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Abstract (153 words) 20 

Future changes in climate, demographic, and socioeconomic factors will deeply influence urban 21 

building energy demand. We apply an integrated modeling approach to investigate the impacts 22 

of the above drivers on building thermal energy service demand in 336 Chinese cities in 2020-23 

2060. We find that China’s urban building floor area will not decrease significantly due to 24 

ongoing urbanization and increasing floor area per capita. However, future trajectories of 25 

building thermal energy demand vary substantially across cities due to huge heterogeneity in 26 

floor area and intensity of energy demand, suggesting the need for tailored infrastructure 27 

planning and policy interventions. Future warming greatly changes demand patterns, reducing 28 

heating demand by 24% but increasing cooling demand by 27% compared with no warming in 29 

2060. Compact urban development and building energy efficiency improvements are key 30 

demand-side measures, potentially reducing heating (cooling) demand in 2060 by 27% (24%) 31 

and 22% (11%) relative to a scenario with limited policy interventions.  32 

 33 

 34 

 35 
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Main text (5,634/7,000 words, 6 figures/tables) 36 

1. Introduction  37 

Approximately 30% of global final energy consumption and CO2 emissions come from the 38 

building sector 1. CO2 emissions from buildings have doubled over the past two decades and will 39 

continue to grow under current policies 2. Therefore, future reductions in building energy use and 40 

emissions will be crucial to global decarbonization. While electrification powered by clean 41 

energy is regarded as an essential part of emission mitigation 3, measures that reduce energy 42 

demand can make substantial contributions to the low-carbon transition of buildings as well 4–9. 43 

Many studies have indicated that to achieve deep building decarbonization consistent with the 44 

2 °C and 1.5°C climate targets, a portfolio of ambitious policies on both energy supply and 45 

demand is necessary 10–16.  46 

Effective reductions in energy use require a comprehensive understanding of future energy 47 

demand and policy impacts. Previous literature has demonstrated that building energy use 48 

changes as a function of various demand drivers, including climate 17–19, population size 14,18, 49 

floor area per capita 14,20, energy behaviors 21, etc. These demand drivers have large geographic 50 

variations, further complicating energy use patterns 22. In addition, policies on building energy 51 

efficiency (e.g., building energy codes, old building retrofits) 7,11,23,24 and compact urban 52 

development 25 also have great impacts on building characteristics and energy demand. The 53 

natural, social, and policy factors collectively shape the future pathway of building energy 54 

consumption and hence should be considered in demand projections. However, existing studies 55 

rarely took these variations into account. Wang et al. (2023) 18 modelled the impacts of 56 

population and climate on US building energy use at the city level, but they assumed fixed 57 

building stock without including changes in floor area and building energy efficiency over time. 58 

Chinese urban buildings are responsible for over 10% of China’s energy use and CO2 emissions 59 
26, with more than half coming from space heating and cooling 27. As a result of rapid economic 60 

development and urbanization, Chinese cities have witnessed sharp increases in building stock 61 

and energy use over the past few decades. However, future energy use patterns of Chinese urban 62 

buildings will be deeply influenced by changes such as a shrinking population 28, continued 63 

urbanization 29, increasing floor area per capita due to income growth 27, improved energy 64 

efficiency 11, and a warming climate 17. The future pathways of energy use and carbon emissions 65 

of Chinese buildings have been extensively modelled at the national and climate zone levels 11,30–66 
36. Some studies provided city-level results, either using spatial downscaling 37 or with a limited 67 

scope for one or several cities 17,38. Most studies failed to include the above demand drivers to 68 

explore a wide range of scenarios, and they overlooked the inter-city heterogeneity in these 69 

drivers. This lack of granularity limits the accuracy of energy and emission projections as well as 70 

the ability to inform policymaking in individual cities.  71 
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Table 1. Designed scenarios for this study. 72 

Factors Scenarios Description 

Population HighPop High fertility (1.8 in 2050), 1.3 billion in 2060 

MedPop Medium fertility (1.3 in 2050), 1.2 billion in 2060 

LowPop Low fertility (0.7 in 2050), 1.1 billion in 2060 

 

Floor area per 

capita 

HighArea Uncontrolled growth, 56 m2/cap (national urban average) 

in 2060 

MedArea Medium growth, 52 m2/cap in 2060 

LowArea Compact growth, 41 m2/cap in 2060 

Energy efficiency 

improvements 

LowEff No additional building envelope energy efficiency 

standards through 2060; 

Retrofit 0.18 billion m2 (0.3%) of inefficient buildings per 

year (current retrofit rate in China 39) 

MedEff Starting in 2035, new buildings must meet Nearly Zero 

Energy Building Standards; 

Retrofit 0.39 billion m2 (0.65%) of inefficient buildings 

per year (mean of the LowEff and HighEff rates) 

HighEff Starting in 2025, new buildings must meet Nearly Zero 

Energy Building Standards; 

Retrofit billion 0.6 m2 (1%) of inefficient buildings per 

year (rate consistent with China’s carbon neutrality goal 
by 2060 39) 

