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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

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

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

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

• China and India decarbonized 1498.3 
and 399.7 MtCO2 in residential building 
operations in 2000–2020. 

• For decarbonization intensity, India 
nearly caught up with China (~180 
kgCO2 per household) in 2020.  

A R T I C L E  I N F O   
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A B S T R A C T   

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 kgCO2 per household in India). (3) China and India collectively decarbonized 1498.3 and 399.7 M-tons 
of CO2 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. 
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per household) nearly caught up with China (182.5 kgCO2 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 COP281 age.   

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:  

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

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

• 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 

Nomenclature 

C Carbon emissions 
c Carbon emissions per household (Carbon intensity) 
dF The slack component introduced in the DSD method 
dFi (i = 1, 2,3, 4,5, 6) The shift component introduced in the DSD 

method 
ΔDC Total decarbonization 
ΔDc Decarbonization intensity 
Δd Decarbonization efficiency 
E Energy consumption 
e Household expenditure-related energy intensity 
G GDP 

g GDP per capita 
H Family households 
k Energy-related carbon intensity of end uses (i.e., the 

emission factors) 
kgCO2 Kilograms of carbon dioxide 
MtCO2 Mega-tons of carbon dioxide 
m2 Square meters 
P Population size 
p Household size 
S Household consumption expenditure 
s Household expenditure index 
w End-use energy structure  

1 COP28 is the abbreviation of 2023 United Nations Climate Change 
Conference. 
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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 
uses and other crucial factors on emission transition and 

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, 
Boratyński [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 
individual end uses [54]. However, previous studies have shown that the 

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: 

• 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=Cspace cooling+Cspace heating+Cwater heating+Ccooking+Clighting+Cappliances and others

(1) 

Shorten as C =
∑6

i=1Ci.

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 

can be represented by the following identity, with abbreviations 
explained in the Nomenclature: 

c =
C
H

=
E
S

⋅
C
E

⋅
P
H

⋅
G
P

⋅
S
G

(2) 

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

ci =
Ci

H
=

Ei

S
⋅
C
Ei

⋅
P
H

⋅
G
P

⋅
S
G

(3) 

For intuitive expression, ci =
Ci
H represents the carbon intensity 

associated with end use i in residential building operations, p = P
H rep

resents the population per household (household size), g = G
P represents 

GDP per capita, s = S
G represents the household expenditure index, ei =

Ei
S 

represents the household expenditure-related energy intensity of end 
use i, ki =

Ci
Ei 

represents the energy-related carbon intensity (AKA the 
emission factor) of end use i. Thus, Eq. (3) can be simplified as follows: 

ci = ei⋅ki⋅p⋅g⋅s (4) 

Summed up as c =
∑6

i=1ci 

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 =

∑6
j=1ei. 

Additionally, wi is defined as the share of Ei in E, or end-use energy 
structure, which can also be expressed as wi = Ei

E . For the equation ei =
Ei

HCE in Section 3.1, it is also true that wi = ei
e . Eq. (4) was established as: 

c =
∑6

i=1
e⋅ki⋅wi⋅p⋅g⋅s (5) 

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

dc =
∑6

i=1

(
∂ci

∂e
de+

∂ci

∂p
dp+

∂ci

∂g
dg+

∂ci

∂s
ds+

∂ci

∂ki
dki +

∂ci

∂wi
dwi

)

(6) 

Moreover, the shift component dFi and slack component dF are 
introduced to express the change in wi. The expanded linear equations 
can be yielded in Eq. (7): 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Dc =
∑6

i=1

(
∂ci

∂e
de +

∂ci

∂p
dp +

∂ci

∂g
dg +

∂ci

∂s
ds +

∂ci

∂ki
dki +

∂ci

∂wi
dwi

)

dwi = dFi + dF
∑6

i=1
dwi = 0

(7) 

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 (9)  

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− 1⋅B⋅diag(dz)⋅j (11) 

