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HIGHLIGHTS

e Operational carbon intensity in China
and India increased by 1.4% and 2.5%
per year in 2000-2020.

e Household expenditure-related energy
intensity and emission factors were
crucial to decarbonization.

e Building electrification significantly
promoted the end-uses’ emission factor
effects on decarbonization.

e China and India decarbonized 1498.3
and 399.7 MtCO;, in residential building
operations in 2000-2020.

e For decarbonization intensity, India
nearly caught up with China (~180
kgCO; per household) in 2020.
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ABSTRACT

As the two largest emerging emitters with the highest growth in operational carbon emissions from residential
buildings, the historical emission patterns and decarbonization efforts of China and India warrant further
exploration. This study aims to be the first to present a carbon intensity model considering end-use performances,
assessing the operational decarbonization progress of residential building in India and China over the past two
decades using the newest decomposing structural decomposition approach. Results indicate (1) the annual
operational carbon intensity increased by 1.4% and 2.5% in China and India, respectively, between 2000 and
2020. Household expenditure-related energy intensity and emission factors were crucial in decarbonizing resi-
dential buildings. (2) Building electrification played a significant role in decarbonizing space cooling (—87.7 in
China and — 130.2 kg of carbon dioxide (kgCO2) per household in India) and appliances (~ —169.7 in China and
~ —43.4 kgCO, per household in India). (3) China and India collectively decarbonized 1498.3 and 399.7 M-tons
of CO; in residential building operations, respectively. In terms of decarbonization intensity, India (164.8 kgCO2

Abbreviation: DSD, Decomposing structural decomposition; EJ, Exajoule; GDIM, Generalized Divisia index method; GDP, Gross domestic product; GJ, Gigajoule;
HCE, Household consumption expenditure; LMDI, Logarithmic mean Divisia index; LPG, Liquified petroleum gas; USD, US dollar.
* Corresponding author at: Department of Building Technology, School of Architecture and Urban Planning, Chongqing University, Chongqing 400045, PR China.
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per household) nearly caught up with China (182.5 kgCO» per household) in 2020 and is expected to surpass
China in the upcoming years, given the country’s robust annual growth rate of 7.3%. Overall, this study provides
an effective data-driven tool for investigating the building decarbonization potential in China and India, and
offers valuable insights for other emerging economies seeking to decarbonize residential buildings in the
forthcoming COP28' age.

Nomenclature g GDP per capita

H Family households

Cc Carbon emissions k Energy-related carbon intensity of end uses (i.e., the

c Carbon emissions per household (Carbon intensity) emission factors)

dF The slack component introduced in the DSD method kgCO,  Kilograms of carbon dioxide

dF; (i=1,2,3,4,5,6) The shift component introduced in the DSD MtCO, Mega-tons of carbon dioxide

method m? Square meters

ADC Total decarbonization P Population size

ADc Decarbonization intensity P Household size

Ad Decarbonization efficiency S Household consumption expenditure

E Energy consumption s Household expenditure index

e Household expenditure-related energy intensity w End-use energy structure

G GDP

1. Introduction

The building sector’s operational carbon emissions constitutes 27%
of global anthropogenic carbon emissions [1], with the residential sec-
tor’s share rebounding to a record-high of 60% after COVID-19 re-
strictions [2]. Developed countries have taken the early lead in
urbanization, with large residential building stocks built in the last
century [3]. Technological and behavioral lock-in effects significantly
limit the operational decarbonization of residential building [4]. As the
two largest developing economies actively responding to the global
climate crisis [5] and the two emerging emitters with the highest
emission increase from residential building [6], the analysis of past
emission patterns and mitigation efforts in China and India will inform
the formulation of effective climate policies for building and community
development. Furthermore, with the global carbon budget target
drawing near, an investigation of the equilibrium trajectory concerning
China and India’s burgeoning residential energy demand and their
strides towards low-carbon transition through active decarbonization
policies holds significant value. This analysis can play a pivotal role in
shaping a more equitable carbon budget framework in the global climate
diplomacy (e.g., the upcoming COP28), particularly beneficial for a
multitude of developing nations [7].

Aside from macroeconomic indicators, discussion on the impact
factors of operational carbon emissions from residential buildings
should investigate various end-use energy consumption in households
[8], directly affected by user behavior and facility technology [9].
Notably, lifestyle changes and technology development in China and
India have been extraordinary over the past twenty years [10,11], along
with the continuous advancement of societies and economies. Current
studies rarely pursue a comparison of decarbonization changes in resi-
dential buildings affected by end-use performances between China and
India across the 21st century [12,13]. Therefore, the following three
questions should be addressed to bridge this gap and evaluate the future
decarbonization potential of residential buildings in China and India,
seeking a fair emissions cap:

1 CcOP28 is the abbreviation of 2023 United Nations Climate Change
Conference.

e What are the historical processes of operational emissions and the
corresponding decarbonization?

e What is the impact of end-use performances on operational
decarbonization?

e How can operational decarbonization be further accelerated in China
and India?

To address these questions, this study evaluates the operational
decarbonization progress of residential buildings in China and India in
the 21st century via our newest decomposing structural decomposition
(DSD) approach for the first time. Specifically, considering economic,
societal, and behavioral aspects, an emission model featuring end-use
consumption is developed for identifying factors affecting carbon in-
tensity changes, and the impact of various end uses on the carbon in-
tensity is further investigated. Subsequently, six scales of
decarbonization are utilized to evaluate the historical processes of
decarbonizing residential buildings. Furthermore, a review and outlook
on decarbonization strategies for residential building operations in both
India and China are presented to address current challenges and achieve
significant decarbonization in the future.

The major novelty is providing a useful tool for different emitters
(especially the emerging economies of China and India) to investigate
their decarbonization patterns of residential building operations asso-
ciated with end-use performances over the last two decades. If the major
emitters represented by India and China can realize deep decarbon-
ization early, more carbon budget will be released for other emerging
economies’ development towards the 1.5 °C goal. Thus, it is urgent and
necessary to offer an effective data-driven model for evaluating the
historical decarbonization patterns in the end-use performances of res-
idential buildings. Especially, the end-use emission model is combined
with our newest DSD method (a three-layer DSD framework) to better
assess the decarbonization potential since this century.

This study is structured as: Section 2 presents the literature review.
Section 3 proposes the carbon intensity model associated with end-use
performances and the DSD-based decomposition of carbon intensity;
data collection is also introduced. Section 4 illustrates the changes and
the corresponding drivers of operational carbon intensity, with further
analysis of end-uses’ impact. In Section 5, Section 5.1 assesses and
compares the historical decarbonization of residential buildings in
China and India, while Section 5.2 tests the DSD robustness, and Section
5.3 reviews and provides an outlook on the decarbonization strategies
for residential buildings in both India and China. In conclusion, Section
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6 presents a summary of the findings and future works.
2. Literature review

Focusing on the operational carbon emissions of residential building,
India and China continue to experience remarkable growth, whereas
major advanced economies have displayed stagnant or declining trends
over the past two decades [14], as illustrated in Fig. 1. Experience from
developed countries suggests that high levels of operational carbon
emissions in residential buildings are primarily due to significant carbon
lock-in effects [15], with technology lock-in and behavior lock-in being
the two main factors [16]. As carriers of energy consumption, various
end uses in households pose challenges to decarbonization during the
operation stage of residential buildings [17]. With rapid economic
growth and improvements in living standards, the carbon lock-in effects
of residential building operations in India and China have become
increasingly apparent [18].

In previous studies, multiple perspectives have been employed to
analyze the impact of end uses on energy and emissions of residential
building operations in China [19]. For example, Zheng, Wei [12] con-
ducted a household survey to provide insight into the characteristics of
end-use energy consumption for a specific year. Some researchers have
explored carbon emissions from particular end-use performances in
detail (e.g., heating [20], air conditioners [21], and appliances [22]).
Swan et al. [23] reviewed residential energy modeling approaches to
further compare end-use energy consumption between China and other
countries. In terms of related studies on India, due to the widespread use
of dirty energy sources such as biomass and kerosene [24], a low elec-
trification rate, and the slow pace of urbanization [25], researchers have
primarily focused on energy consumption rather than carbon emissions
when discussing energy transitions in Indian households [13] and en-
ergy efficiency improvements for home appliances [26]. Although the
India National Sample Survey Organization periodically released
detailed information on household energy consumption based on a na-
tional household sample survey [27], a time lag and data incoherence
have resulted in a scarcity of recent studies related to end-use carbon
emissions of residential building operations [28]. Projections of future
household energy consumption patterns suggested that India’s carbon
emissions from residential building operations in 2050 may increase
tenfold compared to 2005 levels [29]. Consequently, exploring the
decarbonization of end uses is both urgent and significant.

Decomposition methods are employed to quantify the impact of end
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decarbonization efforts of residential buildings [30], as well as to further
evaluate historical decarbonization efforts [31]. Classical decomposi-
tion methods include the structure decomposition analysis [32] and the
index decomposition analysis such as the logarithmic mean Divisia
index (LMDI) [33]. However, these methods have been proven to have
limitations. While the structure decomposition analysis allows for a
detailed examination of technology and demand changes based on an
input-output model [34], it can only work with data from consecutive
periods [35], as input-output tables are released every five years rather
than annually [36]. To overcome residual interference [37], the LMDI
was introduced as an updated version of index decomposition analysis
[38]; however, addressing the interdependence of factors remains
challenging [39]. In 2014, Vaninsky [40] proposed the generalized
Divisia index method (GDIM), which overcomes the abovementioned
limitations and has been widely applied in research on indicator
decomposition analysis of carbon emissions [41,42]. Furthermore,
Boratynski [43] introduced a simpler and more intuitive decomposition
formula based on the GDIM and the Harrison, Horridge, and Pearson
decomposition method in 2021, called the DSD method, which has been
employed to empirically demonstrate changes in European electricity
demand and evaluate the decarbonization of commercial buildings in
some top economies [44].

