources, and the main consumption of renewable resources comes
from the coal mining stage and waste disposal stage. The consumption of renewable resources in
the stage of coal mining is mainly related to the method of coal mining, while the consumption of
renewable resources in the stage of waste treatment mainly comes from the consumption of raw
materials for desulfurization, denitrification, and other environmental technologies. For the aspect
of socio-economic investment, although the socio-economic investment in the waste treatment stage
is relatively small, this paper obtains a meaningful conclusion related to environmental regulation
by analyzing its proportion. Most of the socio-economic investment in power plants is spent on
environmental protection materials and air pollution control, while little attention is paid to water
pollution control and solid waste pollution control. This shows that when there is a clear environmental
regulation standard, management of the power plants will increase input and investment to help
control emissions in this area (such as air pollution), while the power plant lacks attention towards areas
with relatively loose regulation policies such as water pollution and solid waste pollution. In terms of
emissions, the three phases associated with coal as a whole cause more natural and human capital
losses than the two phases inside a coal-fired power plant. This tells us that although the environmental
management facilities inside the coal fired power plants can substantially reduce the emission of
terminal pollutants, if we do not pay attention to the resource and environmental management of the
input side management, then coal fired power generation still can be a burden to the broader ecological
environment. Finally, three kinds of environmental impacts in the whole life cycle of four generating
units in the case are calculated, and the ECPCE index is obtained. The result of the index shows
that the environmental advantages of the four units are different for the aspect of green dispatching.
The environmental advantages of unit 4 are the most obvious, and it can enjoy a priority power
generation right in the green dispatching plan, while the ECPCE index of unit 3 is obviously smaller
than the other three units, which suggests a relatively inferior position in the green dispatching plan.

The policy implications of this article are that the green development of China’s power industry
cannot ignore traditional power generation. In the context that new energy power generation
cannot completely replace coal-fired power generation in the short term, the government should pay
attention to the environmental effects of coal-fired power generation, encourage coal-fired power with
environmental advantages by giving them priority access to the grid, and thus promote the coordinated
green development of clean energy and coal-fired power generation.

The limitations of this paper are: (i) This paper measures the environmental impacts of
coal-fired power plants from the perspective of material input-output, but because the power plant’s
environmental accounting is relatively simple, some materials that have an impact on the environment
may be omitted. (ii) The evaluation index constructed in this paper using the emergy analysis method
should theoretically be used to evaluate the production cleanliness of all power generation methods.
However, this paper only studies the applicability of coal-fired power plants. (iii) Due to the lack of
relevant data, this study did not track the flow of waste after leaving the system boundary. Future
research can be conducted based on the following areas: (i) In the process of data collection, researchers
should perform more detailed accounting of the material flow of coal-fired power plants to increase
the completeness and accuracy of the evaluation results. (ii) Expand this model to renewable energy
generation such as hydropower and wind power. By comprehensively evaluating the production
cleanliness of different power generation types, different methods for green dispatching plans of
regional power grids could be created. (iii) Future research should continue to track where emissions
go until they are completely absorbed by the environment.
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Abbreviations

Em-LCA  Energy-based life cycle assessment

Sej Solar equivalent joules

PDF Potentially disappeared fraction of species in the affected ecosystem

DALY Disability adjusted life years per unit emission

ELgg Energy equivalent of loss of regional natural resources due to given emission

ELpy Energy equivalent of human health loss due to given emission

ELsw Energy equivalent of natural loss due to discharge of solid waste on land

Epio The unit of annual emergy allocated to regional natural capital

Ep Total annual emergy per population

Ep Energy value of land restoration per area
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