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Abstract This study aims at qualifying air pollutants and en-
vironmental impacts generated from coal-based power plants
and providing useful information for decision makers on the
management of coal-based power plants in China. Results
showed that approximately 9.03, 54.95, 62.08, and 12.12 %
of'the national carbon dioxide, sulfur dioxide, nitrogen oxides,
and particulate matter emissions, respectively, in 2011were
generated from coal-based electricity generation. The air pol-
lutants were mainly generated from east China because of the
well-developed economy and energy-intensive industries in
the region. Coal-washing technology can simply and signifi-
cantly reduce the environmental burden because of the rela-
tivity low content of coal gangue and sulfur in washed coal.
Optimizing the efficiency of raw materials and energy con-
sumption is additional key factor to reduce the potential envi-
ronmental impacts. In addition, improving the efficiency of air
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pollutants (e.g., dust, mercury, sulfur dioxide, nitrogen oxides)
control system and implementing the strict requirements on air
pollutants for power plants are important ways for reducing
the potential environmental impacts of coal-based electricity
generation in China.

Keywords Environmental impact assessment - Air
pollutants - Coal-based electricity generation - Flue gas
desulfurization - Coal washing

Introduction

China is well known as the world largest coal consumer and
carbon emitter (IEA 2010). Approximately 55 % of China’s
coal consumption is used for the power generation industry
(Wang and Pang 2011). In the last decade, the amount of coal
consumption has grown dramatically because of the vast eco-
nomic development and rapid urbanization. For instance, coal
consumption had increased from 90 million tons to 370 mil-
lion tons from 2000 to 2012 (China Statistical Yearbook
2012). China’s coal-based energy consumption structure will
be retained in the long term because of its wide availability,
stability of supply, and cost (Naser and Timothy 2008). How-
ever, the large amounts of coal being burned bring about se-
rious environmental impacts. Coal burning releases huge vol-
umes of harmful chemicals (e.g., air black carbon particulates,
nitrogen oxides, carbon oxides, sulfur oxides, and polycyclic
aromatic hydrocarbons (PAHs)) which can seriously affect
atmosphere quality, ecological environment, and human
health (Cui et al. 2012). Although the government has
invested huge manpower, material, and financial resources,
the effectiveness is not significant. These may attribute by
the immature practice, theory, and policy and therefore signif-
icantly mitigate the effectiveness of air pollutants controlling
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in China (Hong and Li 2013). Therefore, to avoid pollutant
transfer and secondary pollutants generation and to reduce the
overall environmental burden generated from coal-based elec-
tricity power (CEP) plants, a systematic and reliable assess-
ment is highly needed.

Life-cycle assessment (LCA) is a systematic tool for eval-
uating the environmental burdens associated with the entire
life-cycle treatment of a product, process, or activity (ISO
14040 2006). LCA studies on CEP generation have been
widely conducted worldwide (Kim and Bruce 2005; Di et al.
2007; Jaramillo et al. 2007; Xiao et al. 2011; Weisser 2009;
Whitaker et al. 2012; Mallia and Lewis 2013; Zhang et al.
2010; Weber et al. 2010; Cui et al. 2012; Liang et al. 2013).
Kim and Bruce (2005) and Di et al. (2007) performed life-
cycle inventory studies on the US electricity system and on
Chinese electricity generation technologies, respectively.
However, the environmental impacts were not discussed. In
addition, various power generation technologies were com-
pared in America (Jaramillo et al. 2007; Weber et al. 2010;
Whitaker et al. 2012), China (Ou et al. 2011; Xiao etal. 2011),
Austria (Weisser 2009), and Canada (Mallia and Lewis 2013;
Zhang et al. 2010). However, these studies only focused on
the global warming impact. Other potential environmental
impacts, such as human toxicity and respiratory inorganics,
were not examined. Cui et al. (2012) and Liang et al. (2013)
further explored the environmental impacts of electricity gen-
eration technologies and identified several methods for con-
trolling and reducing environmental impacts in China. How-
ever, these studies only focused on on-site data and failed to
consider the potential environmental impact at the national
level and the improvement potentials of coal burning.

