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Extreme temperatures and 
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The increasing frequency of extreme temperatures poses significant threats to 
human habitats. Utilizing data from the China Family Panel Studies (CFPS) and the 
Chinese Residential Energy Consumption Survey (CRECS), this study examines 
the effects of extreme temperatures on household energy consumption in China 
from an adaptive behavior perspective. The results show that each additional 
day of extreme high temperatures increases household energy consumption 
by 3.437 yuan, while each additional day of extreme low temperatures raises it 
by 8.071 yuan. Moreover, extreme temperatures have notably stronger impact 
on the energy consumption of rural, low-income, and southern households, 
especially with regard to extreme cold. Extreme temperatures increase energy 
consumption primarily by altering residents’ adaptive behaviors: they compel 
households to reduce spending on food and medical care, shorten work hours, 
and increase the use of home thermostats devices. Specifically, for each day of 
extreme cold, household expenditures on food and medical care decrease by 
23.217 and 21.212 yuan, respectively, residents’ work hours are reduced by 0.156 h, 
and households add 0.079 heating devices. This conclusion not only helps to 
scientifically evaluate the economic cost of extreme climate, but also provides 
important decision-making basis for households to enhances their resilience to 
energy-related risks and governments to optimize energy policies.
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1 Introduction

Driven by the “dual-carbon” goal, energy consumption, particularly in the household 
sector, is garnering unprecedented focus in China. In fact, as a populous nation, China’s 
residential sector has become a major source of energy demand and carbon emissions, exerting 
a significant impact on the economy, society, and the environment (Liu et al., 2011; Fang et al., 
2022). Amid rapid economic growth and increasing urbanization, there has been a clear 
upward trend in residential energy consumption. From 2010 to 2021, its share of total energy 
consumption rose from 10.63 to 12.83%, while industrial energy consumption decreased from 
71.12 to 66.28%. Some developed countries even report higher residential than industrial 
energy consumption (Biesiot and Noorman, 1999). The critical role of household energy usage 
in national energy conservation, emission reduction, and the strategic direction of sustainable 
energy development highlights the need for a focus beyond mere statistical forecasts. Research 
should analyze factors influencing consumption behaviors and devise strategies to optimize 
the energy mix. Existing literature primarily explores economic (Galvin and Sunikka-Blank, 
2018), demographic (Glasenapp et al., 2019), technological (You et al., 2024), lifestyle (Simcock 
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and Mullen, 2016), and policy (Sun and Zeng, 2023) impacts on 
household energy use. However, the influence of climate change, 
particularly extreme temperatures, on energy consumption through 
adaptive behaviors remains underexplored and merits 
further investigation.

Recent years have witnessed a surge in extreme climate events 
such as extreme temperatures, heavy precipitation, and droughts, 
posing severe threats to human habitats (Dell et al., 2014). The Global 
Risks Report (2021) ranks climate extremes as the foremost among 
the top five risks expected in the next decade. The Blue Book on 
Climate Change in China (2023) describes China as a sensitive and 
significantly affected area in the context of global climate change, with 
a warming rate that notably exceeds the global average during the 
same period and an intensifying frequency of extreme high-
temperature events. In 2022, China experienced 3,501 station-days of 
extreme high temperatures, the highest number since 1961. Among 
these, the highest temperatures were recorded in Beibei in Chongqing 
(45.0°C), Jiangjin (44.7°C) in Chongqing, and Zhushan (44.6°C) in 
Hubei, with a total of 366 station days where the maximum 
temperatures exceeded historical records. Extreme climate conditions 
have negative impacts on ecology (Sakka et  al., 2012), economic 
output (Akhmat et al., 2014; Wei et al., 2023), life safety (Doremus 
et  al., 2022), and social stability (Easterling et  al., 2000), with 
governments and academics increasingly focusing on the 
sustainability issues posed by extreme temperatures. This prompts 
crucial questions: How do extreme temperatures alter household 
energy consumption through adaptive behavioral changes? To what 
extent? And is there heterogeneity in these effects among different 
groups? Answering these questions is essential for accurately assessing 
the economic costs of climate extremes and for providing crucial 
decision-making data for households and governments to improve 
their strategies for managing energy risks and optimizing 
energy policies.

The Third Assessment Report by the United Nations 
Intergovernmental Panel on Climate Change (IPCC, 2001) defines 
extreme climate events as rare climatic phenomena such as extreme 
temperatures, extreme precipitation, extreme droughts, and cyclones, 
occurring within a specific temporal and spatial context (IPCC, 2001). 
Compared to more general climate changes, these events pose more 
severe challenges to human development and social stability 
(Easterling et al., 2000; Chen and Li, 2023). Initial studies on climate 
extremes primarily analyzed their frequency and intensity (Alexander 
et al., 2006) along with their impacts on ecosystems (Easterling et al., 
2000; Rosenzweig et al., 2001). In recent years, as the frequency of 
extreme climate events has increased, there has been a significant 
expansion in socio-economic impact assessments and the 
development of response strategies. The most immediate consequences 
of climate extremes include disruptions to ecosystems (Sakka et al., 
2012), reductions in agricultural yields leading to food crises (Lee 
et al., 2024), and impairments to human health (Bhattacharya et al., 
2003). Research on the nexus between extreme climate events and the 
economic and financial sectors remains nascent, predominantly 
qualitative. Some scholars have explored the impacts of extreme 
climate on the financial sector (Cevik and Jalles, 2022), poverty (Joos 
et  al., 2001), labor productivity (Wei et  al., 2023), and economic 
output (Hsiang et  al., 2017; Kahn et  al., 2021) from various 
perspectives. There is growing recognition in the literature of the 
substantial economic costs associated with climate extremes.

As the frequency, duration, and intensity of extreme temperatures 
rise, the issue of energy burden and structural transformation in 
energy usage becomes increasingly pronounced. Extreme 
temperatures pose significant challenges to human lifestyles, 
necessitating active or passive adaptations in clothing, food, housing, 
and transportation, which in turn influence household energy 
consumption levels and structures. However, most existing research 
on the determinants of household energy consumption primarily 
focuses on macro indicators such as economic development levels 
(Galvin and Sunikka-Blank, 2018), urbanization (Moustris et  al., 
2015), credit constraints (Xiang and Yue, 2023), and policy impacts 
(Sun and Zeng, 2023). At the micro level, the focus is largely on factors 
like household income or asset structures (Lan et  al., 2023), and 
demographic size and composition (O'Neill et al., 2012). Although 
some literature has found a linear relationship between extreme 
temperatures and energy consumption (Glasenapp et al., 2019; Dell 
et al., 2014; Sakka et al., 2012; Doremus et al., 2022), the transmission 
mechanism of extreme temperatures affecting residential energy and 
its heterogeneity have not been fully explored. Based on this, this 
study investigates the influence of extreme temperatures on household 
energy consumption from the perspective of adaptive behaviors. 
Utilizing data from the China Family Tracking Survey (CFPS) and the 
China Household Energy Consumption Survey (CRECS), it 
empirically examines how annual extreme high and low temperatures 
impact household energy usage and explores the variability of these 
effects across different geographic and socio-economic contexts. 
Additionally, the study considers how extreme temperatures influence 
household energy consumption by altering adaptive behaviors such as 
food and healthcare spending, working hours, and thermostat usage 
frequency. Findings indicate that each additional day of extreme high 
temperature increases household energy consumption by 3.437 yuan; 
conversely, extreme low temperatures increase consumption by 8.071 
yuan. The impact of extreme low temperatures is notably more 
significant than that of high temperatures. Heterogeneity analysis 
shows that southern, rural, low-income, and vulnerable households 
are more susceptible to temperature shocks. Adaptations to extreme 
weather include reduced food and healthcare spending, fewer working 
hours, and more frequent use of thermostats, ultimately elevating 
household energy consumption.

