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Executive Summary  

In December 2015, the Ministry of Environment, Forest and Climate Change (MoEFCC) notified 

emission standards for limiting Sulphur Oxides (SOx), Nitrogen Oxides (NOx), Particulate 

Matter (PM) and Mercury (Hg) emissions in coal-based Thermal Power Plants (TPPs). As of 

December 2017 (the deadline for meeting these standards), compliance was poor. Further, 

other government departments under the Ministry of Power (MoP) are mulling over a delay 

in implementation of these standards (Chaudhary, 2017; Mohan, 2017). In this context, this 

study evaluated the benefits and costs associated with the implementation of these emission 

standards. 

Some of the key results of the analysis are presented below: 

Without compliance, the study estimates that the SOx and NOx emissions will double, as 

compared to 2015 baseline emissions, while PM10 emissions will increase by 30% over the 

next 15 years. Implementing control technologies to meet norms could reduce the projected 

emissions of SOx by 95%, NOx by 87% and PM by 83%, in 2030. 

To comply with the emission standards, power producers will have to make significant 

investments in installing Pollution Control Technologies (PCT), i.e., INR 0.5ɀ1 crore (INR 5ɀ10 

million)/MW for nearly 80% of t he plants in 2030. This study estimates an industry 

opportunity of around INR 2,50,000 crore (2500 billion) for the pollution control equipment 

industry, over the next 15 years.  

Plants in five states will account for over 50% of the total costs needed for PCT installation, till 

2030. Privately owned plants will face the highest costs for implementing these standards 

(over 45%), followed by state-owned (32%), and centrally-owned plants (24%). However, the 

lack of domestic manufacturing capacity, availability of technology providers in India, and the 

time taken for procurement and installation of PCTs may deter a time bound implementation 

plan. 

Over 3.2 lakh premature loss of lives, 5.2 crore (52 million) Respiratory Hospital Admissions 

(RHA) and 126 million Work Loss Days (WLD) can be avoided till 2030, if the standards are 

met by 2025. Of the monetised health benefits (estimated to be INR 9,62,222 crore), 92% are 

from deaths avoided and 8% is from morbidity reduction i.e. avoided RHA and WLD.  

The study highlights that the monetised benefits outweigh the costs within  the initial years of 

PCT installation. The five states where plants need to invest more than 50% will also accrue 

the highest health benefits. 

The electricity tariff is likely to increase between INR 0.25ɀ0.75/kWh; this can have a 

substantial impact on the end consumers. The revision in electricity tariffs in order to meet 

the emission standards will be challenging to implement in many states, where power tariffs 

are regulated.  

This study recommends a one year grant window to expedite the implementation of the norms 

to enable fund-raising for the high upfront costs. The government could set-up a grant of up to 

INR 93,500 crore (INR 935 billion), which power producers (of recent vintage) can avail over 

a one-year window. The remaining units can petition tariff revisions with electricity 

regulators, in keeping with the Electricity Act, 2003 and associated tariff guidelines.   
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Glossary 

Emission standards Emission standards are legal or regulatory requirements that 

quantify permissible limits of air pollutants that can be 

released by a specific source into the atmosphere. 

Ambient concentration It is an indicator of the state of the environment in terms of air 
quality, and is an indirect measure of population exposure to 
air pollution of health concern in urban areas. 

Removal efficiency of a pollution 

control technology 

Removal efficiency is the amount of pollutant 
captured/removed by the pollution control equipment. It is 
represented in terms of percentage of quantity of inlet 
pollutant.  

Plant load factor Plant load factor is the measure of capacity utilisation of plant. 
It is measured in terms of output of a power plant with respect 
to the maximum output it could produce.  

Gross calorific value  Heat produced by combustion of unit quantity of a solid or 
liquid fuel when burned is termed as calorific value of a fuel.  

Coal blending Coal blending is a process of mixing coals of various calorific 
value and composition to improve the calorific value of coal 
per unit quantity . 

Flue gas stack The flue gas stack is a type of chimney through which 
combustion gas from power plants were given out to 
atmosphere. The height of flue-stack ranges between 150 m 
and 275 m for Indian coal thermal power plants. The height 
and volume of flue gases affect the flue gas dispersion. 

Eulerian photochemical 

atmospheric dispersion model  

Eulerian model is a numerical technique used to simulate air 
pollutant dispersion. In Eulerian models, the region of interest 
is divided into horizontal and vertical cells and equations of 
continuity are solved in each cell (Zannetti, 1993). 

Horizontal resolution of grid The smallest cell dimension for dispersion modelling at 0.25 
degrees. 

Emission trajectories The progression of emissions from TPP units over a period of 
time. In this analysis annual emission loads were estimated for 
a 15 year time period of 2015-2030.These estimations are 
dependent on what controls are applied and when to meet the 
standard. 

Baseline emission Baseline emissions are underlying characteristic (in 
concentration or emission factor terms) of different gases in 
the flue of TPPs with existing levels of controls as on 2015. 

Partial equilibrium  It is the condition of economic equilibrium which takes into 
consideration only a part of the market, ceteris paribus, to 
attain equilibrium.  This makes analysis simpler than in a 
general equilibrium model which includes an entire economy. 
Under a dynamic condition in energy models, illustratively, 
prices adjust until supply equals demand. 
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1. Introduction  

1.1 Trends in Coal-based Power Generation and Emissions  

Coal has dominated the power supply mix since the mid-1980s (Figure 1). As of 2017, coal-

based Thermal Power Plants (TPPs) accounted for 77% of the total electricity generation. 

!ÒÏÕÎÄ υψϷ ÏÆ )ÎÄÉÁȭÓ ÔÏÔÁÌ ÉÎÓÔÁÌÌÅÄ ÃÁÐÁÃÉÔÙ, of 334 GW, was coal-based TPPs (CEA, 2017 b). 

Given ÃÏÁÌȭÓ dominance in power generation, the electricity  sector has been a major source of 

pollutant emission. 

 

Figure 1: Post-Independence Growth of Power Sector in terms of Installed Capacity (MW) 

 Source: (CEA, 2017 b) 

In 2015, the power sector contributed 50% of the 10,500 kT of annual Sulphur Oxide (SOx) 

emissions, 30% of the 7,332 kT Nitrogen Oxide (NOx) emissions, and 8% of the 6,331 kT of 

Particulate -ÁÔÔÅÒ ÏÆ ÓÉÚÅ ЅςȢυАÍ ɉPM2.5) emissions (IEA and IIASA, 2015). The coal TPPs were 

estimated to be the highest contributor of SOx and NOx emissions. These local pollutants lead 

to acute and chronic respiratory diseases, leading to premature deaths (HEI, 2010).    

Despite the governmentȭÓ plans for increasing renewable energy generation, thermal power is 

likely to dominate generation in the foreseeable future. Coal is likely to contribute up to 80% 

of the electrical generation required in 2022, and over 60% of electrical generation in 2030 

(Byravan, et al., 2017) (CEA, 2016 b). As per the Central Electricity AuthorityȭÓ (CEA) plans, 

around 50 GW of new coal power generation units are under construction (CEA, 2016 b). 

Further, CEA has estimated that an additional coal-based capacity of 44 GW will be required 

during 2022ɀ27, to meet demand.  