To our knowledge, extremely few studies have evaluated
the environmental impacts generated from air pollutants and
its improvement potentials of CEP generation at the national
level. Thus, to address the aforementioned needs, evaluate the
environmental burdens of air pollutants generated from CEP
generation industries, and determine the key factors and effec-
tive approaches to minimize environmental burdens, the fol-
lowing studies were done: (1) quantify the national air pollut-
ants generated from CEP generation, (2) describe the national
environmental impact of air pollutants from CEP generation,
and (3) identify the efficient ways to control and minimize air
pollutants generated from CEP generation.

Materials and methods

Estimated amounts and national environmental impacts
of air pollutants generated from CEP generation

Numerous pollutants are directly released to the air, (i.e., CO,,
SO,, NOy, particulate matter (PM), CO, CH,4, nonmethane
volatile organic compounds (NMVOC), heavy metals, and

PAHs) during coal burning. Di et al. (2007) had been reported
national air emissions generated from CEP industries in 2002.
In the present study, to understand the current air emission
situation of CEP generation in China, national air pollutants
generated from CEP industries in 2011 were calculated based
on the report of Di et al. (2007). The national average
denitration efficiency, the denitration equipment ratio, the de-
sulfurization equipment ratio, and the removal rate of sulfur
dioxide in 2011 were 30, 16.9, 87.6, and 73.2 %, respectively
(China Electricity Council 2012). Equation 1 is used to calcu-
late CO,, CO, CH,4, and NMVOC emissions (Di et al. 2007).
Equation 2 is used to calculate SO, and NO, emissions (Di
et al. 2007). Equation 3 is employed to calculate PM and
heavy metal emissions (Di et al. 2007). Equation 4 is
employed to calculate PAH emissions (Zhang 2010).

O=MXxEpxH (1)
0 =M x C; x (1-a;b;) (2)
O=M x C;xd; x (l=en,) (1-a;g;) (3)
O0=MxC; 4)
Total = Iper kwhe X E; (5)

Air pollutants from coal burning were classified into nine
midpoint categories (i.e., carcinogens, noncarcinogens, respi-
ratory inorganics, respiratory organics, aquatic ecotoxicity,
terrestrial ecotoxicity, aquatic acidification, terrestrial
acid/nutri, and climate change) because of the requirements
of selection of impact categories demanded by 1SO14044
(ISO 14040 2006). The potential environmental impacts gen-
erated from CEP generation at the national level are calculated
by Eq. 5. All math symbols, their definitions, and values are
listed in Table 1.

The environmental impact generated from per kilowatt
hour of electricity was calculated using the IMPACT2002+
method which represents the fate of a chemical with regard
to multimedia, spatial transport, exposure, and risk assessment
(Jolliet et al. 2003). This method is one of the most commonly
used indicator approach for LCA analysis. It is a combination
of IMPACT2002 (Pennington et al. 2005), Eco-indicator 99
(Goedkoop and Spriensma 2000), and CML (Guinée et al.
2001). It links all types of life-cycle inventory results via 15
midpoint categories (i.e., carcinogens, noncarcinogens, respi-
ratory inorganics, ionizing radiation, ozone layer depletion,
respiratory organics, aquatic ecotoxicity, terrestrial
ecotoxicity, terrestrial acidification/nutrification, land occupa-
tion, aquatic acidification, aquatic eutrophication, global
warming, nonrenewable energy, and mineral extraction). The
detailed methodology and characterization factors for Im-
pact2002+ method are available on the website of the Univer-
sity of Michigan Risk Science Center website (http:/www.
sph.umich.edu/riskcenter/jolliet/impact2002+.htm). In
addition, to compare midpoint impacts and to analyze the
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Table 1 Math symbols and their definitions of Eqgs. 1~5 (a) and values of emission factors (Eg;) and constant (C;) in Egs. 1~5 (b)

A
Symbols

QxmOUwA~AZIHNEO

~

total

er kWh

oy~

~

B
Parameters

Ey; (emission factor)

C (emission constant)

Meaning

Amount of air emissions generated from per kilowatt hour electricity (kg/kWh)
Standard coal consumption of power supply in 2011 (kg/kWh)
Emission factor (kg/MJ)

Calorific value of coal (MJ/kg)

Emission constant

Substance

Cover rate of generator sets equipped with desulfurizers/denitrators (%)
Average denitration/desulfurization efficiency (%)

Pollutants (i.e., PM and heavy metal) content (%)

Cover rate of generator sets equipped with precipitators (%)

