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As the second most populous country in the world, India is on the way to rapid industrialization and urbanization,
possibly becoming the next carbon giant. With its vast territory and high regional heterogeneity in terms of
India development stages and population, state-level consumption-based emissions patterns and driving forces are
Multi'regif’nal input'ouf[p‘.ﬁ analysis critical but unfortunately, remain far from completed. In this paper, we first applied a multi-regional input-
Consumption-based emissions : . . .. . .
Low carbon transition output model to ascertain heterogeneity in consumption-based emissions and track carbon flows in the inter-
state supply chain, using our newly constructed Indian multi-state input-output table for 2015, based on Flegg
location quotient method. We found that household consumption dominated consumption-based emissions at
state levels, accounting for 60-78% of total consumption-based emissions, while investment-led emissions were
relatively higher in developed regions the in developing regions. More than 30% of consumption-based emissions
in developed states were imported from less developed states with higher carbon intensity, indicating a large
spillover effect. In India’s low carbon transition, policymakers should not only focus on a local mitigation policy
in developed states, but on carbon leakage from the developing states, given the significant heterogeneity in
industrial distribution and population. Inter-state cooperation is recommended, with developed states subsidizing
the mitigation in the developing states, which also entails a lower marginal cost to low carbon transition.

and four times lower than that of China (as a comparable developing
country) [7]. The potential for industrialization, and the catch-up effect

1. Introduction

India, responsible for 7% of global CO, emissions in 2018, is the
third largest energy consumer and CO, emitter in the world [1]. Since
2010, India’s emissions increased from 1750.56 Mt to 2621.29 Mt in
2018, and were responsible for 21.5% of the global emission increment
over the same period [2]. This sharp increase of CO, emissions in In-
dia is mainly driven by economic growth, and in particular by the rapid
industrialization of some developed states [3, 4]. Such performance sug-
gests that India will be the next carbon giant. On the one hand, as home
to 1.3 billion people, only 32% of India’s population lives in urban areas,
which means that it is likely to see the world’s largest shift towards ur-
banization (with an estimate of a 50% urbanization level by 2050) [5].
On the other hand, India is the seventh largest country in terms of GDP,
having an average annual growth rate of 7.0% GDP [6] but emits 1.9t
CO, per capita a year, eight times lower than that of the United States

* Corresponding authors.

in CO, per capita, will see resource-intensive and labor-intensive pro-
ductions prevail in India, under the transition from service-oriented to
industry-oriented and relaxed environmental standards [8]. Therefore,
India’s emissions will increase rapidly and continuously over the next
few years, and see the country become one of the main contributors to
global emissions [9].

To facilitate a low carbon transition, India launched its Intended Na-
tionally Determined Contributions (INDC) with a pledge of reducing the
emission intensity of its GDP by 33-35% from its 2005 level by 2030
[10]. India has also implemented a National Action Plan on Climate
Change (NAPCC), which identifies eight “National Missions” to fulfill
its INDC commitments [11]. In addition, State Action Plans on Climate
Change (SAPCC) for all states in India set a series of targets to lower car-
bon intensity through regional efforts to achieve coherence between the

E-mail addresses: heran.zheng@ntnu.no (H. Zheng), lijiashuo@sdu.edu.cn (J. Li), liyuancolour@gmail.com (Y. Li).

https://doi.org/10.1016/j.adapen.2021.100039

Received 8 March 2021; Received in revised form 18 May 2021; Accepted 20 May 2021

Available online 25 May 2021

2666-7924/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.adapen.2021.100039
http://www.ScienceDirect.com
http://www.elsevier.com/locate/adapen
http://crossmark.crossref.org/dialog/?doi=10.1016/j.adapen.2021.100039&domain=pdf
mailto:heran.zheng@ntnu.no
mailto:lijiashuo@sdu.edu.cn
mailto:liyuancolour@gmail.com
https://doi.org/10.1016/j.adapen.2021.100039
http://creativecommons.org/licenses/by/4.0/