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 = Δz
N , 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 value of n (n = 1,2,⋯,

N), the effect can be represented mathematically as follows: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

D(n) =
(
A(n− 1) )− 1⋅B(n− 1)⋅diag(dz)

dy(n) = D(n)⋅j
z(n) = z(n− 1) + dz
y(n) = y(n− 1) + dy(n)

A(n) = f
(
z(n) , y(n) )

B(n) = g
(
z(n) , y(n) )

(12) 

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

D =
∑N

n=1
D(n) (13) 

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: 

Δc|0→T = ΔeDSD +ΔpDSD +ΔgDSD +ΔsDSD +ΔkDSD +ΔwDSD (14)  

where ΔkDSD and ΔwDSD can be further decomposed based on Eq. (5), 
which yields the following: 

ΔkDSD =
∑6

i=1
Δki (15)  

and: 

ΔwDSD =
∑6

i=1
Δwi (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 
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strategies. 
In China, the operational carbon intensity experienced a gradual 

slowdown in growth rate between 2000 and 2010 (from 1125 to 1601 
kgCO2 per household), reaching an annual peak in 2012 at 1606.4 
kgCO2 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 kgCO2 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 kgCO2 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 kgCO2 per 
household). Notably, the operational carbon intensity in India reached 

its annual peak at 1283.3 kgCO2 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 

Fig. 2. Factor identification of the operational carbon intensity of residential building.  

Table 1 
Variable interpretation.  

Variable Definition Unit Expression 

C Carbon emissions Mega-tons of carbon 
dioxide (MtCO2) 

_ 

E Energy consumption Exajoule (EJ) _ 
P Population size Million persons _ 
H Family households Million households _ 

G Gross domestic product 
(GDP) 

Million US dollar (USD) _ 

S Household consumption 
expenditure (HCE) 

Million USD _ 

c 
Carbon emissions per 
household 
(Carbon intensity) 

Kilograms of carbon 
dioxide (kgCO2) per 
household 

c =
C
H 

p Household size Persons per household p =
P
H 

g GDP per capita USD/person g =
G
P 

s Household expenditure 
index 

% s =
S
G 

e Household expenditure- 
related energy intensity Gigajoule (GJ)/USD e =

E
S 

k 
Energy-related carbon 
intensity of end uses 
(Emission factors) 

kgCO2/GJ k =
C
E 

w End-use energy structure % wi =
ei

e   
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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 kgCO2 per 
household. This was followed by appliances and others, with a total 

contribution rate of − 15.1% (− 169.7 kgCO2 per household). Further
more, lighting, water heating, space cooling, and cooking contributed 
− 10.7% (− 120.6 kgCO2 per household), − 10.6% (− 118.8 kgCO2 per 
household), − 7.8% (− 87.7 kgCO2 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 
kgCO2 per household from 2000 to 2020. This was followed by appli
ances and others, with a total contribution rate of − 5.8% (− 43.4 kgCO2 
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 kgCO2 per household). Water 
heating and cooking contributed − 4.6% (− 33.9 kgCO2 per household) 
and − 2.7% (− 20.2 kgCO2 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 

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. 

R. Yan et al.                                                                                                                                                                                                                                     



Applied Energy 352 (2023) 122003

8

Fig. 4. Emission factor effects of various end uses on carbon intensity changes in residential buildings in (a) China and (c) India from 2000 to 2020; (b) absolute 
value of the emission factor effects on carbon intensity changes among various end uses (2000–2020). Note: Space heating was not involved in India, as the nation 
locates in a tropical climate zone. 