Average trap efficiency of PM/heavy metals by precipitators (%)
Average trap efficiency of PM/heavy metals by desulfurizers (%)
National environmental impacts generated from electricity generation
Environmental impact generated from per kilowatt hour of electricity
Electricity generation amount (kWh)

Environmental impact category

Region
Chemicals Unit Value
CO, kg/MJ 8.16x1072
Cco kg/MJ 1.06x10°*
CH, kg/MJ 8.00x1077
NMVOC kg/MJ 250%107°
SO, - 2.65x107
NO, - 1.22x1072
PM - 2.60x107
Heavy metals As - 0.65
Cd — 0.15
Cr — 0.08
Hg - 0.71
Ni - 0.12
Pb - 0.74
v - 0.65
Zn - 0.68
PAHs Naphthalene - 1.00x1072
Acenaphthylene - 1.20x107*
Acenaphthene - 470x107*
Fluorene - 5.70x107*
Anthracene - 1.40x1072
Phenanthrene - 3.20%x10°*
Fluoranthene - 5.70%x10*
Pyrene - 5.60x10°*
Benz(a)anthracene - 130x107*
Chrysene - 220x107*
Benzo(a)pyrene - 4.10x107°
Benzo(b)fluoranthene - 450x107°
Benzo(k)fluoranthene - 4.00x107*
Benzo(g,h,i)perylene - 5.10x107°
Indeno(1,2,3-cd)pyrene - 6.90x107°
Dibenz(a,h)anthrance - 1.60x107*
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respective share of each midpoint impact to the overall effect,
normalization is applied in this paper. The normalized
characterization factor is determined by the ratio of the
impact per unit of emission divided by the total impact of all
substances of the specific category, per person per year (Jolliet
et al. 2003). The normalized characterization factor for
specific category was calculated by Eq. 6.

E;
n
Pxy (i xE)

where NCF, E, i, P, and [ represent the normalized
characterization factor, environmental impact per functional
unit, substance, regional population, and annual emission
amount, respectively.

To add the reliability of the results obtained by IMPACT
2002+, ReCiPe (Goedkoop et al. 2009; Schryver et al. 2009),
TRACI (Bare et al. 2003), and CML (Guinée et al. 2001)
methods were used in this study. Specifically, the ReCiPe
method considers18 midpoint categories (i.e., climate change,
ozone depletion, human toxicity, photochemical oxidant for-
mation, particulate matter formation, ionizing radiation, ter-
restrial acidification, freshwater eutrophication, marine eutro-
phication, terrestrial ecotoxicity, freshwater ecotoxicity, ma-
rine ecotoxicity, agricultural land occupation, urban land oc-
cupation, natural land transformation, water depletion, metal
depletion, and fossil depletion). The TRACI method has nine
midpoint categories (i.e., global warming, acidification, car-
cinogens, noncarcinogens, respiratory effects, eutrophication,
ozone depletion, ecotoxicity, and smog). The CML method
has ten midpoint categories (i.e., abiotic depletion, acidifica-
tion, eutrophication, global warming, ozone layer depletion,
human toxicity, fresh water aquatic ecotoxicity, marine aquat-
ic ecotoxicity, terrestrial ecotoxicity, and photochemical
oxidation).

NCF =

(6)

Cleaner production in China’s power plants

To identify the efficient ways to control and minimize air
pollutants generated from CEP generation, environmental ef-
fects of the power generation technologies commonly used in
China, source reduction and end treatment of desulfurization,
and the necessity for the implementation of strict air require-
ments on CEP industries were studied.

Comparison of electricity generation technologies

Three CEP generation technologies which are commonly used
or encouraged in China, namely, the subcritical, supercritical,
and ultra-supercritical technologies, were considered in this
study. The integrated gasification combined cycle (IGCC)
technology was also involved in the present study. This is
mainly attributed by that IGCC is known to be one of the

key technologies for power generation in the future (Liang
et al. 2013) because of its relatively low coal consumption.
However, extremely few studies have compared the environ-
mental impacts of the aforementioned four technologies. To
identify the efficient ways for reducing the air pollutants from
CEP industries in China, the environmental impact generated
from the four aforementioned power generation technologies
was compared. The amounts of air emissions of these four
technologies are collected from relevant references (Cui
et al. 2012; Liang et al. 2013) (data not shown). The environ-
mental burdens generated from air pollutants produced by
each electricity generation technology were calculated using
the IMPACT2002+ method as described above.

