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Abstract 25 

Given the urgency of climate change and the need for an energy transition, global 26 

coal power generation is rapidly declining. However, coal transition strategies 27 

optimized for cost-benefit and aligned with climate targets remain underexplored. Here, 28 

we develop a Plant-level Mixed-Integer Nonlinear Dynamic Optimization Model to 29 

conduct a cost-benefit optimization analysis for India’s coal-fired power plants, through 30 

which the study proposes differentiated phaseout roadmaps aligned with the 1.5°C and 31 

2°C climate targets. Our findings suggest that ambitious climate targets can yield more 32 

significant economic benefits, and more aggressive coal power retirement strategies are 33 

economically feasible. For example, Chhattisgarh and Uttar Pradesh could achieve the 34 

total net benefits of 171 and 110 billion US dollars in the 1.5°C and 2°C scenarios. 35 

Furthermore, incorporating social benefits into the evaluation will enhance the 36 

feasibility of the coal phaseout and reinforce India’s decarbonization commitments. 37 

 38 

 39 
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Introduction 41 

Economies worldwide are threatened by the losses and damages caused by climate 42 

change, making climate mitigation a global concern. India, the third-largest carbon-43 

emitting country globally, derives more than half of its carbon dioxide (CO2) emissions 44 

from coal power1–3. Therefore, coal power plays a pivotal role in achieving emission 45 

mitigation goals. For the world to have a chance of meeting the Paris Agreement’s 46 

temperature target, India needs to transition away from fossil fuels quickly4–6.  47 

The phaseout of coal power will result in both positive and negative effects. From 48 

one perspective, this transition may cause carbon-intensive assets to depreciate or retire 49 

before their expected lifetimes, resulting in stranded assets7,8. Studies have also found 50 

that India faces a high risk of stranded assets9,10. Additionally, the phaseout of power 51 

plants will interrupt their profitability, leading to cumulative profit losses over their 52 

expected lifespan. This interruption affects the financial stability of the power plant, as 53 

the revenue streams expected during the remaining operational years are lost. 54 

Furthermore, with the acceleration of the energy transition, the coal mining industry 55 

and related sectors supporting coal-based power generation will lose market share and 56 

employment opportunities, resulting in decreased tax revenues in coal-dependent 57 

regions11. From another perspective, this transition will generate social benefits by 58 

avoiding carbon emissions and thereby mitigating current and future climate damages. 59 

These avoided damages include impacts on agricultural production, reduced labor 60 

productivity, property losses, increased frequency of disasters, and induced 61 

migration12,13. In addition, actions to reduce carbon emissions often decrease associated 62 
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air pollutants, yielding co-benefits for air quality and public health14,15. Recent findings 63 

suggest that the negative impacts of climate change are concentrated in developing 64 

economies, commonly referred to as low- and middle-income economies according to 65 

the World Bank’s classification16. Among them, India bears the highest social cost of 66 

carbon17,18. Hence, these developing economies will implement higher carbon taxes for 67 

the nation’s benefit18. Overall, these positive and negative effects, crucial for India’s 68 

coal power transition, remain unclear. In future coal power planning, it is essential to 69 

fully consider both benefits and losses to conduct a comprehensive assessment of 70 

decisions. 71 

The Indian government is actively accelerating the deployment of renewable 72 

energy to achieve the target outlined in its updated Nationally Determined 73 

Contributions (NDCs), aiming for 500 gigawatt (GW) of non-fossil fuel installed 74 

capacity by 203019. As a result, India ranked fourth globally in renewable energy 75 

capacity in 202320. However, despite these efforts, the country remains heavily reliant 76 

on coal. As of 2020, the total installed capacity of operational coal-fired power plants 77 

was 233 GW, with an additional 53 GW of planned and under-construction units 78 

expected to come online by 2030. Moreover, with approximately 20% of its coal 79 

consumption reliant on imports, rising global coal prices are likely to intensify future 80 

coal supply pressures, substantially driving up the cost of coal-fired power generation 81 

and highlighting the urgent need to reduce India’s overreliance on coal21,22. 82 

Global and regional studies have utilized unit-level data, considering the 83 

heterogeneity of various factors and revealing the pathways for fossil fuel phaseout23–84 
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27. However, most evaluations are based on the multi-criteria decision analysis method 85 

for energy planning and scenario comparisons28. These studies usually consider each 86 

criterion and assign relative weights for decision aggregation, where the weights are 87 

often subjective and preference-based. Moreover, investigations on stranded assets due 88 

to coal power transition9,29–31 also generally believe that ambitious climate policies will 89 

lead to more stranded assets, but largely ignore the economic benefits of carbon 90 

emission reduction. A few studies have considered the carbon benefits of eliminating 91 

coal power and conducting cost-effectiveness analysis32, but the optimal solution has 92 

yet to be provided. Although the cost-benefit analysis can provide a comprehensive 93 

evaluation by converting all impacts into monetary terms33, coal power transitions will 94 

always be challenging regarding cost and benefit in the future. If the costs and benefits 95 

are incorporated into comprehensive assessments of coal facilities’ retirement and new 96 

construction, it will help promote coal power transition policies in developing countries 97 

consistent with the Paris Agreement. 98 

Despite substantial progress in renewable energy capacity expansion and a clearly 99 

defined strategic intent to develop renewable energy over the next decade, the timeline 100 

and pathway for India’s transition away from coal remain uncertain, particularly 101 

regarding the specific retirement schedule of individual coal-fired power plants. To fill 102 

this research gap, this study formulates a dynamic optimization problem to determine 103 

the optimal retirement schedule for India’s coal-fired power plants under the national 104 

carbon emission reduction pathway (CERP) established by the Intergovernmental Panel 105 

on Climate Change (IPCC). In this context, this study develops the Plant-level Mixed-106 
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Integer Nonlinear Dynamic Optimization Model (MIND-Plant). The model 107 

incorporates the evolution of the power system under 1.5°C and 2°C climate target 108 

scenarios, balancing environmental benefits (carbon emission reductions and avoided 109 

health risks), economic costs (profitability losses and stranded asset risks), and social 110 

risks (employment impacts). The optimization is performed iteratively using the Gurobi 111 

Optimizer version 10.0.3 to generate a progressive power plant retirement schedule, 112 

designing a gradual coal phaseout pathway aligned with India’s energy transition goals. 113 

