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Abstract: The present study investigates the response of natural gas consumption to temperature on
the basis of observations during heating season (middle November–middle March) for the period
2002–2021 in Beijing, China, and then estimates temperature-related changes in the gas consumption
under future scenarios by using climate model simulations from the Coupled Model Intercomparison
Project Phase 6. Observational evidence suggests that the daily natural gas consumption normalized
by gross domestic product is linearly correlated with the daily average temperature during heating
season in the past two decades in Beijing. Hence, a linear regression model is built to estimate
temperature-related changes in the natural gas consumption under future scenarios. Corresponding
to a rising trend in the temperature, the natural gas consumption shows a decrease trend during
2015–2100 under both the SSP245 and the SSP585 scenarios. In particular, the temperature would
increase rapidly from early 2040s to the end of 21st century under the SSP585 scenario, leading to
an obvious reduction in the natural gas consumption for heating in Beijing. Relative to that in the
present day (1995–2014), the natural gas consumption would show a reduction of approximately
9% (±4%) at the end of 21st century (2091–2100) under the SSP245 scenario and approximately 22%
(±7%) under the SSP585 scenario.

Keywords: natural gas consumption; temperature; heating season; climate change

1. Introduction

Natural gas is considered as a cleaner fuel than coal and oil and provides several
environmental benefits [1]. Replacing coal and oil with natural gas can help address several
environmental concerns, such as reducing greenhouse gas emissions and air pollution.
In particular, natural gas obviously reduces carbon dioxide emissions when compared to
oil and coal [2,3] and emits less fine particulate matter, thus improving air quality when
compared to coal [4].

Natural gas has been widely used over the world, due to its great environmental
benefits. For instance, “coal-to-gas” action is one of the important strategies in China to
improve air quality and move toward clean energy [5], leading to a rapid increase in the
natural gas consumption and great improvement in air quality in China, especially in
northern China, including Beijing and surrounding cities [6,7]. However, Wang [4] reported
that a shortage of natural gas during the implementation of the “coal-to-gas” action in
northern China resulted in a transfer of pollution emissions over large areas in southern
China in winter 2017. This implies that a better understanding of the factors that influence
natural gas consumption is of vital importance to energy and environmental policymaking.

Natural gas consumption is not only influenced by socioeconomic factors, such as
population trend and economic growth, but also affected by meteorological conditions [8,9].
For instance, Beijing, where natural gas is the dominant fuel for residential heating, expe-
rienced extreme snowstorms and low temperature during the winters of 2009/2010 and
2012/2013, causing a shortage of natural gas for heating in these two winters. Moreover,
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the Fifth Assessment Report of the Intergovernmental Panel on Climate Change reported
that the global mean surface temperature is expected to increase by a range of 2.6–4.8 ◦C
by the end of the 21st century, in relation to the 1986–2005 period [10]. Such a change
in ambient temperature has an important impact on energy demand for space cooling
and heating [11–15]. Previous studies [11,15] examined climate-driven changes in the
natural gas consumption under future scenarios for the Greater Dublin Region, Ireland and
California, United States, respectively. However, energy consumption patterns and climate
variability may vary by region, leading to diverse impacts of climate change on the energy
consumption [13]. Therefore, it is worth investigating the climate impact on the natural
gas consumption in East Asia, where natural gas consumption from heating and cooling
demand is large but has received little attention.

Natural gas for space heating during winter generates approximately 80% of the
annual gas consumption in Beijing [16]. However, the effect of meteorological factors on
natural gas consumption during heating season in Beijing remains unclear. Among the
meteorological factors, temperature plays the dominant role in influencing natural gas
consumption for heating. Therefore, the first aim of this study was to estimate the response
of natural gas consumption to temperature during heating season in Beijing. Moreover, the
projection of changes in the natural gas consumption due to temperature changes under
future scenarios is of importance for energy and environmental policymaking [17]. Hence,
the second aim of this study was to estimate temperature-related changes in the natural gas
consumption for heating in Beijing under the Shared Socioeconomic Pathway 245 (SSP245,
a medium-development pathway) [18] and Shared Socioeconomic Pathway 545 (SSP585, a
high-development pathway) future scenarios.

The remainder of this manuscript is organized as follows: Section 2 describes the
datasets and methods used in this study; Section 3 presents the response of daily natural
gas consumption to daily average temperature, along with temperature-related changes in
the natural gas consumption under the SSP245 and SSP585 scenarios; Section 4 gives the
conclusions and discussions.

