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Abstract

In recent years, there has been a focus on clean power generation, and it is critical to assess the environmental impact of
novel technologies used in pollution control in power generation. The study uses life cycle assessment (LCA) to assess the
environmental impacts of coal-fired thermal power plants with different emission control techniques in an Indian scenario.
As there are no such studies available in the Indian context, this work might provide a holistic view of the impacts of energy
generation. A supercritical coal-fired plant with a capacity of 660 MW is considered in this study. The system boundary
included coal extraction, transportation, power plant operation, and transmission losses of electricity with a functional unit
of 1 kWh. It was observed that there was an energy penalty due to the power consumed in emission control devices, but the
maximum energy penalty was due to the power used in the carbon capture system. The LCA is done from “cradle to gate”,
with impact indicators at the mid-point evaluated using the RECIPE (H) 2016 LCIA method. LCA results showed that power
plant operation is the most significant contributor to environmental impact. Initially, in cases 1 and 2, climate change (CC)
potential was a major impact category, but CC potential was reduced with carbon capture and storage, 0.27 kg CO, eq. in case
3 with ESP, FGD, SCR, and carbon capture and storage (CCS) and 0.263 kg CO, eq. in case 4 with ESP and CCS. But there
was a considerable increase in the majority of the impact categories in case 4. Freshwater consumption potential increased
from 3.98 E—03 m? in base case 1 to 4.98 E—03 m? in case 3 due to the amount of water used in chemical production dur-
ing CCS, as CC potential is a major concern in power generation, However, compared to case 1, the potential for climate
change increased in case 2, whilst in case 4, the potential for climate change is lower but has resulted in an increase in the
majority of impact categories. Case 3 shows an optimal approach to reducing CO, emissions compared to other cases. The
combination of ESP, FGD, SCR, and CCS is favourable for cleaner energy generation.
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Introduction GDP growth (Prakash 2021). There are various sources of

power generation, but fossil fuels dominate as a major fuel

The economic and social development of a country is cru-
cially dependent on its power generation and consumption.
Also, increased net energy availability directly relates to
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in power plants globally. Thermal power plants in India must
also transition to cleaner energy generation as early as pos-
sible. The reports show that the installed power capacity of
India is 395 GW, of which 59.7% is fossil fuel-based energy
production (Government of India Ministry of Power 2022).
Many studies have shown that fossil fuel power plants with
emission control technologies still have an adverse impact
on the environment, resulting in climate change, acidifica-
tion, eutrophication, and, ultimately, effects human health,
flora and fauna, and resource depletion (Rasheed et al. 2020;
Asante-Okyere et al. 2017). As there are not much stud-
ies available in the Indian context with emission control
technologies, this work might provide a holistic view of the
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impacts of energy generation and can also guide in the for-
mulation of implementation strategies.

India has submitted its Intended Nationally Determined
Contribution (2015) report and committed to achieving
the Paris Agreement goals (2015). India’s coal demand is
expected to rise 3.9% per year by 2024 (2021). There is a
need to implement post-combustion control techniques to
achieve INDC’s goals. Flue gas desulphurisation (FGD)
is an effective SO, mitigation technique. The SO, removal
efficiency of FGD ranges from 50 to 99.8% (Ganguly
et al. 2022). With limestone as its primary raw material, wet-
type FGD technology is used globally due to its cheaper cap-
ital and operating costs (Pachouri and Saxena 2020). ESPs
are utilised to regulate particulate matter (PM) emissions
from thermal power plants. A report from The Energy and
Research Institute (TERI) stated that the country’s progress
in implementing ESPs is proceeding as planned. Selective
catalytic reactor (SCR) and SNCR control NO, emissions.
NTPC is testing Indian coal viability using SCR pilot plants.
As per the Ministry of Power (MoP) regulations of 2017, in
addition to SCR/SNCR systems, power plants require pre-
combustion modifications such as in-situ boiler upgrades,
low NO, burners, and over-fired air by 2022. Carbon cap-
ture and storage (CCS) reduces CO, emissions. Coal power
plants emit CO,, causing GWP. There are no emission norms
for CO, emissions. At COP26, the government of India also
promised net zero emissions by 2070. Hence, there is an
immediate need to implement these mitigation technologies.

Life cycle assessment (LCA) has been employed by var-
ious researchers to measure the impact of power generation
on environment. Most of these LCA studies focussed on
fuel extraction, transportation, and power plant operations
such as Agrawal et al. (2013, 2014), Liang et al. (2013),
Mingjia et al. (2020), and Restrepo et al. (2015). Also, the
emission control technologies and their implementation
can effectively reduce emissions but may lead to an energy
penalty and increase in other impact categories. A study
by Jung et al. (2022) compared a system of PM removal,
DeSO, and DeNO,, with and without a CO, capture mod-
ule, for the Taean coal power station in South Korea.
Results showed that GWP was reduced by 78% with CO,
capture. Petrescu et al. (2017) examined the environmen-
tal impact of supercritical power plants with SCR, ESP,
FGD, and CCS using amine-based, aqueous ammonia, and
calcium looping technologies compared to plants without
CCS. CCS-equipped plant designs produce 70-140 kg/
MWh of CO,. Amines operate well for GWP but not for all
environmental categories. Aqueous amine solution-based
CCS is costly due to energy requirement in solvent regen-
eration but structural modifications can reduce this cost as
shown in the study by Sultan et al. (2021). Asante-Okyere
et al. (2017) performed a comparison of LCA on a super-
critical coal-based power plant with and without CCS. The
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CCS was found to reduce CO, equivalent by 71% but led to
increases in terrestrial acidification, human toxicity, fossil
depletion, metal depletion, and water depletion. In a study
by Yujia et al. CO, emission factors for pulverised coal
power plants with only CCS were found to be 182.7 kg/
MWh for aquifer storage (2014). Tang et al. (2014) carried
out an LCA to assess CCS deployment for pulverised coal
power plants in Japan. The results at the midpoint level
revealed that human toxicity, acidification, and eutrophi-
cation all increased significantly, whilst CCS deployment
decreased global warming. Also, a study by Dunmade et al.
for the South African case showed the impacts of thermal
power plants, and suggested using mitigation technologies
to reduce impact on environment (2019).