Specifically, the model assigns a binary decision variable to each power unit, indicating 114 

whether it should retire in a given year. It then calculates the cumulative impacts across 115 

four dimensions from the retirement year until the end of its expected lifespan. The 116 

optimization process maximizes overall benefits and minimizes total costs, balancing 117 

these impacts to determine the optimal retirement year for each unit, ultimately solving 118 

the global optimum of this nonlinear problem. This study applies the optimization 119 

framework to analyze India’s coal power transition, and the results revealed optimal 120 

coal phaseout pathways from 2020 to 2060 under different climate targets. The findings 121 

indicated that to achieve the 1.5°C and 2°C climate goals, the average operational 122 

lifespan of India’s coal-fired power plants will be reduced by 12 years and 5 years, 123 

respectively. The plant-level coal phaseout roadmap developed in this study could guide 124 

the orderly retirement of India’s coal power plants and contribute to achieving India’s 125 

carbon reduction commitment under the 2030 NDC, providing a scientific basis for 126 

power transition pathways and policy formulation. 127 
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Results  129 

Characteristics and retirement pathways of India’s coal power units 130 

 131 

Fig. 1 | Characteristics of India’s coal power units and climate target pathways. a 132 

Geographic locations and the installed capacities of individual operating units in India. 133 

The map is based on factual evidence and displays the non-disputed areas under actual 134 

control. b Total installed capacity and age structure of operating units in each state (the 135 

baseline year is 2020), as well as the capacity of units under construction or planned 136 

(Pipeline). Capacity is expressed in megawatts (MW) at the unit level and in gigawatts 137 

(GW) at the state level. c, d India’s coal power capacity pathways consistent with 138 

limiting warming to 1.5°C and 2°C. The dark lines indicate median pathways, with 139 
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shaded areas representing the 5th–95th percentile range (light shading) and the 25th–140 

75th percentile range (dark shading). The raw scenario data is sourced from the Sixth 141 

Assessment Report (AR6) Scenario Database34. The base map was obtained from Esri 142 

ArcGIS 10.8. Map images © Esri and its licensors. Used under license. 143 

The spatial distribution of coal-fired power plants in India is illustrated in Fig. 1a. 144 

Coal power units are located across 21 states, with a total installed capacity of 233 GW 145 

as of 2020, primarily concentrated in the western and eastern regions. The top three 146 

states in terms of capacity are Chhattisgarh, Maharashtra, and Uttar Pradesh, with 147 

installed capacities of 27 GW, 25 GW, and 24 GW, respectively, accounting for 33% of 148 

the national total. Figure 1b illustrates the age structure of operating units, with 57% 149 

commissioned between 2000 and 2020, indicating a relatively young fleet. Additionally, 150 

approximately 53 GW of capacity is under construction or planned, and it is expected 151 

to come online within the next decade, with Uttar Pradesh leading with about 10 GW. 152 

The climate target pathways used in this study (Fig. 1c, d) show the projected trend 153 

in India’s coal power capacity, which is expected to peak between 2020 and 2030. The 154 

median pathway suggests that to limit warming to 1.5°C, coal capacity will gradually 155 

phase out by around 2045, while for a 2°C target, it will phase out by around 2055. 156 

Under stricter climate goals, coal retirement will accelerate to achieve higher emissions 157 

reduction targets. 158 
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Multidimensional effects of coal power phaseout based on cost-benefit analysis 160 

 161 

Fig. 2 | Cost-benefit analysis of coal power units. a, b Total costs and benefits of all 162 

units under the 1.5°C and 2°C scenarios, showing the cumulative values from early 163 

retirement to the end of the assumed lifetime. The shaded areas represent the range of 164 

uncertainty. c, d The cumulative values for each unit across four dimensions, with units 165 

sorted from left to right in increasing order. The bar colors represent the installed 166 

capacity of each unit (in gigawatt, GW). The four dimensions include carbon benefits, 167 

health benefits, plant losses, and tax & employment losses, all measured in billion US 168 

dollars (USD). The results include both operational and pipeline units. 169 

We conducted a cost-benefit analysis using a dynamic optimization approach, 170 

incorporating environmental, economic, and social dimensions. Carbon and health 171 

benefits reflect the advantage dimension, while tax & employment and plant losses 172 

correspond to the cost aspect. The model determined the optimal retirement year for 173 
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each unit and the optimal values for each objective. Figure 2a, b illustrate the trade-offs 174 

in cost-benefit for operating and pipeline coal units under the 1.5°C and 2°C climate 175 

targets. The blue solid lines represent the results for each dimension under the assumed 176 

lifetime of 40 years. The shaded areas indicate the uncertainty range results, accounting 177 

for an expanded assumed lifetime of 35–45 years, as well as variations in other 178 

parameters (see the uncertainty analysis section in Methods). Stricter climate targets 179 

result in higher plant losses and tax & employment losses, amounting to 516 billion US 180 

dollars (USD) (range: 377–723) under the 1.5°C scenario, and 253 billion USD (range: 181 

171–415) under the 2°C scenario. However, these stricter targets also yield 182 

substantially higher carbon and health benefits, reaching 1,879 billion USD (range: 183 

1,218–2,946) for 1.5°C, and 1,055 billion USD (range: 589–1,906) for 2°C. This 184 

highlights the economic advantages of pursuing ambitious temperature goals. Figure 185 

2c, d presents the results for individual units across dimensions, with the black line 186 

representing the value assumed for the 40-year lifetime. Significant variation exists 187 

between different units in all scenarios. Generally, large-capacity units, especially those 188 

exceeding 600 megawatts (MW), have a more substantial impact on carbon benefits 189 

and losses, consistent with their high emissions and energy consumption. This 190 

highlights the critical role of larger plants in impacting overall metrics and guiding 191 

decision-making. Additionally, health impacts are influenced by the regional 192 

background characterization factors of local pollutants, as measured per disability 193 

adjusted life years (DALYs) (Supplementary Fig. 5). 194 
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Phaseout roadmap for coal power units 196 

 197 

Fig. 3 | Phaseout roadmap of coal power units and their actual lifetimes under 198 

climate goals scenarios across periods. a, b The retirement year of individual coal 199 

power units. Operating units refer to those still in operation in the baseline year 2020, 200 

while pipeline represents units that are planned or currently under construction. The 201 

grey, red, green, and yellow dots represent operation units that have not yet been retired, 202 

operation units that have retired, commissioned pipeline units that have not yet been 203 

retired, and retired pipeline units, respectively. The size of the circles indicates the 204 

installed capacity (in megawatt, MW). The labels in the upper-right corner of each map 205 

indicate the number of retired units by type and their total capacity (in gigawatt, GW). 206 