2. Data and Methods
2.1. Temperature Data

The present study used in situ observations of 2 m daily average temperature data
collected at the Beijing weather station since 1951. With regard to projection, we used
monthly near-surface temperature from the SSP245 and SSP585 simulations conducted
by 37 climate models participating in the Coupled Model Intercomparison Project Phase
6 (CMIP6). Furthermore, CMIP6 historical simulations were used to evaluate model
performance in simulating past changes in the near-surface temperature. The historical
simulations branched from piControl and were forced by observed climate forcing, in-
cluding time-evolving atmospheric compositions, solar variability, volcanic aerosols, and
land cover/land use for the period of 1850–2014, while the SSP245 and SSP585 scenario
simulations were initiated from the end of year 2014 of the historical simulation, and the
corresponding forcings were provided by the integrated assessment model community for
the period of 2015–2100 [19].

Table 1 shows a list of the CMIP6 models used in this study. All the model outputs
were interpolated to weather stations using a bilinear method prior to our analysis, and
only one realization was used for each model. Following Hempel et al. [20], statistical bias
correction was applied to correct model outputs for systematic deviations of the historical
simulations from observations. Multi-model ensemble mean (ENM) and spread are defined
as follows:

ENM = ∑M
i=1 Ti, (1)

Spread = ∑M
i=1(Ti − ENM)2, (2)

where T is the temperature, and M denotes total number of the models used to construct the
multi-model ensemble mean. The multi-model ensemble mean is the ensemble mean of the



Atmosphere 2022, 13, 1178 3 of 11

outputs of multiple models, and the multi-model spread reflects how much the ensemble
members (i.e., individual modes) deviate from the ensemble mean.

Table 1. Name, institute, and horizontal resolution of the CMIP6 models used in the present study. R
denotes correlation between the observed and simulated winter-mean temperature during 1960–2014
in Beijing; * significance at the 95% confidence level according to a two-tailed Student’s t-test.

Model Institute Resolution
(Lon × Lat) R

ACCESS-CM2
Commonwealth Scientific and Industrial Research

Organisation (CSIRO) and Australian Research Council
Centre of Excellence for Climate System Science, Australia

192 × 144 0.16

ACCESS-ESM1-5 CSIRO, Australia 192 × 145 0.56

AWI-CM-1-1-MR Alfred Wegener Institute, Helmholtz Center for Polar and
Marine Research, Germany 384 × 192 0.24

BCC-CSM2-MR Beijing Climate Center, China Meteorological
Administration, China 320 × 160 0.18

CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China
Meteorological Administration, China 320 × 160 0.36

CanESM5 Canadian Centre for Climate Modeling and
Analysis, Canada 128 × 64 0.19

CanESM5-CanOE Canadian Centre for Climate Modeling and
Analysis, Canada 128 × 64 0.79 *

CESM2 National Center for Atmospheric Research, Climate and
Global Dynamics Laboratory, USA 288 × 192 0.55

CESM2-WACCM National Center for Atmospheric Research, Climate and
Global Dynamics Laboratory, USA 288 × 192 −0.20

CNRM-CM6-1-HR CNRM and Centre Europeen de Recherches et de Formation
Avancee en Calcul Scientifique (CERFACS), France T359 0.91 *

CNRM-CM6-1 CNRM–CERFACS, France T127 0.76 *

CNRM-ESM2-1 CNRM–CERFACS, France T127 0.00

EC-Earth3 EC—Earth consortium 512 × 256 0.63

EC-Earth3-CC EC—Earth consortium 512 × 256 0.01

EC-Earth3-Veg EC—Earth consortium 512 × 256 −0.28

EC-Earth3-Veg-LR EC—Earth consortium 320 × 160 0.55

FGOALS-g3 Institute of Atmospheric Physics (IAP), Chinese Academy
of Sciences, China 180 × 80 0.02