This implies increased pollution loads of SOx, NOx and PM from the power sector. Earlier, the 

Ministry of Environment and Forests had published norms for flue gas stack height to facilitate 

wider dispersion of pollutants1. Over time, emission standards were also prescribed for 

particulate matter. With substantial increase in coal-based generation in the last decade, and 

                                                             
1 Dispersing pollutants can minimise the hazardous effects of pollutants by aiding it to spread over a large area, 
thus minimising its concentration in nearby areas. Stack height requirements: Unit capacity <210 MW = 14 (Q) 0.3. 
Where, Q is emission rate of SO2 (kg/hr) . Between 210 and 500 MW = 220 metres; >=500 MW =275 metres. 
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the increase in SOx and NOx emissions, MoEFCC announced new pollutant emission standards, 

in December 2015, to limit emissions from coal and lignite TPPs (MoEFCC, 2015).   

1.2 Adequacy of Environmental Protection Amendment Rules, 2015  

The standards notified in December 2015, mandated a limit on SOx, NOx, and Hg (mercury)  

concentration in the flue gas leaving the stack, and tightened the old norms (1989) for PM 

emission concentrations. The norms were differentiated by plant unit , capacity and vintage 

(Table 1 and Table 2).  

Table 1: New Emission Standards 

Installation 
Period  

Unit Capacity 
(MW)  

Pollutants  
concentration (mg/ Nm3) 

SOx NOx PM Hg 
Before 2003 <500 600 600 100 0.03 

Іυππ 200 

2003ɀ2016 <500 600 300 50 0.03 
Іυππ 200 

From 2017 All Units 100 100 30 0.03 

 

Table 2: Old Emission Standards 

 

 

 

Source: (MoEFCC, 2017); (Implementation of Pollution Controlɀ II, CPCB, 2008)  

The new standards are comparable to the stringent norms set in the United States of America 

(USA), European Union (EU) and China (WRI, 2012) . Yet, there is concern over the lack of 

specification of a minimum time period for measurement2. The US and EU specify a 30-day 

rolling average, which enables compliance checks (Sahu, 2015). Also, measurement of 

pollutants, in terms of concentration, depends on the excess air fed into the boiler; standards 

can be met by diluting the flue gas, i.e., feeding-in more excess air into the boiler. An 

amendment to the Environment Protection Amendment Rules (EPAR) in 2017, addressed 

some ambiguity on excess air contribution to pollutant concentration by specifying the 

composition of oxygen (6% on dry basis) in flue gas (MoEFCC, 2017). 

Moreover, in the absence of a comprehensive industry document to guide the TPP industry or 

regulators, there are three uncertainties that merit attention while thinking about this air 

pollution regulation and its efficacy: (1) baseline emission profile; (2) pollution control 

options; and (3) benefits to society.  

Baseline Emissions in Indian TPPs 

In Indian TPPs, there is large uncertainty on the actual baseline emission concentrations. 

Although the Continuous Emission Monitoring Systems (CEMS) are mandated by MoEFCC in 

                                                             
2 Excess air of 10-30% is usually fed into the boiler to ensure complete combustion of coal. 

Unit Capacity (MW)  Pollutants concentration (mg/Nm 3) 

SOx  NOX PM Hg 
<210 None None 350 None 
Іςρπ None None 150 None 
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TPPs, data has not been made public yet (CPCB, 2017). Further, to derive these values, coal 

composition and unit level performance characteristics are required. While the CEA reports 

some of the performance related metrics, such as Plant Load Factors (PLF) and historic 

generation, only few plants record or report the chemical coal composition or Gross Calorific 

Value (GCV) of the coal used.  

Data collected during the course of this study indicated that Indian TPPs use a combination of 

sub-bituminous coal and ligniteɂthe coal sourced can be mapped to nine geographically 

distinct coal fields in India and abroad (South African, Indonesian and Australian coal) (Details 

in Annexure-A) The calorific value of coal from domestic collieries is low, while imported coal 

has higher calorific value. Blended domestic and imported coal has been used in the past to 

address non-availability of domestic coal. Several new plants have listed imported coal as their 

primary fuel source, in environmental impact assessment documents. Imported coal is 

relatively higher in sulphur content (>0.5%), implying increased SOx emissions. Meanwhile, a 

plant relying on domestic coal results in higher PM emissions due to its higher ash content 

(30ɀ40%).  

MoEFCC reported current average emission factors of pollutants as 7.3 g/kWh for SOx, 4.8 

g/kWh for NOx, and 0.98 g/kWh for PM10 (PIB, 2015). Several other studies also reported 

emission factors estimated based on different assumptions on a representative coal 

composition, or power plant operating characteristics (Garg, Kapshe, Shukla, & Ghosh, 2002; 

Chakraborty, et al., 2008; Mittal, Sharma, & Singh, 2014). Moreover, at the system scale, 

research has indicated that pollution impacts were not isolated to the individual plantȭs site, 

and emissions dispersed over 200 km away from the plant site (Guttikunda & Jawahar, 2014). 

However, disaggregated and system level impacts have not been evaluated. 

 Pollution Control Options 

Emission of NOx, SOx and PM can be reduced by installing Pollution Control Technologies 

(PCTs) at different stages of a power plantȭÓ operations; pre-combustion, in-combustion, and 

post-combustion. We compiled a list of technologies applicable in the Indian context, along 

with their costs from literature (Bhati & Ramanathan, 2016; GE Power, 2016). However, 

technology providers in India are limited, and data on cost typically represent the global 

market. The detailed review of these technologies showed that the cost of implementation, 

especially upfront costs, are the highest for post-combustion options, while pre-combustion 

technologies are the least costly (Refer Annexure C). 

The pre-combustion control technologies that can be adopted in coal TPPs are coal washing 

and blending. Installation of Low NOx Burner (LNB) and Over-Fire Air (OFA) inside the boiler 

are the in-combustion controls available for NOx. Limestone injection into the furnace is an 

effective in-combustion control applicable for SOx reduction. The available post-combustion 

control technologies are Flue Gas Desulphuriser (FGD) for SOx, Selective Catalytic or Non-

Catalytic Reduction (SCR/SNCR) for NOx, and Electrostatic Precipitators (ESPs) or fabric filters 

for PM. The percentage of emission reduction for PCTs varies between 25% for SOx with coal 

washing, and 99.6% for PM reduction with high efficiency ESP. Most of the existing TPPs have 

an ESP installed to meet the earlier emission standards. Lastly, although standards are also 

specified for Hg, the current emission level of Hg from coal TPPs is lower ÔÈÁÎ ÔÈÅ ÓÔÁÎÄÁÒÄȭÓ 
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specification (estimated at average of 0.012 mg/Nm3 in Annexure-B). Hence, additional PCT 

installations will not be required for Hg control.  

This study has consolidated recent data and evaluated costs in the context of industry-wide 

adherence to the new standards. This is useful since speculation on costs have deterred power 

producers. They have sought delays in the deadline to meet new standards, and require clarity 

on tariff revisions that will relieve financial stress. MoP, in consonance with  the industry, 

announced a phasing plan, moving the original MoEFCC deadline from 2019 to 2023 for 

different plants (CEA, 2017 a). The MoEFCC also indicated its support to MoP in the Supreme 

Court, to extend the compliance deadline to 2022, recently (Mohan, 2017). 

Benefits of Meeting New Standards 

Compliance with the new standards will reduce local pollution , and yield health and ecosystem 

benefits3. Only a select few studies have evaluated the health benefits from installing pollution 

controls in individual plantsɂthe industry-wide implication has not been evaluated, yet. In 

the plant level analyses, costs of controls have been compared with the health benefit; for 

example, avoiding one premature death is estimated to cost INR 0.15 crore (INR 1.5 million) 

to INR 3 crore (INR 3 million), depending on the exposed population and plant capacity (Malik, 

2013). Other studies have demonstrated that (depending on a range of monetary values 

assigned to health benefits) interventions to install pollution controls in Indian TPPs pass the 

benefit vs. cost test (HEI, 2010; Pope, Cropper, Coggins, & Cohen, 2015; Gunatilake, Herath; 

Ganesan, Karthik; Bacani, Eleanor, 2014). 