The map is based on factual evidence and displays the non-disputed areas under actual 207 

control. c The actual lifetime of each unit under the 1.5°C and 2°C scenarios. d, e Cost-208 
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benefit outcomes for each state under two scenarios, ranked in descending order by net 209 

value from top to bottom. The benefits include carbon and health benefits, while the 210 

costs encompass plant loss and tax & employment loss. The base maps were obtained 211 

from Esri ArcGIS 10.8. Map images © Esri and its licensors. Used under license. 212 

Based on the optimization, we developed an optimized retirement schedule for 213 

each unit and mapped it spatially. Panels a and b of Figure 3 show the spatial 214 

distribution of operating and pipeline units in different states across four time periods 215 

(2020–2030, 2030–2040, 2040–2050, 2050–2060) under the 1.5°C and 2°C scenarios. 216 

Grey or red dots represent operational units that continue operating or retire within each 217 

period. In contrast, green or yellow dots indicate new pipeline units that start operation 218 

or quit shortly after. The 1.5°C target requires higher retirement rates, with 484 219 

operation units (105 GW) and 36 pipeline units (24 GW) phased out between 2020 and 220 

2030, even for larger plants, especially in the Eastern Coal Belt. This trend continues 221 

to increase between 2030 and 2040 (gradually increasing numbers of red and yellow 222 

dots). New units are also expected to retire before 2050, thereby increasing the risk of 223 

stranded assets. In contrast, the 2°C target allows for a more gradual retirement process, 224 

with more early retirements concentrated after 2030 (represented by more red dots). 225 

Moreover, the units have average lifetimes shortened to 28 and 35 years (Fig. 3c). These 226 

results highlight that achieving the 1.5°C target demands faster emissions reductions 227 

and large-scale early retirements, while the 2°C target allows more time for adjustment.  228 

From a state-level perspective (Fig. 3d, e), our retirement strategy reveals that 229 

Chhattisgarh could achieve the net benefits of 171 billion USD in the 1.5°C scenario, 230 
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retiring 83% of its installed capacity (25 GW) between 2030 and 2040. Similarly, Uttar 231 

Pradesh demonstrates the net benefits of 110 billion USD in the 2°C scenario, retiring 232 

48% of its installed capacity (15 GW) between 2040 and 2050. In addition, Maharashtra 233 

yields the most significant benefits in both scenarios but also incurs the highest costs. 234 

Specifically, under the 2°C scenario, plant losses, and tax & employment losses are 235 

estimated at 83 and 31 billion USD, respectively, increasing to 110 and 42 billion USD 236 

under the 1.5°C scenario (the results for each state are summarized in Supplementary 237 

Table 8 and Fig. 6). These findings underscore the need for each region to adopt a 238 

flexible and tailored transition plan to effectively manage the risks associated with the 239 

transition to a low-carbon economy.  240 

National and state-level environmental benefits 241 

 242 

Fig. 4 | Annual avoided carbon emissions and health impacts. a, b National results. 243 

c, d Results for the top 14 states ranked by installed capacity. The solid lines show 244 

results under the 40-year lifetime assumption, while the shaded areas indicate the range 245 

across lifetime scenarios (35–45 years). CO2 emissions are expressed in gigatonnes (Gt) 246 
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at the national level and in million tonnes (Mt) at the state level. Health impacts are 247 

measured by disability-adjusted life years (DALYs). 248 

We developed unit-level retirement pathways based on climate target constraints 249 

and cost-benefit optimization. Annual avoided CO₂ emissions and health impacts were 250 

calculated for each coal unit under the retirement strategy, with results aggregated at 251 

the state level. On a national scale (Fig. 4a, b), the more ambitious 1.5°C scenario 252 

achieves significantly higher cumulative avoided CO₂ emissions of 26 Gt (range: 20–253 

33) and health impacts of 1.3 million DALYs (range: 1.0–1.6) compared to the 2°C 254 

scenario, which achieves 15 Gt (range: 10–21) and 0.71 million DALYs (range: 0.4–255 

1.0) by the latter half of the Century. Additionally, the 1.5°C scenario achieves a faster 256 

emission reduction rate, with the gap between the two scenarios widening over time, 257 

highlighting the long-term benefits of more stringent climate goals. Peak annual 258 

avoided CO₂ emissions are projected at 1.09 Gt (range: 1.02–1.13) by 2043 (range: 259 

2040–2044) under the 1.5°C scenario and 0.74 Gt (range: 0.57–0.95) by 2048 (range: 260 

2045–2054) under the 2°C scenario. Beyond these peaks, scenarios assuming a 45-year 261 

operational lifetime yield more significant cumulative avoided CO₂ emissions and 262 

health impacts than those considering a 35-year operational lifetime, due to the 263 

extended service time of coal units, leading to more substantial cumulative reductions.  264 

At the state level, the 14 states shown in the figure account for 95% of India’s total 265 

installed capacity (Supplementary Fig. 4), with notable regional differences in benefits 266 

and losses. States with higher capacities, such as Uttar Pradesh, Madhya Pradesh, 267 

Chhattisgarh, and Maharashtra (23.7 GW, 22.8 GW, 27.5 GW, and 25 GW in 2020, 268 
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respectively), show more significant reduction potential, with cumulative avoided CO₂ 269 

emissions projected to reach 4.6–9.3 Gt (2°C) and 8.4–13.6 Gt (1.5°C) by 2080. In 270 

contrast, northern states like Punjab, Haryana, and Rajasthan have lower capacities, 271 

resulting in smaller avoided emissions. Additionally, an estimated 53 GW of new 272 

capacity expected by 2030 is likely to accelerate emissions reductions across most 273 

states thereafter. Avoided health impacts vary with location, population density, and 274 

baseline pollution levels. West Bengal, for example, has the highest regional particulate 275 

matter health impact factors (Supplementary Fig. 5) and thus the most significant 276 

cumulative avoided health impacts, estimated at 182 (range: 116–261) and 65 (range: 277 