Source reduction and end treatment of desulfurization

At present, two technologies are mainly used for desulfuriza-
tion in China, namely, end treatment (i.c., flue gas desulfuri-
zation (FGD)) and source treatment (i.e., coal washing) tech-
nologies. However, no environmental impact assessment of
these two technologies has been compared and published.
To identify the environmentally friendly desulfurization tech-
nology, the present study compares the environmental burdens
generated from the aforementioned two technologies by using
IMPACT2002+ method. The system boundary of FGD and
coal washing is illustrated in Fig. 1. Both technologies involve
the life-cycle processes of coal mining, raw materials and
energy production and consumption, direct air emissions
(e.g., carbon dioxide, sulfur dioxide), and reuse solid wastes
as building materials. To simply and easily assess the environ-
mental impacts, the common processes (i.e., coal mining, CEP
generation) of the two technologies are excluded in this study.
Infrastructure is also excluded from the coal washing and
FGD processes because of the limited information on CEP
plants as well as its minimal contribution to the overall envi-
ronmental impacts (Cui et al. 2012).

Data on FGD (e.g., electricity, water, raw material con-
sumption, and air emissions) are collected from relevant ref-
erences (Sun and Shao 2010; Feng and Ma 2011). Annual
monitoring data on coal washing (i.e., raw materials and en-
ergy consumption) are gathered from field research at a power
plant in Shandong, China. Data on transport of both technol-
ogies are gathered from the reference (Ma et al. 2006). The
functional unit in this section is the removal of 1 kg sulfur.

Strict requirement on air pollutants in power plants

Different areas have different air emission requirements. For
example, the SO, emission limits for environmentally sensi-
tive and general areas are 50 and 200 mg/m”, respectively (GB
13223-2011). The strict emission requirements for power
plants result in different methods for treating air pollutants.
The variety of these methods necessitates the use of additional
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Fig. 1 System boundary and
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raw materials and increase energy consumption (e.g., lime-
stone, water, and electricity), all of which may cause second-
ary pollution and pollution transfer. Therefore, this study
checked the necessity for the implementation of strict air re-
quirements on CEP plants. The functional unit in this section
is the removal of 1 kg sulfur.

Results

Emission inventory and environmental impacts of gaseous
pollutants

Table 2 shows the air pollutant emission factors (i.e., CO,,
SO,, NO,, PM, CO, CH4, NMVOC, heavy metals, and PAHs)
and the national air pollutants emitted from CEP generation in
2011. The total CO,, SO,, NO,, PM, CO, CH;, NMVOC,
heavy metals, and PAHs emissions were approximately
3.07x10% 1.22x107, 1.49x107, 1.55x10°, 3.98x10°,
3.01x10% 1.72x10°% 2.62x10*, and 1.95x 107 Mg, respec-
tively. The national life-cycle impact assessment (LCIA) re-
sults generated by those abovementioned air pollutants are
shown in Table 3. To confirm and add credibility to the current
study, ReCiPe, TRACI, and CML were used as comparison.

@ Springer

For the aquatic acidification and global warming impact cate-
gories, the LCIA results of the ReCiPe, CML, and TRACI
methods are similar to those of the IMPACT2002+ method.
For the respiratory inorganic category, the result of the TRACI
is similar to that of the IMPACT2002+. Meanwhile, the result
of the ReCiPe is higher than that of the IMPACT2002+ be-
cause the label substance of the former is PM;g; if PM, 5 is
considered, the potential impact of respiratory inorganics ob-
tained by using the ReCiPe would be similar to those obtained
by using the IMPACT2002+ and TRACI methods. The re-
maining LCIA results are difficult to compare because of the
significant differences between the other categories and the
label substances. Overall, these results show that the IMPA
CT2002+ method is reliable as far as the current study is
concerned. Figure 2 depicts the most significant substances
that contribute to each category. Results indicated that arsenic
is the main contributor to carcinogen and noncarcinogen cat-
egories. Sulfur dioxide and nitrogen oxides contributed most
to respiratory inorganics and aquatic acidification categories.
For aquatic ecotoxicity and terrestrial ecotoxicity categories,
lead and zinc are the main contributors. NMVOC, sulfur di-
oxide, and carbon dioxide contributed most to the respiratory
organics, terrestrial acid/nutria, and global warming catego-
ries, respectively.
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Table 2 Emission factors of gas
pollutions and national air
pollutants emitted from coal