Based on previous studies concerning the assessment and decom-
position of carbon emissions, there are two issues that merit further
discussion.

From the end-use perspective, it is worth examining and
comparing the decarbonization efforts in residential buildings in
the top emerging emitters. Although there are some related studies on
global or individual scales [45,46] there is a lack of in-depth analyses
focusing on the competition between China and India [47]. Further-
more, due to data acquisition challenges [48], short-term or outdated
studies [49] failed to accurately depict the end-use carbon emissions and
decarbonization changes in residential building operations influenced
by lifestyle changes [50], technology advancements [51], economic
recession [52], and the COVID-19 pandemic [53]. A comprehensive
comparative analysis at the national level since the millennium is crucial
for evaluating the future potential for decarbonization and seeking fair
emission allowances.

Exploring the application of the improved DSD method in
characterizing the building carbon intensity is also essential. In the
residential building sector, the conventional GDIM or LMDI methods
can’t effectively decompose energy intensity or emission factors into

uses and other crucial factors on emission transition and individual end uses [54]. However, previous studies have shown that the
Carbon emissions of residential building operations during 2000-2020
2000 2005 2010 2015 2020
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 0 500 1000 1500 MtCO,
us us us us us
China China China China China
Germany Germany India [l India [ India [
Japan Japan Japan Japan Japan
India [l India [l Germany Germany Germany
UK UK UK UK UK
Ukraine Italy Poland Poland Korea
Italy Poland Italy Canada Poland
France France France Italy Canada
Canada Canada Canada Korea Turkey
B Countries in growth (average annual rate of 2000-2020):
India +4.4%  China +3.4% Turkey +2.4% Korea +1.8% Japan +0.5%
H Countries in decline:
Ukraine -4.0% UK -2.5% France -2.3% Germany -1.8% ltaly -1.5% Us -1.5% Canada -0.9% Poland -0.4%

Fig. 1. Operational carbon emissions of residential buildings in 2000-2020 among top emitters.
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original DSD method has the potential to cover this gap [44]. Addi-
tionally, considering the structural change effects of various end uses
will lead to more accurate decomposition results, thereby an extended
DSD model is required to achieve this goal.

In response to these issues, this study aims to analyze carbon in-
tensity changes involving the impact of end-use performances using the
improved DSD method and evaluate the historical decarbonization ef-
forts of residential building operations in China and India in the first two
decades of this century. The primary contributions of this study are as
follows:

e A bottom-up model involving end-use performances is devel-
oped to investigate the past emission change of residential
building in India and China since the millennium. Current
studies rarely conducted comparative analysis of operational carbon
emissions between China and India or examined the long-term ef-
fects of end-use performances on operational carbon emissions. The
DSD method, previously employed to calculate the operational car-
bon mitigation in commercial buildings of some economies, is now
improved to a three-layer DSD framework for serving the residential
building sector. By considering economic, societal, and behavioral
aspects, a bottom-up model featuring end-use demand is developed
for tracking factors influencing carbon intensity changes, combining
with the newest DSD method. The impacts of six end-use activities on
decarbonizing residential building are further explored, mainly
including space cooling, space heating, lighting, cooking, water
heating, and appliances.

A multiscale assessment with a medium-term time frame is used
for the first time to recognize past decarbonization patterns of
residential building. Six scales of decarbonization are proposed to
analyze the processes of residential building decarbonization in
China and India, encompassing total decarbonization, decarbon-
ization efficiency, decarbonization per household, per capita, per
floor area, and per household expenditure. Additionally, a review
and outlook of decarbonization strategies for residential buildings in
both India and China are presented to address current challenges and
better help the policymaker conduct the building climate actions to
serve the top emerging economies in the future.

3. Methods and materials
3.1. Emission model of residential building operations

End-use energy consumption (E) comprises of primary energy con-
sumption, retail electricity and heating, excluding energy systems losses.
The operational energy consumption in family households is carried out
by various end uses. Due to the differences in energy structure, geog-
raphy, climate, and lifestyle between China and India, this study
decomposed the end uses of residential building into six types: space
cooling, space heating, lighting, water heating, cooking, and appliances
with others. To further analyze the effects of end uses on the mitigation
of residential buildings between China and India, carbon emissions were
generated by these six end-use activities, which can be expressed in Eq.
(1). For the sake of data acquisition and comparative analysis, this study
mainly discussed the carbon emissions released by energy commodities,
excluding biofuels and waste.

C = Cypace cooling T Cspace heating T Cwater heating T Ceooking 1 Clighting 1 Cappliances and others

(€Y

Shorten as C = 32 | C;

Considering the aspects of economy, society, and behavior, the car-
bon emission intensity, which refers to carbon emissions per household,
is influenced by six factors: population, households, gross domestic
product (GDP), household consumption expenditure (HCE), energy
consumption, and carbon emissions. These factors are interrelated and
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can be represented by the following identity, with abbreviations
explained in the Nomenclature:

C ECPGS
e R @

Combining Egs. (1)-(2), the carbon emission intensity associated
with end use i in residential building operations can be written as:

C ECPGS
oo LEPGS 3)

For intuitive expression, c¢; = % represents the carbon intensity
associated with end use i in residential building operations, p = £ rep-
resents the population per household (household size), g = $ represents
GDP per capita, s = £ represents the household expenditure index, e; = %
represents the household expenditure-related energy intensity of end
use i, k; :% represents the energy-related carbon intensity (AKA the

emission factor) of end use i. Thus, Eq. (3) can be simplified as follows:
¢ = erkipgs 4

6
Summed upasc =) ¢

3.2. DSD-based decomposition of carbon intensity

The carbon intensity of residential building operations can vary
depending on time and location due to factors such as energy transition,
population growth, and economic growth. To better understand the
contribution of changes in the end-use energy structure to overall carbon
intensity, this study utilized the DSD method, a simpler and more direct
decomposition method based on the framework of the GDIM. By
applying the DSD approach to the emission model described in Section
3.1, this study was able to decompose the operational carbon intensity of
residential building in India and China from 2000 to 2020 and explore
the various factors contributing to carbon intensity changes. Notably,
we improved the DSD to a three-layer framework while the original DSD
only has a two-layer framework. The newest DSD can better analyze the
end-use structure and the corresponding emission factor change of res-
idential buildings’ end-use activities. For a detailed method description,
please refer to Appendix B.

The DSD method involves introducing e as the sum of the household

expenditure-related energy intensity, which is defined as e = 21»6:1611

Additionally, w; is defined as the share of E; in E, or end-use energy
structure, which can also be expressed as w; = % For the equation e; =

2 in Section 3.1, it is also true that w; = 4. Eq. (4) was established as:

e-kiwi-p-g-s 5)

M-

i=1

Then, Eq. (6) is required to derive the total differential as follows:

6 (0c; oc; dc; oc; dc; dc;
dc_Zf‘zl(Ed”%dp*a_gd“%d”a_zqdk’*a_w,-dwf> ©

Moreover, the shift component dF; and slack component dF are
introduced to express the change in w;. The expanded linear equations
can be yielded in Eq. (7):

6 [dc; oc; dc; oc oc; dc;
Dc = —d —d —d —ds + ——dk; + —dw;
¢ Zfl(ae SREP R P P A v W)

@
dw; = dF; + dF

Z?:]dw,- =0

Rewriting Eq. (8) in matrix form is as follows:
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Alternatively, it can be abbreviated in a general notation as follows:

A-dy =B-dz ©
where A and B are both the coefficient matrices associated with the
endogenous variables y and the exogenous variables z, that is, A = f(z,y)
and B = f(z,y).

Eq. (9) can be further expanded to:

A-dy = B-diag(dz)-j (10
where diag(dz) is the diagonal matrix made up of the differential element
dy, and j is a vector consisting of 1. Thus, dy can be solved in Eq. (11):

dy = A" -B-diag(dz) an

It should be mentioned that the core DSD methodology is rooted in
Euler’s numerical integration method. This means that the changes in
exogenous variables are divided into numerous, equally sized segments
that are not infinitesimal but still very small. By doing so, the cumulative
impact of exogenous variables on endogenous variables was estimated
more approximately and more exactly by using the total differential.

Based on the approach described above, let dz = 4%, where N rep-
resents the number of segments, and dz is a vector of non-infinitesimal
but very small changes in exogenous variables. According to the orig-
inal research article on the DSD method, this study set N = 16000 to
ensure sufficient accuracy. For each segment of a valueof n (n =1,2,---,
N), the effect can be represented mathematically as follows:

D" = (A" )71-B(”’1>~diag(dz)
dy(”) _ D(”)'j

2 =207D 4 dg

¥ =y 4 gy

A Z (g y)

BY = gz y")

(12)

In the initial period, which is reflected as n=0, the coefficient
matrices A and B are initialized as A© and B, respectively. The
desired decomposition is obtained by repeatedly computing each iter-
ation and summing the contributions:

{D._ ¥ p»
n=1

In this study, the method described above can be used to measure the
impact of changes in exogenous variables on carbon intensity. Using the
DSD method, the changes in carbon intensity can be decomposed as:

(14

(13)

AC|0_,T = AeDSD +ApDSD +AgDSD +ASD5D +AkDSD JrAWDSD

. rx—0c 0c
1 aC] 062 aC3 0C4 665 aCﬁ 0 a_ce Za_c
()Wl l)Wz 0W3 6w4 (}W5 aWs P
o1 0 0o 0 0 0 -—1|/[de] o0
dw,
o0 1 0 0 0 0 —1||gn 0 0
0 0 0 1 0 0 0 —1|.fdws|{_| o0 0
dW4
0 0 0 0 1 0 0 —1| | gws 0 0
0 0 0 0 0 1 0 —1| [dws
Car 0 0
0 0 0 0 0 0 1 -1 0 0
0 1 1 1 1 1 1 0
L ] L o 0
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where Akpsp and Awpgp can be further decomposed based on Eq. (5),
which yields the following:

6
Akpsp =Y Ak (15)
and:

6
Awpsp = ZHAW,» (16)

Eq. (15) reveals the impact of emission factors from various end uses
on emission intensity, while Eq. (16) reveals how changes in end-use
energy structure affect the intensity. Together with DSD-based decom-
position, the factors affecting the operational carbon intensity of resi-
dential building are depicted in Fig. 2.