36–113) thousand DALYs under the 1.5°C and 2°C scenarios, respectively. 278 

Discussion 279 

The low-carbon transition of the power industry is crucial for mitigating climate 280 

change. This study demonstrates that, under both the 1.5°C and 2°C scenarios, the 281 

benefits of carbon emissions reduction and health improvements generally outweigh 282 

the losses in tax revenue, employment, and power units’ profitability, with more 283 

ambitious climate targets proving to be more cost-beneficial. Based on the MIND-Plant 284 

model, the study further proposed the unit-level optimized retirement plan, revealing 285 

regional disparities under different climate targets: under the 1.5°C scenario, more units 286 

need to be retired between 2020 and 2030, concentrated in the north, west, and east; 287 

under the 2°C scenario, the retirement process is more gradual. These regional 288 

differences highlight the need for developing differentiated regional policies that 289 

provide adequate support and forward-looking planning for the more affected regions 290 
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during the transition process, thereby mitigating potential resistance. 291 

Although India’s coal capacity pipeline, including announced, pre-licensed, and 292 

licensed projects, has declined by 85% since 2014 (from 250 GW to 36 GW)22, some 293 

regions remain heavily reliant on coal for economic development, employment, and 294 

fiscal revenue, particularly in the Eastern Coal Belt11,35,36. These areas are therefore 295 

more vulnerable to the risk associated with the coal phaseout. For instance, under the 296 

1.5°C and 2°C scenarios, Maharashtra is projected to incur combined losses in power 297 

plant assets, tax revenues, and employment amounting to 152 and 114 billion USD, 298 

respectively (Fig. 3d, e). To ensure a just and sustainable energy transition, the 299 

government should prioritize targeted financial compensation, workforce retraining, 300 

and employment support for the regions most affected by the transition. 301 

Regional transition strategies are not only determined by spatial deployment, but 302 

also by the timing of interventions. Energy infrastructure, once established, tends to 303 

create long-term dependence on pathways. Hence, delayed decisions can reduce the 304 

flexibility of the power system and constrain future transition options29. India’s current 305 

operating coal power plants are relatively young, with an average age of 17 years. To 306 

align with the 1.5°C and 2°C climate targets, the average retirement age would be 307 

brought forward to 28 and 35 years, respectively. Our analysis outlined a structured 308 

coal transition pathway that includes the gradual phaseout of existing coal power plants 309 

starting in 2020 and the cessation of new coal power construction after 2030. Without 310 

such interventions, India’s coal capacity is projected to continue expanding. Emissions 311 

from these plants could undermine India’s NDC target and impede effective long-term 312 
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climate mitigation. If the power sector continues along its current trajectory, more 313 

costly measures, such as the deployment of carbon capture and storage or large-scale 314 

carbon dioxide removal technologies, will be required to offset rising emissions37. 315 

Moreover, the construction of proposed coal plants will result in resource lock-in and 316 

miss opportunities for potential investment in renewable energy38. Hence, cancelling 317 

planned coal power projects should be prioritized to prevent carbon lock-in, while 318 

simultaneously pursuing a strategic and regionally tailored phaseout of existing coal 319 

power plants. This strategy can also promote future technological innovation and policy 320 

development, ultimately contributing to the achievement of global climate mitigation 321 

goals. 322 

Reducing the environmental risks associated with coal power expansion is 323 

essential for sustainable development. The continued growth of coal power capacity 324 

poses serious threats to environmental quality, including increasing greenhouse gas 325 

emissions, worsening air pollution, and depletion of water resources. An early transition 326 

away from coal, in line with ambitious climate targets, can substantially mitigate these 327 

risks. Increasing urban air pollution and public health issues in India have become 328 

important drivers for reducing coal power39,40. If the phaseout strategy in this study is 329 

implemented, an estimated 1.0–1.6 million DALYs (1.5°C) and 0.4–1.0 million DALYs 330 

(2°C) can be avoided. At the same time, cumulative carbon emissions of 1.9–2.3 Gt 331 

(1.5°C) and 0.9–1 Gt (2°C) can be reduced by 2030. This strategy will help India 332 

achieve its NDC target of reducing carbon emissions by 1 Gt by 2030. As India prepares 333 

to update its 2035 NDC, the findings will also help mobilize international support for a 334 
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more ambitious and actionable decarbonization roadmap, thereby avoiding a lock-in to 335 

a high-carbon development trajectory. 336 

India has introduced policies such as the Production Linked Incentive scheme to 337 

support the renewable energy goals41. In parallel, the country aims for non-fossil fuel 338 

sources to account for approximately 50% of total power generation, meeting half of 339 

its energy demand by 2030 and reinforcing its commitment to net-zero emissions by 340 

2070. Among them, wind and solar power exhibit high scalability, maturity, and 341 

commercial viability in India42, with solar power capacity reaching 92 GW in 202443. 342 

While these low-cost renewable energy sources are expected to meet future energy 343 

demand, the transition to renewable energy still faces challenges in technology, finance, 344 

and infrastructure. 345 

This study primarily focuses on the transition and retirement pathways of coal-346 

fired power units, along with their associated environmental and socioeconomic 347 

impacts, while broader topics such as energy security and renewable energy substitution 348 

are beyond the scope of this paper. It is essential to note that although the model outlines 349 

an framework for coal power retirement, the implementation in the real world is subject 350 

to multiple uncertainties, including renewable energy potential, grid flexibility, social 351 

acceptance, and political will. In particular, regions with weak regulatory capacity or 352 

high fiscal dependence on coal may face stronger political resistance, which could 353 

potentially delay the transition process. These potential barriers and critical 354 

uncertainties suggest that, while this study represents a exploration of power transition, 355 

the actual decarbonization pathway is likely to be more complex than model projections 356 
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indicate. Future research should adopt interdisciplinary approaches, integrate external 357 

variables such as electricity market fluctuations and policy dynamics, and 358 

systematically assess the technological potential and feasibility of renewable energy 359 

alternatives to provide more comprehensive support for a fair and sustainable power 360 

transition. 361 

Methods 362 

Optimization framework 363 

To determine the optimal retirement schedule for coal-fired power plants in India 364 

under the CERP set by the IPCC, this study develops the MIND-Plant model to conduct 365 

a cost-benefit analysis of both operational and pipeline coal-fired power plants. The 366 

Gurobi Optimizer version 10.0.3 is employed as the solver to achieve dynamic 367 

optimization through iterative computation. Specifically, the model assumes that a unit 368 

retires before the end of its assumed lifetime, and the avoided carbon emissions and 369 