Similar outcomes were shown in various review studies.
As such, areview study by Wang et al. showed that CCS can
substantially reduce (~90%) primary CO, emissions from
power plants. Thus, CCS reduces climate change but also
leads to an energy penalty and worsens other environmen-
tal impacts (2022). A review study by Gilardi et al. (2021)
observed that CCS raises certain impacts whilst reducing
GHG emissions from power plants. Also, when used in min-
eral carbonation and enhanced oil recovery applications,
carbon capture and utilisation (CCU) is more eco-friendly
than carbon capture and storage (CCS) (2021). Another
review study by Cho and Strezov observed that pre-com-
bustion CCS reduced GWP by 74.5%, post-combustion
by 68.3%, and oxy-fuel by 77.8%. But most CCS studies
showed an increase in AP, EP, and human toxicity poten-
tial (HTP) effects. A LCA with a geographic information
system is recommended to assess impacts locally (2020).
Brown coal, hard coal, and diesel fuel had the highest envi-
ronmental consequences in Australian national power gen-
eration. Greenhouse gases and acidic gases including SO,,
NO,, and PM are the main thermal power generation pollut-
ants. Long-term solutions would require Australia to reduce
its reliance on fossil fuels. A study by Odeh and Cockerill
on UK coal-fired facilities using CCS (Odeh et al. 2008)
would reduce emissions to the point where emissions from
upstream processes would dominate. Thus, coal mine loca-
tion, content, and mining technique will determine impacts.
However, very few studies have included emission mitiga-
tion technologies with coal mining and transmission losses
within the LCA system boundary.

LCA studies in Indian scenario mainly focussed on GWP of
power plant operation such as a study by Agrawal et al. (2013,
2014) assessed GWP of natural gas as 584 gCO,/kWh and
imported coal-based powered thermal plants as 1129 gCO,/kWh.
The GHG emissions of a 660-MW coal-based power station in
Sipat, Chattisgarh, India were estimated by Nagarkatti and Kolar
to be 929.12g CO,-eq/kWh (2015). Shah and Unnikrishnan
(2020) assessed the GWP impacts of coal-based thermal power
generation in Bihar, Chhattisgarh, and Mumbai in India to be
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1100, 1287, and 898 g CO,/kWh, respectively. A study of carbon
reduction alternatives for India’s coal-based power by Singh and
Rao (2016) observed that retrofitting plant with CCS system had
a substantial energy penalty of more than 50% and CO, emission
reduced by 80-85%. However, study only focussed on power
plant operation with CCS. For the majority of the available stud-
ies, the system boundary does not include emission mitigation
technologies and transmission losses. In order to contol emis-
sions within norms, FGD, SCR, and CCS need to be installed
in addition to the ESP. A precise study of these technologies is
required to assess the comprehensive impact on environment.
However, there are few LCA studies on power generation avail-
able in Indian context. The energy use and environmental impact
of emission control technologies have also been ignored.

In order to have a comprehensive and more realistic LCA
study, coal mining, power plant operation emission mitiga-
tion technologies, and transmission losses were considered
in this study. This research used secondary LCA data from
various reports and literature. In this study, various imple-
mentation strategies are studied for developing nations. This
study can provide a decision-making response that meets
GWP reduction and other emission norms whilst using the
current power plant conditions.

The structure of the article consists of brief explanation of
methodology in the “Methodology” section. The modelling
of a coal-based, 660-MW thermal power plant using Inte-
grated Environmental Control Model (IECM 2021)is dis-
cussed in the “Modelling coal-fired 660-MW thermal power
plant for Indian scenario” section for all cases. The LCA
model of the power plants using GaBi education software
is covered in the “Life cycle model for coal-based thermal
plant” section. The results and discussion are covered in
the “Results and discussion” section. In the “Conclusions”
section, the study concludes with several recommendations
and key areas for further study.

Fig. 1 Research methodology

Methodology

Brief description about life cycle assessment
methodology

LCA follows a standardised process as per the ISO
14040 and 14044. Hence, LCA results are credible
and transparent. As per ISO standards, four steps of
an LCA are described as goal and scope, life cycle
inventory (LCI), life cycle impact assessment (LCIA),
and interpretation. Goal and scope define the study’s
intended objective, system boundary, reference flows,
functional units, and LCA details. The LCI phase
quantifies input and output relationships for all unit
processes involved in the life cycle. The LCIA phase
identifies any potential impacts on the environment. It
includes the classification of impact categories, indi-
cators, and a characterisation model. The results from
the life cycle inventory and impact assessment stages
are integrated in the interpretation phase to achieve the
study’s goal. Finally, findings and recommendations
are presented.

In this research project, a base-case thermal power
plant was designed using information from reports and
other published literature. Integrated Environmental
Control Modelling (IECM 2021) is used in the design
and analysis of thermal power plants. GaBi is used for
LCA modelling and reporting impacts due to power pro-
duction. Schematic of methodology is shown in Fig. 1.

A 660-MW plant was designed based on Indian ther-
mal power plant data available from environmental impact
assessment reports and literature available. Initially super-
critical coal-based thermal power plant was designed with
ESP (case 1), FGD + ESP + SCR (case 2), FGD + ESP +
SCR + CCS (case 3), and ESP + CCS (case 4).
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Fig.2 Schematic representation of thermal power plant with post-combustion control techniques

Table 1 Overall plant performance parameters

Table 2 Coal and ash composition study

Title Value Comment Coal quality from Mahanadi Coalfields Ash properties
Gross electrical output 660 MW Gross electrical O/P Proximate analysis Title Value
Capacity factor 80% CEA Annual Report Parameter Unit value Si0, % 60
2020-2021 (2020) .
. . . Total moisture % 4.2 ALO; % 28
Ambient air temperature 28 °C WorldData.info (2022)
. . . Ash % 36.4 Fe,0; % 7.12
Ambient air pressure 0.1014 MPa WorldData.info (2022) .
) o . Volatile matter % 27.0 Ca0 % 0.92
Relative humidity 56.50% WorldData.info (2022) . .
. . Ultimate analysis MgO % 1.01
Cooling system Wet cooling tower IECM (2021)
Carbon % 42.13 Na,O % 0.01
Hydrogen % 3.01 K,0 % 0.01
Nitrogen % 1.37 TiO, % 1.73
Modelling coal-fired 660-MW thermal power plant Oxygen % 12 P,05 % 0.42
for Indian scenario Sulphur % 0.89 SO, % 0.16
GCV (kcal/kg) 4430 MnO, % 0.49
The coal-fired thermal plant is modelled based on an Indian ~ Mercury in coal (ppmw) 0.55 Others % 0.13

scenario from literature and data available. A model was
developed for 660-MW pulverised coal-fired power plants
with supercritical steam cycles. The standard technical fea-
tures are from reports, notices, and recommendations pub-
lished by agencies. The overall schematic representation of
thermal power plant with various cases is shown in Fig. 2.
A gross electrical output of 660-MW plant is modelled
using coal and operating under Indian climatic conditions for
all the case studies. The power plant is assumed to be oper-
ating with supercritical technology with ambient pressure
and temperature of location shown in Table 1 (WorldData.
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info 2022). The data collected from Central Electricity
Authority (CEA) annual reports and report are listed in
Table 1.