FGOALS-f3-L IAP, Chinese Academy of Sciences, China 360 × 180 0.91 *

GFDL-ESM4 National Oceanic and Atmospheric Administration, USA 360 × 180 −0.77

GFDL-CM4 National Oceanic and Atmospheric Administration, USA 360 × 180 −0.35

GISS-E2-2-G Goddard Institute for Space Studies, USA 144 × 90 0.22

GISS-E2-1-H Goddard Institute for Space Studies, USA 144 × 90 0.56 *

GISS-E2-1-G Goddard Institute for Space Studies, USA 144 × 90 −0.01

HadGEM3-GC31-LL Met Office Hadley Centre, UK 192 × 144 0.00

HadGEM3-GC31-MM Met Office Hadley Centre, UK 432 × 324 −0.17

INM-CM4-8 Institute of Numerical Mathematics, Russia 180 × 120 −0.58

INM-CM5-0 Institute of Numerical Mathematics, Russia 180 × 120 −0.41

IPSL-CM6A-LR Institut Pierre Simon Laplace, France 144 × 143 0.27
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Table 1. Cont.

Model Institute Resolution
(Lon × Lat) R

KACE-1-0-G National Institute of Meteorological Sciences, Korea 192 × 144 0.38

MIROC6 Atmosphere and Ocean Research Institute, University of
Tokyo, Japan 256 × 128 0.32

MIROC-ES2L Atmosphere and Ocean Research Institute, University of
Tokyo, Japan 128 × 64 0.39

MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany 384 × 192 −0.22

MPI-ESM1-2-LR Max Planck Institute for Meteorology, Germany 192 × 96 0.31

MRI-ESM2-0 Meteorological Research Institute, Japan 320 × 160 0.46

NorESM2-LM Norwegian Climate Center, Norway 144 × 96 0.53 *

NorESM2-MM Norwegian Climate Center, Norway 288 × 192 0.77 *

UKESM1-0-LL Met Office Hadley Centre, UK 192 × 144 0.09

2.2. Natural Gas Consumption and Socioeconomic Data

For the historical period of 2002–2021, this study utilized daily natural gas consump-
tion in Beijing provided by the Beijing Gas Group Company Limited. The focus was on
winter season from middle November to the following middle March when residential
heat-supply is available in Beijing. During this season, the natural gas consumption is
primarily dominated by residential heat supply.

Due to the Chinese “coal-to-gas” and “coal-to-electricity” strategies, the natural gas
consumption in Beijing has increased rapidly since 2015, leading to a shift in the statistical
mean of the natural gas consumption when compared to that during 2002–2014 (Figure 1).
To derive a common response of the daily natural gas consumption to daily average
temperature, the statistical mean of the natural gas consumption during 2002–2014 was
adjusted to that during 2015–2021 via a linear regression method.
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Figure 1. Time series of the daily average natural gas consumption (unit: m3) during heating season
for the period of 2002–2021 in Beijing.

The present study mainly focused on the effect of temperature on the natural gas
consumption. To eliminate the influence of socioeconomic factors such as population and
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economic structure on heating demand, the daily natural gas consumption was normalized
by the gross domestic product (GDP) that was retrieved from the Survey Office of the
National Bureau of Statistics in Beijing.

2.3. Regression Model

Following Carleton and Hsiang [21], a linear regression model was used to estimate
the response of the daily natural gas consumption to daily average temperature as follows:

GASt = αTt + ϕ(t) +
6

∑
k=0

βkWk,t + c + εt, (3)

where t is day of sample, GASt is the gas consumption for day t, Tt is the daily average
temperature, c is a constant, and εt is the stochastic error term. The regression coeffi-
cients α and βk could be obtained via the least-square method. Consistent with previous
studies [12,13,22], a six-order Chebychev polynomial, ϕ(t), was used to describe the influ-
ence of factors, such as macroeconomic activity, that contribute to low-frequency variability
of the gas consumption. Wk,t denotes dummies for the day of the week to capture the
weekend effect. To derive the gas consumption response to temperature, non-temperature
effects were first excluded as follows:

ˆGASt = GASt − ϕ(t)−
6

∑
k=0

βkWk,t − εt = αTt + c. (4)

Then, the relationship between the daily residual gas consumption ˆGASt and daily
average temperature was investigated.