In this context, we felt that it is relevant and timely to assess the social benefits and costs of 

implementing the emission standards, across the industry. We felt that this could aid in 

convincing stakeholders on the usefulness of the new emission standards, thus facilitating 

installation of PCTs in a time-bound manner.  

 

2. Study Objective  

This study aims to evaluate the implications of new emission standards by carrying out a 

system-wide benefit-cost analysis for the period 2015 to 2030. We chose this time frame for 

evaluating costs and benefits since power sector plans were available till 2030 in the public 

domain (including the National Electricity Plan scenarios to incorporate the 40% fossil-free 

power generation ÃÁÐÁÃÉÔÙ ÔÁÒÇÅÔ ÁÓ ÐÅÒ )ÎÄÉÁȭÓ Nationally Determined Contributions). The 

following components have been included in the study: 

1) Evaluation of implications of adherence to new emission standards, by:  

a. Assessing the applicability of control measures and associated technology costs 

b. Estimating the impact on cost of power generation and total system costs 

c. Assessing and monetising the social and health benefits  

2) Recommendations to facilitate implementation, by: 

a. Identifying challenges in compliance 

                                                             
3 Studies have shown that reduced SOx can reduce soil and rain acidification thereby reducing threat to biodiversity 
and ecosystem services. However, assessment of these social benefits was not included in this study. 
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b. Presenting the Ȭtrue cost of coalȭ, accounting for environmental externalities and 

assessing regulatory requirements 
 

3.  Methodology and App roach  

In order to evaluate the benefits and costs of implementation of the emission standards, this 

study pursued three tracks of analysis: (1) Interpreting the emission standards in terms of 

normalised mass flow rates; (2) Estimating emission loads from TPPs (under different levels 

of compliance, at a system level); and (3) Quantifying social costs and benefits (including 

technology investment, running costs, health costs or benefits, and associated tariff 

implications). The pictorial representation of the approach is shown in Figure 2. 

 

 

Figure 2: Pictorial Representation of the Approach 

3.1 Interpreting Emission Standards 

The standards for various pollutants have been specified in concentration terms. However, in 

order to understand the impact of the standards on different capacity and vintage, or in other 

words, different pollution loads, the standards needed to be converted to mass flow rate terms.  

As mentioned in the Introduction section, data on the baseline emissions (concentrations) for 

various TPPs are not available in the public domain. The diversity in coal linkages, i.e., the GCV 

of domestic, imported and blended coal, and their respective elemental composition, needs to 

be factored into any estimation of current emission mass flow rates. Hence, a stoichiometric 

mass balance analysis was carried out using data available in peer-reviewed literature, 

government reports, and technical reports to estimate current emission flow rates and factors. 

These were normalised with respect to input energy, and compared to the requirements under 

the emission standards.   

This section provides the methodology used to estimate current pollutant emission factors 

from TPPs. It also provides the steps followed to convert concentration based emission 

standards into normalised mass metrics.  

ɆMass balance approach 
for estimating current 
pollutant emissions

ɆConverting concentration 
based standards to 
normalised mass flow 
rates

Interpreting 
Emission Standards

ɆEstablish baseline

ɆSystem perspective
ɆModelling scenarios 
ɆDispersion modelling

Estimating emissions 
from TPPs

ɆSystem level costs

ɆHealth benefits
ɆFinancial implications 
of PCTs

Quantifying social 
costs or benefits
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Estimation of Current Pollution Emissions 

Equation 1 shows the mass balance approach for normalised mass flow for emissions in TPPs. 

Equation 1 

άὫ

ὓὐ
Ὢ ὯὫ Ϸ έὪ Ὧ ὥ  

Where,   is the normalised emission factor for pollutant i for coal typὩ; 

ὯὫ is the quantity of coal Cj equivalent to 1 MJ of input energy;  

 Ϸ έὪ Ὧ  denotes percentage composition of chemical constituent k in the coal type 

Cj; 

ὥ  is the combustion conversion factor of k at given boiler condition. 

The input data for this equation was obtained from an in-depth literature review and feedback 

from experts. The approach used for data collection is presented below: 

Step 1:  Identify the types and classifications of coal used in Indian TPPs (MoC, 2016). 

Step 2: Gather data on coal composition and calorific value (Chandra & Chandra, 2004; CERC, 

2014; Falcon & Ham, 1988; Belkin & Tewalt, 2007). 

Step 3: Identify conversion rates of chemical components during combustion based on 

experimental studies (Cai, Guell, Dugwell, & Kandiyoti, 1993; Brimblecombe, 1996; Mittal, 

Sharma, & Singh, 2014; Pershing & Wendt, 1977; Bartonova, Juchelkova, Kilka, & Cech, 2011; 

USEPA, 1998). 

Step 4: Identify technical operating parameters for the boiler, existing pollution control 

equipment and stack exit physical characteristics (Chandra & Chandra, 2004; Mittal, Sharma, 

& Singh, 2014; Chakraborty, et al., 2008; Khan & Khan, 2014). 

Based on the review of literature, we identified nine domestic collieries supplying coal to TPPs:  

Eastern Coalfields Limited (ECL), Northern Coalfield Limited (NCL), Central Coalfields Limited 

(CCL), South Eastern Coalfields Limited (SECL), Mahanadi Coalfields Limited (MCL), Singareni 

Collieries Coal Limited (SCCL), Bharat Coking Coal Limited (BCCL) and Lignite4 (same 

composition was considered for all lignite collieries as data in literature was available only for 

Neyveli Lignite). Three imported coal types, mainly used in Indian TPPs, are Indonesian, South 

African and Australian. The calorific value of domestic coal categories varies between 3800 

and 4500 kcal/kg, while the value for imported coal is between 6300 and 7800 kcal/kg. The 

ash and sulphur content, from literature  for the 12 coal classifications used in this study, is 

given in Figure 3. 

 

                                                             
4 Includes Kutch lignite and Neyveli lignite  
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Figure 3: Ash and Sulphur Content (%) in Various Coal Types 

Domestic coal types are seen to have a low share ÏÆ ÓÕÌÐÈÕÒ ɉЅπȢυϷɊ ÁÎÄ ÈÉÇÈer ash content 

(30ɀ40%) as compared to imported coal. This implies higher PM emission factors and lower 

SOx emission factors for TPPs that consume domestic coal. Meanwhile, imported coal from 

Indonesia and South Africa have higher sulphur (>2%)  content than domestic coal, thus has 

higher SOx emission factors. The details of coal composition and GCV of these coal types are 

presented in AnnexureɀB.  

The flow rate of NOx, SOx and PM105 were estimated using stoichiometric equations, assuming 

an overall plant efficiency6 of 33% for a typical Indian TPP (CEA, 2013). The key operational 

parameters and conversion factors for various chemical constituents are given below. 