3.3. Variables and data sources

The details of the variables involved in Sections 3.1 and 3.2 are
refined in Table 1.

Data for this study were collected through various sources. The
carbon emissions of residential building operations were obtained from
the International Building Emissions Dataset (IBED, https://ibed.world),
which used the International Energy Agency dataset (https://www.iea.
org/) as the primary benchmark to compile comprehensive and trust-
worthy data tables for each emitter. For India and China, the building
energy and the corresponding emissions data were calculated and cali-
brated based on the local benchmark datasets (China: http://www.
cbeed.cn; India: https://www.india.gov.in/nsso-reports-publications).
Especially, IBED covers energy and emissions of various end uses from
2000 to 2020. Demographic and economic indicators of India and China
were derived from the World Bank (data.worldbank.org). These sources
provided information on population size, family households, GDP, and
HCE.

4. Results
4.1. Carbon intensity changes in residential building operations

Fig. 3 illustrates the changes in operational carbon intensity gener-
ated by residential buildings in India and China during 2000-2020, as
assessed by the DSD approach. It is evident that the overall carbon in-
tensity has increased for both countries over the last two decades, with a
higher average growth rate of 2.5% per year in India and 1.4% per year
in China. By dividing the decades into four stages of five years each, the
performance of each stage between China and India dynamically
changed according to the technical, socioeconomic, and related


https://ibed.world
https://www.iea.org/
https://www.iea.org/
http://www.cbeed.cn
http://www.cbeed.cn
https://www.india.gov.in/nsso-reports-publications
http://data.worldbank.org
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Fig. 2. Factor identification of the operational carbon intensity of residential building.
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Table 1
Variable interpretation.
Variable  Definition Unit Expression
. Mega-tons of carbon
C Carbon emissions dioxide (MtCO,) _
E Energy consumption Exajoule (EJ) _
P Population size Million persons _
H Family households Million households B
Gross domestic product -
G (GDP) Million US dollar (USD) _
Household consumption -
$ expenditure (HCE) Million USD -
Carbon emissions per Kilograms of carbon
c household dioxide (kgCOy) per c = c
(Carbon intensity) household H
p Household size Persons per household p= P
H
g GDP per capita USD/person g= 9
14
B Household expenditure % oo s
index G
e Household exp?ndltu're» Gigajoule (GJ)/USD .o E
related energy intensity S
Energy-related carbon
k intensity of end uses kgCOL/GJ k = ¢
(Emission factors) E
e
w End-use energy structure % wi = ;‘

strategies.

In China, the operational carbon intensity experienced a gradual
slowdown in growth rate between 2000 and 2010 (from 1125 to 1601
kgCOy per household), reaching an annual peak in 2012 at 1606.4
kgCO3 per household. Since 2010, the Chinese government has further
strengthened its decarbonization strategies. Consequently, the opera-
tional carbon intensity changes manifested as continuous and slight
declines between 2010 and 2020 (from 1601 to 1492 kgCO, per
household), with an average of —0.9% per year (from 2013 to 2020).

In India, the operational carbon intensity of residential buildings
demonstrated sustained growth between 2000 and 2015 (from 744 to
1217 kgCO, per household), with the growth rate initially accelerating
before slowing down to approximately zero. From 2010 to 2015, the
carbon intensity growth rate reached 24.7%, which then rapidly
decreased to —0.1% from 2015 to 2020 (from 1217 to 1216 kgCO per
household). Notably, the operational carbon intensity in India reached

its annual peak at 1283.3 kgCO. per household in 2018, before
decreasing by —2.6% each year in 2019 and 2020. This decline in
operational carbon intensity was due to India’s economic contraction
amid the COVID-19 pandemic, resulting in restrictions on fossil fuel
consumption.

Further analysis of the factors affecting changes in carbon intensity
revealed that GDP per capita was the most important trigger. It was also
the only one of the six factors consistently demonstrating a positive
contribution. From 2000 to 2020, the total contribution of GDP per
capita in China was 226.4%, while in India, it was 144.5%. Regarding
the negative contributors that reduced carbon intensity, household
expenditure-related energy intensity was the most significant negative
contributor in both China (—90.6%) and India (—78.1%). This was fol-
lowed by emission factors, which contributed a negative effect of
—87.4% in China and — 23.0% in India. Household size also had a
negative impact, with modest effects in both China (—35.7%) and India
(—13.2%). The impact of household expenditure-related energy in-
tensity on decarbonization promotion is evident in its role in channeling
energy consumption demand from low electrification to high electrifi-
cation as household consumption rises. It also facilitates the adoption of
cleaner energy sources [55], with a notable instance being the transition
of household heating fuels in China. This economic dynamic further
corroborates the decarbonization promotion influence of the emission
factor. Besides, from a technical perspective, the increased utilization of
renewable generation in household electricity con-
sumption—encompassing off-site clean power generation and building-
integrated power generation—emerges as a key to increase the decar-
bonization promotion potential of emission factors [56].

Furthermore, the influence of the household expenditure index on
carbon intensity changes in India and China were unstable, displaying
similar trends; that is, it contributed a negative effect before 2010 and a
positive effect after 2010. Additionally, the end-use energy structure had
minor impact on changes in carbon emission intensity, which will be
discussed in detail in Section 4.2. Overall, the analysis of carbon in-
tensity changes in residential buildings in China and India partially
answers Question 1, which is raised in Section 1.

4.2. Impact of end uses on the operational carbon intensity changes

This study also investigated the influence of different end-use per-
formances on the operational carbon intensity. Specifically, the contri-
bution of emission factors (characterized as pale blue fans in Fig. 3) was
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Fig. 3. Operational carbon intensity changes in residential buildings in China and India (2000—2020). Note: The period was divided into four stages: 2000-2005,
2005-2010, 2010-2015, and 2015-2020; the operational carbon intensity changes were decomposed into the six factors’ impact in each stage.

divided into the effects of six end uses (as shown in Fig. 4). Then, the fan
charts in Fig. 4 a and c present the decomposition of emission factor
contribution rates across different end uses at four stages from 2000 to
2020 for India and China, respectively. The bar charts in Fig. 4 b
transform the contribution rate into the absolute value of carbon in-
tensity changes for a more intuitive investigation.

In general, the emission factor effect of each end use had a negative
impact on the operational carbon intensity in China; meaning it made a
positive contribution to the decarbonization in China. Throughout the
four stages from 2000 to 2020, the negative effects of the six contribu-
tors on carbon intensity exhibited gradual growth. This can be attributed
to China’s evolving energy structure over the past twenty years, which
has improved the electrification of residential building operations (i.e.,
the electrification rate, presented by the share of electricity consumption
in the total energy demand [57], increased from 4.5% in 2000 to 27.2%
in 2020) and the growing popularity of natural gas in urban areas (i.e.,
the proportion of users rose from 1.8% in 2000 to 29.3% in 2020).

However, unlike China, not all emission factor effect of each end use
had a negative impact on the operational carbon intensity in India. The
emission factor effects of space cooling, appliances and others main-
tained a negative contribution from 2000 to 2020, while lighting shifted
from a positive contribution to a negative contribution to carbon in-
tensity between 2015 and 2020. The emission factor effects of end uses
related to electricity consumption promoted the negative contribution to
the carbon intensity in India, particularly between 2015 and 2020. This
situation confirms the improvement of the electrification rate in India’s
residential building operations, which increased from 5.4% in 2000 to
17.8% in 2020.

Specifically, for each end use in China, the most significant negative
contributor was space heating, with a total contribution rate of —39.8%
and an overall impact on carbon intensity change of —447.9 kgCO per
household. This was followed by appliances and others, with a total

contribution rate of —15.1% (—169.7 kgCO, per household). Further-
more, lighting, water heating, space cooling, and cooking contributed
—10.7% (—120.6 kgCO, per household), —10.6% (—118.8 kgCO, per
household), —7.8% (—87.7 kgCO» per household), and — 3.4% (—38.4
kgCO2 per household), respectively. In India, the most significant
negative contributor was space cooling, with a total contribution rate of
—17.5% and an overall impact on carbon intensity changes of —130.2
kgCO3 per household from 2000 to 2020. This was followed by appli-
ances and others, with a total contribution rate of —5.8% (—43.4 kgCO4
per household). In contrast, while lighting turned into a negative effect
between 2015 and 2020, it remained the most positive contributor, with
a total contribution rate of 7.6% (56.4 kgCO5 per household). Water
heating and cooking contributed —4.6% (—33.9 kgCO, per household)
and — 2.7% (—20.2 kgCO, per household), respectively. Space heating
in India was not considered in this study, as mainland India is primarily
located in the tropics, with the coldest winter temperature being ~16 °C.
Although the need for space heating exists in the cold Himalayan region,
low-income families typically use biomass such as firewood instead of
energy commodities for heating. It can be argued that there is minimal
demand for energy commodities for space heating in India.