Q. Huang, H. Zheng, J. Li et al.

strategies and actions at national and subnational level [12]. Due to its
vast territory, diverse socioeconomic backgrounds and resource endow-
ments, there is huge heterogeneity between Indian states. For example,
less developed central and eastern states, such as former “BIMAROU”
states,! including Bihar, Madhya Pradesh, Rajasthan, Odisha and Uttar
Pradesh, are characterized by a weaker economy and lower socioeco-
nomic status, but with sufficient natural mineral resources and cheap
labor [13]. In order to comprehensively formulate regional mitigation
policies, a pilot research project for feasibility and efficacy of interstate
emission trading should be implemented, offering insights into the re-
gional disparities discussed above [14, 15].

Previous studies have already investigated subnational production-
based emissions and emphasized its policy implications for regional
mitigation [16-18]. However, progress against emissions targets could
also be evaluated through the use of consumption-based emission in-
ventories that reallocate emissions from states where products are pro-
duced, to states where products are ultimately consumed [19, 20]. Such
consumption-based accounting of CO, emissions may better reflect the
responsibility for paying the costs of emission mitigation [21, 22]. Re-
garding research on consumption-based emissions for India, most stud-
ies focus on the national level, resulting in highly aggregated data and
absence of regional variations [23, 24]. For a large country like India,
addressing spatial aggregation issues and considering regional hetero-
geneities, will help clarify root drivers and allocate emission reduc-
tion responsibility to regions. Previous studies have already proposed
a multi-regional input-output model for regional emission studies and
have explained the pattern of emission flows in other countries with
vast areas of territory [25, 26]. To the best of our knowledge, India’s
consumption-based emissions at a state level have not been quantified,
leaving open the question of how to mitigate emissions from a regional
and consumption-based perspective.

Here, our study focuses on the heterogeneity in consumption-based
accounting of CO, (from combustion of fossil fuels) at state level in India
and tracks CO, emission flows within India, by constructing a state-level
multi-regional input output model (MRIO). Due to the lack of a MRIO
table, the Flegg location quotient method and gravity model are applied
to compile an Indian MRIO table in 2015, which includes 32 states and
50 sectors. The contribution of this paper is twofold: first, consumption-
based emission inventories at state level are estimated for the first time;
and second, we track CO, emission flow among states in India and estab-
lish the pattern of outsourcing of CO, emissions. Our findings demon-
strate that household consumption in affluent states dominate the to-
tal consumption-based emissions in India. The pattern of outsourcing
of CO, emissions within India suggests that another contribution these
affluent states could make is to introduce cleaner technologies into less
developed states via some financial mechanism, such as an interregional
clean development mechanism. Our findings and suggestions are also
made for the improvement of regional energy efficiency and manage-
ment of energy use, due to the connection between energy use and CO,
emission.

The paper is organized as following: After the introduction section,
we give a brief review of the existing literature. Then, we briefly in-
troduce the accounting framework of consumption-based emissions in
India and the underlying data. In the results section, we provide a de-
scriptive overview on consumption-based emissions among 23 regions
(including 3 union territories, 2 aggregated regions and 18 states) in
India, illustrating ranking and composition of consumption-based emis-
sions. We then rank emission flows within India and identify which
states are key net emission exporters and importers. After the results
section, we discuss the domestic and international policy implication of
our results. Lastly, we conclude this study and state the uncertainties
and limitations.

1 Note: Rajasthan and Odisha no longer belong to BIMAROU after 2018.
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1.1. Literature review

