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Abstract 18 

China’s clean heating policy since 2017 has notably improved air quality. However, the share of 19 

non-fossil sources in China’s urban district heating systems remains low, and many new coal-20 

fired combined heat and power (CHP) plants are being built. Strategic choices for district heating 21 

technologies are necessary for China to reach peak carbon emissions by 2030 and achieve carbon 22 

neutrality by 2060. Here we find that replacing polluting coal technologies with new and 23 

improved coal-fired CHP plants will lead to significant carbon lock-in and hinder 24 

decommissioning of associated coal-fired electricity generation. Expanding the use of industrial 25 

waste heat and air/ground-source heat pumps can avoid the need for new CHP construction and 26 

reduce carbon emissions by 27% from 2020 to 2030. Such a transition will unevenly increase 27 

heating costs depending on nearby availability of CHP and waste heat resources. Our findings 28 

inform implementation of the government’s recent proposals to decarbonize district heating.   29 

mailto:mauzerall@princeton.edu


 

Page 2 of 22 
 

Introduction   30 

Mitigating carbon emissions from heating buildings is a critical part of the global energy 31 

transition1. District heating systems, widely used in China, Russia, and Europe, distribute heat 32 

from a central location through insulated pipes to buildings throughout a city. District heating is 33 

promising for decarbonizing heating as it can integrate diverse low-carbon heat sources2. 34 

However, the full potential of district heating’s decarbonization remains largely untapped. In 35 

2020, fossil fuels accounted for 90% of global district heat production, contributing to nearly 4% 36 

of global CO2 emissions3. Meeting global climate goals requires a substantial increase in the use 37 

of non-fossil energy sources, including industrial waste heat and large heat pumps powered by 38 

decarbonized electricity, in district networks3.  39 

 40 

Northern China hosts the world’s largest district heating systems, consuming more energy than 41 

the entire UK and contributing ~1.5% of global CO2 emissions4. Until 2016, China’s district 42 

heating predominantly relied on inefficient polluting coal boilers and small-scale combined heat 43 

and power (CHP) plants. In addition to carbon emissions, these facilities contributed to severe air 44 

pollution, adversely affecting public health5. In response to the severe air pollution, the Chinese 45 

government launched a nationwide clean heating campaign in 20176. A primary objective of the 46 

campaign was to replace polluting coal boilers and small-scale CHP plants with various clean 47 

district heating technologies, including large and efficient CHP plants (equipped with air 48 

pollutant emission control systems), natural gas boilers, and various non-fossil heating 49 

technologies. As a result, urban district heating demand met by large CHP plants increased to 50 

54% in 2021, greatly contributing to the notable improvements in air quality observed in China 51 

in recent years7,8. However, the share of non-fossil sources in China’s district heating systems 52 

remains low (~10% in 2021)8, falling short of the 27% non-fossil heating goals set by the clean 53 

heating campaign for 20219.  54 

 55 

For China to peak carbon emissions by 2030, reducing emissions from district heating will be 56 

crucial particularly in industrial cities where carbon emissions continue to rise10. Spurred by the 57 

announcement of the 2060 carbon neutrality goal, the Chinese government recently announced 58 

several clean heating policy proposals aimed at decarbonizing district heat, including increasing 59 

heat electrification and deploying low-carbon district heating technologies (Supplemental Table 60 

1). Meeting the carbon neutrality goal will require an extraordinary near-term effort to expand 61 

low-carbon heat sources in China’s district heating networks so that non-CHP sources contribute 62 

nearly two-thirds of total district heating by 203011. Some studies highlighted the benefits of 63 

increasing the use of coal-fired CHP resources but did not consider associated carbon lock-in 64 

risks12,13. No previous studies, to the best our knowledge, have systematically evaluated the cost 65 

and emission implications of district heating options in China (Supplementary Note 1).  66 

 67 

Here we examine the cost and emission implications of various possible near-term (2020-2030) 68 

district heating investment scenarios based on the assessment of 15 currently available district 69 

heating technologies. These investment scenarios range from a business-as-usual scenario 70 

(“high-coal”), representing practices prior to the carbon neutrality announcement, to an 71 
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ambitious decarbonization scenario (“low-coal”), consistent with the full implementation of 72 

recent clean heating policy proposals. We find that the business-as-usual approach, i.e., replacing 73 

polluting coal technologies with existing and new coal-fired CHP plants, while resulting in cost 74 

savings, poses a risk of carbon lock-in and hinders the decarbonization of the power sector. In 75 

contrast, we find that expanding the adoption of industrial waste heat and air/ground-source heat 76 

pumps can facilitate achievement of the new heating policy proposals and avoid the need for new 77 

CHP plant construction, leading to a 27% emission reduction from 2020 to 2030. Such transition 78 

will increase the national total annualized costs per unit heat by 9% from 2020 to 2030, while 79 

unevenly affecting cities depending on the nearby availability of CHP heating sources and 80 

industrial waste heat. 81 

 82 

District heating technologies  83 

We assess CO2 emissions, costs, and availability of various district heating technologies, 84 

including five fossil fuel technologies and ten non-fossil technologies (Figure 1 and 85 

Supplemental Table 2). Currently widely used coal-based technologies, i.e., coal boilers and 86 

CHP-extraction, have low costs but high CO2 emissions. Improved coal-fired CHP technology 87 

utilizes large absorption heat pumps to recover waste heat from the power plants’ cooling system 88 

(Supplementary Note 2), resulting in substantial reductions in both costs and emissions 89 

compared to current coal-based technologies. We find that the improved CHP technology has 90 

CO2 emission factors only slightly higher than those of natural gas boilers and most grid-based 91 

options that use the 2020 power mix.  92 

 93 

Replacing coal-based technologies with non-fossil alternatives faces challenges due to limited 94 

resources and higher costs. Most alternatives to coal-fired CHP, including those using heat 95 

recovery from nuclear or chemical plants, municipal solid waste, biomass, or wastewater, have 96 

limited resource availability. These technologies collectively can only meet a small fraction 97 