Please note that the emission factor effect of water heating was un-
stable from year to year in both China and India, mainly due to the
multiple energy sources for water heating in poorer towns and rural
areas. The emission factor effect of water heating exhibited a slight
positive contribution between 2015 and 2020 in China, as capacity and
power limitation led an increasing number of rural households to choose
gas water heaters over solar or electric options. In India, this unstable
contribution is more pronounced, with the contribution rates of water
heating and cooking fluctuating each year due to a wide variety of
household fuels and large-scale energy consumption of biofuels and
waste not involved in this work.

Overall, the emission factor effects of end uses efficiently drove the
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residential building decarbonization in the top emerging economies,
namely China and India. Electrification played a crucial catalytic role in
promoting the contribution of space cooling, appliances with others, and
lighting to decarbonization. Additionally, energy optimization of resi-
dential space heating in China proved fruitful for decarbonization.
However, household energy consumption for water heating and cooking
in underdeveloped areas has yet to be systematized and purified, posing
challenges the operational decarbonization in both India and China.
Furthermore, changes in the end-use energy structure also affected the
operational carbon intensity changes in residential buildings, resulting
in the structural change effects revealed by the DSD method due to the
interdependence of individual shares. Since the structural change effects
contributed minimally to carbon intensity changes (see Fig. 5), a
detailed analysis of this part is not included in this study. In conclusion,
the results presented above illustrate the impact of different end uses on
the operational decarbonization of residential buildings in China and
India, providing an answer to Question 2 raised in Section 1.

5. Discussion
5.1. Historical decarbonization of residential building operation

Recent United Nations climate actions delimited carbon rights based
on national responsibility. However, in regards to the decarbonization of
residential building operations, this study argued that assessing the
historical performance and future potential of decarbonization solely
based on the total amount of decarbonization is insufficient due to dif-
ferences in territory, population, and economy [58]. Consequently, six
scales of decarbonization were employed to comprehensively track the
past decarbonization of residential building: total decarbonization,
decarbonization efficiency, decarbonization intensity (i.e., decarbon-
ization per household), decarbonization per capita, decarbonization per
floor area, and decarbonization per household expenditure.

As stated by the intensity decomposition of carbon emissions, the
decarbonization intensity ADc of residential building operations can be
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calculated as the sum of the factors’ negative contribution in period AT
of Eq. (14), as shown:

ADcly_ ;= — Z(AC(XJ) |o—»T)

Where
Ac(X;) € (Aepsp, APpsp, Apsp: Aspsp, Akpsp, Awpsp) , Ac(X;) |0_,T <0
Consequently, the total decarbonization (ADC|,_ ) and the decar-
bonization efficiency (Ad|,_ ) can be expressed in Egs. (18)-(19):

a7

ADClor = H|y_y % (ADclo-1) (18)
ADC
Ad‘o-»r = Clo‘n:r 19)

The decarbonization at the scales of per capita, per floor area, and
per household expenditure can also be calculated using the above for-
mula. Fig. 6 illustrates the development of total decarbonization and
decarbonization efficiency in China and India from 2000 to 2020. From
China’s perspective, the total cumulative decarbonization reached
1498.3 MtCO2, with a decarbonization efficiency of 11.5% over the past
20 years. During the four stages, the shares of phased accumulation in
total cumulative decarbonization were 17% (2001-2005), 24%
(2006-2010), 29% (2011-2015), and 30% (2016-2020). The decar-
bonization efficiency of each stage varied slightly within the range of
11%-12%. These facts reflected the steady improvement of decarbon-
ization in Chinese residential building, with an average increase of 5.7%
per year. In comparison, India’s total cumulative decarbonization
amounted to 399.7 MtCO2, with a corresponding decarbonization effi-
ciency of 7.5%. Moreover, the shares of phased accumulation in total
cumulative decarbonization were 16% (2001-2005), 21% (2006-2010),
23% (2011-2015), and 40% (2016-2020), indicating robust growth in
decarbonization since 2015, with an average increase of 7.3% per year.
The decarbonization efficiency of each stage also showed an upward
trend, even reaching a high value of 13.6% in 2020. In conclusion,
neither China nor India have reached a significant annual peak of
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decarbonization for residential building operations, and there is still
room for further improvement. On the other hand, due to the gradual
slowdown of the decarbonization process in developed countries over
recent years, large developing countries like China and India will face
increasing pressure to meet the 1.5 °C target.

In addition, this work aimed at investigating the decarbonization of
residential building operations in India and China from the perspective
of decarbonization intensity, per capita, per floor area, and per house-
hold expenditure. See Fig. 7 a: the decarbonization intensity in China
averaged 167.3 kgCO; per household per year, with a growth of 3.7%/
year. The yearly decarbonization intensity reached its peak in 2011 at
255.2 kgCOy per household, after which it decreased gradually and
stabilized at a level above 150.0 kgCO per household. The accumulated
share between 2015 and 2020 in the total cumulative decarbonization
intensity still amounted to 26%. In contrast, the decarbonization in-
tensity in India has grown rapidly, particularly since 2015, with the
accumulated share between 2015 and 2020 in the total cumulative
decarbonization intensity reaching 36%. India’s annual decarbonization
intensity in 2020 reached 164.8 kgCO per household, nearly catching
up with that of China (182.5 kgCO2 per household). Overall, although
the decarbonization intensity in India was lower than that in China from

10

2000 to 2020, India is expected to surpass China in the upcoming years
due to its robust growth of 7.3% per year.

Both China and India are the most populous countries, with each
having a population of approximately 1.4 billion. However, when it
comes to decarbonization per capita (as shown in Fig. 7 b), China has
significantly outpaced India. Over the past two decades, China’s per
capita decarbonization has continued to rise, with an annual average of
55.5 kgCO per capita and an increase of 5.1% per year. In contrast,
India’s per capita decarbonization has averaged 16.5 kgCO; annually,
with slightly higher growth of 5.8% per year. Between 2015 and 2020,
the share of the accumulation in the total cumulative decarbonization
per capita reached 37%, coinciding with the rapid development of
decarbonization efforts in India.

Although there are yearly fluctuations, the historical annual decar-
bonization per floor area in India and China are relatively similar, as
demonstrated in Fig. 7 c. In China, the average decarbonization per floor
area was 1.7 kgCO,, per square meters (m?) per year, with an increase of
1.9%/year. The peak of annual decarbonization per floor area occurred
in 2011 at 2.6 kgCO,/m?, followed by a gradual decline. In India, the
average decarbonization per floor area was 1.5 kgCO/m?/year, with an
increase of 3.0%/year. Notably, the decarbonization per floor area in
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India reached its highest value of 2.7 kgCO,/m? in 2020 (compared
tol.6 kgCOz/m2 in China), and is expected to continue increasing
significantly.

Additionally, the historical performance of decarbonization per
household expenditure for residential building operations is depicted in
Fig. 7 d. In China, the decarbonization per household expenditure has
experienced a sharp decline since 2004, with an average annual
reduction of —4.3% over a twenty-year period. This reduction is mainly
driven by the rapid growth in spending power and personal incomes in
China, which outpaced the overall progress in decarbonization. In
contrast, India saw only a slight decrease in decarbonization per
household expenditure during the same twenty years, with a reduction
of —0.01% per year averagely. The decarbonization per household
expenditure values for China and India have converged since around
2015, reaching 10.7 kgCO4 per thousand dollars and 9.0 kgCO, per
thousand dollars in 2020, respectively. Similar to the differences in
decarbonization intensity between the two countries, a reversal can also
be anticipated in the coming years.

To summarize, the historical decarbonization performances of resi-
dential building in India and China were assessed comprehensively by
the six scales of decarbonization mentioned above, completing the
answer to Question 1 outlined in Section 1.
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5.2. Robustness of the DSD-based decomposition

This work employed the DSD method to perform a three-layer
decomposition of the carbon intensity model associated with end-use
activities. While the DSD method has been utilized to assess the decar-
bonization of commercial building and effectively verified the robust-
ness of the first layer decomposition of the emission model [44], the
robustness analyses for the second layer decomposition of emission
factor effects of different end uses, as well as the third layer decompo-
sition of structural change effects of different end uses have not yet been
demonstrated. On the other hand, LMDI is a typical decomposition
approach and has been applied in carbon emissions research widely.
However, due to the interdependence of factors, LMDI can only be
expanded to a two-layer decomposition at most, and it cannot accurately
decompose the structural change effects of different end uses. Therefore,
this study introduced a two-layer LMDI approach to verify the robust-
ness of the first and the second decomposition results calculated using
the DSD method. Regarding the third layer decomposition of structural
change effects of different end uses, verification is not considered here,
as Section 4.2 already demonstrated that the structural change effects
contributed minimally to carbon intensity changes.

According to the principles of the LMDI method and with consider-
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Fig. 8. Regression-based comparison of two-layer decomposition results by DSD and LMDI method.
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ation for factor consistency, the emission model of residential building
in Section 3.1 [see Eq. (4)] was overwritten as:

c= Z e -kip-gs=ekwip-gs (20)

i=1

Referring to existing research on the two-layer LMDI method [59],
the first layer intensity decomposition of carbon changes in residential
building can be expressed as follows:
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Using factor p as an example, the expression of each factor’s effect is
as follows:
plr )
n( 27
‘T—l

The effect of factor k can be further decomposed across six end uses,
and the second layer decomposition can be obtained as follows:

6 6
cilr —cilyy kil
Ak = Ak; = I}
LMDI ; LMDI ;lnci\r — lnCi\T,l n ki|771

clr — el
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Fig. 9. Review on decarbonization strategies of residential building in India and China.
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Taking every five years as intervals, regression analysis was con-
ducted for the comparison of the two-layer decomposition results by the
DSD and LMDI methods, as shown in Fig. 8. All factors affecting carbon
intensity changes were located in quadrants I and III, indicating that the
factors’ contributions resulting from the two decomposition methods
were consistently positive or negative. All of the goodness-of-fit (R?)
values approached 1, and the length of the 95% confidence interval was
close to 0, indicating that the two-layer decomposition results calculated
by the DSD and LMDI methods are approximately equal.