3. Results
3.1. Response of the Natural Gas Consumption to Temperature

Figure 2 shows the scatterplot of daily natural gas consumption normalized by GDP
and daily average temperature during heating season for the period of 2002–2021 in Beijing.
It is indicated that the daily natural gas consumption normalized by GDP was linearly
correlated with the daily average temperature.
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Figure 2. Scatterplot of the daily natural gas consumption normalized by GDP and daily average
temperature (unit: ◦C) during heating season for the period of 2002–2021 in Beijing. The solid line
denotes the linear fitting of the dots.
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Therefore, a linear regression model was used to estimate the response of daily gas
consumption to daily average temperature. According to the least-square method, the
regression coefficient α was approximately −0.0040, and the constant c was approximately
0.1316. Therefore, Equation (4) could be rewritten as

ˆGASt = −0.0040Tt + 0.1316. (5)

The correlation between the daily natural gas consumption and daily average temper-
ature was as high as 0.79, significant at the 95% confidence level according to a two-tailed
Student’s t test. Thus, the temperature explained approximately 62% of the variance of
the residual gas consumption normalized by GDP. Moreover, the impact of the COVID-19
pandemic since 2019 was examined by excluding the data for this period, and the results
showed that its impact on the normalized natural gas consumption was weak and negligible
(figure not shown).

3.2. Changes under Future Scenarios

It is generally assumed that climate models, which have a better performance in
reproducing past climate changes, might also be able to simulate future changes with higher
accuracy [23,24]. To estimate temperature-related changes in the natural gas consumption
under future scenarios, we first examined the performance of 37 CMIP6 models to simulate
past changes in the winter mean temperature during 1960–2014 in Beijing (see Figure 3). To
eliminate interannual signals and focus on long-term variability, a 9 year running average
was applied to the time series of the winter mean temperature. It is indicated in Figure 3
(red line) that the observed winter mean temperature showed a rising trend from the 1970s
to the late 1990s before slowing down, which is consistent with the global warming hiatus
in the last two decades [25–28]. However, only a few models simulated a change in the
winter mean temperature similar to that of the observed one (see blue lines in Figure 3). In
particular, the correlation between the observed and simulated winter mean temperature
was higher than 0.75 in CanESM5-CanOE, CNRM-CM6-1-HR, CNRM-CM6-1, FGOALS-
f3-L, and NorESM2-MM, with significance above the 95% confidence level according to
a two-tailed Student’s t-test, in which the effective number of degrees of freedom was
estimated following Davis [29]. Thus, these five models were selected to construct the
multi-model ensemble mean of the winter mean temperature for the future projection of
the natural gas consumption in Beijing.

Figure 4 displays the multi-model ensemble mean and spread of the winter mean
temperature for the historical simulations during 1960–2014, as well as under SSP245 and
SSP585 scenario simulations during 2015–2100 in Beijing. It is shown that changes in the
multi-model ensemble mean for the historical simulation (purple line) highly resembled
those in the observation (black line), with a correlation value of 0.93 during 1960–2014. The
winter mean temperature would increase gradually under the SSP245 scenario (blue line)
but rapidly under the SSP585 scenario (red line) from the early 2040s to the end of the 21st
century, which is consistent with the result explored in previous studies [30]. Relative to
the period of 1995–2014 (Table 2), the change in the winter mean temperature would be
approximately 1.75 ◦C (±0.80 ◦C) for the period of 2041–2050 and 3.28 ◦C (±1.54 ◦C) for
the period of 2091–2100 under the SSP245 scenario, whereas, under the SSP585 scenario,
the change would increase from 2.41 ◦C (±0.80 ◦C) for the period of 2041–2050 to 7.66 ◦C
(±2.32 ◦C) for the period of 2091–2100.
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Figure 3. Nine year smoothed time series of the winter mean temperature (unit: ◦C) derived from the
historical simulations (blue line) for the individual models during 1960–2014 in Beijing. The x-axis
refers to the year, while the y-axis refers to the temperature. The red line denotes the observation,
and R is the correlation between the observation and simulation.

Corresponding to changes in the winter mean temperature, the natural gas consump-
tion would show a decrease trend during 2015–2100 under both the SSP245 and the SSP585
scenarios (Figure 5). Consistent with that in the winter mean temperature, the difference in
the natural gas consumption between the SSP245 and SSP585 scenarios would be relatively
small before early 2040s but become larger after that. Relative to that for the period of
1995–2014 (Table 2), the natural gas consumption would show a reduction of approximately
5% (±2%) for the period of 2041–2050 and 9% (±4%) for the period of 2091–2100 under the
SSP245 scenario. The reduction in the natural gas consumption would be more obvious,
reaching 22% (±7%) for the period of 2091–2100, under the SSP585 scenario.
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Figure 4. Multi-model ensemble means of the 9 year smoothed winter mean temperature (unit: ◦C)
for the historical simulations (purple line) during 1960–2014, as well as the simulations under the
SSP245 (blue line) and SSP585 (red line) scenarios during 2015–2100 in Beijing. The black line denotes
the observation, and shadings indicate the model spread.