Coal mining is assumed based on research work by Khanda
et al. (2018). Coal is assumed to be mined from Mahanadi
Coalfield. The coal properties of Indian coal are listed in
Table 2 (Mahanadi Coalfields Limited 2020). When com-
pared to coal from other regions of the world, which has
an ash percentage of about 15%, Indian coal has a high ash
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concentration that ranges from 35 to 45%. The ash composi-
tion is sourced from study by notice on EOI (Expression of
Interest) for setting-up of coal to synthetic natural gas (SNG)
plant of Mahanadi Coalfields Limited (2020).

The Mahanadi Coalfield (MCL) is considered a source of
coal, with a GCV of 4340 kcal/kg. Mercury is also released
by thermal power plants. The majority of mercury emis-
sions (90%) are in the atmosphere, with the remainder to the
ground. Mercury levels in Indian coal range from 0.01 to 1.1
parts per million (Rai et al. 2013). This study employed 0.55
ppm of mercury level in coal.

Base plant performance parameters are shown in Table 3
(Central Electricity Authority (CEA) 2013). In order to
improve plant efficiency and decrease environmental impact,

Table 3 Base plant performance parameters

supercritical units are the focus of the nation’s present ther-
mal power development (Rasheed et al. 2020).

Wet cooling tower is used as cooling system in this study.
Wet cooling towers (WCT) are commonly utilised in coal ther-
mal power plants to reject the heat that is not being utilised.

By altering the combustion process’ operating and design
characteristics, nitrogen oxide formation can be controlled.
Some of these important measures include low NO, burners,
low excess air firing, flue gas recirculation thermal plants,
and water injection for liquid fuels. The base case power
plant is initially designed using a low NO, burner and ESP
for emission management since the majority of power plants
use low NO, burner technology to regulate NO, emissions.
Parameters for these are shown in Table 4.

Parameter Value Reference

Gross electrical output (MWg) 660 IECM (2021)

Steam cycle heat rate, HHV (kJ/kwh) 8707 CERC (2019)

Boiler firing type Tangential IECM (2021)

Boiler efficiency (%) 87 Recommendations on Operation Norms for Thermal Power Stations (CEA
2014)

Excess air for furnace (% stoic.) 20 Standard Technical Features of BTG System for Supercritical 660/800-

Leakage air at preheater (% stoic.) 10 MW Thermal Units (CEA 2013)

Table 4 Emission mitigation technology parameters

Parameters Value References
Electro-static precipitator
Particulate removal efficiency (%) 98 Environmental, Health, and Safety Guidelines for Thermal power plants
overview (2017)
ESP actual SO, removal efficiency (%) 20 Zhang et al. (2019)
Cold-Side ESP power requirement (% MW) 1.8 Environmental, Health, and Safety Guidelines for Thermal power plants
overview (2017)
Low NO, burner and selective catalytic reactor (SCR)
LNB NO, removal efficiency (%) 57 NO, Control Technologies for Thermal Power Stations (2018)
Hot-side SCR actual NO, removal efficiency (%) 60 Environmental, Health, and Safety Guidelines for Thermal Power Plants
(2017)
Hot-side SCR power requirement (% MW) 0.5 Environmental, Health, and Safety Guidelines for Thermal Power Plants
(2017)
Wet flue gas desulphurisation (FGD)
Reagent Limestone
Maximum SO, removal efficiency (%) 96 CEA Recommendatons on Operation Norms for Thermal Generating
Stations (2019)
Reagent purity (wt %) 85 CEA Recommendatons on Operation Norms for Thermal Generating
Stations (2019)
Carbon capturing and storage — amine system
Solvent used (%) MEA30% Matin and Flanagan (2022)
CO, removal efficiency (%) 90 Matin and Flanagan (2022)
Transport Pipeline IECM (2021)
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Hot-side SCR is used to minimise NO, gas emissions into
the environment (Srinivasan et al. 2018). Hot-side SCR sys-
tem is installed before the ESP where the flue gas tempera-
ture is optimal for SCR system. Wet limestone-type FGD
(flue gas desulphurisation) is most widely used system for
removing SO, from flue gases in thermal power plants. The
consumption of limestone is influenced by a number of vari-
ables, such as the gross station heat rate (SHR), the coal’s
GCV and sulphur content, the effectiveness of removing
SO,, the stoichiometric ratio, and the purity of the lime-
stone. Carbon capturing and storage (CCS) is the post-com-
bustion capture system for CO, present in flue gas emitted
from power plants. In this study, amine-based absorption
systems have been considered. This technology is in very
early stages in India and is only applied for pilot projects.
Hence, there is not much data available for this technology
in the Indian scenario. Study by Singh et al. (2016) is used in
this analysis. Parameters for emission mitigation are shown
in Table 4.

Life cycle model for coal-based thermal plant
Goal and scope
The goal of this research is to assess the environmental

impacts from 660-MW coal-fired thermal power plant oper-
ating on Indian coal with emission mitigation techniques.

Fig.3 System boundary and Raw Coal at Mine

inventory flow for 660-MW Diesel
coal-fired thermal power plants Electricity
Energy

Water

Water
Diesel
Limestone
Sorbent
Ammonia
Activated Carbon
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Indian climatic and environmental conditions are assumed
for this study as per metrological data.

The scope of this study includes all the stages from coal
mining to transmission of electricity. Environmental impacts
are assessed for all these phases using life cycle approach. In
this study functional unit of 1 kWh of electricity produced
is used as basis for comparison of results.