Climate SSP245 Shared Socioeconomic Pathway 245 

SSP585 Shared Socioeconomic Pathway 585 

Note: The baseline scenario is the MedPop_MedArea_MedEff_SSP245 scenario. 73 

To fill this research gap, here we evaluate the implications of future climate, demographic, and 74 

socioeconomic changes for building thermal (heating and cooling) energy service demand in 336 75 

Chinese cities from 2020 to 2060. We design a series of scenarios (Table 1) of the above demand 76 

drivers and potential policies to model urban building energy demand in various possible futures. 77 

We develop a bottom-up approach that includes the inter-city heterogeneity in building stock and 78 

demand drivers for energy simulations. We estimate that China’s urban building floor area will 79 

increase by 15% between 2020 and 2060 in the baseline scenario, due to continued urbanization 80 

and increasing floor area per capita. We find huge inter-city heterogeneity in both building floor 81 

area and thermal energy intensity. We find that climate, building energy efficiency, and floor 82 

area per capita are primary drivers of energy demand. Future warming (Shared Socioeconomic 83 

Pathway 245) is projected to result in changes in urban building heating, cooling, and total 84 
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thermal energy demand of -24%, +27%, and +8.5% in 2060, respectively. Ambitious policies on 85 

compact urban development and building energy efficiency improvements could reduce national 86 

urban building heating (cooling) demand by 22% (19%) and 8% (4%) from the baseline scenario 87 

and by 27% (24%) and 22% (11%) from limited policy interventions (conservative policy 88 

scenarios) in 2060, respectively. Policy impacts on building thermal demand vary substantially 89 

across cities, suggesting that tailored infrastructure planning and policy interventions are needed 90 

to effectively reduce energy use and emissions. 91 

 92 

2. Materials and Methods 93 

We integrate a modeling system to investigate the impacts of various energy demand drivers on 94 

building heating and cooling demand from urban population in 336 Chinese prefecture-level 95 

cities. First, we develop various scenarios of energy demand drivers by synthesizing projections 96 

of future population, floor area, climate, as well as potential building policies. Second, we utilize 97 

a building stock turnover model to project future building floor areas under these scenarios using 98 

a historical urban building stock dataset. Next, we run a building energy use model to simulate 99 

the heating and cooling energy intensities of prototype buildings in each city. Finally, we 100 

combine the results of future city-level building stock and building energy intensities to evaluate 101 

spatial and temporal variations in Chinese urban building energy demand.  102 

2.1 Scenario design 103 

We construct a series of scenarios to reflect the uncertainties in various drivers of urban building 104 

stock and energy demand. We choose 2020 as the base year of our simulations and model the 105 

pathways of city-level building energy demand from 2020 to 2060, when China pledges to 106 

achieve carbon neutrality. 107 

We build three urban population scenarios (HighPop, MedPop, LowPop) based on a dataset of 108 

city-level population projections for China 28. The three scenarios assume national fertility rates 109 

of 1.8, 1.3, and 0.7 by 2050, capturing a wide spectrum of possible population growth 110 

trajectories based on recent trends and policies. As city-level urbanization rates are missing in 111 

this dataset, we use the future provincial urbanization rates from Chen et al. (2020) 29 to estimate 112 

urban populations and calibrate them against the urban population data from the 2020 China 113 

Population Census. Figure S1 shows future changes in total and urban populations. Across the 114 

three scenarios, China’s total population declines from 1.4 billion in 2020 to 1.1-1.3 billion in 115 

2060. However, due to continued urbanization, China’s urban population will not decrease until 116 

the 2040s, and the urban population in 2060 is comparable to or even higher than its 2020 value.   117 

We develop three scenarios of building floor area per capita (HighArea, MedArea, LowArea) 118 

based on empirical relationships between floor area and GDP from IEA (2015) 27 and projected 119 
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provincial GDP under the SSP2 scenario (consistent with the baseline climate scenario of this 120 

study) from GCAM-China 40. We determine the residential floor area per capita of the 336 cities 121 

in the base year (2020) based on the 2020 China Population Census, and we project different 122 

future changes in city-level floor area per capita across the three scenarios (Figure S2). The 123 

residential floor area per capita is averaged only over urban residents, given that urban and rural 124 

residents of a city generally have different floor area per capita. China’s current floor area per 125 

capita is still lower than many developed countries and is likely to increase with growing 126 

resident income. In the MedArea and HighArea scenarios, the national average urban residential 127 

floor area increases from 39 m2/capita in 2020 to 52 m2/capita and 56 m2/capita in 2060 128 

(following historical patterns of global countries), respectively, due to economic growth and 129 

uncontrolled expansion of urban lands. The LowArea scenario characterizes the potential effect 130 

of ambitious compact urban development policy, where the national average building floor area 131 

is limited to approximately 40 m2/capita (around base year level) through 2060.  132 

In addition, we design three scenarios of future building energy efficiency (HighEff, MedEff, 133 

LowEff). China has been promoting energy efficiency improvements for urban buildings by 134 

upgrading the efficiency standards since 1986 17 and retrofitting old, inefficient buildings. As of 135 

now, five generations of efficiency standards have been developed for residential buildings, and 136 

three generations for non-residential buildings (Table S1). Here we assume a different pace of 137 

efficiency improvements in the coming decades across scenarios. In the LowEff scenario, no 138 

additional efficiency improvements will be implemented through 2060, and 0.18 billion m2 or 139 