 

Baseline emission concentration varies based on the coal linkage. SOx concentration in flue gas 

is the least for NCL (1053 mg/Nm3) and as high as 3152 mg/Nm3 for SCCL, within the Indian 

sub-bituminous categories; it is the highest for Lignite (7362 mg/Nm3). In comparison, the SOx 

concentration for Indonesian coal is higher at 4819 mg/Nm3. The NOx concentrations for 

Indian and imported coal are in a similar range as the percentage shares of nitrogen in the fuel 

are similar. The average NOx concentration for different coal types was estimated as 952 

mg/Nm 3. The average PM10 concentration in flue gas, accounting for ESP of removal efficiency 

97% (to cater to older norms), is 183 mg/Nm3 for domestic coal, and 24 mg/Nm3 for imported 

                                                             
5 It is assumed that SOx formed during combustion is in SO2 form. Similarly, for NOx, only NO is considered. 
6Overall plant efficiency depends on boiler efficiency and steam cycle efficiency (Reddy, 2014). 
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  Key Assumptions  

¶ Combustion temperature in boiler is 1500 K (Cai, Guell, Dugwell, & Kandiyoti, 

1993) 

¶ Excess air supplied to boiler is 20% (Mittal, Sharma, & Singh, 2014) 

¶ 92.5% of sulphur in coal is combusted and only SO2 is formed (Mittal, Sharma, & 

Singh, 2014) 

¶ 20% fuel nitrogen is converted to NO constituting 72.5% of the total NOX formed 

(Pershing & Wendt, 1977) 

¶ PM10 emission was calculated as follows: 2.3 times the % of ash in 1 lb of coal 

(USEPA, 1998) 

¶ Temperature and pressure at flue gas stack is taken as 422 K , 1atm (Chakraborty, 

et al., 2008) 
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coal. Details of this calculation, emission factors in terms of mg/MJcoal and sensitivity with plant 

operational parameters are provided in Annexure-B. 

Conversion of Emission Standards: Concentration to Mass Flow Terms 

Mass flow rate estimation is a more robust approach, eliminates dependencies on excess air, 

and allows for a diverse representation of coal linkages. The emission standards in 

concentration terms were converted into mg/MJcoal using average F-factor (Flue Gas Volume/ 

Thermal Energy Input) derived for different coal types (Equation 2). Details are provided in 

Annexure-B.  

Equation 2 

ὓέὉὊὅὅ
άὫ

ὔά
ὊzȤὪὥὧὸέὶ 

ὔά

ὓὐ
  ὉάὭίίὭέὲ ίὸὥὲὨὥὶὨ 

άὫ

ὓὐ
 

 

3.2 Estimating System Wide Emission Loads from Coal TPPs  

The pictorial representation of the methodology for estimating system wide emission loads is 

shown in Figure 4.  

 

Figure 4: Schematic for Estimating System Level Emissions for a given Unit 

The emission trajectories for all TPP units operating between 2015 and 2030 were estimated 

using derived emission factors from the mass balance analysis. Additional input data required 

for emission load calculation are plant level coal linkages, existing PCT, and power plant 

characteristics such as historic plant efficiency and PLF. This data for each TPP unit was 

collected from two databases and validated with environmental clearances (CoalSwarm, 2016; 

CEA, 2015). The percentage share of installed capacity linked to various coal types is shown in 

Figure 57. Wherever data on coal was not available (~20 GW), the nearest coal field or port  

was considered. In 2015, as per our estimation, the highest consumption was for SECL and 

MCL coal (among domestic categories) and Indonesian coal consumption was the highest in 

                                                             
7 Several plants in India consume two or more coal types. For the current study, single coal type is considered to 
reduce complexity. Among plants that consume two or more domestic coals, the cheaper option was considered for 
the analysis. Amongst those which use imported with domestic coal, 100% imported coal was considered. 
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the imported coal category. The share of Indonesian coal will increase to 11% by 2030, driving 

up the overall SOx emission loads.  

 

Figure 5: Coal Linkages of TPPs in 2015 and 2030 

Figure 6 shows the district-wise installed capacity of coal TPPs in 2015 and 2030. As shown, 

more coal TPPs will be operational in coastal regions, and states such as Chhattisgarh, West 

Bengal and Jharkhand, in 2030. 
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  Figure 6: District -wise Installed Capacity as on 2015 and 20308

                                                             
8 4ÈÅ ÓÉÚÅ ÏÆ ÂÕÂÂÌÅ ÄÅÎÏÔÅÓ ÔÈÅ ÉÎÓÔÁÌÌÅÄ ÃÁÐÁÃÉÔÙȢ 4ÈÅ ÓÍÁÌÌÅÓÔ ÃÉÒÃÌÅ ÁÎÄ ÌÁÒÇÅÓÔ ÃÉÒÃÌÅ ÒÅÐÒÅÓÅÎÔÓ Ѕυππ -7 ÁÎÄ τφςπ -7 ÒÅÓÐectively. 

2015  2030  
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Estimating Unit-wise Power Generation Trajectories 

#34%0ȭÓ )ÎÄÉÁ -ÕÌÔÉ 2ÅÇÉÏÎ 4)-%3 ÍÏÄÅÌ ɉ)-24Ɋ ×ÁÓ ÕÓÅÄ ÔÏ arrive at power generation 

profiles for TPPs in India during 2015ɀ30. TIMES (The Integrated MARKAL EFOM System) is 

a dynamic partial equilibrium optimisation model, which is widely used for energy and 

environment systems analysis to explore least cost and low emission pathways. It supports 

technology level representation of primary energy (coal, gas, oil, etc.), transformation 

(electricity generation, refineries) and end-use (industry, buildings, transport) sectors. The 

power sector has been modelled at the unit level, with states as regions. An electricity-only 

version of the model was used for this study, which is driven by exogenous electricity demand, 

specified at the state level. Per capita electricity consumption was projected9 at the national 

level to derive national level electricity demand, based on projected population (United 

Nations, 2017) . This demand was then allocated to states based on projected shares of states. 

#34%0ȭÓ consolidated power plant database included existing units (as on 2015) and planned 

units (expansion and new proposed). In new subcritical, supercritical and ultra-super critical 

plants, efficiencies of 36%, 38% and 41% were assumed respectively. A summary of the 

database used is provided in Table 3. Plants operating during 2015ɀ30 were seen to operate 

at a weighted average PLF of 74% in 203010. Additional plants beyond the CEAȭÓ plan were not 

required to meet the exogenous electricity demand. Costs of solar PV technologies reflect the 

current reverse bidding tariffs of INR 4/kWh. All other model inputs on technology costs are 

consistent with previous national modelling exercises conducted by CSTEP [Refer 

supplementary material of (Byravan, et al., 2017)].  

Table 3: Summary of Power Plant Database and Installed Capacity (GW) in 2030 

Commissioning 

year 
Category 

No of 

Units  

Total 

Capac

ity 

GW 

% 

Ownership  

Centre State Pvt 

No of 

Units  

Capac

ity 

GW 

No of 

Units  

Capa

city 

GW 

No of 

Units  

Capa

city 

GW 

Before 2003 Plant 

Capacity 

<500 MW 

346 46 18

% 

81 12 234 31 31 3 

Plant 

Capacity 

Іυππ -7 

24 12 5% 18 9 5 3 1 1 

Between 2003 

and 2016 

Plant 

Capacity 

<500 MW 

163 37 14

% 

16 4 50 12 97 21 

Plant 

Capacity 

Іυππ -7 

136 93 35

% 

45 25 28 21 63 47 

On or after 2016 Plant 

Capacity 

<500 MW 

37 7 3% 3 1 6 2 28 5 

Plant 

Capacity 

Іυππ -7 

115 68 26

% 

20 10 28 19 67 39 

 Total 821 263  183 61 351 86 287 116 

                                                             
9 Per capita electricity consumption will reach around 2400 kWh/capita by 2030.  
10 PLF Range: 66% in older plants and around 90% in newly installed plants that require lesser shutdown periods 
for maintenance works. 
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Further details on model inputs are provided in Annexure A. Based on these, the IMRT model 

was used to generate a reference trajectory of state-wise generation profiles. This was mapped 

to individual power plants to derive coal consumption and emissions at flue-stack. 