This paper presents several innovations: First, in the context of 
frequent extreme temperatures in China, it assesses the impacts of 
both extreme high and low temperatures on household energy 
consumption, thereby broadening the scope of research on the 
economic costs of extreme climate and providing empirical evidence 
from Chinese micro households on the relationship between extreme 
temperatures and energy usage. Second, from the perspective of 
adaptive behavior, it examines how extreme temperatures lead 
vulnerable households to increase energy expenditures, which not 
only crowds out essential spending on food and healthcare, adversely 
affecting health, but also reduces work time. This contributes to the 
broader discourse on how climate extremes may affect the health and 
social wellbeing of susceptible groups. Moreover, the use of 
thermostatic devices such as air conditioners emerges as a vital 
protective measure against extreme temperatures, highlighting the 
importance of reducing costs associated with modern energy 
technologies and accelerating the energy consumption structural 
transformation in rural and low-income households. These insights 
significantly support China’s “dual-carbon” objectives. Third, the study 
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empirically examines the heterogeneous impacts of climate extremes 
on the energy consumption of rural and urban households and those 
across different income levels, offering critical data for both household 
decision-making to enhance risk management and governmental 
policy optimization.

2 Theoretical analysis and research 
hypothesis

2.1 Climate extremes influence household 
energy consumption via adaptive behaviors

Extreme heat and cold significantly affect household energy 
consumption, primarily because these temperatures trigger adaptive 
behaviors among residents. Firstly, when faced with extreme 
temperatures, the most immediate response from residents is to use 
cooling and heating equipment to enhance indoor comfort. With 
rising household incomes and the popularity of household appliances, 
households can combat the adverse effects of extreme climate on 
comfort by using thermostatic tools (Davis and Gertler, 2015), such 
as air conditioning to create a comfortable environment (Yu et al., 
2019), thereby increasing household energy consumption. In hotter 
climates, the need for cooling is higher, leading households not only 
to use installed air conditioners more frequently but also to purchase 
and install additional air conditioning equipment to adapt to 
prolonged climate shocks (Auffhammer and Mansur, 2014). Several 
studies have confirmed the role of thermostatic tools in mitigating the 
negative impacts of climate change (Pavanello et al., 2021; Li et al., 
2024). In cold climates, home heating equipment is used more 
frequently, resulting in increased electricity and natural gas 
consumption. In extreme low temperatures, most households in 
northern China and some in the southern China use natural gas to 
ward off the cold.

Extreme temperatures not only directly increase residents’ use of 
cooling and heating facilities, but also extend residents’ indoor activity 
time, increase their energy demand for indoor lighting, entertainment 
and living facilities, and indirectly lead to an increase in household 
energy consumption. In response to extreme temperatures, people 
reallocate their time between outdoor work and indoor leisure (Zivin 
and Neidell, 2010), opting to stay indoors to cope with harsh climatic 
conditions (Zander et al., 2015). Using data from a survey in China, 
some scholars reached a similar conclusion: to mitigate the adverse 
effects of temperature shocks, laborers reduce their exposure to heat, 
with farmers and women being more sensitive (Huang et al., 2020; Li 
and Pan, 2021; Garg et al., 2020). There is no doubt that when people 
spend more time indoors, they will use indoor lighting, heating or 
cooling equipment more frequently (Han et al., 2010). Turning on 
lights, heating or air conditioning will definitely increase the energy 
consumption of the household (Wu et al., 2023).

Lastly, according to the mobility budget constraint theory, due to 
the unpredictability of extreme climate, households may prioritize 
ensuring energy expenditure in the face of sudden temperature 
shocks, because energy consumption (such as heating and cooling) is 
a necessary means to directly cope with extreme temperature 
(Simcock and Mullen, 2016). Extreme climate conditions force 
residents to weigh energy consumption against other essential 
expenditures like food and healthcare, especially in low-income 

households (Bhattacharya et  al., 2003). Therefore, with a certain 
income, households tend to reduce food and medical consumption to 
maintain the total expenditure within the budget. At the same time, 
from the perspective of consumption structure, the main living 
expenses of Chinese residents are food and medical expenses. Extreme 
temperatures force households to adjust their consumption structure 
and reduce the expenditure on food and medical care to cover the 
energy consumption (Roson et  al., 2006). Especially for rural 
households and low-income households, their income is generally low, 
and the additional energy demand brought by extreme temperatures 
causes greater economic pressure, forcing these vulnerable groups to 
adjust their consumption structure and reduce living expenses such 
as food and medical care (Beatty et al., 2014). In their study on how 
UK households respond to cold weather, Beatty et al. (2014) found 
that households cut back on food spending to afford extra heating 
costs, with poorer households reducing their food expenditure more 
significantly (Beatty et  al., 2014). It has been found that extreme 
temperatures increase the consumption gap between the rich and the 
poor because low-income households are more likely to cut down on 
daily necessities to pay for energy bills (Doremus et  al., 2022). 
Simultaneously, extensive existing literature suggests that climate 
extremes are closely linked to the physical and mental health of the 
population (Doremus et  al., 2022; White, 2017). The return on 
healthcare spending is a longer life or more time in good health. 
Under extreme temperatures, consumers must invest more health 
capital to achieve the same level of utility, thus extreme temperatures 
significantly reduce the utility level of health capital investments, 
affecting residents’ willingness to invest in health capital. With 
personal income levels constant, residents will subsequently adjust 
their daily expenditures, such as healthcare and food, i.e., extreme 
temperatures have a crowding-out effect on residents’ healthcare 
expenditures. Chirakijja et al. (2019) found that higher home heating 
costs reduce health-promoting expenditures, thus increasing 
mortality, especially in low-income areas (Chirakijja et al., 2019). In 
summary, the additional energy costs associated with extreme climates 
crowd out household spending on food and healthcare. Based on this, 
this paper presents the research hypothesis.

Hypothesis 1: Households escalate their energy expenditure in 
response to extreme temperature shocks.

Hypothesis 2: Extreme weather influences household energy 
consumption predominantly through adaptive behaviors, which 
include increasing thermostat usage frequency, reducing work 
hours, and adjusting expenditures on food and healthcare.

2.2 Heterogeneous impacts of climate 
extremes on household energy 
consumption

The severity of impacts from extreme events is determined not 
only by the events themselves but also by exposure and vulnerability 
(IPCC, 2012, 2021). Therefore, the extent to which extreme 
temperatures affect household energy consumption may vary based 
on household income levels, urban or rural status, and geographic 
location. The Energy Ladder Hypothesis suggests that income 
primarily influences energy consumption structure, with higher 
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incomes facilitating a shift from traditional to cleaner, more efficient, 
low-carbon energy sources (Hosier and Dowd, 1987). Due to budget 
and wealth constraints, most low-income households cannot quickly 
transition to a low-carbon consumption pattern, making them more 
susceptible to extreme temperatures. The cost of managing extreme 
temperatures can be  unaffordable for low-income households 
(Hernandez, 2016). For instance, in Greece, the heating and cooling 
burden for low-income households is nearly double that of wealthier 
ones (Santamouris et al., 2014). Adapting to extreme temperatures 
requires households to reallocate resources to cooling or heating 
expenses, leading to energy poverty. Households lacking emergency 
savings and reliant on credit may be particularly sensitive to unusually 
high energy bills (Doremus et al., 2022). Studies have shown that 
low-income populations struggle to meet their specific energy needs 
in extreme temperatures (Bhattacharya et  al., 2003), resulting in 
indoor environments that fail to meet comfortable and healthy 
standards (Santamouris and Kolokotsa, 2015). Extreme temperatures 
not only exacerbate the energy poverty gap among households with 
varying incomes (Beatty et al., 2014) but also create disparities in 
expenditures on essentials like food (Doremus et  al., 2022) and 
mortality rates (Chirakijja et al., 2019).

Differences in production and living styles, types of employment, 
and choices and uses of fuels contribute to significant disparities in 
energy consumption between urban and rural residents (Bonatz et al., 
2019). Energy consumption patterns also differ due to distinct 
characteristics of residential buildings in urban and rural settings (Niu 
et al., 2016; Chen et al., 2011) observed that energy consumption in 
urban and rural households is differently affected by variations in 
public energy infrastructure, such as heating facilities (Chen et al., 
2011). Additionally, there is a notable difference in energy efficiency 
between urban and rural areas, with biomass remaining the primary 
energy source in rural areas, where overall energy efficiency is 
approximately 33% (Wu et  al., 2019). Importantly, rural poor 
households are more involved in land-intensive agriculture, which is 
highly sensitive to climate risks and comparatively disadvantaged. 
Furthermore, the timeliness and robustness of energy supply are 
crucial for enhancing resilience to climate extremes (Longden et al., 
2021), especially in vulnerable regions (Nguyen et al., 2019). In China, 
rural power infrastructure is relatively underdeveloped, and extreme 
weather conditions increase the frequency of power outages, 
potentially exacerbating energy security issues in remote rural areas.