0.3% (current retrofit rate in China 39) of old buildings will be retrofitted per year through 2060, 140 

representing existing policy efforts. In the MedEff and HighEff scenarios, we raise policy 141 

ambitions by assuming the implementation of more stringent efficiency standards, where all new 142 

buildings must meet the Nearly Zero Energy Building standards starting in 2035 and 2025. We 143 

also assume more ambitious retrofits of old buildings in the MedEff and HighEff scenarios, with 144 

a retrofit target of 0.39 billion m2 or 0.65% per year and 0.6 billion m2 or 1% per year (rate 145 

consistent with China’s carbon neutrality goal by 2060 39) through 2060, respectively. These 146 

policy impacts will vary across cities, as cities in different climate zones comply with different 147 

standards, and cities differ in building vintage distribution as well. 148 

Moreover, we include two climate scenarios (SSP245, SSP585) to evaluate the potential impacts 149 

of climate change on future building energy use. In our main simulations, we use the SSP245 150 

climate to construct a scenario with moderate warming. We also conduct sensitivity tests using 151 

the SSP585 climate to assess the impacts of extreme warming on building energy demand.  152 

We combine these four dimensions and generate 54 scenarios for building energy demand. We 153 

use the MedPop_MedArea_MedEff_SSP245 scenario as the baseline scenario in this study. 154 

 155 
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2.2 Building stock turnover modeling 156 

Modeling urban building energy demand requires information on building stock and its temporal 157 

variations. However, no official sources in China provide consistent statistics on urban building 158 

stock (e.g., building floor areas of residential and non-residential buildings) for all cities across 159 

decades 41. Therefore, we use a dataset of historical Chinese city-level material stock 42 to 160 

estimate the urban building floor areas of 336 cities from 1978 to 2020. We calculate the total 161 

urban residential and non-residential building floor areas in each city and year by dividing the 162 

material stock by material intensities for buildings. The building stock evolution before 1978 is 163 

not considered, as the total urban building areas before 1978 are much smaller than their base 164 

year values (and have mostly been replaced by 2020) and hence will not greatly affect our 165 

analyses. As this dataset does not include vacant buildings, we adjust the building stock data 166 

based on urban housing vacancy rates from the literature 43–45. 167 

We use a building stock turnover model to estimate annual new building floor areas from 1978 to 168 

2020 and project future new floor areas by 2060 in various scenarios. The turnover of urban 169 

residential building floor area is estimated as follows:  170 𝐴௜,௧௧௢௧ − 𝐴௜,௧−1௧௢௧ = 𝐴௜,௧௡௘௪ − 𝐴௜,௧ௗ௘௠                                                 (1) 171 

Where  𝐴௜,௧௧௢௧ and 𝐴௜,௧−1௧௢௧  are the total building floor area in city ݅ in year ݐ and year ݐ − 1, 172 

respectively; 𝐴௜,௧௡௘௪ is the new building floor area built in city ݅ in year ݐ; 𝐴௜,௧ௗ௘௠ is the building 173 

floor area demolished in city ݅ in year 174 .ݐ 

The future urban residential building floor areas are projected as follows: 175 𝐴௜,௧௧௢௧ = ௜ܲ,௧ × 𝐴௜,௧௣௖
                                                            (2) 176 

where ௜ܲ,௧ is the urban population of city ݅ in year ݐ; 𝐴௜,௧௣௖
 is the floor area per capita in city ݅ in 177 

year 178 .ݐ 

Historical data on China’s urban building floor areas 42 suggest that the ratio of non-residential to 179 

residential building floor area increased after 2000 and has plateaued in recent years (Figure S3). 180 

Therefore, when projecting future urban non-residential building floor areas, we assume that the 181 

ratio of non-residential to residential building floor area will remain unchanged from 2020 to 182 

2060 in each city, so that non-residential floor area will grow at the rate of residential floor area 183 

growth. 184 

The demolished building floor areas are estimated using the probability function 46 as follows: 185 

௧ܲௗ௘௠ = 12 [1 + erf⁡(௧−ఓ√2ఙ)]                                                      (3) 186 
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where ௧ܲௗ௘௠ is the probability of a building being demolished after being built for ݐ years; erf is 187 

the Gauss error function; ߤ is the average building lifetime; ߪ is the standard deviation of 188 

building lifetime (one third of ߤ). Previous literature estimates that the average lifetime of 189 

China’s urban buildings is 30 to 40 years 46. We assume an average building lifetime of 35 years 190 

before 2020 and 50 years (designed lifetime) after 2020, consistent with the recent trend of 191 

lifetime increases 47.  192 

In addition, we consider old building retrofits during building stock turnover. We assume that 193 

building retrofits start from the oldest, most inefficient buildings in each city, and the retrofitted 194 

buildings will upgrade their energy efficiency by up to two generations of efficiency standards 195 

(Table S1) but not more efficient than the latest standard implemented in the year of retrofits. 196 

Retrofitted buildings are assumed to have a fixed lifetime of 30 years 48 and will be demolished 197 

upon reaching the lifetime. 198 

We evaluate the estimated historical urban building stock against data from 2020 China 199 