PCT Module and Scenario Phasing 

The PCT module laid out the levels of controls based on the choice of control technology under 

difference scenarios. Pollution control measures can be enforced in different stages of power 

plant process, targeting one or more pollutants. A typical power plant can be disaggregated 

into three stages depending on the layout ɂ pre-combustion, in-combustion and post-

combustion [Refer Figure 7].  

 

 

Figure 7: Schematic Diagram of Coal TPPs with PCTs 

Data on PCTs (technical and cost parameters) was gathered after extensive literature survey 

and discussions with technology manufacturers and providers. Detailed data are provided in 

Annexure C. Table 4 illustrates, qualitatively , the trade-offs between removal efficiency and 

cost for various PCTs (Bhati & Ramanathan, Clearing the Air, 2016) (Cropper, Gamkhar, Malik, 

Limonov, & Partridge, 2012).  

  

Pre-combustion 

In-combustion 

Post-combustion 
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Table 4: Cost vs Removal Efficiency of Pollution Control Technologies 

 

The usage of washed coal instead of raw coal can reduce SOx emissions in flue gas by 25% and 

PM emissions by 30% (Cropper, Gamkhar, Malik, Limonov, & Partridge, 2012). Washed coal 

ÃÁÎ ÁÌÓÏ ÉÍÐÒÏÖÅ ÔÈÅ ÐÌÁÎÔȭÓ ÐÅÒÆÏÒÍÁÎÃÅ ÂÙ ÅÎÈÁÎÃÉÎÇ ÏÖÅÒÁÌÌ ÐÌÁÎÔ ÅÆÆÉÃÉÅÎÃÙ ÂÙ ρȢςϷ, and 

increasing plant load factor (PLF) by 4% (Zamuda & Sharpe, 2007).). It can also improve the 

ESP efficiency to design efficiency, ruling out the need for upgrading older ESPs to meet new 

standards (Zamuda & Sharpe, 2007). NOx reduction technologies such as OFA and LNB can be 

considered for units facing less stringent norms. Further, limestone injection with 55ɀ60% SOx 

removal efficiency can be considered as an alternative to the land intensive FGD installations 

(~1.5 acres for 210 MW) in existing plants that are facing land availability constraints. In new 

units, facing more stringent standards, post-combustion control technologies such as FGD for 

SOx, SCR or SNCR for NOx, and high performance ESPs/Bag filters for PM reduction will likely 

be required. However these can increase the land footprint required . The reduction of PM10 

with controls also leads to a reduction in PM2.5 loads from the flue stack (van Harmelen, 

Visschedijk, & Kok, 2002). Moreover, most post combustion technologies require the TPP to 

be shut down during installation of the PCTs. This ranges from two to four weeks for a wet 

FGD to six months for a dry FGD (which requires modification in the existing PM filters). For 

PM10 control upgrades and in-combustion NOx technologies, installation time required is less 

than six months. However procurement and installation of post combustion technologies can 

take up to two years (Bhati & Ramanathan, 2016). 

We developed a PCT applicability matrix for each plant. This was determined by emission 

reduction required, derived from base emissions (determined by coal linkage and plant 

operating characteristics), and the emission standard (based on vintage and unit capacity), as 

well as natural resource linkage (fresh water/land availability). The final choice of technology 

was determined by costs. This included upfront and running costs (including costs from 

       Pre-Combustion                    In-Combustion                   Post-Combustion 

      Removal ʂ 

Cost 



 Benefit Cost Analysis of Emission Standards for Coal-based Thermal Power Plants in India      

                                        www.cstep.in                                                                              © CSTEP 14 

increase in auxiliary consumption, and reduction in power plant efficiency). Refer Figure 8 for 

logic flow.  

 

Figure 8: Logic Flow for PCT Choice 

In certain cases, a combination of pre-combustion and in-combustion technologies can also be 

used to meet the desired emission standards and lower costs. However, very few plants can 

use this to meet their emission standards, and others will have to invest in high capital cost 

options.  

Table 5 highlights that plants of vintage 2003ɀ16 need to invest in high cost PCTs to meet 

emission standards for NOx and SOx, yet upgradation of existing ESPs will not be costly for 

them. However, several new plants (up to 20 GW which use high ash content coal) may need 

to use washed coal along with planned ESP installations to achieve the prescribed emission 

norm. 

Table 5: Qualitative Representation of TPP Installed Capacity and PCT Investment  

Pollutant  SOx NOx PM10 

Commissioning 

Year 

High cost 

PCTs (GW) 

Medium 

cost PCTs 

(GW) 

High cost 

PCTs (GW) 

Low cost 

PCTs (GW) 

High cost PCTs 

(GW) 

Medium 

Cost PCTs 

(GW) 

Before 2003 47 11 8 50 0 58 

Between 2003-16 121 9 127 3 0 130 

After 2016 75  75 0 16 59 

 

 Scenarios for Phasing of Emission Standards 

This study explored three scenarios; a reference scenario and two policy scenarios to analyse 

the impact of phased PCT installation on system level costs and benefits. 

Reference Scenario: For the reference case, ESPs of removal efficiency ranging 95ɀ98.5% 

was considered, since older TPPs are assumed to adhere to previous emission standards for 

PM (Table 6).    

Is PCT water 
source same as 

plant source 

Choice of PCT 
Is it the cheapest 
option (INR/t of 

pollutant 
removed) 

Does PCT meet 
removal efficiency 

target 

Yes 

No 

Yes 

No 

Yes 

No 
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Table 6: ESP Removal Efficiency Specification based on Previous Standards 

Condition  ESP removal 
efficiency  

Equivalent emissions at 
stack exit  (mg/Nm 3) 

TPP units commissioned before 2009 , Capacity 
<210 MW 

95% 350 

TPP units commissioned before 2009 , Capacity 
<210 MW 

97% 150 

TPP capacity units commissioned on or after 
2009 

98.5% 100 

For policy scenarios, additional PCTs were required to meet the new PM, NOx and SOx emission 

standardsɂchosen based on applicability and cost constraints described earlier.  

Policy Scenario 1 (PS 1): The CEA proposed a phasing plan for FGD installation in March 2017 

for 62% of the existing installed capacity, for the time period 2019 to 2023 (CEA, 2017 a). This 

phasing plan is likely  to have factored in grid feasibility and land constraints in TPPs. Although 

φψ '7 ÏÆ ÃÕÒÒÅÎÔ ÉÎÓÔÁÌÌÅÄ ÃÁÐÁÃÉÔÙ ÉÓ ÎÏÔ ÉÎÃÌÕÄÅÄ ÉÎ #%!ȭÓ &'$ ÐÌÁÎȟ PS 1 has also included 

compliance for all existing plants. By 2025, all plants that are operational as per the power 

sector model analysis are modelled to install and run appropriate PCTs to comply with 

respective MoEFCC targets.  