Geographic differences significantly affect household energy 
consumption in response to climate extremes between northern and 
southern China. Firstly, climate extremes inherently exhibit greater 
geographic variability than general climate conditions, leading to 
uneven impacts across different regions (Ajzen, 1991). China’s vast 
expanse shows notable differences in extreme temperatures between 
the north and south (Ding et al., 2011). Secondly, heating practices 
vary between these regions. The Qinling-Huaihe line demarcates 
centralized heating in China, defining the boundary between the 
northern and southern areas, with regions north of this line using 
centralized heating. However, the southern climate is humid, making 
the same temperature feel very different in the north and south. In the 
context of warm winters, the intensification of cold waves poses severe 
threats to the lives and health of southern residents, forcing them to 
adopt self-heating methods that consume more energy to cope with 
extreme low temperatures. Consequently, under the current fixed 
heating strategy, the actual heating energy consumption in China 

shows a pattern of “more in the south and less in the north, lower in 
the west and higher in the east” (Li et al., 2019). It is foreseeable that 
extreme temperatures will differentially impact household energy 
consumption across China’s northern and southern regions.

In summary, increased extreme temperatures have led to higher 
household energy consumption, but the impact varies; households in 
low-income, rural, and Southern regions have a weaker capacity to 
afford or are faced with higher energy costs due to climate extremes. 
Based on this, we propose the following hypothesis.

Hypothesis 3: Households in low-income, rural, and southern 
regions are more sensitive to energy consumption under extreme 
temperature shocks.

3 Model construction, variable 
definition, and data description

3.1 Model specification

To evaluate the research hypotheses, the following baseline 
regression model is constructed to assess the impact of extreme 
temperatures on average annual household energy consumption:

 

i, j,y 1 j,y 2 j,y i, j,y i j

y ijy

cost hottemp coldtemp X= β + β + γ + µ + δ
+τ + 

 (1)

In the Equation (1), i represents a household, j represents the 
prefecture-level city or above where the household is located, and y
represents a specific year. The dependent variable i, j,ycost is the energy 
expenditure of household i in region j for the year y. Extreme high 
temperatures j,yhottemp  are measured by the number of days the 
average temperature in city j exceeds the 90th percentile threshold in 
year y ; extreme low temperatures j,ycoldtemp  are measured by the 
number of days the average temperature in city j falls below the 10th 
percentile threshold. i, j,yX  includes control variables at the household 
and regional levels. Additionally, iµ , jδ , and yτ  serve as fixed effects 
for households, areas, and years, respectively.

3.2 Definition and description of variables

3.2.1 Dependent variable
This paper’s analysis of household energy consumption includes 

electricity, fuel (gas, liquefied petroleum gas, coal, firewood, charcoal, 
etc.), and central heating expenses. Since the fuel and electricity 
expenses reported in the China Family Panel Studies (CFPS) database 
are monthly, this study calculates annual household energy 
expenditure as follows:

 ( )all elec fuel heatcost 12 cost cost cost= × + +  (2)

In the Equation (2), eleccost  and fuelcost  represent monthly 
electricity and other fuel expenses respectively, while heatcost  refers to 
the annual centralized heating cost. This calculation is based on two 
core reasons: First, empirical data are derived from the China Family 
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Panel Studies (CFPS) and the China Resident Energy Consumption 
Survey (CRECS). Both of these micro databases collect samples on an 
annual basis. The consumption data for electricity and other fuels are 
reported as monthly averages, without providing detailed variations 
from month to month. Second, In the energy consumption of Chinese 
households, the cost of concentrated heating accounts for a significant 
proportion. But the CFPS and CRECS databases provide the total 
annual heating costs for households, rather than monthly data or 
monthly averages. If we only use monthly data, we would fail to fully 
capture the impact of heating costs on total household energy 
consumption expenditure, as there is no monthly heating cost data 
available. In order to ensure the accuracy of the results, further 
robustness tests using the China Household Energy Consumption 
Survey (CRECS) database are conducted later.

3.2.2 Main explanatory variable
This paper measures extreme temperatures using extreme high 

and low temperatures. Given the distinct climatic characteristics 
across different regions in China, it is more appropriate to determine 
the thresholds for extreme temperatures using the relative threshold 
method, which is a widely applied percentile method internationally 
(Schär et al., 2016; Pan et al., 2022). The period 1971–2000 is set as the 
climatic reference period. Using daily observational data from 
meteorological stations during this period, and the percentile relative 
threshold method, we define the thresholds for extreme temperatures 
in various regions, thereby calculating the number of days with 
extreme temperature events annually for the sample period 2014–
2020. Specifically, temperatures for the same date (from January 1st) 
in each year of the reference period are sorted in ascending order, 
setting the 10th and 90th percentile values as the thresholds for 
extreme low and high temperatures, respectively. A day when the 
maximum temperature exceeds the 90th percentile threshold in the 
reference period is considered an extreme high temperatures event; 
the same method applies to extreme low temperature events. Finally, 
daily data are aggregated to summarize the annual climate profile of 
extreme temperature occurrences.

Figure 1 illustrates the spatial distribution and temporal dynamics 
of extreme temperatures in China for the years 2014, 2016, 2018, and 
2020. As depicted, remote areas in China exhibit a higher frequency 
of extreme temperatures, corroborating the findings of Huang 
et al. (2014).

Figure  2 clearly illustrates the correlation between extreme 
temperatures and the energy burden of households across different 
income levels and between urban and rural areas. The bubbles in 
different colors represent different family groups, with the size of the 
bubbles reflecting the number of families in each group. The six gray 
bubbles in the lower left corner show the average energy burden of 
families under different frequencies of extreme temperature events. 
The results indicate: (1) in 2012, in areas where extreme temperatures 
are frequent, the median energy burden of households was about 
5.2%, this proportion increased to approximately 7.0% by 2018. This 
change suggests that the increasing frequency of extreme weather 
events has indeed exacerbating residents’ energy burdens. (2) In 2012, 
households in areas with a low frequency of extreme temperatures had 
median energy burdens ranging from 1.5 to 8.3%, with no significant 
poverty-related differences. However, by 2018, households in high-
frequency areas continued to bear the highest energy burden, with 
poorer households experiencing an increase in median energy burden 

to about 18.5%, while the change for wealthier households was not 
significant. This indicates differing impacts of extreme weather on 
households with varying income levels. (3) In 2012, the energy burden 
levels of rural and urban families were similar. By 2018, the gap 
between these groups had noticeably widened. While the energy 
burden for urban households remained stable, that of rural households 
increased significantly, indicating that extreme temperatures impact 
urban and rural households differently.

3.2.3 Control variables
To effectively identify the impact of extreme temperatures on 

household energy consumption behavior, this study controls for 
various factors that may influence energy use. Regionally, we adjust 
for GDP, education level (edu), urban population density (people), 
and local fiscal expenditure (fiscal), applying logarithmic 
transformations to these variables. At the household level, we control 
for residential housing type (type), use of clean energy (clean, assigned 
a value of 1 if cooking fuel is electricity, natural gas, gas/LPG, solar 
energy, or biogas, and 0 otherwise), acceptance of government 
subsidies (subsidy, assigned a value of 1 if subsidized), presence of 
financial assets (finance, assigned a value of 1), household net income 
(faminc_net), total household expenditure (expense), family size 
(familysize), use of clean energy (clean, assigned a value of 1 if cooking 
fuel is electricity, natural gas, gas/LPG, solar energy, or biogas, and 0 
otherwise), age of the head of household (age), the size of house (zone) 
and whether it changed during the year (change, assigned a value of 1 
if changed). Additionally, considering that household consumption 
might be affected by other regional socio-economic factors, year fixed 
effects are incorporated into the control variables. Table 1 presents the 
descriptive statistics for these variables.