Population Census. We find that our data derived from Li et al. (2023) 42 underestimated the 200 

residential floor area built before 2010 while overestimating the floor area built after 2015 201 

(Figure S4). We then calibrate the building stock data by scaling the annual new building floor 202 

area in each period (as defined in the census) by a different factor, so that both the building 203 

vintage distribution and the total building floor area in 2020 are consistent with the census data. 204 

2.3 Future weather data 205 

To include the effects of climate change on building energy demand, we extract future weather 206 

data for the SSP245 and SSP585 scenarios from the Coupled Model Intercomparison Project 207 

Phase 6 (CMIP6) databases. We retrieve 6-hourly dry-bulb temperature, relative humidity, air 208 

pressure, wind speed, and wind direction at the surface level of each city from a climate dataset 209 

based on an ensemble of 18 CMIP6 models 49. Additionally, we retrieve 3-hourly global 210 

horizontal irradiance and diffusive horizontal irradiance at the surface level of each city from the 211 

Beijing Climate Center Climate System Model version 2 - Medium Resolution (BCC-CSM2-212 

MR) dataset 50. We calculate direct normal irradiance using global horizontal irradiance, diffuse 213 

horizontal irradiance, and solar zenith angle 51. We use interpolation to convert these weather 214 

variables into hourly data of dry-bulb temperature, dew point temperature, relative humidity, air 215 

pressure, global horizontal radiation, direct normal radiation, diffuse horizontal radiation, wind 216 

direction, and wind speed for building energy simulations. Given the interannual climate 217 

variations in CMIP6 models, we use the 5-year average of weather variables as inputs for each 218 

year of building energy simulation. 219 

 220 

 221 
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2.4 Building heating and cooling energy demand modeling 222 

Urban building energy use can be modelled with top-down and bottom-up approaches. While 223 

top-down models use aggregated data to characterize the relationship between building energy 224 

use and its drivers, bottom-up models use disaggregated data to quantify the energy uses of 225 

individual buildings and extrapolate them to the aggregated level 52. Here we take a bottom-up 226 

approach, as we aim to investigate the impacts of future changes in climate and building energy 227 

efficiency.  228 

We employ a state-of-the-art building energy simulation model, EnergyPlus 229 

(https://energyplus.net/), to simulate individual building energy intensities for heating and 230 

cooling in Chinese cities. EnergyPlus is a physical model based on energy balance equations and 231 

has been widely used for evaluating the response of building energy use to changes in climate 232 

and building characteristics 18. As this study focuses on building energy demand drivers, we only 233 

evaluate the final energy demand without explicitly modeling how the energy demand will be 234 

met by different technologies. We design 92 prototype residential buildings (4 building types 235 

(forms) × 5 climate zones × 3 or 5 building energy efficiency standards per climate zone) and 90 236 

prototype non-residential buildings (6 building types (2 forms × 3 operation schedules (office, 237 

mall, and hotel)) × 5 climate zones × 3 building energy efficiency standards) for Chinese cities 238 

based on previous literature 17,53. We choose 5 years during 2020-2060 (2020, 2030, 2040, 2050, 239 

2060) to conduct simulations. In combination, we perform a total of 127,680 EnergyPlus 240 

simulations (336 cities × 38 prototype buildings per city × 5 years × 2 climate scenarios). We 241 

assume a target temperature of 20°C for heating and 27°C for cooling for residential buildings 242 

based on a Chinese indoor thermal comfort database 54. For non-residential buildings, we adopt 243 

the heating and cooling patterns from China’s urban non-residential building energy efficiency 244 

standards (Table S1). The model outputs are annual building heating and cooling energy uses at 245 

an hourly resolution. 246 

The city-level building energy demand is calculated as follows: 247 ܧ௦,௜,௧ = ∑ (𝐴௦,௜,௝,௧ × ∑ ௜,௝,௕,௧ܫܧ) × ௕)ே್௕=1ே೔௝=1ݓ ) × ௦ܲ,௜,௧ ×  ௜,௧                             (4) 248ܨܥ

where ܧ௦,௜,௧ is the total heating or cooling energy demand of city ݅ in year ݐ under scenario ݏ; ௜ܰ 249 

is the number of building energy efficiency levels (required by energy efficiency standards in 250 

Table S1) in city ݅; 𝐴௦,௜,௝,௧ is the total floor area of buildings with energy efficiency level ݆ in city 251 ݅ in year ݐ under scenario ݏ; ௕ܰ is the number of prototype buildings; ܫܧ௜,௝,௕,௧ is the heating or 252 

cooling energy intensity for building type ܾ with energy efficiency level ݆ in city ݅ in year 253 ݐ 

under scenario ݓ ;ݏ௕ is the weight applied to building type ܾ, based on the share of various 254 

building types estimated from data of urban building heights and types (Supplementary Note 1); 255 ௦ܲ,௜,௧ is the penetration of heating or cooling appliances in households of city ݅ in year ݐ under 256 
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scenario ݏ (Supplementary Note 2); ܨܥ௜,௧ is the calibration factor that accounts for behavioral 257 

heterogeneity such as “part time, part space” heating and cooling behaviors of Chinese urban 258 