LCA typically comprises a cradle to grave evaluation of
any process, procedure, or any new technology. The primary
factor used to establish the parameters for any study is the
availability of data for the research that is being undertaken.
Upstream processes, plant operation, downstream processes,
and transmission losses are incorporated in this study.

As shown in Fig. 3, upstream processes mainly involve
coal mining and transportation in this study. Operation of a
thermal plant is modelled in IECM software and post-com-
bustion control techniques as downstream processes. Finally,
the power available at the plant is transmitted and distributed
to consumers (Malode et al. 2022). All these processes are
assessed for potential environmental impacts using GaBi LCA
software. In this study, material and energy input for erection
and decommissioning of the power plant are not considered.

The final and most crucial link in the supply chain for
electricity is power transmission and distribution, which is
unfortunately the weakest in India. It is evident from stud-
ies that the impact of this stage is lower but not negligible
and transmission loss impact is also maximum (Harrison

Upstream processes
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et al. 2010). As transmission losses in India are substantial,
they are taken into account in this study to assess the overall
impact of power generation.

Life cycle inventory

A coal-based thermal power plant’s life cycle inventory data
has been collected from Central Electricity Authority (CEA)

recommendations and from various agencies as mentioned
in sections below.

Coal mining and coal transportation Coal mining data
is analysed from Mahanadi CoalFields in the life cycle
assessment research by Khanda et al. (2018). Coal prop-
erties and ash properties were imported from notice
of Mahanadi Coalfields Limited (2020). The limitation

Table 5 Inventory of coal mining

Factors/references Case 1 Case 2 Case 3 Case 4
Input
Coal (kg) at mine IECM (2021) 0.5866 0.5996 0.7047 0.6899
Diesel (L) 0.00173 L/kg (Khanda etal.  1.016E—03 1.038E-03 1.221E-03 1.195E-03
2018)
Electricity (kWh) 0.00071 kWh/kg (Khanda 4.159E-04 4.251E-04 4.996E—-04 4.891E—-04
et al. 2018)
Explosive energy (MJ) 0.00320 MJ/kg (Khanda et al.  1.880E—03 1.922E-03 2.258E-03 2.211E-03
2018)
Water (L) 0.19086 L/kg (IECM 2021) 1.119E-01 1.144E-01 1.345E-01 1.317E-01
Output
Coal (kg) at mine IECM (2021) 0.5866 0.5996 0.7047 0.6899
Dust particulates, unspecified, to air (kg) 1.315E—-03 (Roychoudhury 7.710E-04 7.881E-04 9.263E—-04 9.069E—04
and Khanda 2016)
Iron to water (kg) 6.968E—06 (Roychoudhury 4.087E-06 4.178E-06 4.910E-06 4.807E-06
and Khanda 2016)
Manganese to water (kg) 4.645E—06 (Roychoudhury 2.725E-06 2.785E-06 3.273E-06 3.205E-06
and Khanda 2016)
Methane to air (kg) 3.218E-03 (Roychoudhury 1.887E-03 1.929E-03 2.268E—03 2.220E-03
and Khanda 2016)
Suspended solids, unspecified to water (kg) 8.065E—05 (Roychoudhury 4.730E-05 4.835E-05 5.683E-05 5.564E-05
and Khanda 2016)
Volatile organic compounds (VOC) to air (kg) 2.073E—-05 (Roychoudhury 1.216E-05 1.243E-05 1.461E-05 1.430E-05
and Khanda 2016)
Table 6 Inventory for coal transportation process
Particulars Factors/references Case 1 Case 2 Case 3 Case 4
Inputs
Hard coal at mine (kg) IECM (2021) 0.5866 0.5996 0.7047 0.6899
Diesel (L) 1.2497E—03 L/kg, Indian Railways (2000) 7.330E—-04 7.493E-04 8.807E—04 8.622E—-04
Water (L) 4.65E-03 L/kg, IECM (2021) 2.727E-03 2.788E—03 3.277E-03 3.208E-03
Outputs
Hard coal at plant (kg) IECM (2021) 0.5819 0.5948 0.6991 0.6844
Carbon monoxide (kg) 0.0075 kg/L, Central Pollution Control Board (2018) 5.498E-06 5.620E—06 6.605SE—06 6.466E—06
Nitrogen oxides (kg)  0.0591 kg/L, NOx control technologies for thermal power sta- 4.332E-05 4.428E-05 5.205E-05 5.095E-05
tions 2018)
Particulates, >2.5 pm  0.0014 kg/L, NOx control technologies for thermal power sta- 1.026E-06 1.049E-06 1.233E—06 1.207E—-06
and <10 pm (kg) tions (2018)
Sulphur dioxide 0.0043 kg/L, NOx control technologies for thermal power sta- 3.152E-06 3.222E-06 3.787E—06 3.707E—06
(inorganic emissions to  tions (2018)
air) (kg)
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of data availability inventory included water, electricity,
explosives, and diesel. All these are a major input to the
coal mines and are calculated for 1 tonne of coal produced.
Inventory input and output of coal mining operation are
shown in Table 5.

Coal transportation is one of the major processes as
most of the thermal power plants are non-pit head power
plants. Indian railways play a vital role in this process.
Many rail projects dedicated to coal transport are being
implemented. In this study, power plant coal is trans-
ported via railways as per the reports; on an average,
coal travels a distance of 477 km from the pithead to the
power plant (Sengupta 2017). A factor of 2.62 L/1000
GTKM (gross tonne kilometres) is used to assess the die-
sel consumed to transport coal (Indian Railways 2000).
Also, there are transits and handling losses, which vary
depending on the states (CERC 2013); for this study, a

transit loss of 0.8% is assumed. Inventory for coal trans-
portation stage is shown in Table 6.

Power generation Generation of power is modelled by using
IECM modelling to compute mass fluxes, energy consump-
tion, and heat output utilising stoichiometric processes based
on chemical and physical model. Data for an Indian ther-
mal power plant was utilised to describe the disparities in
technology and geography. As shown in the “Results and
discussion” section of this paper, inventory for power plant
operation is shown in Table 7.