Additionally, this study compared its results with previous studies to
further verify their validity. Due to limited space, these comparisons are
detailed in Appendix C. Overall, the DSD-based decomposition of the
carbon intensity of residential building with end-use characteristics has
been shown to be reliable. This finding strengthens the answers and
arguments responding to Questions 1 and 2 raised in Section 1.

5.3. Review and outlook on decarbonization strategies of residential
building

This work presented an overview of current policies and imple-
mentation strategies related to energy efficiency and decarbonization of
residential building in India and China. It also provided recommenda-
tions for addressing existing challenges and achieving deep decarbon-
ization in response to Question 3 outlined in Section 1. In the recent
years, China and India have successively announced their respective
goal of achieving carbon neutrality by 2060 and 2070 [60]. These an-
nouncements highlight not only the existing gap between the two
countries in terms of decarbonization efforts, but also the potential for
future competition and collaboration [61].

From the standpoint of current policies related to energy efficiency
and decarbonization of residential building (see Fig. 9), China remains a
step ahead of India in in terms of being more advanced, explicit, and
systematic. China enacted the National Energy Conservation Law in the
late 20th century and implemented the Regulation on Energy Conser-
vation of Civil Buildings as early as 2005 [62]. Based on five-year plans,
national strategies for building energy conservation have been consis-
tently developed since the 1990s [63]. Over the past decade, efficiency
plans and schemes related to residential building operations have been
proposed more frequently and with greater intensity, with the focus
gradually shifting from energy conservation to decarbonization. Most
notably, China’s building energy efficiency standards are well estab-
lished and comprehensive. Beginning with the initial Design Standard
for Energy Efficiency of Residential Buildings adopted in 1986 (JGJ
26-1986), the system has progressively evolved by setting energy effi-
ciency targets of 30%, 50%, 65%, and 75%. In 2019, the Technical
Standard for Nearly Zero-Energy Building (GB/T 51350-2019) was
introduced, which stipulated the energy performance of ultra-low en-
ergy, nearly zero-energy, and zero-energy buildings.

In contrast to China, India enacted the Energy Conservation Act in
2002. However, India lags behind China by 20 years when it comes to
initiating building energy efficiency policies. The first energy efficiency
standard, the Energy Conservation Building Code, was introduced in
2007 and amended in 2017. It primarily applied to large commercial
buildings and is mostly a voluntary code. Thus far, the principle of
voluntariness has been predominantly observed in India’s relevant
policies. It wasn’t until 2018 that the energy efficiency standard for
residential buildings, Eco Niwas Samhita, was launched in stages. This
standard achieved energy savings of 20-25% compared to typical
buildings. Similar to the Energy Conservation Building Code for com-
mercial buildings, the implementation of Eco Niwas Sambhita largely
depends on state and local governments adopting and incentivizing the
code, without strict enforcement from the national government [64].
Unlike Chinese local governments, which generally mandate the
implementation of green building evaluation standards [65], India’s
green building rating and certification programs, such as the Indian
Green Building Council or Green Rating for Integrated Habitat
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Assessment, are primarily voluntary and incentive-based policies [66].
Furthermore, the Indian government currently focuses on promoting
plans and schemes related to end-use energy efficiency, while lacking
energy efficiency strategies specifically for architectures.

In regards to the implementation of pertinent policies, it is valuable
to examine the current progress and potential influence of residential
electrification, as well as the retrofitting and new construction of
energy-efficient residential buildings. These two strategies are increas-
ingly being recognized as appealing methods for achieving decarbon-
ization of residential building operations, through active and passive
means, respectively [67].

In terms of active means, prioritizing the electrification of end-use
energy consumption is crucial for deploying zero-carbon electricity
[68]. By 2019, nearly all households in China and India had access to
electricity through China’s Brightness Program [69] and India’s Saub-
hagya Scheme [70]. However, achieving comprehensive full electrifi-
cation and decarbonizing electricity remains ongoing challenges. Fig. 10
illustrates the proportion of thermal power, the emission factor of
electricity, and the electrification rate in residential building in India
and China. Currently, the electrification rates in residential building
operations are 27.2% for China and 17.8% for India. End-use activities
such as cooking and heating still heavily rely on solid fuels [71],
particularly coal and wood in rural areas. Electricity generation in China
is still predominantly based on thermal power (69.5% in 2020 [72]),
with coal being the primary source. The same holds true for India, where
thermal power accounts for 75.2% of electricity generation in 2020
[73D).

To estimate the decarbonization potential achievable solely through
electrification improvements by 2030, we assumed, based on recent
studies, that the proportion of thermal power in China will decrease to
60% in 2030, the emission factor of electricity will drop to approxi-
mately 0.46 kgCO5/kWh (i.e., 127.8 kgCO2/GJ), and the electrification
rate will reach 38% [74]. With Chinese households projected to reach
545 million in 2030 [56], and energy consumption per household
continuing to increase at a historical rate of 4.8% per year, an additional
81.9 MtCO; would be cut in China if the emission factor of primary
energy remains unchanged. Similarly, India is predicted to reach the
China’s 2020 electrification rate by 2030, with the proportion of ther-
mal power decreasing to 70%, the emission factor of electricity dropping
to approximately 0.56 kgCOy/kWh (i.e., 155.6 kgCO,/GJ), and the
electrification rate will reach 28% [75]. With Indian households pro-
jected to reach 350 million in 2030 [76], and energy consumption per
household continuing to increase at a historical rate of 2.3% per year, an
additional 49.6 MtCO, would be reduced in India due to electrification
improvements.

In terms of passive means, the retrofitting and new construction of
energy-efficient buildings represent a crucial strategic transformation
for India and China, the global two most populous economies, in their
ongoing urbanization process. As previously mentioned, China has been
developing a series of policies for around 40 years, establishing phased
plans for the retrofitting and new construction of energy-efficient
buildings in various climate zones. Between 2016 and 2020, 514
million m? of existing residential buildings were renovated for energy
efficiency, resulting in a decarbonization of 14.3 MtCO,. Additionally,
approximately 10.5 billion m? of new energy-efficient buildings were
constructed in urban areas, including 10 million m? of ultra-low energy
buildings and nearly zero-energy buildings [77]. In line with China’s
target of achieving carbon neutrality by 2060, the retrofitting and new
construction of residential energy-efficient buildings are expected to
accomplish a cumulative decarbonization of 429 MtCO, (compared to
China’s current building energy efficiency standards) between 2020 and
2060, with decarbonization anticipated to reach 111 MtCO2 by 2030
(see Appendix D for detailed targets) [78].

In contrast, while India is lagging behind, its government and rele-
vant institutions have been actively promoting the Eco-Niwas Samhita,
introduced in 2018. A comprehensive design plan adhering to the Eco-
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Fig. 10. Comparison of the proportion of thermal power, the emission factor of electricity, and the electrification rate in residential building operations between

China and India during 2000-2030.

Niwas Sambhita has been formulated for all five climate zones in India
[79]. It is suggested that the new construction of affordable housing,
which accounts for 95% of urban housing demand, fully implement the
Eco Niwas Samhita [80], and that at least 5% of the existing residential
building stock also undergo Eco-Niwas Samhita renovation [81]. By
2030, the implementation of this code is projected to save 125 billion
kWh of electricity per year, equivalent to a decarbonization of approx-
imately 100 MtCO2 (compared to current non-energy-efficient build-
ings) [82]. The potential for further residential building decarbonization
in India is immense.

According to the analysis above, the following proposals are sug-
gested for implementing further strategies:

a. The electrification of end-use performances in residential building
is the most effective mean for fully utilizing waste heat from industries,
power plants, and sewage for space heating and cooling [83] as a
medium-term plan. Furthermore, as electric vehicles become more
popular, charging stations can be integrated into building energy sys-
tems to enable distributed energy storage [84]. A long-term pathway to
complete electrification will involve the combination of electric heat
pumps, renewable energy sources [85], and integrated energy storage
[86].

b. Energy efficiency standards for new buildings are supposed to be
enforced nationwide, and the design, construction and purchase of ultra-
low energy buildings or zero-energy buildings can be promoted through
the provision of subsidies [87]. Additionally, there should be an
increased focus on energy-efficient retrofitting of existing building stock
(e.g., Assessment Standard for Green Retrofitting of Existing Building,
AKA GB/T 51141-2015 in China) to overcome the carbon lock-in,
particularly in existing residential buildings [88]. Overall, this work
calculates and compares the past process and current pattern of opera-
tional decarbonization in residential building of India and China, and it
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offers corresponding adaptive strategies to better lead future residential
buildings of the emerging economies to the carbon neutral status after
the mid-century, thereby addressing Question 3 outlined in Section 1.

6. Conclusion

This work evaluated the progress of operational decarbonization in
residential building in India and China during the 21st century using the
newest DSD method. First, a carbon intensity model associated with end-
use performances was developed to identify the factors affecting the
carbon changes, and the impacts of various end uses on the carbon in-
tensity were further investigated. Moreover, six scales of decarbon-
ization were employed to track the historical processes of decarbonizing
residential buildings. Finally, a review and outlook on decarbonization
strategies for residential building operations in India and China were
developed to address current challenges and achieve significant decar-
bonization in the future. The above efforts can play a pivotal role in
shaping a more equitable carbon budget framework in the global climate
diplomacy, proving especially advantageous for India and China. The
main findings are briefly provided below.