As the Indian climate issue has become an increasing concern for
1.5 °C global mitigation target, a considerable body of research has in-
vestigated the potential trajectories to achieving low carbon develop-
ment and emission mitigation policies [27]. In the existing literature,
most research has focused on production-based emission management.
Some scholars focus on specific industries, such as the iron and steel in-
dustry [28], the electricity generation industry [29], the cement indus-
try [30, 31]. William et al. have initialed a forward projection of output
from iron and cement industries and estimated the energy and CO, emis-
sions savings, based on a bottom-up conservation supply curve method-
ology [31]. Some researchers also focus on production-based driven fac-
tors of CO, emissions. Rapid economic growth in India has been the
dominating driving force contributing to the increase in carbon emis-
sions, while energy intensity has been the main factor reducing carbon
emissions [7, 32]. Meanwhile, research on demand-side management
has gradually emerged. Some papers have quantified national indirect
emissions and complete emissions [24, 33], and have identified dynamic
or global drivers from a consumption-based perspective [34-36]. For ex-
ample, Wang et al. have found that since 2008, final demand has been
the major driving force behind the increase in carbon emissions trans-
fers from capital formation to household consumption [34]. Few studies
have investigated regional analysis to illustrate the specific policy im-
plications. Jemyung et al. have quantified regional carbon footprints of
households, and highlight the need to differentiate individual responsi-
bilities for climate management [37]. However, previous studies have
not clarified the root drivers, taken into account regional heterogeneities
in the industry chain, which is the problem addressed in this paper.

2. Methodology and data sources
2.1. Accounting scope

A clear definition of the scope of emission accounting could avoid
double-counting in emission estimates. The International Council of Lo-
cal Environmental Initiatives initialed 3 scopes of emission boundaries
[38]. Scope 1 includes direct emissions from fossil fuels combustion
within territory boundaries. Scope 2 includes emissions from consump-
tion of imported electricity from upstream power plants. Scope 3 in-
cludes the indirect emission from upstream productions, that is, emis-
sions embodied in trade [39].

In this study, carbon emissions were calculated using two ap-
proaches: production-based emissions (Scope 1, Sectoral Approach) and
consumption-based emissions (Scope 3, Regional Input-output Model)
[40]. Production-based carbon emissions in this study only refer to
energy-related emissions from the combustion of fossil fuels, excluding
emissions from industry processes or agriculture production. In addi-
tion, this study only considered CO, emissions without other non-CO,
greenhouse gasses (CH4, NO,), because of lack of regional emission fac-
tors. Based on the production-based emission inventories, we applied
the MRIO model to calculate consumption-based emissions.

2.2. Flegg location quotient method to compile the MRIO

An input-output table (IOT) based on extensive surveying by sta-
tistical institutions is considered better than a non-survey-based IO ta-
ble [41, 42]. Many practitioners are also critical of applying some non-
survey methods for simulating IO tables [43, 44]. Some hybrid methods
are favoured, requiring fewer primary data but retaining significant ac-
curacy. However, hybrid approaches are still costly in some developing
countries because of the imperfection of statistical systems [45]. There-
fore, given the limited data resources in sub-national IO tables in India,
we used the Location Quotient (LQ) method, a non-survey method, to
compile the MRIO table for India’s 32 states.
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In the standard LQ method, regional input coefficients are specified
as a piecewise function of national input coefficients and LQ. Mathemat-
ically, it is expressed as:
al',’j, LQ;I. > 1

al x LOj, LOJ, <1

rro__
aij—{

(¢))

Where o7 is intraregional input coefficients; aj; is national input
coefficients; LQj; is the proportion of regional requirements of input
i purchased from within region r. @/, can be obtained directly from the
national IO table. LQj; can be derived from the steps in supporting in-
formation (SI).

Further, intraregional intermediate transactions, z/ j’ , can be obtained
from a’x". In addition, interregional intermediate transactions, z"; (s #
r), should also be estimated. The total amount of interregional interme-

diate transactions ( Y. 2] ;) should be consistent with the residual of the
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national total amount of intermediate transactions that have not been

allocated to intraregional transaction. The residual can be expressed as:
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Obviously, the residual is non-negative because the intraregional in-
put coefficients are bounded by national input coefficients. The residual
then needs to be distributed among the interregional transactions with
b[’js . Here, bfj refers to a proxy (or an initial estimate) of interregional
transactions or an initial estimate. d"* indicates the distance between
region r and region s.
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Then, consistent estimations are constructed with the help of a key
parameter of g ~ scaling the b}, so that they sum to unity:
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Therefore, the interregional intermediate transaction estimates can
be simply proportional to the size of the sending sector and the receiving
sector.
zfjs = g[r; X residual;; )