Transmission and distribution It is necessary to quan-
tify the impacts generated due to transmission losses, as
in countries like India; the T&D losses range between
20 and 30% (Transmission and Distribution in India
2017). A recent economic survey found that the amount

Table 7 Inventory for power

plant operation (IECM 2021) Case 1 Case 2 Case 3 Case 4

Inputs
Hard coal at plant (kg/kWh) 0.5819 0.5948 0.6991 0.6844
Water (L/kWh) 3.045 3.372 3.815 3.127
Secondary fuel diesel (L/kWh) 0.00037 0.00037 0.00037 0.00037
Lime/limestone (kg/kWh) - 0.01418 0.02215 -
Sorbent (kg/kWh) - - 0.003576 0.03888
Ammonia (kg/kWh) - 0.0004515 0.000531 -
Activated carbon (kg/kWh) - - 9.57E-06 9.30E-06

Outputs
Electricity (kWh) 1 1 1 1
Nitrogen (N,) (kg) 3.093E+00 3.167E+00 3.724E+00 3.64E+00
Oxygen (0,) (kg) 2.177E-01 2.207E-01 2.587E-01 2.56E-01
Water vapour (H,0) (kg) 2.352E-01 5.155E-01 6.058E—-01 2.77E-01
Carbon dioxide (CO,) (kg) 8.984E-01 9.234E-01 1.305E-01 1.27E-01
Sulphur dioxide (SO,) (kg) 1.001E-02 2.827E-03 2.384E—06 5.89E-05
Sulphuric acid (equivalent SO3) (kg) 3.783E-05 4.120E—-05 2.421E-07 2.23E-07
Nitric oxide (NO) (kg) 1.163E-03 4.408E—-04 2.421E-07 1.37E-03
Nitrogen dioxide (NO,) (kg) 9.382E—-05 3.557E-05 4.180E—05 1.10E-04
Ammonia (NH,) (kg) 0.000E+00 4.914E-06 4.557E-04 1.03E-02
Argon (Ar) (kg) 5.262E-02 5.379E-02 6.321E-02 6.19E-02
Bottom ash disposed (kg) 4.240E-02 4.334E-02 5.093E-02 4.99E-02
Fly ash disposed (kg) 1.669E—01 1.715E-01 2.015E-01 1.96E-01
Scrubber solids disposed (kg) 0.000E+00 2.633E-02 4.915E-02 1.25E-01
Particulate emissions to air (kg) 3.405E-03 1.750E-03 1.028E-03 2.00E-03
Wastewater discharge (kg) 9.473E-01 9.710E-01 1.143E+00 1.09E+00
Captured CO, (kg) - - 9.572E-01 9.42E-01
Water evaporated (consumptive) (kg) 2.091E+00 2.393E+00 2.652E+00 1.88E+00
Ash (kg) 3.389E-03 1.733E-03 1.018E-03 1.99E-03
Calcium sulphate (CaSO,) (kg) 1.444E-05 1.572E-05 9.243E-06 8.49E—06
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of electricity lost through conversion, transmission, and
distribution, as well as electricity that was not accounted
for, came to be 20.46% of the total available electric-
ity (Economic survey 2021-22, 2021). Hence, in this
study transmission and distribution losses of 20.46% are
considered. Equation 1 shows a correlation between the
environmental impact and losses during transmission and
distribution stages to assess the environmental impact
with a holistic approach.

oP
1

D IF ) x (1= TDy)” (1

i=CM

IF

overall —

where IF .., represents the overall impact factor in
respective units, /F is the impact factor from coal mining
(CM) to power generation (OP) stage, and 7D, is the trans-
mission and distribution losses (%).

Life cycle impact assessment and interpretation

In this study, the impact indicators were assessed using
the ReCiPe Midpoint (H) 2016 method (Huijbregts
et al. 2016). The ReCiPe Midpoint (H) 2016 method
is a dependable, widely accepted, and used LCA meth-
odology. In this stage, the inventory unit flows were
classified into various impact categories, and the impact
was assessed using a characterisation factor in the GaBi
LCA software. The potential midpoint impact indica-
tors assessed are climate change potential, fine par-
ticulate matter formation, fossil depletion, freshwater
consumption, eco-toxicity, human toxicity (cancer and
non-cancer), photochemical ozone formation, terres-
trial acidification, and eco-toxicity. The interpretation
part discusses the results of the life cycle inventory and
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Fig.4 Net electrical O/P (MW) and increase in auxiliary power con-
sumption (%)

impact assessment, draws conclusions, and makes sug-
gestions; these are discussed in subsequent sections.

Results and discussion

Initially, the results obtained by modelling the thermal
power plant in IECM are compared with that of literature
and studies already carried. Results of 660-MW power plant
operating with various post-combustion control techniques
are summarised in Table 8.

To simulate the worst-case situations, the power plant
has been modelled for maximum heat rate (CERC 2019).
Results from power plant operation showed that auxiliary
power is primarily consumed in base power plant, cooling
tower, and to operate emission control devices. Auxiliary
power consumption is an important parameter and it needs
to be minimised to increase the overall output of power
plant. Initially, net electrical output was 612.2 MW but it
was reduced in case 2, case 3, and case 4 due to increase in

Table 8 Summary of results

: . Particulars Case 1 Case 2 Case 3 Case 4
of 660-MW plant with various
post-combustion controls Gross electrical output (MWg) 660 660 660 660
Base plant use (MW) (for condensate and boiler feed 27.63 27.63 32.56 32.56
pumps)
Net electrical output (MW) 612.2 598.9 509.6 520.5
Coal (kg/kWh) 0.5819 0.5948 0.6991 0.6844
Cold-side ESP use (MW) 11.88 11.88 11.88 11.88
Hot-side SCR use (MW) - 3.408 33 -
Cooling tower use (MW) 8.25 8.25 18.48 18.48
Wet FGD use (MW) - 9.9 9.9 -
CO, capture system use (MW) - - 74.3 76.57
Amine steam use (electrical equivalent) (MW) - - 157.6 199.5
Water withdrawal (L/MWh) 3225 3567 4183 4357
Water consumption (L/MWh) 2216 2522 2819 2110
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Fig.5 Auxiliary power consumption (MW) with all cases

auxiliary power consumed as shown in Fig. 4, as compared
to the base case, i.e. case 1.

As shown in Fig. 4, the auxiliary power consumed
in cases 2, 3, and 4 increased by 27.86%, 214.95%, and
192.06%, respectively, due to power consumed in emission
control devices as compared the base case, i.e. case 1. The
plant electricity requirement at various levels is shown in
Fig. 5. Because of the amount of electricity used in the CO,
capture system (74.3 MW in case 3 and 76.6 MW in case
4), the energy penalty was highest in cases 3 and 4. Flow
rate of flue gas with emissions was higher without SCR and
FGD, resulting in higher power consumed for CO, capture
in case 4. However, for the auxiliary power consumption
in ESP, FGD, and SCR, there are not many variations, as
evident in Fig. 5.