Table 2. Percentage changes in the natural gas consumption (unit: %) with respect to temperature
changes (unit: ◦C) during heating season under the SSP245 and SSP585 scenarios relative to 1995–2014
in Beijing. Values in the bracket denote the model spread.

Years
SSP245 SSP585

∆Temp ∆Gas ∆Temp ∆Gas

2021–2030 0.92 (0.27) −2.83 (1.12) 0.98 (0.59) −2.16 (1.68)

2031–2040 1.31 (0.45) −3.26 (1.33) 1.52 (1.04) −4.33 (3.17)

2041–2050 1.75 (0.80) −4.68 (2.41) 2.41 (0.80) −7.02 (3.08)

2051–2060 2.02 (1.16) −5.80 (3.64) 3.24 (1.06) −8.78 (3.04)

2061–2070 2.21 (0.93) −6.69 (2.26) 4.61 (1.26) −12.75 (3.32)

2071–2080 2.75 (0.96) −7.00 (2.95) 5.47 (2.02) −15.79 (5.82)

2081–2090 3.38 (1.41) −9.68 (3.56) 6.66 (2.20) −18.31 (5.93)

2091–2100 3.28 (1.54) −9.15 (4.19) 7.66 (2.32) −21.55 (6.76)
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Figure 5. Percentage changes in the 9 year smoothed natural gas consumption with respect to tem-
perature changes under the SSP245 (blue line) and SSP585 (red line) scenarios during heating season
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4. Conclusions and Discussion

During the heating season from middle November to the following middle March,
the natural gas consumption is primarily dominated by residential heat supply in Beijing,
China [7]. After eliminating the influence of socioeconomic factors (such as population
trend and economic structure) on heating demand, the daily natural gas consumption had
a nearly linear response to the daily average temperature during heating season in the past
two decades in Beijing. Hence, a linear regression model was built to estimate temperature-
related changes in the natural gas consumption under future warming scenarios. This is
somewhat different from previous studies [11,15], which employed a log-linear regression
model to estimate the natural gas consumption response to temperature.

To reduce uncertainty in the projection, five out of the 37 CMIP6 models analyzed in
this study were selected to construct a multi-model ensemble mean of the temperature for
projection. It was shown that these five CMIP6 models, namely, CanESM5-CanOE, CNRM-
CM6-1-HR, CNRM-CM6-1, FGOALS-f3-L, and NorESM2-MM, had a better performance
in reproducing past changes in the winter mean temperature in Beijing, especially the
warming trend from the 1970s to late 1990s, as well as the warming hiatus in the last
two decades. The multi-model ensemble mean of the winter mean temperature in Beijing
would increase gradually under the SSP245 scenario but rapidly under the SSP585 scenario
from the early 2040s to the end of 21st century, leading to an obvious decrease in the
natural gas consumption under the high-emission scenario. Relative to that in present day
(1995–2014), the natural gas consumption would show a reduction of approximately 9%
(±4%) at the end of 21st century (2091–2100) under the SSP245 scenario and approximately
22% (±7%) under the SSP585 scenario, which is consistent with the findings in [11] for the
Greater Dublin Region, Ireland and in [15] for California, United States. This implies that
the linear regression method used to estimate temperature-related changes in the natural
gas consumption and the method used to select climate models for future projection in
this study can be applied in other regions. Moreover, the findings obtained in this study
can contribute to an understanding of the climate change impact on regional natural gas
consumption under future warming scenarios in East Asia.

Previous studies revealed that natural gas consumption tends to increase with pop-
ulation and economic growth [9,16,31]. The present study only detected the effect due
to temperature changes in response to anthropogenic greenhouse gas emissions, while
the socioeconomic factors were held constant. Reductions in natural gas consumption
due to rising temperature may be offset by an increase in the population trend and other
socioeconomic factors, which deserves further investigation in future works. Moreover,
global warming tends to cause decreased energy demand for heating and increased energy
demand for cooling [12,13,15]. However, the relationship between temperature and elec-
tricity consumption from space cooling and the difference in the energy demand between
heating and cooling in Beijing and adjacent regions remain unclear, which are also issues
that need to be addressed in future works.
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