3.2.4 Data sources and sample selection
The data for this study primarily come from the China Family 

Panel Studies (CFPS) database. The city code data in this paper comes 
from Gao et al. (2024). Due to the unavailability of direct disclosures 
of electricity expenditure and household net income for 2010 and 
2012, this analysis utilizes data from four survey rounds: 2014, 2016, 
2018, and 2020. For robustness, household energy consumption data 
are sourced from the Chinese Residential Energy Consumption 
Survey (CRECS). Extreme temperature data are obtained from the 
National Meteorological Science Data Center (NMSDC). Control 
variables are derived from the China Urban Statistical Yearbook 
(CUSY) and the National Bureau of Statistics (NBS) website. Since the 
CFPS database does not reveal the prefecture-level cities of individuals, 
this study matches data based on provincial GB codes and household 
identifiers. The analyzed sample ultimately encompasses 104 
prefecture-level cities with a total of 160,741 individuals across 4,994 
households, forming an unbalanced panel dataset.

4 Empirical results and analysis

4.1 Baseline estimation

Table 2 reports the regression results on the impact of extreme 
temperatures on household energy consumption. Column (1) 
shows the effects of extreme temperatures on total household 
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FIGURE 1

Distribution of extreme temperatures in China. (A–D) Depict the national occurrences of extreme high temperatures in 2014, 2016, 2018, and 2020, 
respectively, while (E–H) illustrate the occurrences of extreme low temperatures in those same years. These charts were created using RStudio 
software.
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energy use, with both extreme high and low temperature days 
having significantly positive regression coefficients, indicating 
that extreme temperatures increase household energy 
consumption. Column (2) builds on Column (1) by including 
household, regional, and time fixed effects, with the coefficients 
for extreme temperatures remaining significantly positive. 
Specifically, each additional day of extreme high temperatures 
increases household energy expenditures by 3.437 yuan; each 
additional day of extreme low temperatures increases energy 
consumption by 8.071 yuan. Extreme low temperatures have a 
more pronounced impact on energy consumption compared to 
extreme high temperatures, and the possible reasons mainly 
include the following: First, under extreme low-temperature 
conditions, to maintain a suitable indoor temperature, residents 
need to consume more energy for heating, especially in areas 
without centralized heating systems. Secondly, energy conversion 
efficiency is also an important factor. The energy conversion 
efficiency of heating systems, especially resistive heaters, is usually 
lower than that of cooling systems. This means that to obtain the 
same amount of heat, heating systems need to consume more 
electrical energy. Lastly the insulation performance of buildings 
also has a significant impact on energy consumption. Many 
buildings are designed with more consideration for cooling needs 
in the summer, which may result in more heat loss in the winter. 
Therefore, to maintain indoor temperature, more energy is needed 
to compensate for the heat loss. The regression coefficients of the 
control variables are basically consistent with the theoretical 
expectations. At the regional level, economic growth level, 
government financial expenditure, population density and 
education level are positively correlated with household energy 
consumption. At the household level, the increase in government 
subsidies, net household income and household size will lead to 
an increase in household energy consumption, while households’ 
financial investment behavior will crowd out energy consumption 
expenditure. In terms of personal characteristics, the older the 
age, the less energy consumption.

Columns (3, 4) assess the effects of extreme temperatures on 
electricity and fuel consumption, respectively. The results indicate that 
fuel consumption significantly increases under both extreme 
conditions, with a greater impact from extreme low temperatures. 
Extreme temperatures significantly increase the consumption of 
electricity and fuel, with the impact on electricity consumption being 
particularly pronounced. The reasons are as follows: In the case of 
extreme high temperatures, in order to reduce indoor temperatures, 
residents will greatly increase the use of air conditioning and other 
cooling devices, leading to a sharp rise in electricity consumption (Yu 
et al., 2019). In the case of extreme low temperatures, to maintain 
indoor warmth, the frequency and intensity of heating equipment use 
will significantly increase. Especially in areas without centralized 
heating systems that mainly rely on electricity as a heating source, the 
increase in electricity consumption is particularly noticeable (Guo 
et al., 2015).

Furthermore, the paper  analyzes the impact of extreme 
temperatures on energy poverty, as shown in column (5). It is noted 
that a ratio of energy cost to net household income over 10% is 
considered energy poverty (Charlier and Kahouli, 2019). Results in 
column (5) show that both extreme high and low temperatures bring 
varying increases to household energy burdens.

4.2 Robustness test

4.2.1 Replace the measurement of extreme 
temperature

Due to China’s wide geographical distribution and large 
regional climate differences, the impact of extreme temperature 
events defined by relative threshold method on the household 
energy consumption in different regions may vary. Therefore, this 
paper replaces the measurement method of extreme temperature 
and adopts the method of Han (Charlier and Kahouli, 2019). When 
the daily average temperature exceeds 38°C, it is judged as an 
extreme high temperature day. An extremely low temperature day 
is defined when the daily average temperature reaches −10°C (Han 
et al., 2018). The regression results are shown in columns (1–3) of 
Table 3, which indicates that the replacement of the measurement 
method does not change the conclusion of the benchmark regression.

4.2.2 Adjusting the extreme temperature 
threshold

To further examine the impact of extreme temperatures on 
household energy consumption, we adjusted the threshold ranges for 
extreme high and low temperatures, respectively. Specifically, the 
extreme high temperature threshold is increased from 90 to 95%, and 
the extreme low temperature threshold is decreased from 10 to 5%. 
The regression results after adjusting the threshold are shown in 
columns (4–5) of Table 3 which are consistent with the conclusions of 
the benchmark regression.

4.2.3 Database substitution
To ensure the reliability of the results, this paper utilizes data from 

the Chinese Residential Energy Consumption Survey (CRECS) for 
robustness checks. Specifically, it calculates annual total household 
energy consumption by summing expenditures on electricity and 
eight other types of energy (central heating, piped natural gas/coal gas, 
bottled liquefied gas, honeycomb coal/briquettes, diesel, other fuel 
oils, firewood/straw, and biogas) from the CRECS. Due to limitations 
in the continuity and availability of key indicators, only the CRECS 
data from 2015, which surveys the year 2014, was used, and extreme 
temperature data were matched to produce a one-year cross-sectional 
dataset. Regression results using the CRECS are presented in columns 
(1–2) of Table 4. Columns (1, 2) respectively estimate the impact of 
extreme temperatures on electricity and fuel expenditures. The results 
indicate that both extreme high and low temperatures cause varying 
increases in electricity and fuel consumption. This demonstrates that 
the core finding—that extreme temperature fluctuations lead to 
increases in household energy expenditures—remains consistent 
across different databases. Hypothesis 1 is thus reaffirmed.

4.2.4 Changing the analytical method
To address potential biases in OLS estimates, this study also 

employs the System Generalized Method of Moments (SYS-GMM) 
for estimation (Peng et al., 2023). The regression results from changing 
the econometric method are displayed in columns (3, 4) of Table 4. 
The results indicate that each additional day of extreme high 
temperatures increases total energy and electricity expenditures by 
11.157 and 2.334 yuan, respectively; similarly, each day of extreme low 
temperatures increases total energy and electricity expenditures by 
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FIGURE 2

Distribution of Median Household Energy Burden by Urban and Rural Households, Income Groups, and Regions. (A) Displays household energy use in 
2012, and (B) shows energy use in 2018. “highhot,” “mediumho,” and “lowhot” represent areas with high, medium and low incidence of extreme heat 
events, respectively. “highcold,” “mediumcold,” and “lowcold” represent areas with high, medium and low incidence of extreme cold events, 
respectively. “Rich” refers to high-income households comprising 25% of the total, “Normal” represents the average households making up 50%, and 
“Poor” denotes low-income households comprising 25%. “Urban” and “Rural” distinguish between urban and rural households, respectively. This figure 
was created using MATLAB and Origin software.
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15.414 and 11.988 yuan, respectively. These findings are consistent 
with the baseline regression results.