6.1. Main findings

e Operational carbon intensity increased at 1.4% (from 1125 to
1492 kgCO, per household) and 2.5% (from 744 to 1216 kgCO-
per household) per year in China and India from 2000 to 2020,
respectively. Chinese residential buildings’ carbon intensity
reached an annual peak in 2012 with 1606.4 kgCO- per household,
while that of India reached an annual peak at 1283.3 kgCO5 per
household in 2018. Moreover, GDP per capita was the most signifi-
cant positive contributor, with a total contribution of 226.4% in
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China and 144.5% in India during 2000-2020. Household
expenditure-related energy intensity was the most significant nega-
tive contributor (—90.6% in China and — 78.1% in India), followed
by emission factors (—87.4% in China and — 23.0% in India), both of
which were crucial to decarbonizing residential building operations.
Building electrification promoted the end-uses’ emission factor
effects on decarbonization (e.g., space cooling contributed —
87.7 and — 130.2 kgCO2 per household in China and India,
respectively). The most significant positive contributor to decar-
bonization in China was space heating, with a total contribution of
—39.8% and an overall impact on carbon intensity changes of
—447.9 kgCO3, per household from 2000 to 2020. This was followed
by appliances and others with —15.1% (—169.7 kgCO- per house-
hold), and lighting contributed —10.7% (—120.6 kgCO, per house-
hold). In India, the most significant positive contributor to
decarbonization was space cooling, followed by appliances and
others, with —5.8% (—43.4 kgCO, per household). Although lighting
turned into a positive effect on decarbonization from 2015, it
remained the most significant negative contributor (7.6%, 56.4
kgCO- per household).

China and India collectively decarbonized 1498.3 and 399.7
MtCO;, of residential building operations from 2000 to 2020, but
neither reached an annual peak of decarbonization. China led in
decarbonization efficiency at 11.5%, compared to India’s 7.5%.
Additionally, the decarbonization efficiency in the United States was
8.5% over the same period, indicating an inverted-U shaped rela-
tionship between decarbonization efficiency and national develop-
ment. However, India’s operational decarbonization intensity is
likely to surpass China’s in the next few years, as India’s annual
decarbonization intensity reached 164.8 kgCO2 per household in
2020, close to China’s 182.5 kgCO; per household. In recent years,
the decarbonization per floor area and decarbonization per house-
hold expenditure have been relatively similar between China and
India. Major economies exemplified by China ought to promptly
undertake deep building decarbonization, freeing up more emission
allowances for the development of the construction industry in other
emerging economies. Emerging economies represented by India
should deftly strike a balance between energy decarbonization and
sustained economic growth within the ambit of urbanization,
achieving an impactful low-carbon transition.

6.2. Upcoming works

To explore the best practical pathways for high decarbonization in
residential building sector of the two largest emerging emitters, the
following gaps can be addressed in future work: (1) Extend the research
perspective to future decarbonization trend. Assess the achievability of
national decarbonization targets under scenarios of business-as-usual,
nationally determined contributions, and global warming of 1.5-2 °C
to seek the optimal path for carbon neutrality. (2) Review and evaluate
the policy implementation of energy efficiency and decarbonization
initiatives and regulations in the world’s major emitters through policy
informatics, making recommendations for public policy design of resi-
dential building decarbonization strategies in both China and India. (3)
Analyze decarbonization methods of residential buildings with smart
urban governance models to address differences in climate, population,
and economy among various regions.

CRediT authorship contribution statement

Ran Yan: Writing — original draft, Visualization, Methodology,
Investigation, Data curation. Minda Ma: Writing — review & editing,
Validation, Supervision, Resources, Project administration, Methodol-
ogy, Investigation, Formal analysis, Data curation, Conceptualization.
Nan Zhou: Writing - review & editing, Resources, Project administra-
tion, Funding acquisition. Wei Feng: Writing — review & editing,

15

Applied Energy 352 (2023) 122003

Resources, Funding acquisition. Xiwang Xiang: Writing — review &
editing, Software, Methodology. Chao Mao: Writing — review & editing,
Supervision, Project administration.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgment

This manuscript has been authored by an author at Lawrence Ber-
keley National Laboratory under Contract No. DE-AC02-05CH11231
with the U.S. Department of Energy. The U.S. Government retains, and
the publisher, by accepting the article for publication, acknowledges,
that the U.S. Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce the published form of this
manuscript, or allow others to do so, for U.S. Government purposes. The
first author wants to appreciate the supporting of National Planning
Office of Philosophy and Social Science Foundation of China
(21CJY030).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apenergy.2023.122003.

References
[1] Delmastro C. Buildings Sectorial Overview. The International Energy Agency;

2022. https://www.iea.org/reports/buildings.

Programme UNE. 2022 Global Status Report for Buildings and Construction:

Towards a Zero-emission. Efficient and Resilient Buildings and Construction Sector,

https://www.unep.org/resources/publication/2022-global-status-report-buildings

-and-construction; 2022.

Berrill P, Wilson EJH, Reyna JL, Fontanini AD, Hertwich EG. Decarbonization

pathways for the residential sector in the United States. Nat Climate Change 2022;

12:712-8.

Jing R, Zhou Y, Wu J. Electrification with flexibility towards local energy

decarbonization. Adv Appl Energy 2022;5:100088.

Xiang X, Zhou N, Ma M, Feng W, Yan R. Global transition of operational carbon in

residential buildings since the millennium. Advances in Applied Energy 2023;11:

100145.

Zhong X, Hu M, Deetman S, Steubing B, Lin HX, Hernandez GA, et al. Global

greenhouse gas emissions from residential and commercial building materials and

mitigation strategies to 2060. Nat Commun 2021;12:6126.

Mohan A, Geden O, Fridahl M, Buck HJ, Peters GP. UNFCCC must confront the

political economy of net-negative emissions. One Earth 2021;4:1348-51.

Lee S-J, Song S-Y. Time-series analysis of the effects of building and household

features on residential end-use energy. Appl Energy 2022;312:118722.

Creutzig F, Niamir L, Bai X, Callaghan M, Cullen J, Diaz-José J, et al. Demand-side

solutions to climate change mitigation consistent with high levels of well-being.

Nat Climate Change 2022;12:36-46.

Liu M, Huang X, Chen Z, Zhang L, Qin Y, Liu L, et al. The transmission mechanism

of household lifestyle to energy consumption from the input-output subsystem

perspective: China as an example. Ecol Indic 2021;122:107234.

Wolde-Rufael Y, Idowu S. Income distribution and CO2 emission: a comparative

analysis for China and India. Renew Sustain Energy Rev 2017;74:1336-45.

Zheng X, Wei C, Qin P, Guo J, Yu Y, Song F, et al. Characteristics of residential

energy consumption in China: findings from a household survey. Energy Policy

2014;75:126-35.

Yawale SK, Hanaoka T, Kapshe M. Development of energy balance table for rural

and urban households and evaluation of energy consumption in Indian states.

Renew Sustain Energy Rev 2021;136:110392.

IEA. India Energy Outlook 2021. The International Energy Agency (IEA); 2021.

https://www.iea.org/reports/india-energy-outlook-2021.

Maréchal K. Not irrational but habitual: the importance of “behavioural lock-in” in

energy consumption. Ecol Econ 2010;69:1104-14.

Seto KC, Davis SJ, Mitchell RB, Stokes EC, Unruh G, Urge—\/orsatz D. Carbon lock-

in: types, causes, and policy implications. Annu Rev Env Resour 2016;41:425-52.

(2]

[3]

[4]

[5]

(6]

[7

—

[8]

[9

—

[10]

[11]

[12]

[13]

[14]
[15]

[16]


https://doi.org/10.1016/j.apenergy.2023.122003
https://doi.org/10.1016/j.apenergy.2023.122003
https://www.iea.org/reports/buildings
https://www.unep.org/resources/publication/2022-global-status-report-buildings-and-construction
https://www.unep.org/resources/publication/2022-global-status-report-buildings-and-construction
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0015
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0015
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0015
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0020
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0020
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0025
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0025
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0025
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0030
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0030
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0030
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0035
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0035
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0040
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0040
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0045
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0045
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0045
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0050
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0050
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0050
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0055
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0055
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0060
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0060
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0060
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0065
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0065
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0065
https://www.iea.org/reports/india-energy-outlook-2021
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0075
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0075
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0080
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0080

R. Yan et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]
[33]

[34]

[35]

[36]

[37]
[38]
[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

Leibowicz BD, Lanham CM, Brozynski MT, Vazquez-Canteli JR, Castejon NC,
Nagy Z. Optimal decarbonization pathways for urban residential building energy
services. Appl Energy 2018;230:1311-25.

Unruh GC, Carrillo-Hermosilla J. Globalizing carbon lock-in. Energy Policy 2006;
34:1185-97.

Fan J-L, Liao H, Liang Q-M, Tatano H, Liu C-F, Wei Y-M. Residential carbon
emission evolutions in urban—rural divided China: an end-use and behavior
analysis. Appl Energy 2013;101:323-32.

Wang J, Zhong H, Yang Z, Wang M, Kammen DM, Liu Z, et al. Exploring the trade-
offs between electric heating policy and carbon mitigation in China. Nat Commun
2020;11:6054.

Wang X, Purohit P, Hoglund-Isaksson L, Zhang S, Fang H. Co-benefits of energy-
efficient air conditioners in the residential building sector of China. Environ Sci
Technol 2020;54:13217-27.

Zhou N, Fridley D, McNeil M, Zheng N, Letschert V, Ke J, et al. Analysis of potential
energy saving and CO2 emission reduction of home appliances and commercial
equipments in China. Energy Policy 2011;39:4541-50.

Swan LG, Ugursal VI. Modeling of end-use energy consumption in the residential
sector: a review of modeling techniques. Renew Sustain Energy Rev 2009;13:
1819-35.