(<10%) of the total district heating demand. Among the options suitable for large-scale 98 

implementation, recovering waste heat from steel plants using large grid-based electric heat 99 

pumps shows the greatest promise. This technology has costs comparable to current coal-based 100 

technologies with significantly lower emissions as of 2020. Further emission reductions are 101 

possible with grid decarbonization. Air/ground-source heat pumps are also widely applicable and 102 

have operating costs similar to coal boilers; however, their capital costs are high. Hence, trade-103 

offs exist among various district heating options.  104 

 105 

Chinese district heating systems in 2030 106 

To represent various levels of penetration of non-fossil heating technologies combined with 107 

existing and new CHP deployment in 2030, we develop three district heating investment 108 

scenarios, including high-coal, mid-coal, and low-coal (Table 1). All three scenarios aim to 109 

replace polluting coal boilers and small coal CHP plants with other options that satisfy the ~30% 110 

increased district heating demand expected in 2030 relative to 202011,14. All three scenarios 111 

assume the optimal use of existing CHP resources from existing coal-fired power plants as 112 
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proposed by existing policies (Supplemental Table 1).  113 

 114 

New heat sources are necessary to meet 2030 heating demand. The high-coal scenario represents 115 

the business-as-usual approach used prior to the carbon neutrality announcement and involves 116 

the construction of many new coal CHP plants. The mid-coal scenario combines new coal 117 

construction with adoption of cost-effective recovery of industrial waste heat from steel plants, 118 

chemical plants and nuclear power plants. In contrast, the low-coal scenario represents a highly 119 

ambitious near-term action consistent with the full implementation of recent clean heating policy 120 

proposals. This scenario prohibits new coal CHP plant construction and reduces the capacity 121 

factors of existing coal-fired power plants to align with the 2°C climate goal (Methods). The 122 

low-coal scenario therefore necessitates the extensive integration of industrial waste heat and the 123 

implementation of air/ground-source heat pumps.  124 

 125 

Total carbon emissions from district heating will increase by 10% in the high-coal scenario but 126 

will decrease by 3% and 27% in the mid-coal and low-coal scenarios in 2030, respectively, 127 

compared to 2020 levels (Figure 2b). Notably, the low-coal scenario reduces carbon emissions 128 

per unit heat by a third between 2020 and 2030. This reduction results from the widespread 129 

deployment of low-carbon electric technologies and accelerated decarbonization of the power 130 

grid.  131 

 132 

Total heating costs per unit heat will decrease from 2020 to 2030 in the high-coal and mid-coal 133 

scenarios because of the replacement of inefficient coal boilers with CHP plants, while heating 134 

costs will rise in the low coal scenario, mainly due to the significant capital and operating costs 135 

of electric heat pumps. For the low-coal scenario, we estimate that a total capital investment of 136 

about 1 trillion yuan (~$140 billion) between 2020 to 2030 is required to enable the 137 

implementation of low-carbon district heating technologies. To provide context, in 2022 alone, 138 

China invested nearly 4 trillion yuan (~$546 billion) on clean energy including solar, wind, 139 

electric vehicles, and batteries15. In addition, we find that in the low-coal scenario operating costs 140 

per unit heat will increase by 12% in 2030 in the compared to 2020 levels (Figure 2d). In 141 

Chinese district heating markets, operating costs are annually paid by households, while a 142 

significant portion of upfront capital costs are covered by fees and taxes associated with home 143 

purchases as well as government subsidies16. Thus, the increase in household annual heating 144 

costs in the low-coal scenario are likely to be manageable, considering that household incomes 145 

are projected to rise from 2020 to 2030 in China11.  146 

 147 

The abatement costs of CO2 emissions in 2030 between the high-coal to low-coal scenarios will 148 

be ~500 yuan per ton CO2, and from the mid-coal to low-coal scenarios will be ~600 yuan per 149 

ton CO2. These abatement costs are lower than the social cost of carbon (i.e., the economic 150 

damages that would result from one additional ton of CO2 emissions) currently estimated at 151 

~1200 yuan per ton CO2
17. Carbon prices in China’s carbon emissions trading markets were ～152 

70 yuan per ton CO2 in 2023 and are projected to increase to 150-300 yuan per ton CO2 by 153 

203018. The current and projected 2030 carbon prices are thus still insufficient to achieve the full 154 
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implementation of recent clean heating policy proposals.  155 

 156 

Carbon lock-in risks with new coal CHP investments 157 

The district heating investment approach used prior to the 2060 carbon neutrality goal 158 

announcement, as represented by our high-coal scenario, involves the construction of many new 159 

coal CHP plants. This approach, while leading to cost savings compared to a low-coal scenario, 160 

will result in an increase in total carbon emissions from 2020 to 2030 in most northern Chinese 161 

cities, making the achievement of China’s 2030 carbon emissions peak target challenging. 162 

Moreover, new and improved CHP plants require substantial investments and are built to last for 163 

decades. Consequently, these plants may lock in a reliance on coal and continue to generate 164 

emissions for decades, hindering the transition to alternative, low-carbon heating technologies 165 

and the achievement of China’s 2060 carbon neutrality target.  166 

 167 

In addition, CHP plants generate heat and electricity simultaneously. Utilizing CHP plants for 168 

residential district heating requires that these plants continue to operate to provide heat even if 169 

the electricity can be obtained from non-fossil sources. This creates challenges for integrating 170 

variable renewable energy into the power grid and minimizing renewable energy curtailment. 171 

We find that in 2020, existing CHP plants lock in ~440 TWh of coal-fired electricity generation 172 

during the heating season. This is equivalent to ~10% of Chinese coal power generation or ~5% 173 

of global coal power generation.  174 

 175 

If the new clean heating proposals are not implemented, coal CHP capacity will expand and 176 

operate in accordance with our high-coal scenario. As a result, existing and new CHP power 177 

plants will cumulatively lock in ~19,000 TWh coal-fired electricity and produce nearly 30 Gt 178 

emissions from 2020 to 2060, assuming historical operational parameters (i.e., CHP plant 179 

lifetime = 30 years, heat-to-power ratio = 1.5) (Figure 3). For comparison, GCAM-China, a 180 

widely used integrated assessment model, determines that from 2020 onward the maximum 181 

allowable Chinese coal-fired electricity generation that is compatible with the 1.5° and the well-182 

below 2°C targets are ~37,000 and ~63,000 TWh, respectively. Therefore, in the high-coal 183 

scenario, the locked-in coal-fired electricity generation from CHP plants during the heating 184 

season alone could represent ~50% of the 1.5°C budget and ~30% of the 2°C budget 185 