Emission factors National air pollutants

burning for electricity generation Chemicals Unit Value Unit Value
in 2011

Carbon dioxide g/kWh 788.06 Mg 3.07x10°

Sulfur dioxide 2/kWh 3.14 Mg 1.22x10’

Nitrogen oxides 2/kWh 3.82 Mg 1.49x107

Particulate matter g/kWh 14.2 Mg 1.55x10°

Carbon monoxide g/kWh 1.02 Mg 3.98x10°

Methane 2/kWh 773107 Mg 3.01x10*

NMVOC g/kWh 0.44 Mg 1.72x10°

Heavy metals Arsenic mg/kWh 0.29 Mg 1.13x10°
Cadmium mg/kWh 5.11x107° Mg 19.90
Chromium mg/kWh 0.15 Mg 5.85x10°
Mercury mg/kWh 4.64x1072 Mg 1.81x10?
Nickel mg/kWh 0.18 Mg 7.02x10°
Lead mg/kWh 1.52 Mg 5.93x10°
Vanadium mg/kWh 2.47 Mg 9.63x10°
Zinc mg/kWh 2.06 Mg 8.03x10°

PAHs Naphthalene ug/kWh 3.30x107° Mg 1.29x1072
Acenaphthylene ug/kWh 3.96x10° Mg 1.54x107*
Acenaphthene ng/kWh 1.55x10™* Mg 6.05x107*
Fluorene 1g/kWh 1.88x10™* Mg 733%x107*
Anthracene ng/kWh 462x10% Mg 1.80x1073
Phenanthrene 1g/kWh 1.06x10™* Mg 4.13x107*
Fluoranthene 1g/kWh 1.88x10™* Mg 733x107*
Pyrene pg/kWh 1.85x10* Mg 7.22x107*
Benz(a)anthracene pg/kWh 429%x10° Mg 1.67x107*
Chrysene g/kWh 7.26x107° Mg 2.83x10°*
Benzo(a)pyrene ug/kWh 1.35x10° Mg 527x107°
Benzo(b)fluoranthene ng/kWh 1.49x107° Mg 5.81x107°
Benzo(k)fluoranthene ~ pg/kWh 1.32x10% Mg 5.07x107*
Benzo(g,h,i)perylene ng/kWh 1.68x10° Mg 6.55x10°°
Indeno(1,2,3-cd)pyrene  pg/kWh 228x10° Mg 8.89%107°
Dibenz(a,h)anthrance ug/kWh 528x10° Mg 2.06x107°

Environmental impact of different power generation
technologies

The potential environmental impacts generated from the four
electricity generation technologies using the IMPACT2002+
method (data not shown). The ultra-supercritical and IGCC
technologies have the highest environmental benefit in all the
categories, whereas the subcritical technology has the lowest
environmental benefit. For the respiratory inorganics, respira-
tory organics, and global warming categories, the IGCC tech-
nology is two to four orders of magnitude lower than the sub-
critical technology. This finding can be mainly attributed to the
relatively high energy efficiency of the IGCC technology.
The normalized IMPACT2002+ midpoint result compari-
son is presented in Fig. 3. The effects found for the respiratory

inorganics and global warming categories indicate dominant
contributions to environmental degradation. The effect on the
remaining categories is negligible. The subcritical technology
generated the highest environmental burdens for all the cate-
gories because of the large amounts of direct emissions. The
IGCC technology has the lowest environmental burdens be-
cause it consumes the least amount of raw coal and oil among
the technologies under study.

To aid in the understanding of the dominant substances of
the four electricity generation technologies, this study iden-
tifies the contributions of the most significant substances to
the abovementioned key midpoint categories (Fig. 4). The
substances that primarily contribute to the respiratory inor-
ganics are direct SO,, PM, and NO, emissions generated from
transport, coal production, and electricity generation. For

@ Springer



12390

Environ Sci Pollut Res (2015) 22:12384-12395

Table 3  Life cycle midpoint results of gaseous pollutants at national level

TRACI

CML

IMPACT2002+ ReCiPe
Carcinogens 1.48x10° kg C,H;Cleq
Noncarcinogens 1.50x 10" kg C,H;Cleq