Initial estimates of final demand, imports and export of each re-
gion are shown in supporting information (SI). These estimates based
on sectoral value added, output, sample survey datasets, and etc., do
not meet the “double sum constraints”, in which the row and column
totals match the known values in national IOT [46]. The minimum en-
tropy approach is used to adjust the initial estimates to ensure agreement
with the summed constraints. The procedure of minimizing the squared
distances tends to preserve the structure of the initial estimates as much
as possible with a minimum number of necessary changes to restore the
row and column sums to the known values.
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2.3. Consumption-based accounting of CO, emissions

The multiregional input output model is the accepted tool employed
to account for consumption-based emissions, which illustrates the inter-
region and inter-industry relationships along supply chains and interre-
gional trades [47]. Specifically, consumption-based CO, emissions can

Advances in Applied Energy 4 (2021) 100039

comprehensively present emissions directly and indirectly embodied in
the final consumption [48]. In this study, consumption-based emissions
in certain regions includes emissions from local production and emis-
sions embodied in domestic imports, excluding emissions embodied in
international imports.

In the MRIO model, the total output of each industry in each region,
x, stimulated by a vector of final demand, y, is given by

x=I-A)"y )

Where (I—A)~! is the Leontief inverse (matrix of total require-
ments), with Ly indicating the total output of industry i in region r
that is stimulated by a unit of demand of j in region s; where A is the
direct requirement matrix, with ¢;; indicating the amount of direct in-
puts from industry i in region r required to generate one unit output of
Jj in region s; where y is the final demand matrix with y’* indicating the
final demand for goods of industry i in region s from region r; where x is
the total output matrix with x| indicating the total output of industry i
in region r. Using familiar matrix notation and dropping the subscripts,
we have the following:

Al AlZ . Aln yilo g1z L gl x!
A21 A22 A2n y21 y22 y2n X2

A= . kY=l . x=] )
A.nl A2 A.nn y;zl ynZ y;m X'"

To calculate the embodied emissions in the goods and services, we
extend the MRIO model with environmental extension by defining direct
emission intensity, which indicates CO, emissions per unit of economic
output for all industries and regions. Mathematically, it is expressed as:
ki = e /x!, where e] indicates the CO, emission emitted from industry i
in region r. Therefore, total consumption-based emissions embodied in
goods and services used for final demand can be estimated by:

coy =kd—-A)ly (10)

where k is a vector of emission intensity for all industries in all regions;
y” is the final demand including four categories for region r from all
regions.

In turn, the total embodied emissions in exports from region r to
region s can be estimated by:

Exp” =kd—A)"ly an

where k" represents the direct emission intensity for region r but zero
for all other regions; similarly, y* indicates the final demand including
four categories for region s from all regions. k" is the diagonal matrix of
k".

2.4. Data sources

The production-based carbon emissions from fossil fuels (e.g. coal,
petroleum and gas) for regions in India came from the GHG Platform
of India (GHGPI), which is the most comprehensive GHG (greenhouse
gas) emission datasets at a state level in India (see Table 1 and Table 2).
These emission data included 35 regions and 22 sectors (SI Table S2).
The Multi-Regional Input-Output Table (MRIOT) used in this paper was
compiled based on 2015 Indian Supply-Use Table (SUT) at a national
level. The MRIOT contains 32 regions and 50 economic industries for
each region. In addition, imports from other countries appeared as a sin-
gle row vector on the input side in MRIOT, and the intermediate transac-
tion matrix and final use only included goods and services produced do-
mestically. Hence, we mainly discuss the consumption-based emissions
supported by domestic production, excluding imported emissions from
other countries. To facilitate discussion, several states with lower popu-
lation density and GDP (see SI Table S1), were clustered into geographic
regions (i.e. Himachal Pradesh, Jammu and Kashmir. Uttarakhand are
aggregated into North region, and Assam, Sikkim and Tripura are aggre-
gated into Northeast region). Basic data for compilation of the MRIOT
came from CEIC datasets, Annual Survey of Industry (ASI) datasets and
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a: Consumption-based emission b: Per GDP
Unit: Mt CO, Unit: g CO, /Rs
Maharashtra Chhattisgarh
Uttar Pradesh Haryana
Tamil Nadu Odisha
Gujarat Jharkhand
Andhra Pradesh Madhya Pradesh
Karnataka Gujarat
West Bengal | Puducherry
Madhya Pradesh Uttar Pradesh
Rajasthan Tamil Nadu
Haryana West Bengal
Chhattisgarh Punjab
PDelhi Andhra Pradesh
Odisha Maharashtra
Punjab Rajasthan
Kerala s Delhi
Northeast Karnataka
Bihar Bihar
Jharkhand North
Northeast GDP per capita N Goa
Goa 1000 Rs / Person Andaman and Nicobar
| Puducherry 30 [N Chandigarh
| Chandigarh Kerala
Andaman and Nicobar Northeast
0 50 100 150 200 0 10 20 30