(Supplemental Figure 1).   186 

 187 

Under the high-coal scenario, adopting improved CHP technologies with higher district heat 188 

production efficiency and a higher heat-to-power ratio offers a reduction of 4.5 Gt CO2 189 

emissions. Early retirement of CHP plants, for example, shortening the operational lifespan to 20 190 

years, achieves another 4 Gt CO2 emission reduction. However, early retirement may encounter 191 

significant challenges. The low operating costs of CHP plants makes it difficult to replace them 192 

with non-fossil technologies. Early retirement leads to stranded assets and drives up levelized 193 

costs of heat, possibly leaving coal-asset owners unable to recover their initial investments 194 

(Supplemental Figure 2).  195 

 196 
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The most effective way to reduce carbon lock-in is to avoid building new CHP plants and utilize 197 

non-fossil alternatives. Committed CO2 emissions drop to 17-23 Gt in the mid-coal scenario and 198 

only 10 Gt in the low-coal scenario. The reduction of locked-in coal-fired electricity generation 199 

also facilitates more integration of variable renewable energy, supporting the decarbonization of 200 

electric district heating technologies.  201 

 202 
Since 2020, local governments in China have approved a significant number of new coal power 203 

plants including both CHP and electricity-only power plants (Supplemental Figure 3). We 204 

examine the progress of new coal power projects across northern China using data from the 205 

Global Coal Plant Tracker database19 and identify those that are or will be (partially) constructed 206 

to meet the demand for residential district heating. We estimate that a total of ~74 GW of new 207 

coal CHP projects, motived by residential heating demand, are either constructed, under 208 

construction, permitted or announced between Jan 2020 and June 2023. Many of these new 209 

projects still intend to utilize the currently widespread CHP technology instead of adopting 210 

improved technology which utilizes heat pumps to increase the efficiency of district heat 211 

production.  212 

 213 

We compare these new coal CHP pipeline plants with the necessary new coal CHP capacity in 214 

2030 in our high-, mid-, and low-coal scenarios (Figure 4). We estimate that 140-250 GW, 90-215 

160 GW, and 0 additional GW of new coal CHP capacity is required to meet heating demand in 216 

the high-, mid-, and low-coal scenarios, respectively. The range of estimates reflects variations in 217 

assumptions regarding the capacity factors and heat-to-power ratios of new CHP plants 218 

(Methods). Notably, new coal CHP capacity in the pipeline in provinces including Shanxi, Inner 219 

Mongolia, and Ningxia already surpasses the projected necessary residential district heating 220 

needs for 2030. Our results suggest that some of these new CHP plants can be replaced by 221 

improving the use of CHP resources from existing coal-fired power plants. For newly 222 

commissioned CHP plants, adopting the improved CHP technology and planning for early 223 

retirement (or carbon capture retrofit) will be important to minimize future emissions.  224 

 225 

Strategies for a low-carbon district heating transition 226 

Diversifying heat sources in China’s urban district heating systems by 2030 is critical to secure 227 

the climate goals. Based on our findings from the low-coal scenario, we outline a city-level 228 

strategy to avoid new coal CHP construction and meet the rising demand for district heating 229 

between 2020 and 2030. This strategy represents the preferred option to fully implement the 230 

recent clean heating policy proposals to promote the use of non-fossil technologies in district 231 

heating. The strategy varies across cities primarily based on the availability of existing coal CHP 232 

resources and industrial waste heat. Therefore, we categorize the ~300 cities into three main 233 

groups according to their greatest heating resource availability: “Abundant CHP”, “Abundant 234 

Industrial Waste Heat” and “Limited Heating Resources” (Figure 5a).  235 

 236 

More than half of the cities fall under the “Abundant CHP” group. For these cities, improving the 237 

use of existing CHP resources to replace polluting coal technologies enables a gradual shift to 238 



 

Page 7 of 22 
 

lower-carbon technologies. We find that existing CHP plants and existing pipelines can only 239 

meet ~26% of the national urban district heat demand in 2030 due to retirements of existing CHP 240 

plants and a reduction in capacity factors between 2020 and 2030 to facilitate power sector 241 

decarbonization (Methods). However, with improvement measures, existing power plant 242 

resources can meet ~41% of the urban district heating demand in 2030. These improvement 243 

measures include converting existing electricity-only power plants into CHP plants (~50 power 244 

plants), installing large absorption heat pumps to enhance district heat production efficiency 245 

(~110 power plants), and constructing new heat transport pipelines (~110 new city-plant 246 

pipelines) (Figure 5b). These new pipelines are longer, typically ranging from 15-70 km, 247 

compared to most existing plant-city pipelines (<20 km). Total CO2 emissions, total and 248 

operating costs per unit heat in most “Abundant CHP” cities will remain similar to 2020 levels in 249 

2030, despite an average 30% increase in district heating demand.  250 

 251 

The “Abundant Industrial Waste Heat” group of cities presents a promising opportunity for a 252 

swift transition to low-carbon heating technologies by 2030. These cities are predominantly 253 

located in industry-heavy provinces, including Shandong, Liaoning and Jilin. Maximizing the 254 

economic use of industrial waste heat requires retrofitting ~50 steel plants, two nuclear power 255 

plants, a few chemical plants, and constructing ~55 associated new plant-city pipelines (Figure 256 

5b). We estimate that integrating industrial waste heat into district heating will lead to a 257 

substantial >50% reduction in CO2 emissions relative to 2020 levels in most cities, greatly 258 

helping these industrial cities in meeting the 2030 CO2 emissions peak target. Moreover, total 259 

costs per unit heat in most cities will remain similar to 2020 levels in 2030, while operating costs 260 

will increase by an average of ~20% (Supplemental Figure 4).  261 

 262 

The “Limited Heating Resources” group, with limited access to CHP resources and industrial 263 

waste heat, faces challenges in adopting low-carbon technologies by 2030. If new coal CHP 264 

construction is prohibited, extensive deployment of air/ground-source heat pumps is necessary 265 

by 2030 to meet heating demand. This deployment will significantly cut CO2 emissions by on 266 

average 65% compared to 2020 levels (Supplemental Figure 4). However, it will also 267 

significantly raise both total and operating costs per unit heat by more than half. This cost 268 

increase is a significant challenge because these cities are largely located in economically 269 

disadvantaged regions with high existing household heating burdens (due to cold climates and 270 

low incomes), particularly in Heilongjiang, Jilin and Liaoning provinces5,11. These results 271 

highlight that targeted subsidies are needed to facilitate the low-carbon heating transition in these 272 

cities.  273 

 274 

Another option, which we find to be a less favorable choice compared to heat pumps, is to 275 

expand the use of natural gas boilers and natural gas CHP plants as a bridge fuel to displace coal. 276 