4.2.5 Sensitivity test
Considering the significant advancements in weather forecasting 

technology, residents are now able to predict extreme temperature 
events with greater accuracy. This ability prompts them to anticipate 
future weather conditions based on the frequency of previous extreme 
temperature events, and adjust their current household energy 
consumption accordingly. For instance, in areas that frequently 
experience extreme heat, residents may anticipate the coming extreme 
high temperatures purchase air conditioners or increase power supply 
in advance to cope with the expected heatwaves. To reflect this 
expected behavior and accurately assess the impact of extreme 
temperatures on energy consumption, we incorporated the lagged first 
and second periods of extreme high and low temperatures into the 
original benchmark model for regression (Doremus et al., 2022).

The regression results are presented in columns (5) of Table 4. 
Even after controlling the first-order and second-order lag terms, the 
coefficients of extreme high temperature and extreme low 
temperatures remain significantly positive at the significance level of 
1%. Specifically, for each additional day of extreme heat, the household 
energy consumption increases by 4.393 yuan, suggesting that the 

current hot weather significantly increased energy consumption and 
that this effect would persist over the next two periods, although its 
effect would diminish over time. With regard to the effect of extreme 
low temperatures, we observed an interesting phenomenon: although 
the immediate effect of low temperatures also leads to an increase in 
energy consumption, this effect decreases over time. This may reflect 
households adapting to prolonged cold temperatures, such as using 
less air conditioning and switching to more energy-efficient central 
heating systems. Thus, hypothesis 1 is further confirmed.

4.3 Endogeneity test

To address the potential endogeneity issues in the relationship 
between extreme temperatures and household energy consumption 
due to reverse causality and omitted variables, this study employs 
atmospheric ozone concentration data at the municipal level as an 
instrumental variable for extreme temperatures. Increases (decreases) 
in atmospheric ozone concentration reduce (enhance) UV radiation, 
thereby lowering (raising) surface temperatures. There is an 
undeniable correlation between atmospheric ozone levels and 
temperature. However, ozone concentrations in the atmosphere do 
not directly impact household energy expenditures, thus meeting the 
criteria for an instrumental variable. Table 5, columns (1, 3), display 
the first-stage regression results of the two-stage least squares (2SLS) 
approach, showing a significant correlation between atmospheric 
ozone concentration and both extreme high and low temperatures. 
Moreover, the first-stage F > 10, indicating a valid choice of 
instrumental variables. Columns (2–4) present the second-stage 
estimation results. It is found that even after addressing endogeneity 
concerns, extreme temperatures continue to have a significant positive 
impact on household energy consumption expenditures.

4.4 Heterogeneity analysis

Analyzing which groups are more sensitive to extreme 
temperatures is crucial for implementing targeted energy policies and 
achieving precision poverty alleviation in China. Theoretical analysis 
indicates that the impact of extreme temperatures on household 
energy consumption may vary across urban and rural areas, different 
regions, and income levels. This paper utilizes the Seemingly Unrelated 
Regression (SUR) test for analysis, which has the advantage of relaxing 
the strict assumptions of consistent control variable coefficients and 
the same distribution of error terms across groups, providing more 
reliable results than traditional separate sample regressions. Table 6, 
columns (1–2), (3–4), and (5–6), sequentially report the heterogeneity 
results across different income levels, urban–rural divides, and North–
South regions. The SUEST test all passed the significance test, 
indicating that the regression coefficients can be directly compared. 
Obviously, extreme weather has a greater impact on the energy 
consumption of low-income families compared to high-income 
families, especially extreme cold weather, which significantly increases 
the energy expenditure of low-income families. This finding is 
consistent with the research results of (Zhang et al., 2022). This occurs 
because most low-income households, constrained by budget and 
wealth, cannot quickly transition to a low-carbon consumption 
pattern and are thus more vulnerable to extreme temperatures. 

TABLE 1 Descriptive statistics of variables.

Var 
name

Obs Mean Median Min Max

cost 160,741 2898.282 2280.00 120.00 22680.00

elec 160,741 115.0294 80.00 5.00 1000.00

fuelfee 160,741 103.41 64.00 0.00 5000.00

food 159,787 17979.88 12000.00 240.00 96000.00

med 159,499 5752.93 2000.00 0.00 101000.00

hottemp 160,741 59.80 59.00 23.00 107.00

coldtemp 160,741 32.35 32.00 3.00 71.00

lngdp 157,713 7.39 7.40 4.86 10.13

lnpeople 144,408 6.09 6.08 4.49 8.07

lnedu 144,186 13.39 13.35 11.05 15.84

lnfiscal 144,186 14.13 14.03 12.03 16.94

type 116,144 3.02 2.00 1.00 6.00

subsidy 118,906 0.49 0.00 0.00 1.00

finance 118,906 0.04 0.00 0.00 1.00

faminc _ net 160,741 70829.76 50610.00 794 590100.00

expense 160,455 68168.02 47600.00 3,200 500000.00

familysize 160,741 4.72 5.00 1.00 21.00

clean 160,741 0.64 1.00 0.00 1.00

age 141,748 44.92 36.00 20.00 82.00

zone 141,748 115.78 90.00 10.00 3000.00

change 141,748 0.04 0.00 0.00 1.00

When the data comes from CFPS, the variable “zone” represents the housing area. When the 
data comes from CRECS for robustness test, “zone” indicates the heating area, as CRECS 
does not disclose the housing area.

https://doi.org/10.3389/frsc.2025.1475103
https://www.frontiersin.org/journals/sustainable-cities
https://www.frontiersin.org


Liu et al. 10.3389/frsc.2025.1475103

Frontiers in Sustainable Cities 10 frontiersin.org

Adapting to extreme temperatures forces low-income households to 
reallocate some resources to cooling or heating, leading to energy 
poverty and making them more sensitive to unusually high energy 

bills. Especially under extreme cold conditions, they must increase 
their use of traditional energy sources for heating, substantially raising 
their energy costs. While for high-income households, they also tend 

TABLE 2 Baseline estimation.

Variables (1) (2) (3) (4) (5)

cost cost elec fuelfee EP

hottemp
3.967*** 3.437*** 0.429*** 0.118** 0.001***

(1.043) (0.889) (0.039) (0.049) (0.000)

coldtemp
14.852*** 8.071*** 0.473*** 0.359*** 0.001***

(0.928) (1.158) (0.082) (0.092) (0.000)

lngdp
−1.97*** 1.421 19.473*** 19.328*** −0.033*

(0.298) (0.909) (5.489) (6.988) (0.02)

lnpeople
3.418*** 7.645*** 90.159*** 37.430** −0.410***

(0.339) (2.629) (15.872) (16.640) (0.056)

lnedu
2.388*** 5.589*** 22.195*** 4.143 −0.027

(0.328) (0.837) (5.055) (6.167) (0.018)

lnfiscal
2.659*** 0.063 0.642 6.109 −0.035***

(0.244) (0.496) (2.994) (4.297) (0.011)

type
38.226*** 5.104 1.009*** 1.297*** 0.003***

(3.885) (4.479) (0.270) (0.407) (0.001)

subsidy
3.637*** 0.435*** 0.026 2.698* −0.024***

(0.151) (0.156) (0.944) (1.639) (0.003)

finance
−2.269*** −0.953* −4.307 −13.481*** 0.013

(0.434) (0.495) (2.990) (5.193) (0.011)

faminc_net
0.004*** 0.003*** 0*** 0*** −0.001***

(0.000) (0.000) (0.000) (0.000) (0.000)

expense
0.011*** 0.007*** 0*** 5.142*** −0.026***

(0.000) (0.000) (0.000) (0.571) (0.001)

familysize
1.479*** 1.021*** 6.447*** 0*** 0***

(0.040) (0.067) (0.402) (0.000) (0.000)

clean
7.032*** 1.434*** 8.975*** −4.393** 0.039***

(0.168) (0.204) (1.230) (1.747) (0.004)

age
−0.455*** −1.467*** −0.057*** −0.092*** 0***

(0.154) (0.155) (0.009) (0.016) (0.000)

zone
3.631*** 9.505*** 0.472*** 0.028 0

(1.190) (0.985) (0.059) (0.080) (0.000)

change
2.216 10.036*** 42.124*** 16.107* −0.015

(1.375) (1.137) (6.863) (9.254) (0.024)

City FE No Yes Yes Yes Yes

Year FE No Yes Yes Yes Yes

Family FE No Yes Yes Yes Yes

cons
−4078.669*** 5858.403*** 567.917*** 262.45** −1.875***

(289.727) (2272.492) (99.963) (106.737) (0.363)

N 92,792 92,623 92,623 92,623 92,623

R2 0.208 0.815 0.855 0.538 0.784

Robust standard errors are clustered at the city level (shown in parentheses). ***p < 0.01, **p < 0.05, *p < 0.1. The model passed the Ramsay RESET test, indicating that there was no obvious 
missing variable problem.
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to be high energy consumers, higher incomes enable them to afford 
more energy-efficient refrigeration equipment, so extreme high 
temperatures do not materially affect their energy consumption.