Bhogle S, Krishnan R, Sarin N. Access to Clean Cooking Energy in India. CEEW;
2017. https://www.ceew.in/sites/default/files/CEEW-Access-to-Clean-Cooking-En
ergy-in-India-120ct17.pdf.

de la Rue du Can S, Letschert V, McNeil M, Zhou N, Sathaye J. Residential and
transport energy use in India: Past trend and future outlook. Lawrence Berkeley
National Lab, https://www.osti.gov/servlets/purl/951788; 2009.

Walia A, Tathagat T, Dhingra N, Varma P. A residential end use energy
consumption and appliance ownership patterns in India. Energy Efficiency
Domestic Appliances Light 2022:67-79.

Ministry of Statistics and Programme Implementation Energy sources of Indian
households for cooking and lighting. NSS 66th round, July 2009-June 2010.
Ministry of Statistics and Programme Implementation, https://mospi.gov.in/do
cuments/213904/213900/NSS_213966th_round_Compenndium_Oct_212017.
pdf/d213904ae213567e-213821b-213902ca213900-c213213-213502edb213772
bfc?t=1650361097174&download=true; 2012.

Das A, Paul SK. CO2 emissions from household consumption in India between
1993-94 and 2006-07: a decomposition analysis. Energy Econ 2014;41:90-105.
van Ruijven BJ, van Vuuren DP, de Vries BJM, Isaac M, van der Sluijs JP, Lucas PL,
et al. Model projections for household energy use in India. Energy Policy 2011;39:
7747-61.

Liu B, Shi J, Wang H, Su X, Zhou P. Driving factors of carbon emissions in China: a
joint decomposition approach based on meta-frontier. Appl Energy 2019;256:
113986.

Zhao L, Zhao T, Yuan R. Drivers of household decarbonization: decoupling and
decomposition analysis. J Clean Prod 2021;289:125154.

Su B, Ang BW. Structural decomposition analysis applied to energy and emissions:
some methodological developments. Energy Econ 2012;34:177-88.

Ang BW. LMDI decomposition approach: a guide for implementation. Energy
Policy 2015;86:233-8.

He H, Reynolds CJ, Li L, Boland J. Assessing net energy consumption of Australian
economy from 2004-05 to 2014-15: environmentally-extended input-output
analysis, structural decomposition analysis, and linkage analysis. Appl Energy
2019;240:766-77.

Su B, Ang BW. Multiplicative decomposition of aggregate carbon intensity change
using input-output analysis. Appl Energy 2015;154:13-20.

Cai H, Qu S, Wang M. Changes in China’s carbon footprint and driving factors
based on newly constructed time series input-output tables from 2009 to 2016. Sci
Total Environ 2020;711:134555.

Ang BW, Choi K-H. Decomposition of aggregate energy and gas emission intensities
for industry: a refined Divisia index method. Energy J 1997;18:59-74.

Shao S, Liu J, Geng Y, Miao Z, Yang Y. Uncovering driving factors of carbon
emissions from China’s mining sector. Appl Energy 2016;166:220-38.

Fang D, Hao P, Yu Q, Wang J. The impacts of electricity consumption in China’s
key economic regions. Appl Energy 2020;267:115078.

Vaninsky A. Factorial decomposition of CO2 emissions: a generalized Divisia index
approach. Energy Econ 2014;45:389-400.

Yu B, Fang D. Decoupling economic growth from energy-related PM2.5 emissions
in China: A GDIM-based indicator decomposition. Ecol Indic 2021;127:107795.
Zhang X, Geng Y, Shao S, Wilson J, Song X, You W. China’s non-fossil energy
development and its 2030 CO2 reduction targets: the role of urbanization. Appl
Energy 2020;261:114353.

Boratynski J. Decomposing structural decomposition: the role of changes in
individual industry shares. Energy Econ 2021;103:105587.

Xiang X, Ma M, Ma X, Chen L, Cai W, Feng W, et al. Historical decarbonization of
global commercial building operations in the 21st century. Appl Energy 2022;322:
119401.

Ma M-D, Chen M-X, Feng W, Huo J-W. What decarbonized the residential building
operation worldwide since the 2000s. Petrol Sci 2022;19:3194-208.

Nejat P, Jomehzadeh F, Taheri MM, Gohari M, Abd. Majid MZ. A global review of
energy consumption, CO2 emissions and policy in the residential sector (with an
overview of the top ten CO2 emitting countries). Renew Sustain Energy Rev 2015;
43:843-62.

de la Rue du Can S, Khandekar A, Abhyankar N, Phadke A, Khanna NZ, Fridley D,
et al. Modeling India’s energy future using a bottom-up approach. Appl Energy
2019;238:1108-25.

16

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]
[73]

[74]

[75]

[76]

[771

Applied Energy 352 (2023) 122003

Iyer M, Kumar S, Mathew P, Mathew S, Stratton H, Singh M. Commercial buildings
energy data framework for India: an exploratory study. Energ Effic 2021;14:67.
Yeo Y, Shim D, Lee J-D, Altmann J. Driving forces of CO2 emissions in emerging
countries: LMDI decomposition analysis on China and India’s residential sector.
Sustainability 2015;7:16108-29.

Yu B, Wei Y-M, Gomi K, Matsuoka Y. Future scenarios for energy consumption and
carbon emissions due to demographic transitions in Chinese households. Nat
Energy 2018;3:109-18.

LiuJ, Yu Q, Chen Y, Liu J. The impact of digital technology development on carbon
emissions: a spatial effect analysis for China. Resourc Conserv Recycl 2022;185:
106445.

Friedlingstein P, Houghton RA, Marland G, Hackler J, Boden TA, Conway TJ, et al.
Update on CO2 emissions. Nat Geosci 2010;3:811-2.

Liu Z, Ciais P, Deng Z, Lei R, Davis SJ, Feng S, et al. Near-real-time monitoring of
global CO2 emissions reveals the effects of the COVID-19 pandemic. Nat Commun
2020;11:5172.

Yan R, Xiang X, Cai W, Ma M. Decarbonizing residential buildings in the
developing world: historical cases from China. Sci Total Environ 2022;847:157679.
Wang X, Li J, Ren X, Bu R, Jawadi F. Economic policy uncertainty and dynamic
correlations in energy markets: assessment and solutions. Energy Econ 2023;117:
106475.

Zou C, Ma M, Zhou N, Feng W, You K, Zhang S. Toward carbon free by 2060: a
decarbonization roadmap of operational residential buildings in China. Energy
2023;277:127689.

Chen L, Ma M, Xiang X. Decarbonizing or illusion? How carbon emissions of
commercial building operations change worldwide. Sustain Cities Soc 2023;96:
104654.

Li K, Ma M, Xiang X, Feng W, Ma Z, Cai W, et al. Carbon reduction in commercial
building operations: a provincial retrospection in China. Appl Energy 2022;306:
118098.

Wen L, Li Z. Provincial-level industrial CO2 emission drivers and emission
reduction strategies in China: combining two-layer LMDI method with spectral
clustering. Sci Total Environ 2020;700:134374.

Chen S, Liu J, Zhang Q, Teng F, McLellan BC. A critical review on deployment
planning and risk analysis of carbon capture, utilization, and storage (CCUS)
toward carbon neutrality. Renew Sustain Energy Rev 2022;167:112537.

Zaidi SAH, Zafar MW, Shahbaz M, Hou F. Dynamic linkages between globalization,
financial development and carbon emissions: evidence from Asia Pacific Economic
Cooperation countries. J Clean Prod 2019;228:533-43.

Ma M, Feng W, Huo J, Xiang X. Operational carbon transition in the megalopolises’
commercial buildings. Build Environ 2022;226:109705.

Ren X, Zhong Y, Cheng X, Yan C, Gozgor G. Does carbon price uncertainty affect
stock price crash risk? Evidence from China. Energy Econ 2023;122:106689.
Bureau of Energy Efficiency. Energy Conservation Building Code for Residential
Buildings (Part I: Building Envelope Design). India: Bureau of Energy_Efficiency;
2018. https://beeindia.gov.in/sites/default/files/Residential%20Code_Building%
20Envelope_Draft_rev24.pdf.

Khan Z, Ali S, Dong K, Li RYM. How does fiscal decentralization affect CO2
emissions? The roles of institutions and human capital. Energy Econ 2021;94:
105060.

Renilde Becqué DW, Stewart Emma, Mackres Eric, Jin Luting, Shen Xufei.
Accelerating Building Decarbonization: Eight Attainable Policy Pathways to Net
Zero Carbon Buildings For All. https://www.wri.org/research/accelerating-buildin
g-decarbonization-eight-attainable-policy-pathways-net-zero-carbon; 2019.

Yan R, Chen M, Xiang X, Feng W, Ma M. Heterogeneity or illusion? Track the
carbon Kuznets curve of global residential building operations. Appl Energy 2023;
347:121441.

Audoly R, Vogt-Schilb A, Guivarch C, Pfeiffer A. Pathways toward zero-carbon
electricity required for climate stabilization. Appl Energy 2018;225:884-901.
Geall S, Shen W, Gongbuzeren. Solar energy for poverty alleviation in China: state
ambitions, bureaucratic interests, and local realities. Energy Res Soc Sci 2018;41:
238-48.

Heynen AP, Lant PA, Smart S, Sridharan S, Greig C. Off-grid opportunities and
threats in the wake of India’s electrification push. Energy Sustain Soc 2019;9:16.
Hystad P, Duong M, Brauer M, Larkin A, Arku R, Kurmi Om P, et al. Health effects
of household solid fuel use: findings from 11 countries within the prospective
urban and rural epidemiology study. Environ Health Perspect 2023;127:057003.
National_Energy_Administration. Statistics of National Electric Power Industry.
http://www.nea.gov.cn/2022-12/16/c_1310684452.htm;; 2022.