We estimate that, compared with deploying air/ground-source heat pumps, using efficient natural 277 

gas technologies leads to slightly smaller emissions reductions with slightly lower total costs and 278 

higher operating costs in 2030 (Supplemental Figure 5). Such expansion of natural gas heating 279 

will require more than doubling the district heating sector’s natural gas consumption from 2020 280 
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to 2030, potentially increasing the risk of energy insecurity due to China’s heavy reliance on 281 

imported natural gas20. Moreover, natural gas CHP plants will also lock in CO2 emissions from 282 

both district heat production and electricity production, similar to coal CHP that we have 283 

discussed. Our emission calculations do not include natural gas leakages. Previous studies show 284 

that natural gas may even have a similar carbon intensity to coal with a high leakage rate21. 285 

These results indicate that the adoption of air/ground-source heat pumps to replace coal 286 

technologies, instead of natural gas, on a large scale should be preferred.  287 

 288 

Discussion  289 

Our findings highlight the substantial impact of near-term investments in district heating systems 290 

on China’s decarbonization trajectory. The high-coal approach used prior to the carbon neutrality 291 

target announcement continues to result in the construction of new CHP plants, leading to carbon 292 

lock-in and hindering the decarbonization of the power sector. The Chinese government recently 293 

announced several proposes to decarbonize the district heating sector (Supplemental Table 1), 294 

which is critical for China to secure its climate goals. Our findings inform implementation of 295 

these clean heating policy proposals.  296 

 297 

We also highlight a crucial but often overlooked challenge in reducing coal power generation: 298 

the reliance on coal-fired CHP facilities for district heating. While previous studies have 299 

explored ways to decrease coal power generation by ramping up renewables and storage22,23, few 300 

have addressed the decarbonization of CHP systems in the context of simultaneously meeting 301 

both heat and power demands. This is particularly important because relying on coal-fired CHP 302 

for district heating hinders decommissioning associated electricity generation.  303 

 304 

Instead of using CHP, an alternative is to deploy low-carbon heating technologies, particularly 305 

recovering industrial waste heat and using air/ground-source heat pumps while decarbonizing the 306 

power grid. In our low-coal scenario, electric technologies, including waste heat recovery with 307 

large electric heat pumps and air/ground-source heat pumps, will meet 34% of total district 308 

heating demand in 2030. This substantial electrification necessitates a significant expansion of 309 

clean power infrastructure, requiring an additional ~200 TWh of electricity generation during the 310 

heating season (Supplemental Figure 6). To provide context, China is on track to build an 311 

additional 700 GW of utility-scale wind and solar capacity by 203024,25 and we estimate that 312 

these new sources will generate ~500 TWh of electricity during the heating season. The 313 

associated operational challenges of renewable grid integration are not fully captured by our 314 

annual supply-demand matching approach1,26. However, such limitations will not impact our 315 

main conclusions as renewable integration only has marginal effects on power grid costs by 316 

203027–29.  317 

 318 

Our analysis primarily focuses on the impacts of near-term (2020-2030) investments in district 319 

heating systems due to their direct and immediate policy implications. However, the path to 320 

achieving carbon neutrality in China’s district heating systems by 2060 remains unclear. An 321 

important uncertainty pertains to the future availability of waste heat sources for district heating 322 
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systems. For example, the availability of waste heat may decrease if a steel plant decarbonizes by 323 

shifting from a blast furnace to an electric arc furnace. Conversely, waste heat from data centers 324 

is expected to rise due to the growing demand for computing resources30.  Another important 325 

challenge is to ensure power grid reliability with high district heat electrification, which leads to 326 

a substantial increase in winter electricity demand26. Promising solutions include long-duration 327 

energy storage31,32, dual-fuel systems1, and demand-side flexibility33, but detailed assessments 328 

are needed. Previous studies have also suggested deploying CHP systems with carbon capture 329 

and storage on a large scale to decarbonize district heating14,34. However, the feasibility, costs, 330 

environmental implications, and impact on power grid flexibility need to be carefully examined.  331 

 332 

While this study primarily addresses the supply-side transition to low-carbon options, improving 333 

demand-side energy efficiency is also very important. Substantial potential for energy efficiency 334 

improvements exists across northern China. Currently, ~20% of district heat production is lost 335 

due to overheating and network losses, and about 40% of urban residential buildings lack 336 

adequate insulation4. Improving energy efficiency can lower energy consumption and peak 337 

loads, reducing the need for extensive infrastructure upgrades and associated costs and 338 

emissions26. Moreover, improving energy efficiency enables more efficient use of electric heat 339 

pumps for district heating by lowering required water temperatures in heating networks35.  340 

 341 

Our analysis only includes technical and engineering costs and does not account for the “soft 342 

costs” associated with political and social challenges36. Soft costs are often higher for emerging 343 

low-carbon technologies, as they lack an established market presence4. Government policies are 344 

necessary to enable the adoption of low-carbon alternatives to displace coal-fired CHP 345 

technologies. This could involve implementing mandates such as renewable heating portfolio 346 

standards or mandatory building codes, as well as offering subsidies to low-carbon technologies 347 

and establishing government procurement policies.   348 
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Methods 349 

Infrastructure database 350 

We compile an infrastructure database of China’s coal-fired power plants, steel plants, chemical 351 

plants, nuclear power plants and urban district heating systems, utilizing data sources including 352 

Global Coal Plant Tracker (Jun 2023)19, Global Steel Plant Tracker (March 2022)37, recent peer-353 

reviewed literature38, industry reports, and Chinese Urban Infrastructure Statistical Yearbooks39. 354 

We do not consider the utilization of waste heat from cement plants because most of China’s 355 

cement plants cease production during the heating season. This regulatory measure is 356 

implemented to mitigate air pollution in winter and tackle overcapacity issue in the cement 357 

sector. For coal-fired power plants, we use publicly accessible project information and company 358 

homepages of power plants to identify whether a power plant is CHP plant and, if so, which 359 

cities it is or will be supplying district heat to. Our infrastructure database includes detailed 360 

information including capacities, status, technologies, locations, vintage years for ~1000 coal-361 

fired power plants, ~170 steel plants, ~150 chemical plants, and 2 nuclear power plants 362 

(“Hongyanhe” in Liaoning and “Haiyang” in Shandong) in northern China (Supplemental Figure 363 

7).  364 

 365 

This database also includes locations, district heating capacity, and district heating demand for 366 

~300 cities (including both city proper areas of prefecture-level cities and county-level cities) in 367 