2.86x10° kg PM, seq
1.03x10° kg C,H, eq
2.25%10" kg TEG water
1.07x10" kg TEG soil
9.40x10" kg SO, eq
227x10'" kg SO, eq
6.47x10° kg CO, eq

Respiratory inorganics
Respiratory organics
Aquatic ecotoxicity
Terrestrial ecotoxicity
Terrestrial acid/nutri
Aquatic acidification
Climate change

5.73x10° kg PM;oeq

2.06x10" kg SO, eq
7.53x10% kg CO, eq

3.56x10° kg PM, seq

222x10'" kg SO, eq

3.08x10'% kg CO, eq 3.08x10" kg CO, eq

global warming category, carbon dioxide and methane emis-
sions generated from transport, coal production, and electric-
ity generation play significant roles.

Source reduction and end treatment

Table 4 presents the midpoint results of FGD and coal wash-
ing. The LCIA results of FGD are higher than those of coal
washing in most categories, except for ozone layer depletion
and respiratory organics, which show similar results. The nor-
malized results (Fig. 5) from IMPACT2002+ showed that the
impacts identified for the respiratory inorganics, global

warming, and nonrenewable energy categories significantly
influence the overall impacts, whereas the impacts generated
from the rest of the categories are negligible. These findings
indicate that coal washing technology is useful for reducing
the overall environmental burden generated from CEP
generation.

Environmental impact of strict requirements on air
pollutants for power plants

As mentioned earlier, strict emission requirements for power
plants necessitate additional raw materials and high energy

Fig. 2 Contributions of 100% . ;
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Fig. 3 Normalized result 1.2E-04 |
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consumption, all of which may cause secondary pollution or
pollution transfer. Accordingly, the environmental benefit of
implementing strict requirements and the environmental bur-
dens generated from the consequential consumption of addi-
tional materials are compared to identify whether the imple-
mentation of strict requirements is useful for reducing envi-
ronmental impact (Table 5 and Fig. 6). Although the imple-
mentation of strict requirements leads to pollution transfer, it
still presents significant environmental benefits. This finding
is attributable to the decreased respiratory inorganics, which is
the primary contributor to the overall environmental burden.
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Fig. 4 Dominant substances of key categories: a respiratory inorganics
and b global warming

These results suggest that strict requirement on air emissions
for power plants helps reduce sulfur dioxide emissions as far
as the current study is concerned.

Discussion

China is known as one of the largest energy consumers and
GHG emitters in the world because of the rapid industrial
development and economic growth. The total electricity gen-
erated from thermal power plants in the country reached
3.90x10'? kWh in 2011, and approximately 94.3 % of the
country’s thermal power is generated from coal burning

Table4 Midpoint LCIA results from IMAPCT2002+ of FGD and coal
washing

Categories Unit FGD Coal washing
Carcinogens kg C,H;Cl eq 1.71x1072 141x1072
Noncarcinogens kg C,H;Cl eq 5.03x1072 1.07x1072
Respiratory inorganics kg PM, seq 1.14x107%  3.23x10°
Ionizing radiation Bq C-14 eq 41.2 234

Ozone layer depletion kg CFC-11 eq  8.62x107°%  1.55x107"
Respiratory organics kg C,Hy eq 1.16x1073 1.25%1073
Aquatic ecotoxicity kg TEG water  89.7 66.6
Terrestrial ecotoxicity kg TEG soil 18.9 16.2
Terrestrial acid/nutri kg SO, eq 0.21 7.98x1072
Land occupation mPorg.arable 3.05%x1072 1.55%x1072
Aquatic acidification kg SO, eq 0.12 12x1072
Aquatic eutrophication kg PO4 P-lim 452x107°  1.06x107°
Global warming kg CO, eq 5.81 1.33
Nonrenewable energy ~ MJ primary 36.6 21.6
Mineral extraction M]J surplus 423x1072  271x107°

Values are presented per functional unit (remove 1 kg sulfur)

FGD flue gas desulfurization, TEG triethylene glyco
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Fig. 5 Normalized result comparison of coal washing and FGD