A sorbent regenerator is used in CCS cases 3 and 4. A
regenerator is used to break the weak intermediate com-
pound formed between the MEA-based sorbent and dis-
solved CO, with the application of heat, and CO, gets sep-
arated from the sorbent to leave reusable sorbent behind.
This heat is obtained through low-pressure steam extracted
from a low-pressure or intermediate-pressure turbine. The
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extracted steam is converted to electrical equivalent and
observed to be 157.6 MW (51.2%) in case 3 and increased
to 199.5 MW (58.9%) in case 4, as sorbent circulation
increased from 15.62 kg/kWh in case 3 to 19.26 kg/kWh
in case 4. Also, without FGD and SCR, the emission load
increases.

Stack flue gas emissions are shown in Table 7. The
CO, emissions are considerably reduced to 0.135 kg/kWh
in case 3 and 0.127 kg/kWh in case 4. Other emissions,
such as SO,, NO, NO,, NH;, particulate emissions to the
air, and ash, were found to be increased when CCS was
installed without SCR and FGD, as shown in case 4. In
addition, as shown in Table 8, the use of CCS resulted
in a lower overall power output of the plant and a higher
water footprint than the previous two cases. Further envi-
ronmental impacts are discussed in the following section.

Life cycle impact assessment results
In this study LCIA methodology is based on the ReCiPe

Midpoint (H); GaBi education software is used to model
energy and emission flows in various phases of power
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Table.9 Impact scores Unit Case 1 Case 2 Case 3 Case 4

quantified for the selected

impact categories and functional  Climate change kg CO, eq. 1.22 1.25 0.269 0.263

unit (1 kWh of electricity) Fine particulate matter formation kg PMyseq.  393E—03 1.14E—03 2.67E—04  3.46E—03
Stratosphere ozone depletion kg CFC-11eq. 2.88E—10 2.19E-10 2.52E-10 3.30E-10
Fossil depletion kg oil eq. 4.53E-01 4.63E-01 5.44E-01 5.32E-01
Freshwater consumption m? 398E-03 4.40E-03 4.98E-03 4.11E-03
Freshwater eco-toxicity kg 1,4-DB eq. 1.01IE-05 1.09E-05 9.12E-07  9.14E-07
Human toxicity, cancer kg 1,4-DB eq. 1.38E-06 1.26E-06 1.44E-06 1.59E-06
Human toxicity, non-cancer kg 1,4-DB eq. 3.71E-04 3.30E-04 3.79E-04 4.27E-04
Metal depletion kg Cueq. 1.83E-07 1.54E-07 1.77E-07 2.11E-07
Photochemical ozone formation, kg NO, eq. 243E-03 9.57E-04 1.12E-03  2.86E-03

human health

Terrestrial acidification kg SO, eq. 1.35E-02  3.96E-03 1.55E-03 2.66E—02
Terrestrial eco-toxicity kg 1,4-DB eq. 798E-02 8.64E-02 148E—-03 1.90E-03
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Fig.6 Graphical representation of relative impact score with case 1
as base scenario

generation based on databases available. Major impact
indicators are evaluated in the following section shown in
Table 9.

[l Climate Change
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Fig. 7 Climate change potential of all cases
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Fig. 8 Relative percentages of CC potential at different LCA stages

Climate change potential The coal-based thermal power
plant releases the fixed carbon stored in the coal as CO, and
CH,, which leads to climate change (CC). The impact score
for CC potential has been found for different cases, as shown
in Table 9 and Fig. 7. It is observed that with post-combus-
tion control without CCS, CC potential increased to 1.25 kg
CO, eq., mainly because of the increase in fuel consumption
and power consumed whilst operating ESP, FGD, and SCR.
But with CCS, the CC potential decreased by 77.9% in case 3
and 78.4% in case 4 as shown in Fig. 6. Hence, the CC poten-
tial of thermal power plants can be controlled with CCS. The
graphical representation for relative plot is shown in Fig. 7.
Similar trends were observed in other LCA studies, such as
the study by Jung et al. (2022) observed that with CCS, global
warming potential was reduced by 77%. There is also a study
by Asante-Okyere et al. (2017) for a coal-based thermal plant
with CCS technology in China. Results showed a 71% reduc-
tion in CC potential. Singh and Rao (2016) also obtained CO,
emission rates of 0.13 kg/kWh with CCS for the Indian sce-
nario. GHG emission by a coal-fired power plant was assessed
to be 990 g CO,-eq./kWh by Odeh and Cockerill (2008); in
all these studies, transmission losses were not included in
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Fig. 9 Finite particulate matter formation potential of all cases

the system boundary. In the Indian scenario, CC potential is
higher compared to other countries because of transmission
losses considered in this study. It is also suggested that CCS
be used to reduce the CC potential of thermal power plants in
order to control SO, and NO, emissions with FGD and SCR.

The stage of power plant operation has a significant
impact on this CC impact (93%) followed by coal min-
ing and coal transportation, as seen in Fig. 8. It was also
observed from Fig. 8 that with CCS, direct CO, emissions
from power plants can be controlled (61%), but coal extrac-
tion, transportation, and transmission losses remain unaf-
fected. Hence, for net zero emissions, these stages must also
be considered to reduce emissions.

Fine particulate matter formation potential Fine particulate
matter (FPM) is 2.5 pm in diameter, such as those in smog.
They have a negative impact on the environment and are a
direct result of coal combustion in thermal power plants. As
shown in Fig. 9, the plant operating with only ESP had a
FPM formation potential of 3.93E—03 kg PM, 5 eq., which

[ | Fosiil Depletion.

Case 4 - }0‘532
Case 3 }0‘544
Case 2 A ‘0.463
Case 1 ‘0.453

00 01 02 03 04 05 06
Fosiil Depletion. (kg oil eq.)