PM2.5-related health impacts from the retirement year to the end of its assumed lifetime 370 

are considered benefits. However, such early retirement also results in profit loss, 371 

stranded assets, tax, and employment losses caused by the premature closure of the unit, 372 

which is defined as costs. These costs, together with the avoided carbon emissions and 373 

health impacts, constitute the optimization objectives of the model. We monetize the 374 

benefits of avoided carbon emissions and health impacts, compare them with the cost, 375 

and aggregate these objectives into a single objective function, allowing the model to 376 

optimize and solve for the final result. 377 
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Based on these objectives, the model incorporates capacity constraints aligned 378 

with climate targets and balances the impacts across multiple dimensions to maximize 379 

benefits and minimize costs for all units. During the optimization process, a binary 380 

decision variable is assigned to each power unit for each year, indicating whether it 381 

should retire. It then iteratively calculates cumulative impacts across the four 382 

dimensions, spanning from the retirement year to the unit’s assumed end of its lifetime. 383 

Through this process, the model aims to maximize the system’s cost-benefit and 384 

identify the global optimum for this complex nonlinear problem. Ultimately, the model 385 

determines the optimal retirement year for each unit, deriving the optimal value for each 386 

dimension, and provides the optimal retirement schedule for each power plant. 387 

The objective functions are as follows: 388 

( )( ),

, , , ,

,

Maximize
i j

retire

Y lifetime

i j t i t j tt t
i I j J

CB x x
+

=
 

 +               (1) 389 

( )( ),

, , , ,

,

Maximize
i j

retire

Y lifetime

i j t i t j tt t
i I j J

HB x x
+

=
 

 +                (2) 390 

( )( ),

, , , ,

,

Minimize
i j

retire

Y lifetime

i j t i t j tt t
i I j J

TJ x x
+

=
 

 +                (3) 391 

( )( ),

, , , ,

,

Minimize
i j

retire

Y lifetime

i j t i t j tt t
i I j J

PL x x
+

=
 

 +                (4) 392 

Where ,i tx  and ,j tx   are binary decision variables indicating whether the 393 

operational unit i  or pipeline unit j  retires in year t . The decision variables ,i tx394 

=1 or ,j tx =1 if operation unit i  or pipeline unit j  begins retire in year t , and it 395 

takes the value of 0 otherwise. , ,i j tCB  , , ,i j tHB  , , ,i j tTJ  , and , ,i j tPL  , represent the 396 

cumulative carbon benefit, health benefit, tax & employment loss, and plant loss of unit397 

 i   and j   from retirement year (
retiret  ) to the end of the assumed lifetime year 398 
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( ,i jY lifetime+ ), respectively. ,i jY  denotes the online year of the operation unit i  and 399 

the commission of unit  j , respectively. lifetime  is the assumed lifespan of 40 years, 400 

and we conduct an uncertainty analysis by extending the assumed lifetime range to 35–401 

45 years. These benefits or losses occur after the unit retires. I  and J  represent the 402 

fleets in operation and commission, respectively.  403 

Set up constraints 404 

For each year t , the total capacity of all non-retired units aligns with the capacity 405 

pathway for the 1.5°C or 2°C targets. Each unit may be phased out once during the 406 

planning period. 407 

( ) ( )( ), , ,1 1
i j

j j

Y lifetime Y lifetime

i i t j j Y j t t tY Y
i j

Cap x Cap c x C Є
+ +

− + −  +        (5) 408 

, 1
i

i

Y lifetime

i tY
x

+
  

i I                         (6) 409 

, 1
j

j

Y lifetime

j tY
x

+
  j J                        (7) 410 

, 1
j

j

Y lifetime

j tY
c

+
  j J                        (8) 411 

Where 
iCap  and  jCap are capacity of unit i  and j , respectively. 

, jj Yc  is the 412 

binary decision variable indicating whether the pipeline unit j  is commissioned in the 413 

year jY . 
tC  is the capacity pathway under the climate targets.   tЄ  is a non-negative 414 

slack variable introduced to allow a certain degree of exceedance. In addition to 415 

capacity constraints, it is also necessary to meet assumed lifetime constraints ( lifetime ), 416 

meaning units that have operated for their designated lifetime must be retired. Formulas 417 

(6) and (7) indicate that each unit in operation and pipeline can only be retired once 418 

during its lifetime, respectively. Formula (8) suggests that each pipeline unit can only 419 

come online once. Under the capacity constraints consistent with climate targets, the 420 
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model iteratively solves to determine the optimal retirement year for each unit that 421 

achieves the maximum cost-benefit. The cumulative impacts across all dimensions 422 

from the optimal retirement year to the end of the assumed lifetime can also be obtained. 423 

Carbon benefit 424 

In our study, we use the avoided CO2 emissions from coal units to estimate social 425 

benefits, which are calculated in terms of the social cost of carbon (SCC). The SCC 426 

represents the economic cost associated with climate damage caused by emitting an 427 

additional tonne of carbon dioxide44. SCC provides a monetary estimate of the marginal 428 

damages of climate change. 429 

The cumulative carbon benefits of coal power units are as follows: 430 

( )( ),

  , , , , , ,,

i j

retire

Y lifetime

i j t i j t t i j ti j t t t
CB x SCC E

+

=
=                 (9) 431 

( ) ( )( )
( )0  

1 / 1
t t

t sccSCC SCC g d
−

=  + +                (10) 432 

Where 
tSCC  is the social cost of carbon in year t , adjusted for growth rate and 433 

discount rate. , ,i j tE   is CO2 emissions of unit i   and j   in year t  , measured in 434 

tonnes. The base SCC in 2020 is fixed at 86 USD tCO2
-1, with an annual growth-435 

adjusted rate (g) of 2.2%17,18. The carbon benefit is discounted (
sccd ) at a rate of 3%17. 436 

0t  represents the base year, 2020. 437 

The CO2 emissions from coal power units primarily depend on the capacity, 438 

capacity factor, and the type of coal used. Referring to the calculation methods from ref. 439 

45, the annual CO2 emissions (tCO2 year-1) for each power unit are calculated as follows: 440 

, , , , , ,   i j t i j t i j i jE G HR EF c=                       (11) 441 

Among them, , ,  i j tG   is the electricity generation of unit i   and j   in year t  , 442 

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



23 

 

calculated by unit-level capacity (MW), capacity factor (%), and operating hours. We 443 

compiled the electricity generation data from each power plant in India using Central 444 