Ministry_of Power. Power Sector at a Glance ALL INDIA. https://powermin.gov.in
/en/content/power-sector-glance-all-india;; 2023.

Zhang S, Zhou N, Feng W, Ma M, Xiang X, You K. Pathway for decarbonizing
residential building operations in the US and China beyond the mid-century. Appl
Energy 2023;342:121164.

Nikit Abhyankar PM, Deorah Shruti M, Karali Nihan, Paliwal Umed, Kersey Jessica,
Phadke Amol A. Pathways to Atmanirbhar Bharat: Harnessing India’s Renewable
Edge for Cost-Effective Energy Independence by 2047. https://emp.lbl.gov/p
ublications/pathways-atmanirbhar-bharat; 2023.

Parikh KS, Parikh JK. Realizing potential savings of energy and emissions from
efficient household appliances in India. Energy Policy 2016;97:102-11.

Ministry of Housing and Urban-Rural Development. 14th Five-Year Plan of
Building Energy Conservation and Green Building Development. Ministry of
Housing and Urban-Rural Development of the People’s Republic of China. https://
www.mohurd.gov.cn/gongkai/zhengce/zhengcefilelib/202203/20220311_2076
5109.html; 2022.


http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0085
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0085
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0085
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0090
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0090
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0095
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0095
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0095
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0100
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0100
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0100
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0105
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0105
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0105
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0110
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0110
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0110
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0115
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0115
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0115
https://www.ceew.in/sites/default/files/CEEW-Access-to-Clean-Cooking-Energy-in-India-12Oct17.pdf
https://www.ceew.in/sites/default/files/CEEW-Access-to-Clean-Cooking-Energy-in-India-12Oct17.pdf
https://www.osti.gov/servlets/purl/951788
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0130
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0130
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0130
https://mospi.gov.in/documents/213904/213900/NSS_213966th_round_Compenndium_Oct_212017.pdf/d213904ae213567e-213821b-213902ca213900-c213213-213502edb213772bfc?t=1650361097174&amp;download=true
https://mospi.gov.in/documents/213904/213900/NSS_213966th_round_Compenndium_Oct_212017.pdf/d213904ae213567e-213821b-213902ca213900-c213213-213502edb213772bfc?t=1650361097174&amp;download=true
https://mospi.gov.in/documents/213904/213900/NSS_213966th_round_Compenndium_Oct_212017.pdf/d213904ae213567e-213821b-213902ca213900-c213213-213502edb213772bfc?t=1650361097174&amp;download=true
https://mospi.gov.in/documents/213904/213900/NSS_213966th_round_Compenndium_Oct_212017.pdf/d213904ae213567e-213821b-213902ca213900-c213213-213502edb213772bfc?t=1650361097174&amp;download=true
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0140
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0140
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0145
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0145
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0145
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0150
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0150
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0150
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0155
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0155
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0160
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0160
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0165
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0165
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0170
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0170
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0170
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0170
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0175
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0175
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0180
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0180
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0180
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0185
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0185
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0190
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0190
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0195
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0195
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0200
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0200
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0205
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0205
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0210
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0210
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0210
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0215
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0215
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0220
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0220
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0220
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0225
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0225
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0230
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0230
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0230
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0230
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0235
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0235
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0235
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0240
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0240
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0245
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0245
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0245
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0250
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0250
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0250
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0255
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0255
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0255
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0260
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0260
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0265
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0265
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0265
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0270
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0270
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0275
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0275
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0275
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0280
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0280
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0280
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0285
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0285
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0285
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0290
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0290
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0290
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0295
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0295
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0295
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0300
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0300
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0300
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0305
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0305
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0305
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0310
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0310
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0315
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0315
https://beeindia.gov.in/sites/default/files/Residential%20Code_Building%20Envelope_Draft_rev24.pdf
https://beeindia.gov.in/sites/default/files/Residential%20Code_Building%20Envelope_Draft_rev24.pdf
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0325
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0325
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0325
https://www.wri.org/research/accelerating-building-decarbonization-eight-attainable-policy-pathways-net-zero-carbon
https://www.wri.org/research/accelerating-building-decarbonization-eight-attainable-policy-pathways-net-zero-carbon
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0335
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0335
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0335
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0340
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0340
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0345
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0345
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0345
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0350
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0350
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0355
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0355
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0355
http://www.nea.gov.cn/2022-12/16/c_1310684452.htm;
https://powermin.gov.in/en/content/power-sector-glance-all-india;
https://powermin.gov.in/en/content/power-sector-glance-all-india;
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0370
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0370
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0370
https://emp.lbl.gov/publications/pathways-atmanirbhar-bharat
https://emp.lbl.gov/publications/pathways-atmanirbhar-bharat
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0380
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0380
https://www.mohurd.gov.cn/gongkai/zhengce/zhengcefilelib/202203/20220311_20765109.html
https://www.mohurd.gov.cn/gongkai/zhengce/zhengcefilelib/202203/20220311_20765109.html
https://www.mohurd.gov.cn/gongkai/zhengce/zhengcefilelib/202203/20220311_20765109.html

R. Yan et al.

[78]

[79]

[80]

[81]

CSTID. Research on the implementation path of carbon peak and carbon neutrality
in China’s construction field. Ministry of Housing and Urban-Rural Development;
2021.

Bureau of Energy Efficiency. Handbook of Replicable Designs for Energy Efficient
Residential Buildings. Bureau of Energy Efficiency; 2021. https://www.econiwas.
com/econiwas-img/Handbook%200f%20Replicable%20Designs%20for%20Ener
gy%20Efficient%20Residential%20Buildings.pdf.

Pathak A, Garg T, Kumar S. A Policy Strategy for Decarbonising the Building
Sector: Facilitating ENS Implementation in Affordable Housing. Global Buildings
Performance Network (GBPN), Alliance for an Energy Efficient Economy (AEEE).
https://aeee.in/wp-content/uploads/2020,/2010/Facilitating-Implementation-of-
ENS-in-Affordable-Housing.pdf; 2020.

Kumari A, Suman S, Garg T. Substantiating the Scope of Code: Eco-Niwas Sambhita.
Alliance for an Energy-Efficient Economy (AEEE). https://aeee.in/wp-content/upl
oads/2021/2011/substantiating-the-scope-of-code-eco-niwas-samhita.pdf; 2021.

17

[82]

[83]
[84]
[85]
[86]
[87]

[88]

Applied Energy 352 (2023) 122003

Press_Information_Bureau. ECO Niwas Samhita 2018 - an Energy Conservation
Building Code for Residential Buildings launched. https://pib.gov.in/newsite/Pr
intRelease.aspx?relid=186406;; 2018.

Ahmadisedigh H, Gosselin L. Combined heating and cooling networks with waste
heat recovery based on energy hub concept. Appl Energy 2019;253:113495.

Li H, Hong T. A semantic ontology for representing and quantifying energy
flexibility of buildings. Adv Appl Energy 2022;8:100113.

Ren X, An Y, Jin C. The asymmetric effect of geopolitical risk on China’s crude oil
prices: new evidence from a QARDL approach. Financ Res Lett 2023;53:103637.
Wang J, Kontar RE, Jin X, King J. Electrifying high-efficiency future communities:
impact on energy, emissions, and grid. Adv Appl Energy 2022;6:100095.

Yang X, Zhang S, Xu W. Impact of zero energy buildings on medium-to-long term
building energy consumption in China. Energy Policy 2019;129:574-86.

Uihlein A, Eder P. Policy options towards an energy efficient residential building
stock in the EU-27. Energ Buildings 2010;42:791-8.


http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0390
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0390
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0390
https://www.econiwas.com/econiwas-img/Handbook%20of%20Replicable%20Designs%20for%20Energy%20Efficient%20Residential%20Buildings.pdf
https://www.econiwas.com/econiwas-img/Handbook%20of%20Replicable%20Designs%20for%20Energy%20Efficient%20Residential%20Buildings.pdf
https://www.econiwas.com/econiwas-img/Handbook%20of%20Replicable%20Designs%20for%20Energy%20Efficient%20Residential%20Buildings.pdf
https://aeee.in/wp-content/uploads/2020/2010/Facilitating-Implementation-of-ENS-in-Affordable-Housing.pdf
https://aeee.in/wp-content/uploads/2020/2010/Facilitating-Implementation-of-ENS-in-Affordable-Housing.pdf
https://aeee.in/wp-content/uploads/2021/2011/substantiating-the-scope-of-code-eco-niwas-samhita.pdf
https://aeee.in/wp-content/uploads/2021/2011/substantiating-the-scope-of-code-eco-niwas-samhita.pdf
https://pib.gov.in/newsite/PrintRelease.aspx?relid=186406;
https://pib.gov.in/newsite/PrintRelease.aspx?relid=186406;
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0415
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0415
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0420
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0420
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0425
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0425
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0430
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0430
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0435
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0435
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0440
http://refhub.elsevier.com/S0306-2619(23)01367-3/rf0440

	Towards COP27: Decarbonization patterns of residential building in China and India
	1 Introduction
	2 Literature review
	3 Methods and materials
	3.1 Emission model of residential building operations
	3.2 DSD-based decomposition of carbon intensity
	3.3 Variables and data sources

	4 Results
	4.1 Carbon intensity changes in residential building operations
	4.2 Impact of end uses on the operational carbon intensity changes

	5 Discussion
	5.1 Historical decarbonization of residential building operation
	5.2 Robustness of the DSD-based decomposition
	5.3 Review and outlook on decarbonization strategies of residential building

	6 Conclusion
	6.1 Main findings
	6.2 Upcoming works

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References