15 provinces in northern China, using data from 2020 Chinese Urban Infrastructure Statistical 368 

Yearbooks. China’s district heating systems are predominantly located in the northern regions of 369 

the country, where the climate is colder and heating demand is higher. We determine the specific 370 

location of each city by first identifying the “urban grid cells” with a population density of >1000 371 

persons/km2 using a Chinese population gridded map40. We use the center points of these “urban 372 

grid cells” as the geographic coordinates (latitude and longitude) for each city. We estimate 373 

urban district heating demand for each city in 2030 based on projected future population40 and 374 

per capita district heating demand14 (Supplementary Notes 3).  375 

 376 

We also collect data on the amount of municipal solid waste (MSW) and wastewater treatment at 377 

the city level in 2020 from Chinese Urban Infrastructure Statistical Yearbooks39. We use the 378 

biomass resource map developed by Wang et al. (2023)41 to calculate the potential for district 379 

heating generation from burning agricultural and forestry residues (Supplementary Notes 3).  380 

 381 

Carbon emissions calculation   382 

We calculate carbon emissions using the specific emission factors for each district heating 383 

technology. The CHP extraction and CHP absorption heat pump systems operate using coal-384 

produced hot steam, and their carbon intensity is determined by the steam’s emission factors and 385 

heat production efficiency (Supplemental Figures 8-9 and Supplemental Table 3 for details). CO2 386 

emission factors of combustion heating technologies, including coal boilers, natural gas boilers, 387 

MSW incineration, and biomass boilers are obtained from previous studies5,42 (Supplementary 388 

Note 3 and Supplemental Tables 4-5). For grid-based electric technologies, we estimate the 389 
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carbon intensity of grid-based electricity in 2020 and 2030 using data from the IEA’s stated 390 

policy and sustainable development scenarios, as well as proposed provincial renewable portfolio 391 

goals43 (Supplemental Table 6).  392 

 393 

District heat production potential calculation   394 

We estimate the plant-level district heat production potential (DHPP) for coal-fired power 395 

plants, steel plants, chemical plants, nuclear power plants. For coal-fired power plants, the CHP 396 

extraction technology and CHP absorption heat pump technology require extracting hot steam 397 

from the turbine, and the amount of steam that can be extracted is limited by the amount of 398 

electricity generated32. For these two technologies, we calculate the district heat production 399 

potential based on unit capacity (C), capacity factors (CF), local heating days (HD), and 400 

maximum heat-to-power ratios (HtPR) as outlined in equation (1) (Supplemental Table 7). Unit-401 

level maximum heat-to-power ratios are calculated based on unit capacity and cooling methods 402 

(Supplemental Table 8)12. The extraction-condensing method has a HtPR of 1.3-1.6, while the 403 

absorption heat pump method has a higher HtPR of ~1.8 due to waste heat recovery. We also use 404 

equation (1) to calculate district heat production potential for nuclear power plants. The 405 

maximum heat-to-power of nuclear power plants is 1.644. 406 

𝐷𝐻𝑃𝑃 = 𝐶 × 𝐶𝐹 ×
𝐻𝐷

365
× 𝐻𝑡𝑃𝑅  (1) 407 

Electric compression heat pumps can also recover waste heat from coal-fired power plants, steel 408 

plants, and chemical plants. For coal-fired power plants, we estimate the amount of recoverable 409 

waste heat (RWH) in the condenser based on power generation and power cycle efficiency (η) 410 

using equation (2). The percentage of total energy input contained in the condenser is 411 

represented as  (Supplemental Table 9)6. For steel and chemical plants, we estimate the amount 412 

of RWH based on plant-level production capacity, utilization factors, and waste heat generation 413 

per industrial product (Supplemental Table 10). We then estimate district heat production 414 

potential using the coefficient of performance (COP) of the large electric heat pump 415 

technology45, as outlined in equation (3).  416 

𝑅𝑊𝐻 = (𝐶 × 𝐶𝐹 ×
𝐻𝐷

365
) ×

1

𝜂
× 𝛼  (2) 417 

𝐷𝐻𝑃𝑃 = 𝑅𝑊𝐻 ×
𝐶𝑂𝑃

𝐶𝑂𝑃−1
   (3) 418 

For local low-carbon heating resources (MSW, wastewater, and biomass), we estimate their city-419 

level district heat production potential based on the amount of MSW, urban wastewater, and 420 

crop/forestry residues (Supplementary Note 3).  421 

 422 

Matching industrial plants with cities 423 

Heat produced in industrial plants (including coal-fired power plants, steel plants, chemical 424 

plants, nuclear power plants) needs to be transported to cities through long-distance pipelines. 425 

We first pair existing coal-fired CHP plants with cities that are already connected by existing 426 

heat transport pipelines. We also propose possible construction of new heat transport pipelines 427 

from industrial plants to cities. These proposals are based on an optimization algorithm for the 428 
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fixed charge transportation problem (FCTP)46, as described in equations (4)-(6).   429 

𝑧(𝐹) = 𝑚𝑖𝑛 ∑ ∑ (𝑝𝑐 ∙ 𝑑𝑖𝑗𝑦𝑖𝑗 + 𝑓𝑐 ∙ 𝑥𝑖𝑗 + 𝑡𝑐 ∙ 𝑑𝑖𝑗𝑥𝑖𝑗)𝑗𝑖    (4) 430 

𝑠. 𝑡. ∑ 𝑥𝑖𝑗𝑗 ≤ 𝑎𝑖, ∑ 𝑥𝑖𝑗 − 𝑙𝑑𝑖𝑗𝑦𝑖𝑗𝑖 = 𝑏𝑗, ∑ 𝑥𝑖𝑗 − 𝑙𝑑𝑖𝑗𝑦𝑖𝑗𝑖 ≥ 0  (5) 431 

𝑥𝑖𝑗 ≤ 𝑚𝑖𝑗𝑦𝑖𝑗,   𝑚𝑖𝑗 = 𝑚𝑖𝑛{𝑎𝑖, 𝑏𝑗}, , 𝑥𝑖𝑗 ≥ 0,  𝑦𝑖𝑗 ∈ {0,1}, , 𝑦𝑖𝑗 = 1 for existing linkages  (6) 432 

The objective of this FCTP is to minimize the annual total costs, including a fixed cost (pipeline 433 

costs, 𝑝𝑐 ∙ 𝑑𝑖𝑗𝑦𝑖𝑗) and two types of operating costs (fuel costs 𝑓𝑐 ∙ 𝑥𝑖𝑗 and heat transport costs 𝑡𝑐 ∙434 