households (Supplementary Note 3).  259 

2.5 Decomposition of the contributions of demand drivers to building energy demand 260 

changes  261 

Urban building heating and cooling demand are collectively determined by urban population, 262 

floor area per capita, building energy efficiency, climate, and energy behaviors, as the following 263 

equation shows: 264 ܧ௦,௜,௧ = ௦ܲ,௜,௧ × 𝐴௦,௜,௧ × ௦,௜,௧ܫ × ௦,௜,௧ܥ ×  ௦,௜,௧                                       (5) 265ܤ

where ܧ௦,௜,௧, ௦ܲ,௜,௧, 𝐴௦,௜,௧, ܫ௦,௜,௧, ܥ௦,௜,௧, and ܤ௦,௜,௧ represent total energy demand, urban population, 266 

floor area per capita, average building energy intensity under base year climate, climate effect on 267 

building energy intensity (i.e., the ratio between average building energy intensities under the 268 

climate of base year and year ݐ), and the effect of energy behavioral changes (as the product of 269 

heating or cooling appliance penetration and calibration factor, see Equation 4), respectively, of 270 

city ݅ in year ݐ under scenario 271 .ݏ 

To decompose the contributions of various demand drivers to the simulated future changes in 272 

urban building heating and cooling demand, we apply the logarithmic mean Divisia index 273 

(LMDI) method 18 to our modelled demand. Future demand changes can be attributed as: 274 ∆ܧ௧−௧0 = ௉,௧−௧0ܧ∆ + ஺,௧−௧0ܧ∆ + ூ,௧−௧0ܧ∆ + ஼,௧−௧0ܧ∆ +  ஻,௧−௧0                    (6) 275ܧ∆

where 276 ∆ܧ௉,௧−௧0 = ா೟−ா೟0ln ா೟−ln ா೟0 × ln( ௉೟௉೟0)                                                (7) 277 

஺,௧−௧0ܧ∆ = ா೟−ா೟0ln ா೟−ln ா೟0 × ln( ஺೟஺೟0)                                                (8) 278 

ூ,௧−௧0ܧ∆ = ா೟−ா೟0ln ா೟−ln ா೟0 × ln( ூ೟ூ೟0)                                                 (9) 279 

஼,௧−௧0ܧ∆ = ா೟−ா೟0ln ா೟−ln ா೟0 × ln( ஼೟஼೟0)                                              (10) 280 

஻,௧−௧0ܧ∆ = ா೟−ா೟0ln ா೟−ln ா೟0 × ln( ஻೟஻೟0)                                              (11) 281 

 and it can be decomposed into the 282 ,0ݐ and ݐ ௧−௧0 is the energy demand change between yearܧ∆ 

contributions of the above demand drivers, as derived in Equation 7-11. 283 

 284 
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3. Results  285 

3.1 Future urban building stock changes 286 

We model future urban building stock changes in China at the city level based on projections of 287 

urban population and floor area per capita (Section 4.1). Figure 1A-C show the national urban 288 

building floor area changes from 1978 to 2060 in the baseline 289 

(MedPop_MedArea_MedEff_SSP245) scenario. We estimate that the total urban building floor 290 

area in 2020 (the base year of simulations) is 60 billion m2, with residential buildings making up 291 

over 70% of the floor area. In the baseline scenario, while China’s total population began to 292 

decline in 2020 (Figure S1), its urban population continues to increase until mid-century.  293 

Building floor area grows until 2047, due to ongoing urbanization with associated population 294 

increase and increasing floor area per capita. The total floor area in 2060 is 68 billion m2, 15% 295 

higher than 2020, suggesting moderate potential for further building stock growth. New building 296 

construction decreased significantly between 2020-2024 due to the real estate crisis in China 297 

resulting from strict housing policies but is projected to recover afterwards due to recent policy 298 

shifts promoting the real estate market. However, the future scale of building construction is 299 

expected to be much lower than the peak during the 2010s (Figure 1B). 300 

Future urban building stock varies substantially across different scenarios (Figure 1D). We find 301 

that the total urban building floor area ranges from 50 billion m2 to 78 billion m2 in 2060, 302 

depending on assumptions of population and floor area per capita. We note that only in scenarios 303 

with compact urban development (the LowArea scenarios) would China stabilize the urban 304 

building stock below the 2020 level in the coming decades. 305 

In addition, in the baseline scenario, we examine changes in building vintage distribution over 306 

time. Figure 1E, F show future urban building floor area by year of construction. We find that, 307 

due to replacement of old buildings with new buildings that follow more stringent energy 308 

efficiency standards, the share of buildings with relatively efficient envelopes increases rapidly 309 

over time. In 2040, more than half of buildings will meet the energy efficiency standards in place 310 

in 2020, and this share increases to 94% by 2060. The energy efficiency of new buildings built 311 

after 2020 will largely determine the future energy demand of China’s urban buildings, 312 

presenting a great opportunity to reduce future building energy demand through rapid 313 

implementation of more stringent efficiency standards (e.g., the Nearly Zero Energy Building 314 

Standard). 315 
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Figure 1. Historical and future urban building stock changes. (A-C) National (A) total, (B) annual new, and (C) annual demolished urban 

building floor areas from 1978 to 2060 in the baseline scenario. The blue and yellow bars show residential and non-residential building floor areas, 

respectively. The vertical black line indicates the base year (2020). We assume an average building lifetime of 50 years for buildings constructed 

after 2020. The red and blue dashed curves in (B) and (C) show the building floor areas with alternative lifetimes of 35 and 65 years, respectively. 