In terms of urban–rural heterogeneity, extreme low temperatures 
more prominently increase the energy consumption of rural 
households than that of urban households. The main reasons for the 

TABLE 3 Replace the measurement of extreme temperature and adjusting the extreme temperature threshold.

Variables Replace the measurement of extreme 
temperature

Adjusting the extreme temperature threshold

(1) (2) (3) (4) (5) (6)

cost elec fuelfee cost elec fuelfee

hottemp
9.413** 0.472** 0.050 3.158*** 1.005*** 0.016

(4.074) (0.222) (0.326) (1.220) (0.057) (0.091)

coldtemp
11.458*** 0.074 0.448*** 1.437*** 0.133*** 0.189***

(1.538) (0.072) (0.019) (0.533) (0.018) (0.035)

Control Yes Yes Yes Yes Yes Yes

City FE Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes

Family FE Yes Yes Yes Yes Yes Yes

cons
−1047.296 187.224* 129.178 −2998.879*** −241.525*** 130.306

(1322.523) (101.283) (100.127) (272.163) (13.167) (100.723)

N 88,321 57,490 88,321 88,486 88,486 88,321

R2 0.718 0.856 0.537 0.200 0.261 0.537

Robust standard errors are clustered at the city level (shown in parentheses). ***p < 0.01, **p < 0.05, *p < 0.1.

TABLE 4 Robustness test.

Variables OLS SYS-GMM Lagged effect

(1) (2) (3) (4) (5)

cost elec cost elec cost

hottemp
29.948*** 51.404*** 11.157*** 2.334** 4.393***

(8.928) (5.256) (2.148) (0.942) (0.488)

L1.hottemp
3.048***

(0.576)

L2.hottemp
2.868***

(0.563)

coldtemp
31.317** 31.889** 15.414*** 11.988*** 4.644***

(12.286) (14.874) (4.328) (2.658) (1.046)

L1.coldtemp
−2.88***

(1.003)

L2.coldtemp
−0.649

(0.830)

Control Yes Yes Yes Yes Yes

City FE Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes

Family FE Yes Yes Yes Yes Yes

cons
−1768.463 −2987.435 1616.069* 222.694 −2517.806***

(4085.986) (6600.92) (878.02) (497.446) (233.997)

N 1,622 1,621 1,545 1,544 92,792

R2 0.019 0.141 0.090 0.090 0.252

Columns (1–4) utilizes data from the CRECS database. Columns (5) utilizes data from the CFPS database. Robust standard errors are clustered at the city level (shown in parentheses). ***p < 
0.01, **p < 0.05, *p < 0.1.
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different impacts may be threefold: Firstly, there are differences in the 
types of fuel and energy consumption pattern between urban and 
rural residents (Bonatz et al., 2019). For example, when experiencing 
extreme cold, rural areas may rely more on free traditional biomass 
energy, such as firewood, for heating, while urban households can 
only get heat from paid sources such as electricity and natural gas. 
Secondly, there may be  significant differences in the insulation 
performance of housing between urban and rural residents. Buildings 
in urban areas may have better insulation materials and designs, 
while houses in rural areas may have poorer insulation performance. 
This results in different energy demands and consumption patterns 
for urban and rural families under extreme weather conditions (Niu 
et  al., 2016). Lastly, there are differences in energy public 
infrastructure such as heating facilities between urban and rural areas 
(Chen et al., 2011). At extreme low temperatures, urban households 
have more efficient and less costly central heating systems compared 
to rural households, resulting in urban–rural household energy 
burden differences.

Regarding regional heterogeneity, both extreme high and low 
temperatures significantly increase household energy expenditure in 
the southern region. However, for the northern households, energy 
consumption in the north only rises during extreme low temperatures, 
and not as much as in the south. This difference may stem from two 
main reasons: Firstly, there is a significant geographical difference in 
extreme temperatures (Ding et al., 2011) and climatic conditions 
(Nguyen et al., 2019) between the southern and northern regions of 
China. Research by the National Oceanic and Atmospheric 
Administration (NOAA) in 1979 pointed out that an increase in 
relative humidity enhances the human perception of “cold.” Although 
the winter temperature in the north is lower than that in the south, 

the lower humidity makes the perceived temperature more 
comfortable (Nguyen et  al., 2019). On the contrary, the humid 
climate in the south poses a greater threat to the health and lives of 
southern residents during extreme low temperatures. Taking 
Shanghai as an example, the average winter temperature is 3–5°C, 
with about 4–5 days when temperatures fall below −5°C. The 
humidity in Shanghai during winter is relatively high, typically 
around 60%, while the average humidity in the north is about 20%. 
According to the impact of humidity on temperature, it can 
be calculated that the “temperature” in Shanghai is actually around 
1°C to −1°C. At this temperature, the north has implemented 
centralized heating. In the absence of centralized heating, southern 
households typically rely on electric heaters (Guo et al., 2015) and air 
conditioning to combat the cold (Cao et al., 2019), which have much 
higher energy costs than centralized heating. Secondly, the heating 
modes in the north and south of China are different. Compared with 
centralized heating in the north, southern households mostly use 
individual heating devices, such as electric heating or air conditioning, 
which have much higher energy costs. Dell et al. (2014) found that 
with the increasing frequency of extreme temperature events, more 
and more families have begun to install and use air conditioning, 
resulting in an increase in the power expenditure of southern 
families. According to the “China Household Energy Consumption 
Research Report 2016,” 87.5% of urban residents in the south use 
electricity for heating, and 12.5% use natural gas. E-commerce data 
in 2019 show that the sales of household radiator increased by 430% 
year-on-year, with buyers mainly from southern cities such as 
Shanghai, Nanjing, and Wuhan. At the same time, the sales of 
household fireplace are also shifting southward, with the southern 
market share reaching about 30%. Data from CFPS and CRECS show 
that annual energy consumption in the south accounts for 64.1% of 
the national total, of which electricity expenditure accounts for 68%. 
In winter, the average monthly electricity consumption for 
households in the south is 134 kWh/month, which is 70% higher 
than that in northern China. In summer, the average monthly 
electricity consumption in the south is 113 kWh/month, down 15.60 
percent from the winter, while the average monthly electricity 
consumption for northern households decreases by 23.05%. These 
data further confirm the regional differences in heating energy 
consumption in China, that is, “more in the south, less in the north” 
(Li et al., 2019).

5 Mechanism analysis

The prior theoretical analysis indicates that extreme temperatures 
may influence household energy consumption through several 
adaptive behaviors: First, residents may adjust their expenditure 
structure, reducing non-energy expenditures such as food and 
medical costs to cover increased energy expenses; second, residents 
may increase the use of thermostats (such as air conditioning and 
heating) to adapt to temperature changes; and finally, extreme 
temperatures may lead residents to reconfigure their work and leisure 
time, spending more time indoors, thereby indirectly increasing 
energy consumption. Therefore, this section aims to verify whether 
extreme temperatures indeed affect household energy consumption 
through these specific mechanisms.

TABLE 5 Endogeneity test: using ozone concentration as an instrumental 
variable.

