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Major Areas of Research 
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Urban and Regional Air Quality Management (URAM) Contribution

Integrated National ⇔ Regional ⇔ Urban ⇔ Hotspot Modeling

Clean Air Action Plans for                                        
~10% Non-Attainment Cities in India

Clean Air Action Plans Resulted in 
Redevelopment of City Master Plans

Operational Air Quality Forecasting 
Systems for Delhi

High Resolution Sector-Specific Emission 
Inventories

Novelty in CTM based Source-Apportionment

National



Clean Air Action Plans for                                        
~10% Non-Attainment Cities in India

Clean Air Action Plans Resulted in 
Redevelopment of City Master Plans

Urban and Regional Air Quality Management (URAM) Contribution

Revising Indian Ambient Air Quality Standards



Introduction to 
Source 

Apportionment 



Meteorology, LULC, Chemistry 

Emissions → Chemical Transport → Concentrations



What is Source Apportionment?

Two common methods:
� Receptor  Modeling
� Dispersion based SA



Just as biometric systems rely on unique ridge patterns, atmospheric 
science identifies emission sources using distinctive chemical signatures

Receptor Modelling
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Acid

Receptor Modelling



Dispersion Based

Source Emissions ‘S’ is the key



High Resolution Sector-Specific Emission Inventories

Agriculture

Road Transport Residential Combustion Thermal Power Plants

Restaurant Industry 



Case Study-Thermal Power Plants







Motivation of this study



Mortality

YLL



Emissions



Methodology
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Capacity (MW) PM
2.5 

(g/kWh) SO
2
 (g/kWh) NO

x
 (g/kWh)

SO
2 

(g/kWh)

(FGD)

100-250 0.40 4.40 2.19
2.82

250-500 0.14 4.12 2.30
1.43

500-600 0.26 4.60 2.11
0.73

≥ 600 0.18 3.47 1.73
0.33

Emission Factors



State PM
2.5 

Emissions SO
2
 Emissions NO

x
 Emissions

Andhra Pradesh 16.390 243.494 118.282

Assam 1.959 21.546 10.724

Bihar 16.161 214.771 106.969

Chhattisgarh 35.321 545.507 273.965

Gujarat 17.840 222.146 110.618

Haryana 7.104 118.674 58.367

Jharkhand 8.604 136.514 65.533

Karnataka 7.891 133.179 66.125

Madhya Pradesh 36.855 530.392 263.517

Maharashtra 28.667 490.198 250.434

Odisha 13.171 253.549 123.470

Punjab 6.804 111.994 56.275

Rajasthan 19.157 234.178 116.602

Tamilnadu 18.132 258.844 124.658

Telengana 11.665 218.212 103.934

Uttar Pradesh 44.510 610.259 301.484

West Bengal 21.167 350.584 177.628

Emissions



24

Chhattisgarh records the highest per-capita and per-GSDP emissions of 1178 and 869 
kg, respectively, primarily due to its high-power generation (139255 MU)





26



Cost-Benefit 
Calculations



Detailed Methodology



Spatially-Explicit Techno-Economic Model



Parameters

Sugathan, 

Bhangale et 

al. 2018

Zhang, Luo et 

al. 2023
GAINS model

Yang, Zhang et 

al. 2018
USEPA model Present study

1. Annualized Capital and Maintenance Cost
Relative flue gas volume X X ✓ X X ✓
Retrofit factor X X ✓ X ✓ ✓
Fixed cost (Capital Cost) ✓ ✓ ✓ ✓ ✓ ✓

Variable cost (Financial Cost) X ✓ ✓ ✓ ✓ ✓

Maintenance cost ✓ ✓ ✓ ✓ ✓ ✓
Salvage Value X ✓ X ✓ X ✓

1. Annualized Operation Cost
Auxiliary power FGD ✓ ✓ ✓ ✓ ✓ ✓
Power specific cost X X X X X ✓
Plant specific labor demand X X X X X ✓
Stratified Labor cost X X X X X ✓

Sorbent (limestone) demand ✓ ✓ ✓ ✓ ✓ ✓

Transportation cost X X X X X ✓
Region specific sorbent cost X ✓ X ✓ X ✓
Water usage ✓ ✓ ✓ ✓ ✓ ✓

The water consumption rate ✓ ✓ ✓ ✓ ✓ ✓

Net gypsum cost X X X X X ✓
Landfill disposal cost X X ✓ X ✓ ✓
Revenue cost X X X X X ✓

Waste water treatment cost X X X X ✓ ✓



States Annual av. Price (₹)