(D) National total urban building floor area under various scenarios from 2020 to 2060. Red, yellow, and blue curves indicate high, medium, and 

low population scenarios, respectively. Solid, dashed, and dotted curves indicate high, medium, and low floor area per capita scenarios, 

respectively. (E, F) Vintage distribution of urban (E) residential and (F) non-residential building floor areas from 2020 to 2060 in the baseline 

scenario. Buildings are grouped by the year of construction. Each group of buildings shares the same energy efficiency standard. NZEB: Nearly 

Zero Energy Building. 
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We find huge inter-city heterogeneity in the evolution of population and building floor area in 316 

China for cities of various sizes (Figure S5). In the baseline scenario, while some cities witness a 317 

decrease in urban population and building floor area over time, most cities (especially small 318 

cities) will have a larger building stock by 2060. The changes in building floor area between 319 

2020 and 2060 range from -80% to 200% across different cities. We observe similar patterns in 320 

non-baseline scenarios. These huge variations in urban dynamics imply that policy priorities 321 

regarding building energy and emission reductions should be contingent on the individual city 322 

context.   323 

3.2 Building heating and cooling energy intensities 324 

We simulate building energy intensities for space heating and cooling services at the city level 325 

under the SSP245 and SSP585 climate scenarios. 326 

Heating and cooling energy intensities are dependent on multiple factors, including local climate, 327 

building envelope energy efficiency, and building prototypes (e.g., height, floor plan, energy 328 

behavior). Figure S6 and S7 illustrate the 2020 heating and cooling energy intensities of various 329 

prototype residential and non-residential buildings of five representative cities in different 330 

climate zones of China. We find substantial variations not only across cities but also across 331 

different building vintages within a city. Building energy intensities are generally more sensitive 332 

to efficiency upgrades in cities with a less temperate climate. In these cities, the heating and 333 

cooling energy intensities of the most efficient buildings could be 60% lower than the least 334 

efficient buildings. Our results demonstrate huge benefits of building efficiency improvements 335 

for reducing energy demand. 336 

In addition, we investigate the inter-city heterogeneity in building energy intensity due to 337 

different local climate conditions. Figure S8A, B show the geographic variations in annual 338 

heating and cooling intensities for the currently most efficient buildings (i.e., meeting the 2020s 339 

standards) in 2020 under the SSP245 climate scenario. We observe high heating intensities in the 340 

northeast and Tibet and high cooling intensities in southeastern cities. Warming under SSP245 341 

results in a median reduction in heating energy intensities by 23% (25th-75th percentile: 15%-342 

31%) and a median increase in cooling energy intensities by 37% (25th-75th percentile: 26%-343 

51%) across different cities from 2020 to 2060. Cities with higher heating or cooling energy 344 

intensities tend to experience larger changes in energy intensities over time (Figure S8C, D), 345 

which indicates that the inter-city heterogeneity would decrease for heating while increase for 346 

cooling as climate becomes warmer. Compared to the SSP245 scenario, the SSP585 climate 347 

would further lower heating energy intensities (especially in central China) and increase cooling 348 

energy intensities (especially in southern China) (Figure S8E, F). 349 

 350 
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3.3 Urban building heating and cooling demand 351 

On the basis of modelled urban building stock and energy intensity, we estimate the total 352 

building heating and cooling service demand for each city of China. Figure 2A, B show the 353 

geographic variations in annual building energy demand at the city level in 2060 in the baseline 354 

scenario. We find that highly populated cities are hotspots for building energy use. With inter-355 

city heterogeneity in both building floor area and energy intensity, the building energy demand 356 

for heating and cooling could differ by over five orders of magnitude across cities.  357 

Figure 2. City-level annual building energy service demand in the baseline scenario. (A) Heating 358 

demand in 2060. (B) Cooling demand in 2060. (C) Heating demand percentage changes from 2020 to 359 

2060. (D) Cooling demand percentage changes from 2020 to 2060. For (A) and (B), the numbers in the 360 

upper left corners indicate national total urban building energy demand. The circle size indicates the 361 

population of each city. 362 

We also analyze the temporal changes in urban building energy demand between 2020 and 2060. 363 

We find large variations in the trajectories of heating and cooling demand across cities (Figure 364 

S9). Most cities in northern China witness significant increases in cooling demand and slight 365 

decreases in heating demand from 2020 to 2060, primarily due to a warming climate (Figure 366 

2C). In contrast, we observe considerable increases in both heating and cooling demand in cities 367 
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in southern and northwestern China, as a result of larger urban populations and higher thermal 368 

comfort requirements (i.e., a transition from “part time, part space” towards “full time, full 369 

space” heating/cooling, see Supplementary Note 3) (Figure 2D).  370 

Figure 3. Changes in national urban building energy service demand from 2020 to 2060 in the 371 