(Wei 2012). The CO,, SO,, NO,, and PM emissions from
CEP generation (Table 2) account for approximately 9.03,
54.95, 62.08, and 12.12 % of the national CO,, SO,, NO,,
and PM emissions, respectively, in 2011 (Ministry of Envi-
ronmental Protection 2012). Figure 2 shows the national en-
vironmental impacts of CEP generation and main contributors
of gaseous pollutants. At present, desulfurization and
denitration technologies are encouraged and mainly used in
China to reduce and control the environmental impacts of
power plants. However, the national average rates of desulfur-
ization and denitration in 2011 are reached at 73.20 and 30 %
(China Electricity Council 2012), respectively. If the desulfur-
ization and denitration rates would increase to 80 and 40 %,
respectively, the amount of sulfur dioxide and nitrogen oxide
emissions will decrease to approximately 3.10x10° Mg and
2.10x10° Mg, respectively. Moreover, most CEP plants use
electrostatic precipitators because of their low maintenance

Fig. 6 Normalized result comparison of additional material consumption
and strict requirements

cost; however, their PM collection efficiency is relatively
low (=95 %) compared with baghouse dust collectors
(=99 %) (Sun 2011). Accordingly, the application of baghouse
dust collector and denitration and desulfurization systems as
well as their treatment efficiency in CEP plants should be
improved to enhance the current air conditions in China.
Figure 5 and Table 4 showed that coal washing technology
had higher environmental benefit than FGD technology. In the
present study, the lignite was used to assess the environmental
impact of coal washing and FGD technologies. However,
there is a wide range of variations in quality of coal. The sulfur
and coal gangue content of coal is around 1~4 and 15~20 %
(China Statistics Yearbook 2012), respectively. Therefore, the
sensitivity of coal quality was studied (Fig. 7). The overall
environmental impact generated from the scenarios of FGD
and coal washing was approximately 1.59x10>~2.16x10>
and 3.68x 10 *~7.33x10*, respectively. Results showed that

Table 5 Midpoint LCIA results

from IMPACT 2002+ of Categories Unit Additional materials consumption Strict requirements
additional materials consumption
and strict requirement Carcinogens kg CoH;Cl eq 1.07x107
Noncarcinogens kg C,H3Cl eq 1.00x1072
Respiratory inorganics kg PM, seq 3.76x107* —0.156
ITonizing radiation Bq C-14 eq 8.30x1072
Ozone layer depletion kg CFC-11 eq 4.92x1071°
Respiratory organics kg C,H, eq 7.12x10°°
Aquatic ecotoxicity kg TEG water 7.13
Terrestrial ecotoxicity kg TEG soil 1.18
Terrestrial acid/nutri kg SO, eq 6.53%x107° -2.00
Land occupation mPorg.arable 1.47x1073
Aquatic acidification kg SO, eq 127x1073 -2.00
Aquatic eutrophication kg PO4 P-lim 1.56x107°
Global warming kg CO, eq 0.24
Nonrenewable energy M1 primary 2.88
Mineral extraction MJ surplus 233x107*

Values are presented per functional unit (remove 1 kg sulfur)
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Fig. 7 a Relationship between
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Coal gangue content

a linear correlation between coal gangue and sulfur content
and overall environmental impact was observed. This linear
relation indicated that if sulfur content is fixed, the 2 % of coal
gangue content increase in coal increases about 2.15x 10~
and 1.42x10™* in FGD and coal washing technologies, re-
spectively. Similarly, if coal gangue content is fixed, the 1 %
of sulfur content increase in coal increases about 2.76x 10~
and 1.54x10™* in FGD and coal washing technologies, re-
spectively. In addition, large quantities of coal need to be
delivered from north to east or south China because of the
ongoing economic growth. The national average railway dis-
tance for the transport of raw coal is approximately 400 km
(Wang et al. 2009). Cui et al. (2012) mentioned that increasing
transport distances specifically for road transport can increase
environmental burden. Similar results were also obtained in
the present study. Moreover, the coal washing rate of China is
currently around 51 % (Chen 2011). If the washing rate is
increased to 60 %, approximately 7.77x10® Bq C-14 eq,
8.14x 10" kg triethylene glycol (TEG) water, 2.21x10® kg
TEG soil, and 1.88% 10® MJ primary in the ionizing radiation,
aquatic ecotoxicity, terrestrial ecotoxicity, and nonrenewable
energy categories would be reduced, respectively. The signif-
icant decrease in coal gangue transport was the main reason.
Consequently, decreasing the transport distance, choosing
railway transport, and improving the coal washing rate are

Table 6 Environmental benefit of main contributors

Sulfur content

important ways to reduce the environmental burdens generat-
ed from CEP industries.