the Ministry of Statistics and Programme Implementation (MoSPI). De-
tailed information about how we compiled the MRIOT can be found in
the Supporting Information (SI).

3. Results

3.1. The heterogeneous distribution of consumption-based emissions for
India in 2015

In 2015, India emitted 1766 Mt CO, from the burning of fossil fu-
els, accounting for 6% of global emissions. 83% of emissions were con-
sumed by domestic final demand and the remaining 17%, driven by
export to other countries. Fig. 1 ranks consumption-based emissions in
2015 for all 23 regions in India. Some states where services and light
industries are substantially developed, display high consumption-based
emissions. For example, the highest consumption-based CO, emissions
of 195.1 Mt was in Maharashtra, (accounting for 13.5% of the total),
which is mainly due to the state having the largest GDP in India (ac-
counting for 14% of national GDP). More than 70% of its GDP is at-
tributed to services and light industries. Similarly, 96.7 Mt emission in
Karnataka and 128.7 Mt emission in Tamil Nadu also are associated
with high levels of total GDP. By contrast, some states such as Madhya
Pradesh, Chhattisgarh and Odisha, have lower consumption-based emis-
sions, which is associated with being less populous and having lower per
capita GDP. The economy in these states is heavily dependent on coal
use and energy intensive activities such as energy industry, heavy indus-
try or materials manufacturing, with the result that consumption-based
emissions are significantly lower than production-based ones. However,
when standardized by socioeconomic factors (GDP and population), the
ranking changes drastically (see Fig. 1). Uttar Pradesh, as the second
largest consumption-based emissions consumer, has a middle level of
emission intensity by GDP and a lower level of emission intensity per
capita. This is because Uttar Pradesh is the most populous state and
has lower GDP per capita. In other words, the consumption-based car-
bon intensity (emissions per unit of GDP) is greatest in less developed
states in central and east areas. By contrast, the high GDP and more de-
veloped states in the west, south and union territories, tend to be the
least carbon intensive. For example, Odisha, whose value-added iron
and steel accounted for 18% of its GDP, had the highest consumption-
based emission intensity, 27.04 g CO, per Rs, which is more than double
the consumption-based emission intensity of Maharashtra. Conversely,
per capita consumption-based carbon emissions in developed states and
union territories such as Goa, Delhi, Haryana and Puducherry, are more
than three times that of Odisha, Madhya Pradesh, and Jharkhand. Afflu-
ent states with a GDP per capita of around 200,000 Rs or more such as

c: Per capita Fig. 1. a shows the ranking of state-level
Unit; Tonne CO, /capita consumption-based emissions. b shows the
I Goa ranking of state-level consumption-based emis-
= Delli sions intensity per GDP. ¢ shows the ranking of
aryana . .. .
Puducherry state-level consumption-based emissions inten-
Chhattisgarh sity per capita. For all bar chart, length of bar
L Gug:l::d‘gaﬂ‘ indicates its size according to the x-coordinate,
Tamil N and color of bars corresponds to state GDP per
amil Nadu
Maharashtra capita from the least developed states in yellow
Karnataka .
Andian s Nicobas to the most developed states in blue.
Punjab
Andhra Pradesh
North
Odisha
Kerala
Rajasthan
Madhya Pradesh
West Bengal
Jharkhand
Uttar Pradesh
Northeast
Bihar
1 2 3 4

Goa and Delhi, have consumption-based emissions per capita of around
3 tonnes. In contrast, Jharkhand, an eastern state with a GDP per capita
of just around 60,000 Rs, has consumption-based emissions per capita
of around 1 tonne.