Variables (1) (2) (3) (4)

hottemp cost coldtemp cost

O3
0.425*** 0.041***

(0.005) (0.001)

hottemp
16.341***

(2.876)

coldtemp
48.767***

(13.306)

Control Yes Yes Yes Yes

City FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Family FE Yes Yes Yes Yes

Cragg-Donald 

Wald F-value
5495.79 641.84

p-value of 

Endogeneity 

test

0.003 0.000

N 60,414 60,414 60,414 60,414

R2 0.050 0.025

This table utilizes data from the CFPS database. Robust standard errors are clustered at the 
city level (shown in parentheses). ***p < 0.01, **p < 0.05, *p < 0.1.
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5.1 The crowding out effect of extreme 
temperatures on food and medical 
expenditures

Table 7 details the impact of extreme temperatures on food and 
medical expenditures. Columns (1, 2) report regression results with 
food expenditures (Food) and medical expenditures (Med) as the 
dependent variables, respectively. The results show that each 
additional day of extreme heat reduces household expenditure on 
food by 6.604 yuan, which is about the same magnitude as the 
increase in energy expenditure. When faced with extreme cold, the 
household’s food expenditure will decrease by 23.217 yuan, which is 
about three times the increase in energy expenditure. Similarly, 
medical expenditure is more adversely affected by extreme low 
temperature, with each additional day of extreme low temperature 
reducing medical expenditure by 21.212 yuan, and the impact is 
economically significant. This demonstrates that households do 
adjust their spending on essentials such as food and medical care in 
response to the additional energy costs incurred by extreme 
temperature shocks, holding income and other conditions constant. 
Considering the possibility of zero values in average annual medical 
expenditures, the data undergo an inverse hyperbolic sine 
transformation to minimize sample loss. Columns (3, 4) show the 
results of this transformation for food and medical expenditures, 
respectively. The crowding-out effect of extreme temperatures on 
food and medical expenditures is significant, as residents facing 
extreme temperatures inevitably reduce their spending on food and 
healthcare to prioritize energy expenditures.

How do extreme temperatures differently impact food and 
medical expenditures across rural and urban areas and among various 
income levels? This paper incorporates interaction terms between 
extreme temperatures and both rural and low-income dummy 
variables, as detailed in Table 8. Columns (1, 2) demonstrate that both 
extreme high and low temperatures have a greater crowding-out effect 

on food expenditures for rural and low-income households compared 
to urban and affluent families. One possible explanation is that due to 
the income levels and liquidity constraints, the adaptability of rural 
and low-income households to extreme temperatures shocks is much 
weaker than that of urban and high-income households (Chen et al., 
2022; Han et al., 2019). Columns (3, 4) reveal that low-income groups 
are more vulnerable to the impact of extreme temperatures on medical 
expenditures. For each additional day of extreme heat, low-income 
individuals spend 12.266 yuan less on healthcare than their high-
income counterparts, while each additional day of extreme cold 

TABLE 6 Heterogeneity analysis.

Variables Low-income High-income Urban Rural North South

(1) (2) (3) (4) (5) (6)

cost cost cost cost cost cost

hottemp
1.394** 0.491 3.351*** 1.247 −0.610 2.093**

(0.588) (0.739) (1.004) (0.773) (2.313) (0.987)

coldtemp
13.463*** 2.838 6.651*** 10.655*** 2.477*** 8.382***

(0.792) (2.335) (1.906) (1.460) (0.793) (1.622)

Control Yes Yes Yes Yes Yes Yes

City FE Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes

Family FE Yes Yes Yes Yes Yes Yes

cons
25511.102*** −13639.059*** −8795.237*** 15950.151*** −4976.207* 10430.525***

(2056.89) (1922.985) (1904.141) (2416.004) (2631.235) (2334.641)

N 55,363 21,628 38,169 54,076 31,471 61,152

R2 0.767 0.911 0.745 0.685 0.782 0.676

P-value of SUEST test 0.090 0.014 0.008

This table utilizes data from the CFPS database. Robust standard errors are clustered at the city level (shown in parentheses). ***p < 0.01, **p < 0.05, *p < 0.1.

TABLE 7 The impact of extreme temperatures on food and medical 
expenditures.

Variables (1) (2) (3) (4)

food med food_
ihs

med_
ihs

hottemp
−6.604** −3.041 −0.001*** −0.012***

(3.030) (3.163) (0.000) (0.001)

coldtemp
−23.217*** −21.212*** −0.001 −0.008***

(5.746) (6.771) (0.000) (0.001)

Control Yes Yes Yes Yes

City FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Family FE Yes Yes Yes Yes

cons
−55953.71*** −39285.896*** 6.519*** 7.292***

(6674.409) (7850.506) (0.464) (2.819)

N 92,154 92,032 92,154 60,144

R2 0.783 0.578 0.770 0.738

This table utilizes data from the CFPS database. Robust standard errors are clustered at the 
city level (shown in parentheses). ***p < 0.01, **p < 0.05, *p < 0.1.
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increases their healthcare spending by 15.212 yuan. This may be due 
to the higher likelihood of underlying health issues among poorer 
individuals, increasing their vulnerability to health risks under 
extreme temperatures. However, the heterogeneity in healthcare 
expenditures between urban and rural households under extreme 
temperatures is not statistically significant. This lack of significance 
may be attributed to the widespread health insurance coverage in 
China today, which has narrowed the healthcare gap between urban 
and rural families. Overall, when extreme temperatures potentially 
compromise living quality, individuals tend to increase their energy 
expenditures to cope with harsh temperatures, subsequently needing 
to reduce necessary living expenses such as food. This adaptive 
behavior is more pronounced among disadvantaged groups such as 
low-income and rural households because the cooling and heating 
demands required by low-income groups to face temperature changes 
are twice those of high-income groups (Santamouris et al., 2014). 
According to data from the China Statistical Yearbook of 2023, the 
ratio of per capita disposable income between low-income and high-
income groups is 10.47, and the ratio of per capita disposable income 
between urban and rural residents is 2.45, indicating a significant 
income disparity between urban and rural areas. At the same time, the 
impact of extreme temperatures on food and medical expenditures for 
low-income families and rural households is more pronounced, 
meaning that these vulnerable groups face greater economic pressure 
during extreme weather conditions, and they are forced to make 
further cuts in their spending on food and medical care. Consequently, 

when faced with unaffordable and unpredictable energy bills, 
vulnerable households are more inclined to squeeze out the largest 
share of total household expenditures, and these households tend to 
have the highest Engel coefficients.

5.2 The impact of extreme temperatures on 
household thermostatic devices

Long-term exposure to extreme temperatures can significantly 
enhances households’ sensitivity to temperature changes (Dell et al., 
2014), which may alter their purchasing and usage behaviors regarding 
thermostatic devices such as air conditioning and heaters. Utilizing 
detailed data from the CRECS database on household thermostatic 
infrastructure, this section investigates whether extreme temperatures 
affect household energy consumption through the use of thermostatic 
devices. The regression results are shown in Table 9. Columns (1–4) 
discuss the effects of extreme temperature on the possibility of 
installing air conditioners, the number of air conditioners, the energy 
efficiency and the use frequency of air conditioners. Columns (5–8), 
in turn, then examine the influence of extreme temperatures on the 
installation of heating devices, the number of heating devices, the use 
of cleaner fuels in heating devices, and centralized heating systems. 
The results found that extreme heat events not only significantly 
increased the frequency with which residents installed and used air 
conditioners, but also prompted them to choose more energy-efficient 

TABLE 8 Further analysis: incorporating urban–rural and income heterogeneity.

Variables (1) (2) (3) (4)

food food med med

hottemp
10.136*** −2.653 14.441*** 7.547**

(3.746) (3.141) (4.422) (3.706)

hottemp×poor
−30.070*** −12.266***

(3.786) (4.488)

hottemp × rural
−18.641*** −24.956***

(5.937) (6.994)

coldtemp
1.997 −7.693*** 12.345 −2.003

(6.851) (1.611) (8.065) (1.897)

coldtemp × poor
−45.468*** −15.212**

(5.900) (6.952)

coldtemp × rural
−8.119*** −6.643**

(2.649) (3.112)

Control Yes Yes Yes Yes

City-FE Yes Yes Yes Yes

Year-FE Yes Yes Yes Yes

Family-FE Yes Yes Yes Yes

cons
−59403.241*** −56327.912*** −38530.522*** −39383.390***

(6679.736) (6673.987) (7850.13) (7851.044)

N 91,789 92,154 91,661 92,032

R2 0.784 0.783 0.579 0.578

This table utilizes data from the CFPS database. Robust standard errors are clustered at the city level (shown in parentheses). ***p < 0.01, **p < 0.05, *p < 0.1.
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air conditioner models. Extreme cold events, on the other hand, lead 
to an increase in the number of heating installations and use for longer 
periods of time, and encourage people to choose cleaner fuels for 
heating. These results reveal how extreme temperature shocks drive 
residents to increase their reliance on thermostats, which in turn 
increases energy consumption, while also driving them to invest in 
more efficient and energy-efficient devices, providing strong evidence 
for adaptive household behavior.