Policy Scenario 2  (PS 2): The second policy scenario is targeted to reduce adverse health 

effects. Recent studies indicate that more health benefits can be accrued in air-sheds with 

lower PM2.5 concentrations (Pope, Cropper, Coggins, & Cohen, 2015). Based on the district-

wise ambient PM2.5 concentration derived from satellite data for 2015, ÁÎÄ 400ȭÓ ÃÏÎÔÒÉÂÕÔÉÏÎ 

to PM2.5 concentration in that air shed, a phasing plan was modelled targeting plants in those 

districts first . TPPs in districts where ambient PM2.5 concentration was below 30 µg/m3 were 

targeted first (between 2019 and 2021). Hence, a higher installed capacity was targeted first 

(Table 7). To account for grid feasibility, we assumed that any district with more than 3 GW 

capacity could not incorporate controls in a short period of time. Plants in districts with 

greater than 3 GW capacity would install controls in 2020. One more year was given for 

compliance for plants in districts where there was a high contribution by TPPs to ambient 

PM2.5 concentration (by 2021)11. All remaining plants were modelled as complying with  the 

last deadline in the CEA phasing plan, i.e., 2025. 

A comparison of the year-wise targeted installed capacity is given in the table below: 

Table 7: Phased Implementation of Standards in Policy Scenarios 

Year PS 1 targets (GW) PS 2 targets( GW) 

2019 5 15 

2020 11 26 

2021 45 50 

2022 30  

2023 15  

2025 All remaining (68 GW) Remaining (83GW) 

 

                                                             
11 Contribution from TPPs in each district was evaluated using the CAMx model in the base year. 
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3.3 System Level Costs and Benefits for PCT Installation 

To estimate the system level cost and benefits of implementing the emission standards, the 

study accounted for investment, operating and maintenance costs of PCTs for every active unit 

between 2015 and 2030. Further, the economic penalty of impact on TPP performance such 

as reduction in boiler efficiency and increased auxiliary consumption were also captured12. 

The location specific and disaggregated emission load trajectories (2015ɀ30) under different 

policy scenarios were used to estimate the change in PM2.5 concentrations due to reduction in 

TPP pollution. This was translated to avoided mortality and morbidity. The health impact was 

estimated using the Global Burden of Disease estimation approach (HEI, 2010; Pope, Cropper, 

Coggins, & Cohen, 2015; Gunatilake, Herath; Ganesan, Karthik; Bacani, Eleanor, 2014). The 

value of statistical life was informed by detailed literature review, and used to monetise the 

health estimates. The following section provide further details. 

Costs of Implementing Emission Standards 

Literature  review and stakeholder engagements informed capital and O&M costs for PCTs 

used in this analysis. We modelled 14 discrete PCTs including three measures which were a 

combination of two control options. We considered PCT costs in INR/kg of pollutant removed, 

derived from total costs [Refer Annexure C for illustrative representation ]. For existing plants, 

the capital investment component was normalised to the remaining plant life during 2015ɀ30, 

whil e the running cost components were annualised. In new plants, capital costs were 

normalised to the years of operation in the time period of interest (till 2030) , and then 

annualised. Based on the results of the emission trajectories at the unit level, we estimated 

costs as a product of the quantity of emissions removed in each unit and the cost per kg of 

pollutant removed. 

Health Benefits 

Long-term exposure to ambient fine particulates (PM2.5 concentrations) has been associated 

with increase in risk to all-cause diseases and cardio-vascular mortality. Further studies of 

health costs by the US-Environment Protection Agency (USEPA), indicate that nearly 90% of 

health costs are associated with increased risk of mortality and morbidity (Pope, Cropper, 

Coggins, & Cohen, 2015). For this study, hence, the focus of analysis was to estimate the 

avoided mortality and morbidity due to PM2.5 reduction.  

For this analysis, Urban Emissions used its Comprehensive Air Quality Model with Extensions 

(CAMx) for dispersion modelling13. This Eulerian photochemical dispersion model is suitable 

for integrated assessments of gaseous and particulate air pollution due to its modularity in 

evaluating physical and chemical processes, and for apportioning the contributions for single 

or multiple sources to the receptor regions. In this analysis, ambient PM2.5 was modelled for 

all emissions from coal-fired TPPs. The model captured the primary PM contributions and the 

secondary contributions from SOx and NOx emissions to the ambient PM2.5 concentrations.  

                                                             
12 The average coal cost is around INR 0.18/MJ and real costs for average power from the model was estimated to 
be around INR 1.8 to INR 2 /kWh during 2015-2030. 
13 CAMx is an open-source atmospheric dispersion model. The model and its working manual is available  
@ http://www.camx.com . The dispersion model is driven with meteorology processed using WRF meteorological 
model (available @ http://www.wrf -model.org) with inputs from the NCEP reanalysis fields (available @ 
http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.html).  

http://www.camx.com/
http://www.wrf-model.org/
http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.html
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In order to analyse the health benefits on implementing new emission standards, the gridded 

decrease in concentration of PM2.5 due to PCT installations in TPPs was estimated.  

Equation 3 

The impact on health was then estimated based on the stylised equation from Pope, et al., 

2015, which establishes the relationship of mortality avoided and change in PM2.5 

concentrations (Equation 3). The Excess Risk (ER) function can follow either linear or supra-

linear forms (Pope, Cropper, Coggins, & Cohen, 2015). The linear relation with PM2.5 implies 

that ER per 1 µg/m 3 of PM2.5 increase is same for any ambient concentrations. However, in a 

recent study, which consolidated learnings from epidemiological assessments on ambient 

PM2.5 exposure and risk across different regions, it was observed that the ER or concentration 

response is likely to be supra-linear (concave) at higher levels of exposure (Burnett, et al., 

2014) (Pope, Cropper, Coggins, & Cohen, 2015). This implies that a given incremental 

reduction in ambient PM2.5 ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ɉɝ0-2.5) will yield greater benefits in cleaner areas 

than more polluted areas. This is counterintuitive from how pollution regulation in countries 

like India target polluted areas to protect the population at risk. In India, where ambient PM2.5 

concentrations are already higher than the US or European countries, the slope of the ER 

function, albeit flatter due to a supra-linear form (Figure 9), does not necessarily indicate that 

marginal benefits of pollution control are lesser due to high population density.  

 

Figure 9: Supra-linear and Linear Form of ER Function 

To estimate district-wise ER, satellite data of ambient PM2.5 concentrations at the ground level 

in 2015 (mean average) were used. As per this data, annual average PM2.5 ambient 

concentrations ranged between 5.8 µg/m 3 and 108 µg/m 3 across districts.  
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The spatial distribution of the base year population and its projections till 2030 were also 

required for mortality estimation. The district -wise population data obtained from Census 

2011 were spatially mapped for 0.25° grid, using Global Rural Urban Mapping Project 

(GRUMP), a geo-referenced framework of urban and rural areas (Guttikunda & Jawahar, 

2014). The overall population was projected to grow at 1.06% per annum, including 

differential growth in urban and rural areas.  

The annual baseline death rate for India in 2015 was 6.66 per thousand (Gunatilake, Herath; 

Ganesan, Karthik; Bacani, Eleanor, 2014). During 2015 to 2030, the mortality rate was 

assumed to decline at a rate of 2.03% annually (derived from historic mortality rate data from 

World Bank 1960-2015)14.  

Equation 4 

 

 

Morbidity health endpoints such as RHA and WLD were estimated using Equation 4. 

 Monetising Benefits 

This study monetised avoided premature deaths and morbidity using Value of Statistical Life 

(VSL) and Cost of Illness (CoI) arrived from in-depth literature studies. Studies in the last 

decade and a half estimated a wide range of VSLs. Across studies, VSL varies owing to various 

dimensions like individual risk taking behaviour and individual characteristics such as age, 

income, gender, race, immigrant status, etc. Thus, there is no uniform VSL and the VSL 

estimates have to be adjusted for these dimensions (Viscusi W. K., 2011). However, the 

estimation of VSL across geographic spread, accounting for risk taking behaviour and 

individual characteristics was beyond the scope of this study. Instead, we considered a value 

of INR 2.8 crore per life from a recent study (Madheswaran, 2007); this study accounted for 

risk preferences of over 1000 workers in Chennai and Mumbai based on a hedonic price model. 