3.2. The heterogeneous drivers of consumption-based emissions in India

Consumption-based emissions can be supported by domestic produc-
tions and imported goods and services (shown in Fig. 2a), which explains
where the emissions come from. Consumption-based emissions can also
be triggered by different drivers, such as four categories of final de-
mand (shown in Fig. 2b) and different sectoral final demand (shown
in Fig. 2¢), which demonstrate the heterogeneity of drivers in Indian
states. In 23 states or regions of India, with the exception of Odisha and
Chhattisgarh, more than 50% of consumption-based emissions were at-
tributed to imports from external regions, which indicates that in 2015,
consumption relied heavily on foreign products as opposed to local prod-
ucts. The above results are consistent with previous studies which state
that approximately 40-80% of emissions in Japan were attributed to im-
ports [49]. For example, Delhi (94%), the top state in terms of shares of
imported emissions, corresponded with its overwhelming consumption-
based emissions that were three-fold its production-based emissions.
Chhattisgarh and Odisha, by contrast, accounted for the minimum per-
centages of imported emissions, reaching a low level of 40-50%, be-
cause they are typical production-based emission producers. From the
perspective of categories of final demand, household consumption in-
duced the largest share of consumption-based emission, followed by
fixed capital formation. The results are consistent with previous re-
searches on consumption-based emissions in India at the nation-level
[33]. More than 60% of consumption-based emissions in each state were
triggered by households, especially in Chhattisgarh (78%) and in Odisha
(75%). Emissions induced by capital formation accounted for a larger
proportion of total consumption-based emission in more affluent states,
such as the top three consumers of Tamil Nadu, with 33%, Maharash-
tra and Uttar Pradesh, with 27%, than less developed states of Odisha
and Chhattisgarh, with 18%, and Madhya Pradesh, with 22%. An un-
derlying explanation is that industrial sectors in less developed states
with high emission intensity, consumed more but invested less in new
high-tech growth and urbanization. In contrast, development models
in more developed states, including rapid economic growth associated
with rapid urbanization, push investment in transportation infrastruc-
ture and construction, which accounted for 70% of total capital forma-
tion in India. From the perspective of the consumption-based emissions
of different sectors, services, transport, energy industry and construction
are the main contributors. Fig. 2c shows regional disparities between
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a: b: Fig. 2. Composition of consumption-based
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Table 1 are the most populous and affluent regions in India, accounting for nine

List of abbreviation.

Abbreviation Item

GDP Gross domestic product

INDC Intended Nationally Determined Contributions
NAPCC National Action Plan on Climate Change

SAPCC State Action Plan on Climate Change

BIMAROU Bihar, Madhya Pradesh, Rajasthan, Odisha and Uttar Pradesh
MRIO Multi-regional input output

MRIOT Multi-regional input output table

10 Input output

10T Input output table

Cccs Carbon capture and storage

CDM Clean development mechanism

LQ Location Quotient

FLQ Flegg Location Quotient

GHGPI Greenhouse gas Platform of India

GHG Greenhouse gas

SUT Supply -Use Table

ASI Annual Industry Survey

MoSPI Ministry of Statistics and Programme Implementation
CEIC China entrepreneur Investment Club

sectoral consumption-based emissions. Energy industry accounted for a
large share of consumption-based emissions in heavy-industry intensive
states, while services and equipment industry are the main drivers of
consumption-based emissions in developed states. For instance, energy
industry accounted for 53% and 17% of total emissions in Chhattisgarh
and Maharashtra, respectively, while services and equipment industry
accounted for 15% and 37% of total emissions in these two states.