Extreme temperatures not only directly increase the demand for 
cooling and heating facilities among residents but also indirectly 
increase energy consumption by extending the time residents spend 
indoors. This indirect impact occurs because as residents stay indoors 
for longer periods, energy-intensive activities such as indoor lighting, 
entertainment, and living facilities become more frequent, leading to 
an increase in energy consumption. Therefore, this section will analyze 
the impact of extreme temperatures on residents’ working hours to 
indirectly verify how adaptive behaviors of residents in response to 
extreme temperature shocks lead to changes in energy consumption.

Table  10 illustrates the impact of extreme temperatures on 
residents’ work hours. To more accurately study the impact of 
extreme weather on the working hours of ordinary residents, 
we excluded samples whose workplaces and working time are not 
affected by extreme temperatures, such as workers in the catering, 
logistics, and other service industries, as well as emergency service 
personnel like government officials, maintenance technicians, and 
medical staff.

As shown in columns (1), for each additional day of extreme heat, 
residents significantly reduce their work hours by 0.039 h, and by 
0.156 h for each additional day of extreme low temperature. 
Considering that some residents work from home, where extreme 
temperatures may not affect their working hours, this paper further 
excludes the samples of home-based workers. The relevant regression 
results are presented in column (2) of Table 10. The results show that 
extreme temperatures indeed intrude upon the working hours of 
residents. Extreme temperatures can lead to fatigue, discomfort, and 
health issues, decreasing the marginal utility of outdoor leisure and the 

marginal productivity of labor. Therefore, in response to extreme 
temperatures, individuals tend to reallocate their time from outdoor 
work to indoor leisure (Graff Zivin et al., 2018), preferring to stay 
indoors to minimize heat exposure (Garg et al., 2020) and cope with 
harsh temperature conditions (Zander et al., 2015). This change can 
lead to more frequent use of indoor lighting, heating or cooling devices, 
such as turning on lights, heating or air conditioning (Sun and 
Hanemann, 2024; Han et al., 2010). The result is increased energy 
consumption in places such as homes or offices. In short, extreme 
temperatures prompt people to increase their use of indoor facilities, 
which leads to higher energy consumption. Furthermore, this paper 
conducts sub-sample regression on whether they work outdoors and 
whether they are engaged in agriculture. Columns (3, 4) in Table 10 
show the effect of extreme air temperature on the working hours of 
residents whose workplaces are indoors and outdoors, respectively. The 
results show that neither extreme heat nor extreme cold has a 
significant effect on the working hours of indoor residents. In contrast, 
hours worked by outdoor workers are significantly and negatively 
affected by temperature extremes. Specifically, for each additional day 
of extreme heat, residents tend to spend 0.064 h less working outdoors. 
For each additional day of extreme cold, residents spend 0.12 fewer 
hours working outdoors. We also find that extreme temperature has 
heterogeneous effects on the working hours of residents with different 
job nature, and the working hours of residents working in agriculture 
are more significantly affected by extreme temperature, while the 
working hours of residents working in non-agriculture are not 
significantly affected by extreme temperature, as shown in columns (5, 
6) of Table 10. This is because outdoor work is more vulnerable to 
climate damage, and agricultural workers tend to work outdoors and 
are more vulnerable to climate damage. Therefore, in the face of 
extreme weather, outdoor workers and agricultural workers are more 
inclined to reduce or even stop outdoor work and stay indoors. 
Spending less time outdoors may increase household energy 
consumption. When people spend more time at home, indoor lighting, 
heating, cooling and household appliances are likely to be used more 
frequently, leading to higher energy consumption (Wu et al., 2023).

TABLE 9 Impact of extreme temperatures on household thermostatic devices.

Variables (1) (2) (3) (4) (5) (6) (7) (8)

Install_
AC

Num_
AC

Efficiency_
AC

Frequency_
AC

Install_
warm

Num_
warm

Clean_
warm

Frequency_
warm

hottemp
0.018*** 0.022*** 6.604*** 6.110*** 0.000 −0.055*** 0.003*** 0.436

(0.001) (0.001) (0.578) (0.000) (0.000) (0.002) (0.000) (0.000)

coldtemp
−0.025*** −0.031*** 3.256*** 4.009*** 0.000 0.079*** 0.002*** 0.035**

(0.001) (0.002) (0.285) (0.000) (0.000) (0.003) (0.000) (0.015)

Control Yes Yes Yes Yes Yes Yes Yes Yes

City FE Yes Yes Yes Yes Yes Yes Yes Yes

Family FE Yes Yes Yes Yes Yes Yes Yes Yes

cons
21.300*** 21.228*** −1649.649*** 1.104 1.535*** 76.979*** −30.115*** 37.180***

(1.892) (3.136) (192.738) (12.231) (0.411) (5.590) (0.493) (4.137)

N 1,622 1,622 739 739 1,622 522 1,622 271

R2 0.436 0.393 0.266 0.036 0.077 0.402 0.192 0.619

Data are sourced from the CRECS database. Robust standard errors are clustered at the city level (shown in parentheses). ***p < 0.01, **p < 0.05, *p < 0.1.
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6 Conclusion

This paper attempts to explore the effects of extreme 
temperature on household energy consumption from the 
perspective of adaptive behavior. Grounded in theoretical analysis, 
this paper employs microdata from China’s CFPS and CRECS to 
empirically assess the impact of extreme climate on household 
energy consumption and its mechanisms. It also investigates the 
heterogeneous effects of extreme temperatures on energy 
consumption across urban and rural areas, northern and southern 
regions, and among households with different income levels. 
Empirical results indicate: (1) household energy consumption 
increases by 3.437 yuan for each additional day of extreme high 
temperature; for each additional day of extreme low temperature, it 
increases by 8.071 yuan. (2) Heterogeneity analysis reveals that 
southern regions, as well as rural and low-income households, are 
more sensitive to the impacts of extreme temperatures. (3) Extreme 
temperatures influence residents’ adaptive behaviors, leading to 
reductions in food and medical expenditures and working hours, 
and increased usage of home thermostatic devices, thereby raising 
household energy consumption.

The policy implications are as follows: Firstly, it is crucial to 
enhance awareness across all societal sectors about the risks 
associated with extreme temperatures, especially the economic 
costs related to increased energy burdens and consumption 
displacement caused by such conditions. It is necessary for the 
government to actively promote energy conservation education, 
such as through education and publicity activities, to effectively 
enhance the public’s awareness of energy conservation. Secondly, 
the government should refine the targeting of energy subsidies to 
provide support and concessions to rural and impoverished 
households, enhancing their energy accessibility and affordability. 

Through rational development and utilization of energy resources 
in poor areas to promote the economic development of deeply poor 
areas, indirectly increase the income of poor people, and finally 
establish a long-term mechanism of energy poverty alleviation. 
Finally, there should be  an increased focus on promoting clean 
energy and energy-efficient technologies, reducing the costs 
associated with purchasing and using thermostatic equipment 
through technological advancements. Specifically, encourage the 
public to use clean energy, such as solar, wind and other renewable 
energy, to optimize the energy structure. At the same time, 
authorities are setting and enforcing higher energy efficiency 
standards to push businesses and households to use energy more 
efficiently. The government has stepped up efforts to support 
technological innovation and provided policy and financial support 
for the research, development and application of green energy 
technologies. Additionally, in order to further refine the 
geographical division scheme for centralized heating in China, the 
government should further consider the climate characteristics and 
energy needs of different regions, which can improve energy 
efficiency and reduce energy waste.
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