The Chinese government is focusing on improving the ef-
ficiency of consumption of raw materials and energy in CEP
plants. In recent years, many inefficient small-scaled CEP gen-
eration sites that cause pollution have been ordered to shut
down (Cui et al. 2012). The direct sulfur dioxide and nitrogen
oxide emissions of the IGCC technology are significantly low-
er than those of the three other technologies (Fig. 3). The IGCC
technology also shows the lowest environmental impact in all
the categories, specifically in the respiratory organics and glob-
al warming categories, because of its low coal consumption.
Currently, approximately 30.57, 35.43, 30.5, and 3.50 % of the
national CEP are generated by subcritical, supercritical, ultra-
supercritical, and IGCC technologies, respectively (Cui et al.
2012). As mentioned earlier, subcritical technology has the
highest overall environmental burden. Therefore, the conver-
sion of 10 % subcritical technology into supercritical, ultra-
supercritical, and IGCC technologies to generate electricity
will produce significant environmental benefits (Table 6). Con-
sequently, air pollutants can be reduced and the development
of CEP industry can be accelerated by changing the structure
of CEP plants, such as reducing low efficiency CEP generation
technologies, exploring efficient and clean coal resource, and
improving the efficiency of coal use in China.

Categories Unit 10 % subcritical EGC 10 % subcritical EGC 10 % subcritical EGC
to supercritical EGC to ultra-supercritical EGC to IGCC EGC

Carcinogens kg C,H;Cl eq 1.69%10° 1.16x10° 2.30x10°
Noncarcinogens kg C,H;Cl eq 1.75%107 1.01x107 7.97x107
Respiratory inorganics kg PM; seq 3.64x107 8.61x107 2.17x10%
Respiratory organics kg C,Hy eq 1.08x10° 8.58x10° 1.84x10’
Aquatic ecotoxicity kg TEG water 1.28x10° 3.75x10° 1.04x10'"
Terrestrial ecotoxicity kg TEG soil 6.40x10° 1.80x10" 4.96x10"
Terrestrial acid/nutri kg SO, eq 1.26x10° 3.69%10° 8.52x10°
Aquatic acidification kg SO, eq 2.98x10° 5.06x 10 1.39x10°
Global warming kg CO, eq 5.55%x10° 4.65x10" 9.55x10'°

EGC electricity-generating capacity, /GCC integrated gasification combined cycle, TEG triethylene glycol

@ Springer



12394

Environ Sci Pollut Res (2015) 22:12384-12395

At present, many researchers have been concerned on
whether strict requirements on air emissions for power plants
help reduce the environmental impact and mitigate the smog
crisis in China. Wang et al. (2012) assessed multiple sustain-
ability demands for wastewater treatment alternatives and
concluded that increasing stringent wastewater discharge re-
quirements increases environmental burdens because the ad-
ditional chemicals and energy are required to operate sludge
digesters. However, in the present study, the significant envi-
ronmental benefits were observed which reveals that strict
requirements on air pollutants for power plants help reduce
the environmental burden (Table 5 and Fig. 6). This finding
differs from that of Wang et al. (2012) because air emissions,
such as sulfur dioxide, nitrogen oxides, and particulates, are
key contributors to air pollution.

Conclusion

This study identifies the national air pollutants and environ-
mental impacts generated from CEP production and ap-
proaches to reduce the overall environmental impact. Air pol-
lutants, especially sulfur dioxide, nitrogen oxides, and partic-
ulates, are major contributors to national air pollution. There-
fore, choosing coal washing technology, improving the utili-
zation efficiency of raw materials and coal, and changing the
structure of CEP plants (e.g., reducing low efficiency CEP
generation technologies) are efficient ways for reducing the
aforementioned air pollutants and the overall environmental
burden. The inventories, potential impacts, and improvement
approaches presented in this study could inform managers and
policy makers in making decisions regarding the construction
and retrofitting of CEP plants in China. However, this study
has several limitations. A more sustainable and systematic
evaluation method needs to be developed which needs to ac-
cess the environmental, economic, and social LCA of CEP
generation at the national level. In addition, uncertainty anal-
ysis, which is essential to define the quality of LCA analysis,
is recommended to improve the reliability of the study.
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