Fig. 5. Structural change effects of various end uses on carbon intensity changes in residential building operations in China and India from 2000 to 2020.  
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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 ΔDc of residential building operations can be 

calculated as the sum of the factors’ negative contribution in period ΔT 
of Eq. (14), as shown: 

ΔDc|0→T = −
∑(

Δc
(
Xj
) ⃒
⃒

0→T

)
(17) 

Where 
Δc

(
Xj
)
∈
(
ΔeDSD,ΔpDSD,ΔgDSD,ΔsDSD,ΔkDSD,ΔwDSD

)
,Δc

(
Xj
) ⃒
⃒
0→T < 0 

Consequently, the total decarbonization (ΔDC|0→T) and the decar
bonization efficiency (Δd|0→T) can be expressed in Eqs. (18)–(19): 

ΔDC|0→T = H|0→T ×
(
ΔDc|0→T

)
(18)  

Δd|0→T =
ΔDC|0→T

C|0→T
(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 

Fig. 6. The total decarbonization and decarbonization efficiency of residential building operations in India and China in 2000–2020.  
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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 kgCO2 per household per year, with a growth of 3.7%/ 
year. The yearly decarbonization intensity reached its peak in 2011 at 
255.2 kgCO2 per household, after which it decreased gradually and 
stabilized at a level above 150.0 kgCO2 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 kgCO2 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 

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 kgCO2 per capita and an increase of 5.1% per year. In contrast, 
India’s per capita decarbonization has averaged 16.5 kgCO2 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 kgCO2 per square meters (m2) per year, with an increase of 
1.9%/year. The peak of annual decarbonization per floor area occurred 
in 2011 at 2.6 kgCO2/m2, followed by a gradual decline. In India, the 
average decarbonization per floor area was 1.5 kgCO2/m2/year, with an 
increase of 3.0%/year. Notably, the decarbonization per floor area in 

Fig. 7. The historical performance of (a) decarbonization per household, (b) per capita, (c) per floor area, and (d) per household expenditure of residential building 
operations in India and China during 2000–2020. 
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India reached its highest value of 2.7 kgCO2/m2 in 2020 (compared 
to1.6 kgCO2/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 kgCO2 per thousand dollars and 9.0 kgCO2 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. 

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

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 =
∑6

i=1
ei⋅ki⋅p⋅g⋅s = e⋅k⋅wi⋅p⋅g⋅s (20) 

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: 

Δc|0→T = ΔpLMDI +ΔgLMDI +ΔsLMDI +ΔeLMDI +ΔkLMDI (21) 

Using factor p as an example, the expression of each factor’s effect is 
as follows: 

ΔpLMDI =
c|T − c|T − 1

lnc|T − lnc|T − 1
⋅ln

(
p|T

p|T − 1

)

(22) 

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

ΔkLMDI =
∑6

i=1
ΔkiLMDI =

∑6

i=1

ci|T − ci|T − 1

lnci|T − lnci|T− 1
⋅ln

(
ki|T

ki|T − 1

)

(23) 

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 (R2) 
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 Samhita 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 

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 
[73]). 

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 kgCO2/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 MtCO2 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 kgCO2/kWh (i.e., 155.6 kgCO2/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 MtCO2 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 m2 of existing residential buildings were renovated for energy 
efficiency, resulting in a decarbonization of 14.3 MtCO2. Additionally, 
approximately 10.5 billion m2 of new energy-efficient buildings were 
constructed in urban areas, including 10 million m2 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 MtCO2 (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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Niwas Samhita 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 

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  

• Operational carbon intensity increased at 1.4% (from 1125 to 
1492 kgCO2 per household) and 2.5% (from 744 to 1216 kgCO2 
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 kgCO2 per household, 
while that of India reached an annual peak at 1283.3 kgCO2 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 kgCO2 per household from 2000 to 2020. This was followed 
by appliances and others with − 15.1% (− 169.7 kgCO2 per house
hold), and lighting contributed − 10.7% (− 120.6 kgCO2 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 kgCO2 per household). Although lighting 
turned into a positive effect on decarbonization from 2015, it 
remained the most significant negative contributor (7.6%, 56.4 
kgCO2 per household).  

• China and India collectively decarbonized 1498.3 and 399.7 
MtCO2 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 kgCO2 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. 
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