India 679.31

Andhra Pradesh 1170.20

Assam 483.00

Bihar 478.75

Chhattisgarh 621.88

Gujarat 502.13

Jharkhand 476.67

Karnataka 436.63

Madhya Pradesh 590.54

Maharashtra 474.75

Odisha 442.63

Rajasthan 519.61

Tamil Nadu 481.04

Telangana 474.75

Uttar Pradesh 474.75

Limestone cost

State Skilled Semi-Skilled Unskilled

Andhra 

Pradesh
437.72 422.02 404.03

Assam 383.25 306.6 262.8

Bihar 403.00 330.00 318.00

Gujarat 371.80 363.30 355.30

Haryana 350.80 318.18 295.64

Jharkhand 451.39 342.43 326.86

Karnataka 587.86 542.23 500.74

Madhya 

Pradesh
436.92 383.92 350.96

Maharashtra 477.14 510.87 542.20

Orissa 326.00 366.00 416.00

Punjab 445.56 411.06 381.06

Rajasthan 283.00 271.00 259.00

Tamil Nadu 394.08 391.54 388.23

Telangana 461.18 429.03 400.88

Uttar Pradesh 451.65 403.19 366.54

West Bengal 414.00 377.00 342.00

Labour cost (₹)

Name of State
PG NRE Sources 

(%)

PG RE 

Sources (%)

Av. Cost of NRE 

Power

 (₹/KWh)

Av. Cost of RE 

Power

(₹/KWh)

Av. Cost of 

Power

 (₹/KWh)
Andhra Pradesh 0.75 0.25 4.71 2.42 4.13

Assam 0.90 0.10 5.14 3.58 4.99
Bihar 0.99 0.01 4.26 4.69 4.26

Gujarat 0.69 0.31 3.44 3.66 3.51
Haryana 0.95 0.05 3.99 2.78 3.93

Jharkhand 0.98 0.02 4.04 2.72 4.01
Karnataka 0.47 0.53 4.29 3.20 3.72

Madhya Pradesh 0.91 0.09 3.44 3.61 3.46
Maharashtra 0.86 0.14 4 4.12 4.02

Rajasthan 0.71 0.29 3.94 5.16 4.30
Tamil Nadu 0.72 0.28 3.73 3.72 3.73
Telangana 0.80 0.20 3.92 4.07 3.95

Uttar Pradesh 0.95 0.05 4.38 3.46 4.33
West Bengal 0.94 0.06 3.55 3.64 3.56



Results & 
Discussion



Annualized capital and maintenance (AC&M) and 
annualized operation (AO) costs. 

Breakdown of AO sub-costs including electricity (EC), sorbent (SC), 
labour (LC), and water (WC). Units in ₹/MWh.



Capital Cost (Maintenance+ Depreciation+ Financial) 
₹/MWh 

DFGD WFGD

Operation Cost (electricity (EC), sorbent (SC), labour (LC), and water 
(WC) ) ₹/MWh 
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Reduction in Premature Mortality



States Total Cost of FGD Total Health Benefit Net Cost
HR 1681 90 1592
PN 1621 52 1569
RJ 2564 322 2242
UP 9599 2543 7055
CG 5872 196 5676
GJ 4874 539 4336
MP 7031 842 6189
MH 6716 3256 3460
AP 4203 982 3221
KA 2038 1534 504
TN 2006 2486 -480
TL 2029 618 1411
BR 2117 920 1197
JH 1300 259 1040
OR 2320 353 1967
WB 3024 433 2591
AS 190 111 79

India 59184 15757 43427

State-wise net cost of FGD deployment (₹ crore) 
States Total Cost of FGD Total Health Benefit 

Net Cost
Niti Ayog CEA

HR 1681 90 1592 681
PN 1621 52 1569 802
RJ 2564 322 2242 990
UP 9599 2543 7055 1523
CG 5872 196 5676 2380
GJ 4874 539 4336 1464
MP 7031 842 6189 1868
MH 6716 3256 3460 66
AP 4203 982 3221 707

KA 2038 1534 504 -661
TN 2006 2486 -480 -1578
TL 2029 618 1411 373
BR 2117 920 1197 226
JH 1300 259 1040 440
OR 2320 353 1967 608
WB 3024 433 2591 1524
AS 190 111 79 79

India 59184 15757 43427 11494

NITI Ayog (₹1.4 
crore MW-1) and 
CEA (₹0.30–0.405 
crore MW-1) 



Conclusions



Urban and Regional Air quality Management (URAM)
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