𝑑𝑖𝑗𝑥𝑖𝑗). Each industrial plant has a district heat production potential 𝑎𝑖 and each city requires a 435 

certain quantity 𝑏𝑗  of district heat from the industrial plants. 𝑥𝑖𝑗 and 𝑦𝑖𝑗 are decision variables in 436 

the optimization problem. 𝑥𝑖𝑗 represents the quantity of district heat sent from industrial plant i to 437 

city j. 𝑦𝑖𝑗 is a 0-1 variable that equals 1 if there is a heat transport pipeline from industrial plant i 438 

to city j. 𝑦𝑖𝑗 is set to 1 for existing linkages. 𝑑𝑖𝑗 is the distance between industrial plant i and city 439 

j, and 𝑙 denotes the annual heat loss factor, in the unit of GJ/km. 𝑝𝑐, 𝑓𝑐 and 𝑡𝑐 represent 440 

annualized pipeline unit costs (in the unit of yuan/km), operating unit costs (yuan/GJ), and heat 441 

transport unit costs (yuan/(km∙GJ)), respectively.  442 

 443 

In the case where district heating demand exceeds the supply from existing industrial facilities, 444 

we add a dummy plant with high penalty fuel costs to balance the model. Cities receiving heat 445 

from the dummy plant implies that their demand cannot be satisfied by existing industrial 446 

facilities alone, and additional heating sources (e.g., new coal CHP, air/ground-source heat 447 

pumps) are required.  448 

 449 

We exclude the consideration of interprovincial heat transport pipelines (except the Beijing-450 

Tianjin-Hebei region) due to the significant political challenges involved, such as challenges in 451 

acquiring land and obtaining permits and approvals. We treat the Beijing-Tianjin-Hebei region as 452 

one province because currently coal-fired CHP plants in Hebei are used to meet district heating 453 

demand in Tianjin and Beijing. We assume this practice will continue through 2030.We exclude 454 

the proposed pipelines that exceed 150 km in length due to high construction cost and heat loss 455 

during transport47.  456 

 457 

District heat cost calculation   458 

We evaluate operating costs and annualized total costs per unit heat (annualized upfront capital 459 

costs plus operating costs per unit heat) of various district heating technologies. The annualized 460 

total costs per unit heat (𝐴𝑇𝐶) of a district heating technology in year t can be calculated as 461 

equation (7):  462 

𝐴𝑇𝐶𝑡 = (
𝐼

𝐴𝐹
+ 𝑂𝐶𝑡)/𝐻𝑡  (7) 463 

where I denotes the initial investment costs (Supplemental Table 11) and AF denotes the annuity 464 

factor. The discount rate is set at 7% in our analysis. 𝑂𝐶𝑡 denotes annual operating costs 465 

(including fuel costs, operating and maintenance costs, and heat transport costs) in year t. Ht 466 

represents the amount of heat delivered to the city (excluding heat loss if involving heat 467 

transport) in year t. See details in Supplementary Note 3. Our estimates of emissions, 468 
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availability, costs of various district heating technologies are generally consistent with previous 469 

literature11–13(Supplementary Note 1). 470 

 471 

Power sector scenarios  472 

Most existing large coal power plants in China, particularly CHP plants, are expected to continue 473 

operating at their current capacity factors during the heating season until the end of their 474 

historical lifespan (~30 years) in a business-as-usual scenario. However, to meet well below 2°C 475 

climate goals, a rapid reduction in coal use in power generation is necessary48. Therefore, we 476 

design two power sector decarbonization scenarios to represent possible power sector 477 

decarbonization between 2020 and 2030: (1) a Business-As-Usual (BAU) scenario, which 478 

assumes that coal power plants operate at their 2019 capacity factors until the end of their 479 

historical lifespan of 30 years. We assume that the share of non-fossil sources in China’s total 480 

power generation will increase from ~35% in 2020 to ~45% in 2030, according to China’s 481 

proposed renewable portfolio standards, and (2) an Accelerated Power Sector Decarbonization 482 

scenario, which represents an ambitious climate policy that the same power plants continue to 483 

operate but their capacity factors are reduced by ~18% from 2020 to 2030 to align with the well-484 

below 2°C-consistent decarbonization pathway. This also aligns with current policies that require 485 

coal-fired power plants to become more flexible to integrate renewable energy sources. We 486 

assume that the share of non-fossil sources in China’s total power generation will increase to 487 

~67% in 2030 based on IEA’s estimates (Supplemental Table 6).  488 

 489 

We determine the maximum allowable Chinese coal-fired electricity generation from 2020 490 

onward that is compatible with the 1.5°C (modeled as a ~50% chance to reach the 1.5°C climate 491 

goal) and well below 2°C targets (modeled as a ~66% chance to reach the 2°C climate goal), 492 

using an integrated assessment model, GCAM-China (China-focused version of the Global 493 

Change Analysis Model). The simulated well below 2°C-consistent mitigation pathways show 494 

that China will achieve carbon neutrality by 2070 and that China’s unabated conventional coal 495 

power generation will peak in 2020 and be phased out by 2055. While China’s pledge to peak 496 

CO2 emissions by 2030 and reach carbon neutrality by 2060 can be seen as compatible with the 497 

2°C climate goal in the long run, its current coal power policies indicate that coal power 498 

generation will not peak until 203049. Therefore, our 2°C-consistent coal power phasedown 499 

scenarios represent a more ambitious near-term climate effort. The details of these power sector 500 

decarbonization scenarios are described in a previous study50.  501 

 502 

District heating investment scenarios 503 

We develop three district heating scenarios (high-coal, mid-coal, and low-coal) to represent 504 

various possible near-term investment in China’s district heating systems between 2020 to 2030 505 

(summarized in Table 1). These scenarios range from a business-as-usual scenario (high-coal), 506 

reflecting practices prior to the carbon neutrality announcement, to an ambitious decarbonization 507 

scenario (low-coal), consistent with the full implementation of recent clean heating policy 508 

proposals. The mid-coal scenario represents a partial implementation of these proposals, utilizing 509 
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the most cost-effective industrial waste heat for district heating. We assume that existing 510 

polluting coal boilers and smaller coal CHP plants (constructed before 2016) must be replaced by 511 

2030 to tackle air pollution, aligning with national and regional environmental policies 512 