Electricity Authority (CEA) Monthly Generation Reports 202046, including annual 445 

generation and capacity factor. We matched it with our power unit dataset and used the 446 

state average value from the CEA reports for power units that lacked capacity factor 447 

data (Supplementary Table 2). ,i jHR  denotes the heat rate in British thermal unit per 448 

kilowatt-hour (Btu kWh-1)47 (Supplementary Table 3), and ,i jEF   represents the 449 

emission factor in kilogram CO2 per terajoule (kgCO2 TJ-1), dependent on coal type48 450 

(Supplementary Table 4). c  is a unit conversion constant, equal to 9.242710-6. 451 

Health benefit 452 

As air pollution is a major global cause of premature death, its associated human 453 

health impacts have garnered extensive attention49,50. Air pollution from coal power 454 

generation contributes to approximately 80–112 thousand premature deaths annually in 455 

India, resulting in substantial economic losses15,51,52. Therefore, we further incorporate 456 

the avoided health impacts related to air pollution in our assessment, quantifying them 457 

as economic benefits. 458 

We spatially model the health burden and related economic impact caused by 459 

primary air pollutant emissions, including sulfur dioxide (SO2), nitrogen oxides (NOx), 460 

and fine particulate matter (PM2.5). Specifically, we estimate the health burden from 461 

primary PM2.5 pollution at each facility location using the methods described by 462 

Oberschelp et al.53. We then characterize this burden in terms of DALYs, which measure 463 

both the years of life lost due to premature mortality and the years lived in less than full 464 

health54. We then refer to the methods from Rauner et al.55 to monetize health effects 465 

using willingness-to-pay valuation, thereby converting the health impacts associated 466 
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with air pollution into monetary terms. 467 

2 2.5, , , , , , , , , , , , , , , , ,i j t i j t SO i j t i j t NOx i j t i j t PM i j tDALY S cf N cf P cf=  +  +          (12) 468 

  (13) 469 

Where , ,i j tHB  is the avoided economic loss in health benefits due to avoiding air 470 

pollutant emissions for unit i   and unit j   in year t  . , ,i j tDALY   is the disability-471 

adjusted life year caused by exposure to primary PM2.5. , ,i j tS  , , ,  i j tN  , and , ,  i j tP472 

represent the annual primary emissions of SO2, NOx, and PM2.5 at the unit level, 473 

measured in kg. 
2SOcf , 

NOxcf , and 
2.5PMcf  are the regional characterization factors for 474 

each pollutant emission per DALY, derived from high-resolution global 475 

characterization factor maps (Supplementary Fig. 5) with a spatial resolution of 476 

0.25°×0.25°. These maps are developed using atmospheric transport and chemical 477 

models for several major air pollutants53. 
DALYV  reflects the amount willing to be paid 478 

to mitigate the risk of premature death and non-optimal health for one year of life, 479 

valued at 118,421 USD per DALY55. α is the regional adjustment factor for India 480 

(Supplementary Table 5). Economic impacts due to health impacts are discounted at a 481 

rate of 5% (
hbd )56. 482 

, , , , , , , , ,, ,i j t i j t i j t i j t i j kS N P G HR ef c=                   (14) 483 

, ,i j tG  is the electricity generation of each power unit, measured in kWh; 
kef  is the 484 

emission factors for pollutant class k  , measured in grams per kWh (g kWh-1) 485 

(Supplementary Table 6). Regional emission factors come from the 486 

ECLIPSE_V6b_CLE_base emission scenario dataset developed by the GAINS model57. 487 

c is the constant for converting energy units from Btu to TJ, equal to 1.055×10⁻⁹. 488 
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Tax and employment loss 489 

Transition away from coal power is likely to have adverse impacts on government 490 

tax revenues and local employment. Therefore, tax ( , ,i j tT ) and employment losses are 491 

incorporated into the optimization model. 492 

In this study, the taxes for coal-fired power plants include direct taxes ( , , ,direct i j tT ), 493 

indirect taxes ( , , ,GST i j tT ), and coal taxes (  Compensation , , ,GST Cess i j tT ). The direct taxes primarily 494 

consist of income tax, corporate tax, capital gains tax, and securities transaction tax, 495 

accounting for 30% of net income. If revenue exceeds Indian Rupee (INR) 10 million, 496 

an additional surcharge of 2% is also levied58. The indirect taxes consist of Goods and 497 

Service Tax (GST), which has replaced the previous State Value-Added Tax, Central 498 

Sales Tax, and Service Tax on Transportation58. The coal tax is an implicit carbon tax 499 

levied on mined coal, also known as the Clean Energy Cess or Clean Environment Cess. 500 

Since the introduction of the coal tax, the price of coal has increased from INR 50 per 501 

tonne in 2010 to INR 400 per tonne in 201659. With the introduction of GST in India in 502 

July 2017, the Taxation Laws Amendment Act 2017 abolished the Clean Energy Cess. 503 

In its place, the GST Compensation Cess was introduced at a rate of 400 INR per 504 

tonne60. 505 

The formulas for calculating tax revenue are as follows: 506 

( )
( )

( )

,

0

, , , , , ,     , , ,

, , , ,  ,
1

i j

retire

Y lifetime direct i j t GST i j t GST Compensation Cess i j t

i j t i j t t ti j t t t

tax

T T T
T x

d

+

−=

+ +
=

+
     (15) 507 

, , , , ,direct i j t i j t directT NP r=                       (16) 508 

, , , ,/ 5%GST t i j t coal costT G HR LHV C=                  (17) 509 
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 Compensation Cess, , , /GST t i j t cessT G HR LHV r=                (18) 510 

Where, , ,  i j tT is total tax. 
directr  represents the income tax rate (the value is 32% if 511 

, ,i j tNP ＞= INR 10 million, else 30%, assuming 1 USD = 74 INR in 2020). , ,  i j tNP  is the 512 

net profit of the unit. 
cessr  represents the GST Compensation Cess rate, which is INR 513 

400 per tonne. LHV is the lower heat value, measured in kilocalories per kg (kcal kg-514 

1)47. The tax revenue is discounted at a rate of 10% (
taxd )61. 515 

To assess the losses incurred by India from the gradual phaseout of coal power, 516 

the impacts on unemployment are calculated by applying the corresponding 517 

employment factors to the installed capacity and electricity generation. The total 518 

number of jobs is estimated by multiplying the installed coal capacity by the 519 

employment multiplier for the operation and maintenance sector, expressed in jobs per 520 

MW62. We use the average real wages in the Indian power sector, as reported by the 521 

International Labour Organization, to represent the wages of coal power plant workers63. 522 