Fig. 10 Fossil depletion potential of all cases
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decreased by 70% to 1.14E—03 kg PM, 5 eq. with ESP +
FGD + SCR and further decreased to 1.58E—04 kg PM,
eq. in case 3, but increased to 3.46E—03 kg PM, 5 eq. in
case 4. As a result, if CCS is installed without FGD and
SCR, it will lead to an increase in FPM potential. It can be
interpreted that these mitigation techniques have their own
environmental impact as they also increase fuel consumption
and auxiliary power consumption to run these devices. Han
et al. (2019) study for a supercritical coal-based plant indi-
cated 2.36E—04 kg PM, 5 eq. of FPM formation potential.
A study by Asante-Okyere et al. (2017) assessed that FPM
increased 209% with a supercritical plant with CCS; as in
this study, only CCS is employed without FGD and SCR.
Hence, CCS must be used with FGD and SCR to reduce the
potential for FPM formation.

Fossil depletion potential Fossil depletion potential is deter-
mined for fossil fuels, minerals, and expressed as kg oil eq.
It is observed that with case 2 fossil depletion (FD) poten-
tial increased by 2%, 20% with case 3, and 17.43% with
case 4 as compared to base case 1, as shown in Figs. 6 and
10. As power consumed to run the emission control devices
increases, the coal consumption also increases and leads
to increased FD potential. The FD potential with CCS is
observed to be 0.544 kg oil eq., maximum in observed cases.

Study by Han et al. (2019) LCA of supercritical coal-
based power plant resulted in 0.202 kg oil eq. of FD poten-
tial. In the study by Asante-Okyere et al. (2017) for super-
critical plant with CCS, FD potential increased by 32%, and
study by Jung et al. (2022) results showed 41.43% increase
in fossil resource scarcity.

Freshwater consumption potential The total freshwater
consumption was assessed for all the cases. Water is a criti-
cal component in power generation using a thermal power
plant. Water is consumed during fuel extraction, fuel sup-
ply, and power generation. Freshwater consumption (FWC)
potential was assessed at 3.98E—03 m® with ESP in case 1,

I | Freshwater Consumption\

Case 4 ‘0.0041 1
Case 34 |0.00498
Case 2 |0.0044
Case 14 ‘0400398

0.000 0.002 0.004

Freshwater Consumption (m3)

Fig. 11 Freshwater consumption potential of all cases
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Fig. 12 Human toxicity, cancer potential of all cases
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Fig. 13 Human toxicity, non-cancer potential of all cases

increased to 4.40E—03 m? in case 2, 4.11E—03 m? in case 4,
and maximum in case 3 with CCS at 4.98E—03 m® as shown
in Fig. 11. In all cases, 94% of water is used in the power
generation stage. It is observed that there was an increase
of 10.5%, 25.12%, and 3.11% in cases 2, 3, and 4, respec-
tively, as shown in Fig. 6. The increase in FWC potential in
cases 2 and 3 is mainly due to the water consumed in raw
material and chemical production, hence the higher FWC
potential with CCS. Similar increases in water consumption
were observed with CCS in the studies Asante-Okyere et al.
(2017) and Jung et al. (2022).

However, according to CPCB norms (CPCB 2017), all
current coal-fired power stations are required to reduce their
specific water usage to a maximum of 3500 L/MWh. As per
the water life cycle assessment study in the IECM software,
water withdrawal was assessed to be 3225 L/MWh in case
1, 3568 L/MWh in case 2, 4183 L/MWh in case 3, and 4357
L/MWh in case 4. The major contributor to FWC potential
is plant operation, followed by fuel extraction and supply,
plant infrastructure, and chemical production. Also, as per
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Fig. 14 Stratosphere ozone depletion (SOD) potential of all cases

H | Photochemical Ozone Formation, Ecosystem

Case 4 1 0.00286

Case 31 0.00112

Case 21 9.57E-4

Case 11 0.00243
0.000 0.001 0.002 0.003

Photochemical Ozone Formation, Ecosystem (kg NOx eq.)

Fig. 15 Photochemical ozone formation (POF) potential for all cases

norms, new plants installed after 1 January 2017 should
reduce their maximum specific water consumption to 2500
L/MWh and achieve zero wastewater discharge. Hence, with
CCS, it needs to be optimised.

Human toxicity potential The human toxicity potential
(HTP) is based on two factors that are intrinsic toxicity
of substance ant its potential dose. ReCipe uses two effect
classes’ cancer and non-cancer cases. The cancer potential
of human toxicity (HT) was evaluated, as shown in Table 9
and Fig. 6. It is observed that HT, cancer, and non-cancer
potential initially decreased in case 2 by 8.6% and 11% as
shown in Fig. 6. But with CCS both increasing in case 3 and
case 4, and observed to be maximum in case 4 with HT, the
cancer potential is 1.59E—06 kg 1,4-DB eq., and for HT, the
non-cancer potential is 4.27E—04 kg 1,4-DB eq., as shown
in Figs. 12 and 13. It is mainly because of the lime or lime-
stone, sorbent, and ammonia used in the CCS case.

Also, studies such as those by Jung et al. (2022) showed
an increase in this HT impact potential with the application
of CCS. A study by Schreiber et al. (2010) evaluated the
possible human toxicity of a German coal-fired plant using
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a CCS technique for different coal grades. For type 1 with
high-grade coal, HT potential was 54 g DCB equivalents per
kWh, but with poor grade coal, it rose to 105 g DCB equiva-
lents per kWh. A study by Asante-Okyere et al. (2017) for a
coal-fired plant with CCS technology in China found that HT
potential increased by 33% for supercritical plants with CCS.

Stratosphere ozone depletion potential The stratospheric
ozone plays a crucial role in regulating the earth’s temper-
ature. Health and the ecology are negatively impacted by
UVB radiation that reaches the earth’s surface. The strato-
sphere ozone depletion (SOD) potential for the current study
was assessed to be 2.88E—10 kg CFC-11 eq. for case 1,
2.19E—-10 kg CFC-11 eq. for case 2, 2.52E—10 kg CFC-11
eq. for case 3, and 3.30E—10 kg CFC-11 eq. as shown in
Fig. 14. In case 4 there was an increase of 14.6% in SOD
potential with only ESP and CCS. A study by Rasheed et al.
(2020) and Asante-Okyere et al. (2017) assessed the SOD
potential of 8.27E—08 kg CFC-11 and 8.70E—11 kg CFC-11
eq. for | MWh of electricity produced.