(Supplemental Table 1).  513 

 514 

We assume the proportion of natural gas boilers will remain similar from 2020 to 2030 as 515 

existing natural gas infrastructure is expected to continue being utilized in 2030 and China’s 516 

natural gas consumption is likely to see a moderate increase in the near term. Utilizing natural 517 

gas boilers for backup heating can help address grid challenges associated with increased 518 

electrification in district heating1.  519 

 520 

New investments in district heating technologies are needed to replace polluting coal 521 

technologies and meet the rising demand from 2020 to 2030. We begin with assuming that 522 

20/50/80% of available local low-carbon heating resources (MSW, wastewater, biomass) will be 523 

used in 2030 in the high/mid/low-coal scenarios. However, these resources can only cover a 524 

small part (usually <10%) of heating needs in most cities.  525 

 526 

We then explore using existing coal CHP resources and industrial waste heat to meet the 527 

remaining demand. Industrial waste heat is not considered in the high-coal scenario. All three 528 

scenarios assume the optimal use of existing CHP resources from existing coal-fired power 529 

plants commissioned before 2020, as proposed by existing policies (Supplemental Table 1). 530 

Using the optimization algorithm described above, we identify the most cost-effective linkages 531 

between industrial plants (coal-fired power plants, steel plants, chemical plants, and nuclear 532 

plants) and cities. Any linkages with total heating costs lower than air/ground-source heat pumps 533 

are considered as “constructed” by 2030. For each coal-fired power plant-city linkage, we 534 

calculate costs for three possible technologies (extraction, absorption heat pumps, waste heat 535 

recovery using electric heat pumps) and select the lowest-cost option. Waste heat recovery using 536 

electric heat pumps is more expensive than the other two technologies due to high electricity 537 

prices.  538 

 539 

For the remaining heating demand, new CHP plants are assumed to be constructed in the high- 540 

and mid-coal scenarios, and air/ground-source heat pumps are deployed in the low-coal scenario. 541 

In the latter case, the lowest-cost options from air- or ground-source heat pumps are chosen for 542 

each province. Our analysis mainly considers the adoption of large, community-level air/ground-543 

source heat pumps to produce heat that would be circulated through an existing district heating 544 

system.  545 

 546 

To engage the ongoing debate in China regarding the potential benefits of expanding the use of 547 

natural gas heating, we also design a supplementary low-coal-natural-gas-heating scenario. In 548 

this scenario, everything remains the same as the low-coal scenario, except for the use of 549 

efficient natural gas CHP plants (with absorption heat pumps to recover waste heat), instead of 550 

air/ground-source heat pumps, to meet the remaining demand unmet by existing heating 551 
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resources. This scenario represents recent proposals to use natural gas as a bridge fuel to displace 552 

coal in cities with limited low-carbon heating resources51.  553 

 554 

In our high/mid-coal scenarios for district heating, where new coal CHP is allowed, we assume 555 

that the power sector will decarbonize following the BAU power sector scenario. In the low-coal 556 

scenario where new coal CHP is prohibited, we assume that the power sector will decarbonize 557 

following the Accelerated Power Sector Decarbonization scenario.  558 

 559 

The transition to low-carbon district heating will affect carbon emissions and costs differently 560 

across regions, mainly due to the availability of existing coal CHP resources and industrial waste 561 

heat. To illustrate this, we categorized ~300 cities with existing district heating systems based on 562 

their greatest heating resource availability. Cities where existing district heating resources 563 

(including existing coal CHP, industrial waste heat, MSW, wastewater, and biomass) cannot 564 

meet >50% of the 2030 heating demand are in the “Limited Heating Resources” group. The 565 

remaining cities are categorized by their main heating resource: “Abundant CHP”, and 566 

“Abundant Industrial Waste Heat”. Smaller cities which have relatively modest heating demand 567 

and can rely on local low-carbon heating sources such as MSW, wastewater, and biomass, are 568 

grouped into the “Local Low-Carbon” category. Beijing primarily uses natural gas for heating. 569 

 570 

New coal CHP capacity 571 

We calculate the necessary new coal CHP capacity (𝐶𝑎𝑝𝑛𝑒𝑤𝐶𝐻𝑃,𝑝) in province p from 2020 to 572 

2030 in the high/mid/low-coal scenarios using equation (8): 573 

𝐶𝑎𝑝𝑛𝑒𝑤𝐶𝐻𝑃,𝑝 =  
𝐻𝑛𝑒𝑤𝐶𝐻𝑃,𝑝

𝐻𝐷𝑝∙24∙𝐶𝐹𝑛𝑒𝑤∙𝐻𝑡𝑃𝑅𝑛𝑒𝑤
   (8) 574 

where 𝐻𝑛𝑒𝑤𝐶𝐻𝑃,𝑝 represents the heating demand that must be met by new coal CHP in 2030 in 575 

the high/mid/low-coal scenarios. In the low-coal scenario, 𝐻𝑛𝑒𝑤𝐶𝐻𝑃,𝑝 is zero. 𝐻𝐷𝑝 is the number 576 

of heating days in each province. 𝐶𝐹𝑛𝑒𝑤 denotes the capacity factor for new CHP plants, which 577 

we assume to be 0.4-0.6 in our analysis11. 𝐻𝑡𝑃𝑅𝑛𝑒𝑤 is the heat-to-power ratio for new CHP 578 

plants, which we assume to be between 1.5 (currently widely used extraction technology) and 1.8 579 

(the state-of-the-art improved CHP technology) in our analysis52.  580 

 581 

CHP Carbon lock-in  582 

We estimate the locked-in coal-fired electricity generation associated with district heat 583 

production from CHP plants, as well as the committed emissions from existing and new CHP 584 

power plants from 2020 to 2060. This estimation is based on unit capacity factors, lifetime, heat-585 

to-power ratios, and the required district heating generation from new CHP plants. This 586 

calculation focuses solely on emissions associated with district heat generation thus excluding 587 

CHP plant emissions occurring during the non-heating season. See details in Supplementary 588 

Note 3. We also estimate the impact of CHP plant lifetime, CHP technology choices and other 589 

factors on the levelized costs of heat for the new CHP plant (Supplemental Figure 3).   590 
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Data Availability 591 

Datasets of coal-fired coal power plants, steel plants, nuclear plants were obtained from the 592 

Global Energy Monitor (https://globalenergymonitor.org/)19 and recent peer-reviewed 593 

literature38. Urban district heating data were retrieved from Chinese Urban Infrastructure 594 