This value is also within range of values reported in empirical research from India in recent 

                                                             
14 Same death rate is assumed across all districts  

Morbidity
i
 Avoided Annually  Ў ὖὓρπ ὼ ὉὼὴέίὩὨ ὖέὴόὰὥὸὭέὲ ὼ ὈὙὊὭ 

25 km X 25 km grid 

Where i ɀ Number of Respiratory Hospital Admission Cases (RHA) or Work Loss Days (WLD) 

Inputs: 
¶ PM

2.5
 concentration from Urban %ÍÉÓÓÉÏÎȭÓ #!-Ø runs 

¶ 25 km x 25 km grid PM
2.5

/PM
10

 scaling factor obtained from CSTEP runs based on 

emission inventory model- Multi -resolution Emission Inventory for China (MEIC, 

2018) 

¶ DRF
RHA 
ɀ 1.3 per 10 µg/m

3 
change in PM

10 
 concentration (Gunatilake, Herath; 

Ganesan, Karthik; Bacani, Eleanor, 2014) (HEI, 2010) 

¶ DRF
WLD 
ɀ 31.5 days/1000 adults per 10 µg/m

3 
change in PM

10 
 concentration (HEI, 

2010) 
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decades [Refer Annexure-D]. The reported study value was adjusted to reflect the 2015 base 

year, since the base year of comparison for costs and benefits is 2015.   

For monetising morbidity benefits, the following values were taken as direct benefits 

transferred based on CoI estimation (Gunatilake, Herath; Ganesan, Karthik; Bacani, Eleanor, 

2014): 

¶ Monetary value of each RHA case ɀ INR 13,750 

¶ Monetary value of each WLD (average daily wage in India) ɀ INR 224   

Estimating Impact on Tariff 

Under the Electricity Act, any costs borne by the power producer owing to change of law can 

be passed on to the consumer (The Electricity Act, 2003; CERC, 2014). Therefore, the 

regulatory agencies will now have the task of evaluating petitions for revisions in tariffs owing 

to PCT installation in TPPs. Given the differentiated impact on TPPs of the emission norms, the 

costs incurred will also vary. In this regard, this study evaluated the additional impact on tariff 

for various cases, following the provisions in the Electricity Act, 2003 and Tariff policy, 2006 

notified by the Government of India (MoLJ, 2003). According to the Electricity Act 2003, 

centrally-owned stations with inter-state electricity transmission have to follow the terms and 

conditions specified by the Central Electricity Regulatory Commission (CERC) (CERC, 2014). 

In case of generating stations within a state, tariff is determined by the respective state 

electricity regulatory commissions. 

The revised emission standards are specified for vintage and unit capacity. Based on the TPP 

database, it was seen that increasingly larger capacity units were installed since 2003. Plants 

installed before 1992 (~37 GW or 135 units) are of old vintage. In these plants, PCTs are 

economically infeasible due to very high retrofit costs and additional land requirement. Hence 

this category was not considered for financial evaluation. For plants commissioned between 

1992 and 2003, majority of the installations (62 units) were 210 MW. Between 2003 and 2016, 

120 units of 210 MW or 500 MW capacities (about 60 each) were commissioned. Among the 

proposed plants (to be commissioned after 2016), nearly 80% of all units in the pipeline are 

600 or 660 MW capacity (CEA, 2016 a; CEA, 2013; CoalSwarm, 2016). Based on the PCT 

module and TPP database explained above, we assessed four cases for tariff impact (Table 8). 

The cases developed represent 84% of the likely total installed capacity in 2030 (263 GW).  
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Table 8: Cases for Financial Assessment of PCT Costs 

Case Description  
Representative 

of (in 2030)  
PCT implemented & 

association removal efficiency  
Useful life left 
(as on 2017) 15 

Case 1 210 MW subcritical 
unit commissioned 

in 2002 

20 GW LNB and OFA (52.5% for NOx), 
washed coal (30% for PM and 
25% for SOx), LI (55% for SOx) 

10 

Case 2a 210 MW subcritical 
unit commissioned 

in 2011 

 
135 GW 

Upgradation of ESP (99.4% for 
PM), LI (55% for SOx), SCR (90% 

for NOx) 

19 

Case 2b 500MW 
supercritical unit 
commissioned in 

2011 

Upgradation of ESP(99.4% for 
PM), WFGD (95% for SOx), SCR 

(90% for NOx) 

19 

Case 3 660 MW 
Supercritical unit 
commissioned in 

2017 

68 GW ESP (99.6% for PM), WFGD (95% 
for SOx), SCR (90% for NOx) 

25 

The Levelised Tariff (Cost) of Electricity (LToE) was estimated for each case. Results from this 

analysis can serve as a benchmark for evaluating tariff increment petitions due to PCTs in 

future petitions. Annexure D provides details on methodology and calculations for financial 

analysis.  

 

4. Results and Discussion  

This section is divided into three parts: (1) Interpretation of emission standards; (2) Emission 

trajectories for scenarios considered; and (3) Costs and benefits of complying with new 

emission standards.  

4.1 Interpretation of Emission Standards 

The current emission factors for various coal types used in Indian TPPs were estimated 

following a stoichiometric mass balance approach. Emission factors given in Section 3.1 were 

normalised to mass flow rates with respect to input energy (mg/MJcoal) for ease of 

interpretation  (Figure 10). The current emission factor of SOx varies between 316 and 2969 

mg/MJcoal based on the type of coal used in TPPs. SOx emissions from TPPs that use Indonesian 

coal or lignite emits more than five times of SOx as compared to domestic coal. The NOx 

emission factor for both Indian and imported coals are similar. The current PM10 emissions 

with ESPs vary between 43 and 89 mg/MJcoal for domestic coal, whi le that with imported coal, 

it is around 2ɀ11mg/MJcoal, owing to its low ash content.  

                                                             
15 Useful life of 25 years was considered 
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Figure 10: Current Emission Factors (EF) 16 

The new emission standards in concentration metrics were converted into mg/MJcoal using 

Equation 2 (Table 9). 

Table 9: Emission Standards in terms of mg/MJcoal 

Installation 
Period  

Unit Capacity(MW)  
Pollutants concentration (mg/MJ coal) 

SOx NOX PM10 Hg 

before 2003 
<500 190.68 

190.68 31.78 0.01 
Іυππ 63.56 

2003 -2016 
<500 190.68 

95.34 15.89 0.01 
Іυππ 63.56 

from 2017  All 31.78 31.78 9.53 0.01 

Based on the new emission standards and current emission factors, new plants (commissioned 

after 2016) need to reduce SOx and NOx emissions by 95ɀ98% and PM10 by 20% (imported 

coal) to 85% (indigenous coal). The plants commissioned during 2003 and 2016 need to curb 

SOx emission by 88ɀ95% and NOx emission by ~80% to meet the emission standards. Also, 

these plants need to reduce PM10 emission by 20ɀ85% depending on the coal type used. TPPs 

commissioned before 2003 have to comply with a more relaxed standard as compared to the 

                                                             
16 The domestic coal type denotes the average coal composition of indigenous sub-bituminous coal type used in 
Indian TPPs 
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plants of 2003ɀ16 vintage, and these plants can meet the new standards by reducing their 

current emission by 30% (PM) and 66% (SOx). 