Photochemical ozone formation potential A photochemical
oxidant is of primary importance in ground-level ozone (O5)
formation, which is produced as a result of the emission of the
air pollutants NO, and NMVOC during the life cycles of goods
and service zones. Photochemical ozone formation (POF) poten-
tial decreased with the application of mitigation techniques, as
shown in Table 9 and Fig. 15. In case 2, POF potential decreased
by 60% and by 53% in case 3 with CCS, but it increased in case
4 with only ESP and CCS, as shown in Fig. 6.

A study by Petrescu et al. (2017) also observed an increase
in POF potential with only CCS. A life cycle study by Yu et al.
evaluated the photochemical ozone creation (POCP) potential
for various cases for the USC system at 0.0566 kg ethene-eq.
for a functional unit of 3600-MJ energy output (2019). Annisa
et al. (2018) calculated the POCP of a steam cycle and com-
bined cycle plant to be 3.16E—03 kg-C,H,/GWh.
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Fig. 16 Terrestrial acidification (TA) potential for all cases
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Fig. 17 Terrestrial eco-toxicity (TE) potential for all cases

Terrestrial acidification potential The base cations leaching into
the environment are primarily responsible for terrestrial acidi-
fication. In this study, for case 1, terrestrial acidification (TA)
potential is assessed to be 1.35E—02 kg SO, eq., whilst for case
2, it decreased to 3.97E—03 kg SO, eq., and with CCS, it was
further reduced to 1.55E—03 kg SO, eq. for 1 kWh of trans-
mitted power. It was observed that with only ESP and CCS TA
potential, it increased significantly, as shown in Figs. 16 and 6.
A similar trend was observed in studies, and when CCS is
used with ESP, FGD, and SCR, we can observe a decrease
in TA potential. A study by Schreiber et al. (2010) evalu-
ated the acidification potential for a German coal-fired plant
using a CCS technique; it was evaluated to be 1.3 g SO, eq.
for higher quality coal and 1.4 g SO, eq. for lower qual-
ity coal with 1 kWh as a functional unit. Asante-Okyere
et al. (2017) assessed for supercritical plant with only CCS
increased TA by 175%; hence, CCS must be coupled with
FGD and SCR as per the study conducted in this paper.

Terrestrial eco-toxicity potential Terrestrial eco-toxicity (TE)
potential assesses the impact of a chemical substance to terres-
trial environment. The study assessed TE potential for 1 kWh
of functional unit as shown in Table 9 and Fig. 17. The study
assessed impact score of 7.98E—02 kg 1,4-DB eq. in case 1
and increased slightly to 8.68E—02 kg 1,4-DB eq. in case 2,
1.48E-03 kg 1,4-DB eq. in case 3, and 1.90E—03 in case 4.
The primary contributor to this impact is boiler ash, coal dust,
and chemicals used in FGD. Study by Rasheed et al. (2020)
assessed TE potential for supercritical coal-fired power plant
to be 3.17 kg 1,4 DCB eq. for | MWh of electricity generated.

Conclusions
Coal-fired thermal power plants will continue to dominate in

the Indian energy sector at least for the next decade because
there is no instant alternative for the large installed capacity
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of coal-fired power plants. As power generation from coal-
based thermal power plants emits various pollutants into the
environment, emission control techniques are being adopted
to abide by the emission norms. Hence, the LCA study of
these emission control approaches is necessary in the Indian
context.

In this study, a thermal power plant is modelled for Indian
scenarios, with four cases based on emission mitigation tech-
niques adopted: in case 1 with ESP, case 2 with FGD + ESP
+ SCR, case 3 with FGD + ESP + SCR + CCS, and case
4 with ESP + CCS. Initially, it was observed that emission
control devices had a substantial energy penalty and reduced
the net power output of the plant. The plants in cases 3 and
4 used 74.3 MW and 76.6 MW of energy generated for car-
bon capture systems, respectively. However, there were not
many variations in the amounts of power consumed by ESP,
SCR, and FGD.

A detailed LCA study was conducted for every case
with a system boundary, including coal mining, coal
transportation, power generation, and transmission losses.
The LCI is based on data available from the literature, as
shown in the “Life cycle inventory” section; all the LCI
results are converted to 1 kWh of power generated as a
functional unit. LCIA results were analysed for impact
indicators shown in Table 9. Major impact categories
are assessed and discussed in detail. The climate change
potential initially increased in case 2, as coal consumption
increased compared to case 1. Subsequently, CC potential
decreased by 77.87% in case 3 and 78.43% in case 4, with
CCS, but there was a significant increase in other impact
categories in case 4 compared to case 3. It can be con-
cluded that the current power plants in India are operat-
ing with ESP, and hence, it is preferable to retrofit them
with CCS, FGD, and SCR. However, if only CCS is used,
then the CC potential will be reduced at the cost of an
increase in other environmental impact categories. Also, it
was observed that implementing CCS only controls direct
emissions from power plant but the emissions from coal
mining and transportation are unaffected.

In case 2, there was an increase in CC potential but
reductions in FPM, SOD, HTC, HT-NC, POF, and TA
impact categories. In case 3 CC, FPM, SOD, POF, TA,
and TE decreased substantially, as it also possessed SO,,
NO,, and HCI removal capacities. However, in case 4, it
was observed that the CC potential was reduced but led to
a substantial increase in all other impact categories except
FPM and TE. Fossil depletion potential increased by 20%
and 17.4% in cases 3 and 4, respectively, because extra
coal was consumed to produce auxiliary power to run the
combustion control equipment. Coal mining, coal trans-
portation, power generation, and power transmission all
use water, so thermal power plants have a large water foot-
print. Freshwater consumption potential also increased by

26.6% in case 3 because of the water consumed in chemi-
cal production, plant operation, and fuel supply. Because
of the chemicals used and the scrubber solids disposed of
to the environment, human toxicity was observed to be
increased in cases 3 and 4 with CCS for both cancer and
non-cancer categories.

Therefore, the study suggests that the current thermal
power plants in India with only ESP are not sufficient to
reduce emissions. According to this study, focusing on
an individual impact potential may result in an increase
in other potential impacts. Hence, power plants with ESP
+ FGD + SCR + CCS can reduce CC potential and other
impact categories optimally as compared to other cases.
Although there are technological and economic challenges
to be considered, future studies will be carried out to eval-
uate various CCS techniques and viable options for India,
and economic analysis for the same can also be carried
out.
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