Statistical Yearbooks39. All data generated and analyzed in this study are available within the 595 

Supplementary Information and Supplementary Data files.  596 

 597 

Code Availability  598 

GCAM-China is an open-source model publicly available at https://github.com/JGCRI/gcam-599 

core/releases and a previous paper50. The plant-city matching algorithm is conducted using PuLP 600 

2.7.0, a linear programming model written in Python, available at https://pypi.org/project/PuLP/.  601 
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Tables 616 

 617 
Table 1. Scenario design for China’s district heating systems in 2030.  618 

 High-coal scenario Mid-coal scenario Low-coal scenario 

Coal boilers/small CHP Phased out Phased out Phased out 

Natural gas boilers Same share as in 2020  Same share as in 2020  Same share as in 2020  

Existing coal CHP 

resources 

Optimal use of existing 

CHP resources 

Optimal use of existing 

CHP resources 

Optimal use of existing 

CHP resources 

Coal power 

capacity factors 

Continue to operate at 

2019 capacity factors 

Continue to operate at 

2019 capacity factors 

Reduced to meet the 2°C 

climate goal (avg ~18%) 

Power sector 

decarbonization scenario 

Business-As-Usual 

scenario 

Business-As-Usual 

scenario 

Accelerated Power Sector 

Decarbonization scenario 

Local low carbon 

heating sources 

(MSW, biomass, 

wastewater) 

20% of total potential 50% of total potential 80% of total potential 

Industrial waste heat 

(steel, chemical, nuclear) 
Not considered 

Used if cheaper than 

air/ground-source heat 

pumps 

Used if cheaper than 

air/ground-source heat 

pumps 

Air/ground-source 

heat pumps 
Not considered Not considered 

Used to meet remaining 

heating demand 

New coal power 

plant construction 
Allowed Allowed Not allowed 

Resulting coal CHP share 

in 2030 
~81% ~67% ~41% 

  619 
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Figure Legends/Captions  620 

Figure 1. Carbon emissions and costs for 15 district heating technologies. a-c, carbon emissions per unit 621 
heat (a) in 2020, (b) in 2030 under the Business-as-usual (BAU) electricity generation scenario (c) in 2030 under 622 
the Accelerated Power Sector Decarbonization scenario. d, annualized total costs (annualized capital costs plus 623 
operating costs) per unit heat in 2020. e, operating cost per unit heat in 2020. 624 
 625 
For coal boilers (T1), natural gas boilers (T4), natural gas CHP with absorption heat pumps (T5), and biomass 626 
boilers (T7), segments show the typical range of their costs and emissions, which vary mainly due to combustion 627 
efficiency and fuel costs.  628 
 629 
For technologies involving long-distance plant-city heat transport (T2, T3, T8, T9, T10, and T11), each point 630 
represents a plant-city linkage, and box plots depict data distribution with central lines as medians, and boxes 631 
for data quartiles. Emissions and costs vary mainly because of plant sizes, plants’ remaining lifetimes, plant-632 
city distances, local grid carbon intensities, and local residential electricity prices. 633 
 634 
For MSW incineration (T6), wastewater-source heat pumps (T12), air-source heat pumps (T13), ground-source 635 
heat pumps (T14), and electric resistance boilers (T15), each point shows costs/emissions in a province, with 636 
variations mainly due to different MSW composition, residential electricity prices, grid carbon intensities, and 637 
heat pump efficiency among provinces. 638 
 639 
Abbreviations: CHP, combined heat and power; MSW, municipal solid waste; WHR, waste heat recovery with 640 
electric heat pumps.  641 
 642 

 643 

 644 
Figure 2. District heating generation, costs, and emissions, by sources, in 2020 and three scenarios 645 
projected for 2030. a, district heating generation. b, district heating CO2 emissions. Average CO2 emissions per 646 
unit heat are shown in parentheses. c, district heating total costs (annualized capital costs plus operating costs). 647 
Average heating total costs per unit heat are shown in parentheses. d, district heating operating costs. Average 648 
operating costs per unit heat are shown in parentheses.  649 
Abbreviations: CHP, combined heat and power; MSW, municipal solid waste; WHR, waste heat recovery with 650 
electric heat pumps.  651 
 652 

 653 

 654 
Figure 3. Locked-in coal-fired electricity generation and committed CO2 emissions from existing and new 655 
combined heat and power (CHP) plants during the heating season in high/mid/low-coal scenarios from 656 
2020 to 2060. a, locked-in coal-fired electricity generation. b, committed CO2 emissions.  657 
 658 

 659 

 660 

 661 
Figure 4. Required new coal combined heat and power (CHP) capacity in the low/mid/high coal scenarios 662 
by 2030 (bars) and new coal CHP capacity in the pipeline (triangles) as of Jun 2023 in northern China. 663 
The range of required new coal estimates reflects variations in assumptions regarding seasonal power capacity 664 
factors and heat-to-power ratios of new CHP plants (low value: capacity factor = 0.6, heat-to-power ratio = 1.8; 665 
high value: capacity factor = 0.4, heat-to-power ratio = 1.5). No new coal CHP occurs under the low coal scenario. 666 
We do not consider CHP projects that have been recently shelved, mothballed, or cancelled. We also do not 667 
include those CHP plants used only for industrial heat.  BTH: Beijing-Tianjin-Hebei region. We treat the BTH 668 
region as one province because currently coal-fired CHP plants in Hebei are used to meet district heating demand 669 
in Tianjin and Beijing.  We assume this practice will continue through 2030.  670 
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 671 

 672 

 673 
Figure 5. Geographic map of city groups and required infrastructure investments in the 674 
low-coal scenario. a, Geographic map of city groups in northern China. Cities are categorized into three groups 675 
according to their greatest heating resource availability: “Abundant CHP” (172 cities, representing 62% of total 676 
district heating demands in northern China), “Abundant Industrial Waste Heat” (29 cities, 12% of total) and 677 
“Limited Heating Resources” (68 cities, 20% of total). Additionally, 28 smaller cities (1% of total) can rely on 678 
local low-carbon heating sources (MSW, wastewater, biomass) due to their relatively modest heating demand. 679 
Beijing relies on natural gas for heating demand. b, cities, industrial facilities (CHP power plants, steel plants, 680 
nuclear plants, and chemical plants), existing and new city-plant heat transport pipelines in 2030 in the low-coal 681 
scenario. Abbreviations: CHP, combined heat and power; MSW, municipal solid waste.   682 
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