4.2 Emission Trajectories for Scenarios Considered 

Based on the future electricity demand projections, electricity generation from TPPs till 2030 

were estimated using the IMRT model. Around 90 GW of additional capacity, including 

expansion plans and new coal TPPs, were modelled for the 2015ɀ30 time period, to meet the 

demand (accounting for retirement of 40 years). This is similar to the coal capacity addition 

ÐÌÁÎÓ ÆÒÏÍ #%!ȭÓ Ï×Î ÓÃÅÎÁÒÉÏ ÐÌÁÎÎÉÎÇ, which accounts for 50 GW of under-construction 

plants and an additional capacity of 44 GW during 2022ɀ27 (CEA, 2016 b). The IMRT model 

suggests that in 2030 for a total electricity generation of around 2900 TWh, around 62% will 

be from coal TPPs. Using state level electricity generation profiles from the model, annual coal 

consumption for each unit in 2015ɀ30 was estimated. The annual coal consumption in the 

power sector will double from 515 million tonnes in 2015, to 1023 million tonnes in 2030. The 

reference emission trajectories till 2030, based on the coal linkage at plant level and derived 

emission factors, are given in Figure 11. 

  
  

 

 

 

 

 

 

 

Figure 11: Electricity Generation, Coal Consumption and Emission Trajectories in the Reference Case 

As shown in Figure 11, in the reference scenario, SOx and NOx emissions will double by 2030 

(non-compliance of standards). PM10 emissions are expected to increase by ~30%. The smaller 
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rate of increase in PM10 emissions can be attributed to ESPs installed in existing TPPs to meet 

earlier standards17. 

  

 
Figure 12: Specific Emissions Trajectories in the Reference Case 

Even though the absolute emissions will increase year-on-year, the overall specific emissions 

of generation remain around the same during 2015 to 2030 (Figure 12). In the reference case, 

specific pollutant emissions for SOx, NOx and PM10 in 2015 were 7.92 g/kWh, 3.64 g/kWh and 

0.74 g/kWh, and 7.68 g/kWh, 3.44 g/kWh and 0.45 g/kWh in 2030, respectively. A marginal 

decrease in SOx and NOx specific emissions is foreseen in 2030 mainly due to the addition of 

new plants with higher overall plant efficiency. The specific emission for PM10 will reduce by 

nearly half due to the installation of high performing ESPs in new plants.  

Emission Trajectories for Policy Scenarios 

The emission trajectories for the reference and two policy scenarios (with additional PCTs to 

meet the standards) are shown in Figure 13.  

During 2019 and 2025, a gradual reduction in emission is seen, reflecting the implementation 

of PCT phasing plan in existing TPP units. By 2030, with the implementation of PCTs, the SOx 

and NOx emission can be reduced by 95% and 87%, respectively, and PM10 increase can be 

limited by 83%. Complying with the new emission standards will also drastically reduce the 

SOx, NOx and PM10 specific emissions in 2030 to 0.36 g/kWh, 0.43g/kWh and 0.08 g/kWh, 

                                                             
17 A sensitivity analysis on reference emission trajectories was carried out with blended domestic and imported 
coal in the ratio, 70:30 (typical blending ratio in India). With the blended coal emission factor, the total emissions 
in the reference trajectory reduced by 6% of the total SOx emission from TPPs. In other pollutants deviation was 
marginal. 
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respectively (Figure 14). For SOx and NOx, the intensity drops by 20 times and 8 times 

(respectively) as the ÐÌÁÎÔÓ ÄÉÄÎȭÔ ÈÁÖÅ ÔÏ ÍÅÅÔ ÁÎÙ emission standards earlier.  

 

 

 

 

Figure 13: Emission Trajectories for Policy Scenarios 

 

 

 

 

Figure 14: Specific Emissions with and without Pollution Controls in 2030 

Costs for Complying with Standards 

We estimated the total investment required till 2030  based on the unit -level PCT choices from 

the applicability matrix and compliance timeframe, specified under each scenario. This 

included additional expenses such as operational and maintenance costs (O&M)18 of PCTs, 

reagent costs and additional costs (plant efficiency reduction and increased auxiliary 

consumption). The total investment under PS 1 was INR 3,96,200 crore (INR 3,962 billion) . 

Under PS 2, the total investment required was INR 3,91,100 crore (INR 3,911 billion)  19. Capital 

investment of INR 2,57,700 crore accounts for 64% to 70% in PS 1 and PS 2, respectively.  

                                                             
18 O&M costs include annual maintenance expenses, labour costs, auxiliary power consumption and penalty for 
reduction in overall plant efficiency in terms of additional coal requirement. 
19 There is a marginal difference in total costs between PS 1 and PS 2 since delayed implementation on certain 
plants leads to lower running costs. Moreover, greater benefits are be seen in PS 2, explained in the following 
section.  
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Figure 15: Share of PCT Investment required for SOx, NOx and PM10 Reduction 

The investment required for SOx PCTs was highest, owing to the high capital cost, as compared 

to other pollutant controls (accounts for 63% of the total investment) (Figure 15). Privately-

owned plants will face the highest costs for meeting standards (over 45%), followed by state-

owned (32%), and centrally-owned plants (24%). 

Comparison with Other Studies 

Recent estimates are available from other research groups and the power producers 

association. The Centre for Science and Environment (CSE) reported that the total capital 

investment required for installing PCTs in 169 GW of existing plants (excluded 17 GW of old 

vintage) is around INR 71,700 crore (Bhati & Ramanathan, 2017). Albeit CSE accounted for the 

varied costs of PCTs required by different vintage and capacity plants in detail, this assessment 

did not consider O&M costs, which we estimate will account for at least 30% of the total costs. 

In their assessment, CSE also reported that TPP units commissioned between 2003 and 2016 

can meet NOx emission standards with cheaper control technologies such as LNB and OFA. 

Whereas, in our analysis, baseline NOx concentrations were modelled for each plant. This 

indicated that only lignite TPP units commissioned between 2003 and 2016 can achieve the 

NOx target using LNB (2.5 GW). Since we have compared our weighted average NOx specific 

emissions in g/kWh with the values reported by MoEFCC (PIB, 2015), we feel our 

representation of costs is reasonable and possibly better disaggregated. 

Another study by the Association of Power Producers (APP) estimated capital costs required 

for PCT installation in recent TPPs (commissioned after 2003), and accounted for 186 GW of 

installed capacity (including 54 GW of proposed TPPs on the anvil). Their capital cost is 

estimated at INR 2,80,000 crore (Krishnan, 2016). While its order of magnitude is consistent 

×ÉÔÈ ÔÈÉÓ ÓÔÕÄÙȭÓ ÁÆÏÒÅÍÅÎÔÉÏÎÅÄ ÃÁÐÉÔÁÌ ÃÏÓÔ ÅÓÔÉÍÁÔÅȟ !00 ÅÓÔÉÍÁÔÅÓ ÃÏÖÅÒÅÄ ÆÅ×ÅÒ ÐÌÁÎÔÓ 

and may have over-estimated the market opportunity (we estimated investments required for 

263 GW of installed capacity by 2030). 
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Figure 16: PM2.5 Concentration due to TPP Emissions with and without PCT (PS 2) 

Base year 2015 

Reference 2019 
(Without PCT) 

Reference 2023 
(Without PCT) 

Policy Scenario 
2019 (With PCT) 

Policy Scenario 
2023 (With PCT) 






















































