SSP245 climate under various scenarios of floor area per capita. (A) Heating demand. (B) Cooling 372 

demand. The red, yellow, and blue areas show the ranges of energy demand for the HighArea, MedArea, 373 

and LowArea scenario ensembles, respectively. Colored curves indicate the trajectories of the central 374 

scenarios (scenarios where other variables are set at the baseline level) for each ensemble. 375 

We find great impacts of demand drivers on future changes in China’s urban building energy 376 

demand. Figure 3, S10, and S11 show the trajectories of national urban heating and cooling 377 

demand in the SSP245 climate for scenario ensembles grouped by floor area per capita, 378 

population, and building energy efficiency, respectively. In the baseline scenario, while national 379 

urban building heating demand slightly decreases from 3.4 EJ to 3.1 EJ between 2020 and 2060, 380 

the cooling demand increases by 98% from 4.5 EJ to 8.9 EJ in 2060. These changes result from a 381 

combination of evolving climate, building floor area, energy efficiency, energy behaviors, etc. 382 

Among various socioeconomic factors, we find that floor area per capita and building energy 383 
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efficiency are important drivers of building energy demand pathways. In 2060, compact urban 384 

development (LowArea scenario) could reduce national heating (cooling) demand by 22% (19%) 385 

compared to the baseline scenario and by 27% (24%) compared to the scenario of uncontrolled 386 

floor area growth (HighArea scenario) (Figure 3). Ambitious energy efficiency improvements 387 

(HighEff scenario) could also achieve large energy savings, lowering heating (cooling) demand 388 

by 8% (4%) from the baseline scenario and by 22% (11%) from the scenario of efficiency 389 

stagnation (LowEff scenario) in 2060 (Figure S11). Urban population has relatively smaller 390 

impacts, with heating (cooling) demand in the LowPop scenario only 7% (8%) and 12% (14%) 391 

lower than the baseline and the HighPop scenario, respectively (Figure S10). 392 

Additionally, we find that future climate change substantially changes the building energy 393 

demand trajectories. With the baseline building stock, warming in the SSP245 climate reduces 394 

heating energy demand by 24% while increases cooling demand by 27% in 2060, resulting in a 395 

net demand increase of 0.94 EJ (8.5%) (Figure 3 and S12). The warming in the SSP585 climate 396 

leads to a similar increase in net energy demand of 1.3 EJ (12%), despite much larger changes in 397 

demand for heating (-39%) and cooling (+41%) (Figure S13). Our results show that including 398 

climate factors is necessary to accurately model future building energy demand and plan for 399 

urban energy infrastructure accordingly. 400 

The contributions of various demand drivers to building energy demand show great variations 401 

both temporally and geographically. Figure 4 and S14 show changes in national urban residential 402 

and non-residential heating and cooling demand attributed to different drivers over time (see 403 

Section 4.5). We find that floor area per capita, building energy efficiency, and energy behaviors 404 

generally have large impacts in the short term and become relatively less important as time 405 

approaches 2060. Changes in urban population sizes lead to demand increases before 2040 and 406 

demand decreases afterwards. Climate affects demand in a more complex way, having the largest 407 

decreasing effect on heating demand in 2050-2060 and the largest increasing effect on cooling 408 

demand in 2030-2040. Moreover, the patterns of demand driver contributions also vary 409 

significantly across different cities (Figure S15 and S16), resulting from heterogeneous future 410 

changes in these drivers.  411 
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Figure 4. Contributions of various demand drivers to national urban residential building energy 412 

service demand from 2020 to 2060 in the baseline scenario. (A) Heating demand changes. (B) Cooling 413 

demand changes. The grey dots indicate net changes in energy demand. 414 

3.4 Heterogeneous impacts of policies on cumulative urban building energy demand  415 

We further estimate the cumulative building heating and cooling demand from 2020 to 2060 416 

under various scenarios at the city level. We rank 336 Chinese cities by cumulative demand in 417 

the baseline scenario and find that the top 50% of cities are responsible for 83% of national 418 

urban building energy demand (Figure S17), with more than 25% of the national demand coming 419 

from the top 20 cities. This concentrated pattern of building energy demand indicates the 420 

importance of building policy implementations in these high-demand cities to overall demand 421 

control.  422 

We evaluate the geographic distribution of cumulative heating and cooling demand reductions 423 

via increased efficiency and compact urban development (smaller floor areas). The differences 424 

between the ambitious policy and limited policy scenarios of energy efficiency and floor area per 425 

capita are shown in Figure 5. We find uneven impacts of these two policies across different 426 

cities. Containing floor area growth has a larger impact on both heating and cooling demand in 427 

most inland cities than coastal cities. This is because inland cities generally are less developed 428 

and have lower floor area per capita than coastal cities in the base year (2020) and hence have 429 

more potential for future floor area growth. In contrast, improving building envelope energy 430 
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efficiency is more effective in reducing heating demand in northern and southwestern China 431 

while more effective in reducing cooling demand in southern China. This pattern arises primarily 432 

from differences in local climate and building energy efficiency standards. 433 

Figure 5. Impacts of (A, B) compact urban development and (C, D) building energy efficiency 434 

improvements on cumulative urban building (A, C) heating and (B, D) cooling demand from 2020 435 

to 2060. The impact of compact urban development is defined as the percentage reduction between the 436 