Employment losses are then monetized and discounted at a rate of 3%17. This section 523 

mainly focuses on the direct employment losses resulting from the shutdown of coal 524 

power plants, specifically the unemployment of operation and maintenance workers. It 525 

excludes jobs in construction, installation, manufacturing, coal mining, and 526 

transportation64. Although the retirement of power plants may generate new 527 

employment opportunities, this aspect is not considered in this study. 528 

Power plant loss 529 

To meet climate targets, coal-fired power plants are expected to retire early, 530 

resulting in plant losses that include foregone profit opportunities ( , ,i j tPL ) and stranded 531 

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



27 

 

assets ( , ,i j tSA ). We first assess the profitability of each unit. Annual profit is estimated 532 

as the difference between annual revenues and costs. Revenues are calculated based on 533 

electricity prices and the electricity generation of units. 534 

( )
( )( )0,

, , , , , ,,
/ 1

i j

retire

t tY lifetime

i j t i j t i j t npi j t t t
PL x NP d

−+

=
= +              (19) 535 

, , , , , ,i j t i j t i j tNP EP G C=  −                      (20) 536 

In this context, , ,i j tNP  is the annual net profit of unit i and unit j in year t, which 537 

is calculated by revenue minus cost ( , ,i j tC ). Revenue is measured by electricity prices 538 

( EP  ) and electricity generation ( , ,i j tG  ), and the value of EP   in each state as 539 

referenced in the reports published by each State Electricity Regulatory Commission65. 540 

, ,i j tC   include fuel delivery costs (
coalC  , USD per tonne), variable operating and 541 

maintenance costs ( ,OM variableC  , USD kWh-1), fixed operating and maintenance costs 542 

( ,OM fixedC , USD kW-1). The units’ profit is depreciated at a discount rate npd , which is 543 

10%47,61. 544 

, , , , , , , , , , , , ,i j t coal i j t OM fixed i j t OM variable i j tC C C C= + +              (21) 545 

, , , , , , , /coal i j t coal cost i j t i jC C G HR LHV=                  (22) 546 

Where the coal cost is measured by the delivered coal price ,coal costC  , which 547 

includes purchase and transportation costs. , ,OM fixed unitaryC   and , ,OM variable unitaryC   are 548 

referenced from the research of Mallah et al.66 549 

, , ,OM fixed OM fixed unitaryC C Capacity=                  (23) 550 

, , , , ,OM variable OM variable unitary i j tC C G=                   (24) 551 

Second, we explore the risk of stranded assets for units under climate scenarios 552 

and consider this as a loss. Unrecovered capital costs are used as a measure of stranded 553 

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



28 

 

assets. The abandonment value of power plants retired prematurely is calculated as the 554 

total capital of the assets multiplied by the portion of the expected lifespan that is 555 

abandoned due to early retirement7. Stranded Assets are calculated using the following 556 

formula10: 557 

( )( ) ( )
( )0

, , , ,OCC / / 1
t t

i j t i j i j sdSA Cap L RL L d
−

=   − +           (25) 558 

In the formula, , ,i j tSA  is stranded assets for unit i  and unit j in year t ; ,i jCap  559 

represents capacity; L denotes the assumed lifetime; ,i jRL  stands for retirement age; 560 

and OCC represents the overnight capital cost for each power unit (measured in USD 561 

per kW), which is estimated based on the research conducted by Dulong et al.9 And the 562 

stranded assets are discounted by 5% to the base year (
sdd )9,67. The retirement of units 563 

that have operated beyond their fixed lifespan will not result in any stranded assets, as 564 

the initial capital cost has been fully paid68. Therefore, we only consider units with 565 

,i jL RL , otherwise, the stranded assets are zero. 566 

Scenario description 567 

We conducted a bottom-up assessment of environmental emissions and economic 568 

characteristics for each coal power unit, while retirement decisions were guided by top-569 

down climate target trajectories. Phaseout strategies consistent with 1.5°C and 2°C 570 

pathways were designed to evaluate the cost-benefit of coal power units. 571 

We compared the future pathways of coal power capacity under the 1.5°C and 2°C 572 

targets with the actual operational capacity for each year. This process identifies the 573 

surplus capacity exceeding the climate target, which is then sequentially deducted from 574 

the actual operational capacity based on cost-benefit maximization decisions. This step 575 
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is repeated iteratively to ensure that the operational capacity aligns with climate-576 

compatible targets for specific years. The raw data in climate scenarios were obtained 577 

from the IPCC Sixth Assessment Report (AR6) Working Group III (WGIII) Scenario 578 

Database, hosted by the International Institute for Applied Systems Analysis34, which 579 

provided coal power capacity pathways under 1.5°C and 2°C scenarios. We use 580 

categories C1 (no or limited overshoot) and C2 (high overshoot) for 1.5°C consistent 581 

pathways, and Categories C3 (likely below 2°C) and C4 (below 2°C) for 2°C pathways 582 

(see Supplementary Table 1 for descriptions). Power scenarios from seven major 583 

integrated assessment models (GCAM, AIM/CGE, MESSAGE-GLOBIOM, IMAGE, 584 

REMIND, WITCH, and POLES) were employed to analyze coal power pathways 585 

across 379 recent scenarios, encompassing trajectories aimed at limiting average global 586 

warming to 1.5°C and 2°C by the end of the Century. Since each model generates 587 

parameter outputs at 5- or 10-year intervals, we employed second-order polynomial 588 

interpolation to derive annual data. The median and range of the results are presented 589 

in Fig. 1c, d. We assumed the current operational and pipeline coal fleet would not 590 

transition to units equipped with Carbon Capture, Utilization, and Storage, biomass 591 

energy, or natural gas. 592 

Additionally, India’s coal power units are relatively new, with an average 593 

operational lifetime of about 17 years. We adopt a typical coal power plant assumed 594 

lifetime of 40 years1,69,70, and conduct an uncertainty analysis by extending the assumed 595 

lifetime range to 35–45 years. The analysis encompassed the operational capacity in the 596 

baseline year of 2020 and the pipeline capacities for the years after that. 597 
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Characteristics of coal plants 598 

We utilized unit-level data from the World Electric Power Plants (WEPP) database 599 

by S&P Global Platts71, which was cross-validated with the Global Energy Monitor 600 

database72, to analyze currently operational coal-fired power plants in India. The unit-601 

level information includes the vintage year, installed capacity, coal type, and location. 602 

For units without online years, we estimate the median value of all fleets. Since the 603 

WEPP database does not include latitude and longitude information for power plants, 604 

we used Google Earth to map each unit’s location based on the physical addresses 605 

provided in the WEPP database (Supplementary Fig. 2). And for a few small units that 606 

were not visible on satellite imagery, we approximated their location using the 607 

geographical coordinates of the respective administrative district. Besides, our unit-608 

level inventory includes 1,305 operations (operating in the baseline year of 2020) and 609 

113 pipelines (planned or under construction before 2030) in India, with a combined 610 

installed capacity of 233 GW and 53 GW, respectively (Supplementary Fig. 3). 611 

Uncertainty analysis 612 

Since the model includes multiple key parameters, we conducted a quantitative 613 

uncertainty analysis of them and their impacts on multidimensional outcomes, 614 

including assumed lifetime, SCC, capacity factor, and discount rate. The assumed 615 

lifetime range was extended to 35–45 years, and the capacity factor was conducted with 616 

a ±5% variation. Discount rates were applied to convert future benefits and costs into 617 

present values, enabling comparability of cost-benefit outcomes over time. In our model, 618 

the discount rate applies to multiple dimensions, including carbon benefits, health 619 

ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS



31 

 

benefits, taxes, employment, plant profits, and stranded assets. By defining parameter 620 

ranges and performing iterative simulations, we explored the extent to which variations 621 

in assumptions influence the results. The specific ranges for each parameter are 622 

provided in Supplementary Table 9. Additionally, we performed a comprehensive 623 

assessment based on the assumed lifetime range of 35–45 years, incorporating the 624 

uncertainty of various parameters. The results of the uncertainty analysis are presented 625 

in Supplementary Figs. 9–12. 626 

Data Availability 627 

The unit-level data are collected from the World Electric Power Plants database 628 

(https://www.spglobal.com/marketintelligence/en/)71 and the Global Energy Monitor 629 

database (https://globalenergymonitor.org/zh-CN/projects/global-coal-plant-tracker/)72. 630 

Raw data for climate scenarios are from the IPCC AR6 WGIII Scenarios Database34. 631 

The base maps used in this study were generated using Esri-standardized datasets 632 

within ArcGIS 10.8. All geospatial processing and visualization were performed by the 633 

authors. Map images © Esri and its licensors. Used under license. Source data are 634 

provided with this paper. The data that support the other findings within this article can 635 

be obtained from the author upon request.  636 

Code Availability  637 

The code used to process all modeling results and create all related images is 638 

publicly available on Zenodo: https://doi.org/10.5281/zenodo.1422951073. The model 639 

was written in Python (version 3.11.7), and optimization modeling was performed using 640 

the Gurobi solver (Version 10.0.3): https://www.gurobi.com/. Spatial data analysis was 641 
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carried out using the Geopandas package (Version 0.14.3): 642 

https://geopandas.org/en/v0.14.3/.  643 
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Figure Legends 832 

Fig. 1 | Characteristics of India’s coal power units and climate target pathways. a 833 

Geographic locations and the installed capacities of individual operating units in India. 834 

The map is based on factual evidence and displays the non-disputed areas under actual 835 

control. b Total installed capacity and age structure of operating units in each state (the 836 

baseline year is 2020), as well as the capacity of units under construction or planned 837 

(Pipeline). Capacity is expressed in megawatts (MW) at the unit level and in gigawatts 838 
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(GW) at the state level. c, d India’s coal power capacity pathways consistent with 839 

limiting warming to 1.5°C and 2°C. The dark lines indicate median pathways, with 840 

shaded areas representing the 5th–95th percentile range (light shading) and the 25th–841 

75th percentile range (dark shading). The raw scenario data is sourced from the Sixth 842 

Assessment Report (AR6) Scenario Database34. The base map was obtained from Esri 843 

ArcGIS 10.8. Map images © Esri and its licensors. Used under license. 844 

Fig. 2 | Cost-benefit analysis of coal power units. a, b Total costs and benefits of all 845 

units under the 1.5°C and 2°C scenarios, showing the cumulative values from early 846 

retirement to the end of the assumed lifetime. The shaded areas represent the range of 847 

uncertainty. c, d The cumulative values for each unit across four dimensions, with units 848 

sorted from left to right in increasing order. The bar colors represent the installed 849 

capacity of each unit (in gigawatt, GW). The four dimensions include carbon benefits, 850 

health benefits, plant losses, and tax & employment losses, all measured in billion US 851 

dollars (USD). The results include both operational and pipeline units. 852 

Fig. 3 | Phaseout roadmap of coal power units and their actual lifetimes under 853 

climate goals scenarios across periods. a, b The retirement year of individual coal 854 

power units. Operating units refer to those still in operation in the baseline year 2020, 855 

while pipeline represents units that are planned or currently under construction. The 856 

grey, red, green, and yellow dots represent operation units that have not yet been retired, 857 

operation units that have retired, commissioned pipeline units that have not yet been 858 

retired, and retired pipeline units, respectively. The size of the circles indicates the 859 

installed capacity (in megawatt, MW). The labels in the upper-right corner of each map 860 
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indicate the number of retired units by type and their total capacity (in gigawatt, GW). 861 

The map is based on factual evidence and displays the non-disputed areas under actual 862 

control. c The actual lifetime of each unit under the 1.5°C and 2°C scenarios. d, e Cost-863 

benefit outcomes for each state under two scenarios, ranked in descending order by net 864 

value from top to bottom. The benefits include carbon and health benefits, while the 865 

costs encompass plant loss and tax & employment loss. The base maps were obtained 866 

from Esri ArcGIS 10.8. Map images © Esri and its licensors. Used under license. 867 

Fig. 4 | Annual avoided carbon emissions and health impacts. a, b National results. 868 

c, d Results for the top 14 states ranked by installed capacity. The solid lines show 869 

results under the 40-year lifetime assumption, while the shaded areas indicate the range 870 

across lifetime scenarios (35–45 years). CO2 emissions are expressed in gigatonnes (Gt) 871 

at the national level and in million tonnes (Mt) at the state level. Health impacts are 872 

measured by disability-adjusted life years (DALYs). 873 
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 884 

 885 

 886 

 887 

 888 

Editorial Summary: 889 

This study develops a plant-level dynamic optimization model outlining India’s coal power 890 

phaseout pathways aligned with climate targets. The results show that ambitious goals are 891 

more cost-beneficial, and social benefits can enhance the feasibility of the transition.  892 
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