MedPop_LowArea_MedEff and MedPop_HighArea_MedEff scenarios, while the impact of building 437 

energy efficiency improvements is defined as the percentage reduction between the 438 

MedPop_MedArea_HighEff and MedPop_MedArea_LowEff scenarios. 439 

 440 

4. Discussion  441 

This study investigates the impacts of various demand drivers on Chinese urban building thermal 442 

demand from 2020 to 2060 at the city level. We find that despite a shrinking population, 443 

continued urbanization and increasing floor area per capita in the baseline scenario will result in 444 

a 15% increase in total urban building floor area from 2020 to 2060. In addition, we find that 445 

Chinese urban buildings will have higher cooling demand, lower heating demand, and higher 446 

total energy demand (+8.5%) in 2060 due to a warming climate. China has pledged to peak 447 

carbon emissions by 2030 and achieve carbon neutrality by 2060. Growing energy demand 448 



 18 

increases the decarbonization challenge for the urban building sector and jeopardizes these 449 

climate goals. Early, effective actions that contain floor area increases and improve building 450 

energy efficiency are needed to avoid lock-in of future emissions associated with building 451 

heating and cooling, reduce the demand for alternative energy sources, and accelerate the low-452 

carbon transition 55.  453 

We demonstrate that building policies have great potential to lower energy demand via reducing 454 

building floor area and enhancing building envelope energy efficiency. Ambitious policies on 455 

compact urban development and efficiency improvements could reduce heating (cooling) 456 

demand by 27% (24%) and 22% (11%) from the conservative policy scenarios in 2060. This 457 

result is consistent with the finding of Güneralp et al. (2017) that, in developing countries, 458 

promoting higher urban density is generally more effective in reducing building energy 459 

consumption than efficiency improvements. Built-up area per capita is widely identified as an 460 

important indicator of energy use and carbon emissions at both national and city levels 56,57. Our 461 

analysis suggests that policymakers in China (particularly in fast-growing cities) should seize 462 

this opportunity to contain floor area per capita by preventing excessive building construction. 463 

However, we also note that the impacts of efficiency improvements may be underestimated, 464 

since we only consider the building efficiency standards that are in effect or during the draft 465 

stage. If China mandates more stringent efficiency standards before 2060, the resulting demand 466 

reductions would be greater. 467 

Our results reveal strong inter-city heterogeneity in building stock characteristics, energy 468 

intensities, and energy demand, depending on the local patterns of population, floor area, and 469 

climate changes. These variations imply that the portfolio of building decarbonization policies 470 

should be tailored city by city to match the characteristics of future building energy demand. For 471 

instance, for developed cities such as Beijing (Figure S15A, B) with decreasing population and 472 

modest future floor area growth, the impacts of compact development might be limited. 473 

Improving building energy efficiency could play a significant role in reducing Beijing’s heating 474 

demand, while policies promoting energy saving practices can be adopted to contain the cooling 475 

demand growth. In contrast, for growing cities such as Chengdu (Figure S15E, F), where rising 476 

population and expanding floor area continue to drive energy demand, priority should be given 477 

to compact development policies (e.g., limiting the construction of large-sized apartments). 478 

Meanwhile, we find a highly uneven distribution of building energy demand among cities, with 479 

half of the cities responsible for over 80% of energy demand. Targeting these high-demand cities 480 

would provide most reductions in energy use and emissions, although eventually buildings from 481 

all cities must be addressed to achieve net zero emissions. 482 

Our results are subject to the following uncertainties and limitations. First, we analyze energy 483 

service demand (demand for heating and cooling) rather than actual energy consumption (use of 484 



 19 

electricity, gas, etc.), given the lack of city-level data on heating and cooling technologies. 485 

Actual energy consumption of urban buildings will also depend on the technology mix and 486 

efficiencies and is assessed in a national-level companion study (Liu et al., manuscript 487 

submitted). Second, this study focuses on heating and cooling without accounting for other 488 

building energy uses (e.g., lighting, cooking, and appliances). Unlike heating and cooling, other 489 

energy demand will not be greatly affected by climate change but is expected to increase as the 490 

economy grows. Third, we only model four types of residential buildings and six types of non-491 

residential buildings. In reality, there is a much higher diversity in building characteristics both 492 

within and across different cities. Other building types (e.g., data centers) would show different 493 

energy demand patterns and could be included by future studies. Fourth, as we take a bottom-up 494 

approach by aggregating energy demand of individual buildings, urban climate factors (e.g., the 495 

heat island effect) 58 are not included in the modeling. The exclusion of urban heat might result 496 

in overestimated heating demand and underestimated cooling demand.   497 

In conclusion, this study indicates that future climate, demographic, and socioeconomic changes 498 

lead to large temporal and geographic variations in urban building thermal energy demand in 499 

China. Tailored energy infrastructure planning and building policies in individual cities are 500 

crucial to cope with this heterogeneity. Our findings suggest great opportunities for Chinese 501 

cities to reduce building heating and cooling demand through policy interventions.  502 

 503 
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