3.3. Spillover effects from inter-state emission flows across India

Table 3A, shows the largest gross emission flows within India, re-
flecting the patterns of CO, outsourcing. Maharashtra and Tamil Nadu

of the top 10 emission inflows (seven inflows to Maharashtra, two in-
flows to Tamil). Former “BIMAROU” states with lower socioeconomic
status, accounted for six of the top 10 emission outflows. For example,
40% of consumption-based emission in Maharashtra are imported from
Gujarat (13%), Madhya Pradesh (7%), Chhattisgarh (6%), Odisha (7%)
and Uttar Pradesh (7%).

Table 3B and D show emission flows induced by fixed capital forma-
tion and household consumption, respectively. Similar to gross emission
inflows, Maharashtra is also the major destination of the largest emis-
sion inflows triggered by household consumption. People living in lo-
cations with the largest inflows have much higher per capita household
consumption than people living in other states that export emission in-
tensive goods to more affluent regions. This indicates that the higher
levels of household consumption in developed states are supported by
carbon intensive production in less developed, heavy industry-oriented
regions. In keeping with rapid growth, more developed regions, such as
Maharashtra and Tamil Nadu, invest a larger share of GDP (27-33%) to
promote urbanization than less developed states (only 18-22%) in east
and central areas of India, resulting in a higher level of per capita fixed
capital formation. However, the largest emission inflows embodied in
capital formation normally originate from less developed states, such
as Odisha and Chhattisgarh, to those developed states. This is mainly
caused by the difference in industrial structure and endowments of nat-
ural resources. For example, the central and eastern regions have the
highest reserves of metal and non-metal minerals and a lower position
in the supply chains.

In addition, our results show that states with higher emission inten-
sity of production tend to be net emission exporters. Table 3C, shows
that the largest net inflows originate from high intensity states to low
intensity states (comparisons of sectoral intensity are shown in SI Ta-
ble S4). Per GDP emission intensity consists of energy intensity (energy
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Table 2
Data sources of key socioeconomic information at a state level.
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Items (by states)

Data sources

Value added of agriculture and services-2015 year
Output of agriculture-2015 year

Output/Value added/capital formation/stock change of industries-2015 year

Population/Area-2015 year
Monthly per capita consumer expenditure-2015 year
Revenue Expenditure-2015 year

CEIC datasets

Ministry of Statistics and Programme Implementation
Annual Survey of Industry

Office of Registrar General of India, Ministry of Home Affairs
National Sample Survey Organization

Reserve Bank of India

Table 3

The largest interstate emission flows embodied in trade, household and capital formation.

A. Emission flows (Net emission embodied in trade)

B. Emission flows embodied (Capital formation per capita)

embodied in trade Origin Destination in capital formation Origin Destination
249 Gu (-2.2) Ma (47.9) 6.5 0d (15.5) TN (53.5)
18.9 Ma (47.9) Gu (-2.2) 6.4 Gu (37.4) Ma (40.0)
144 AP (-14.9) Ma (47.9) 5.9 0d (15.5) Ma (40.0)
14.3 AP ((-14.9) TN (34.9) 5.0 AP (26.1) Ma (40.0)
13.3 UP (-16.1) Ma (47.9) 4.7 Ch (24.0) Ma (40.0)
13.0 MP (-31.4) Ma (47.9) 43 0d (15.5) AP (26.1)
12.9 0d (-75.5) Ma (47.9) 4.2 0d (15.5) UP (14.4)
12.4 Ch (-71.4) Ma (47.9) 4.2 AP (26.1) Ma (40.0)
12.4 0d (-75.5) TN (34.9) 4.2 Ka (41.5) Ma (40.0)
114 Ka (18.3) Ma (47.9) 4.2 Ka (41.5) TN (53.5)
C. Net emission flows (Emission intensity per GDP) D. Emission flows embodied (Household consumption per capita)
embodied in trade Origin Destination in household Origin Destination
11.0 0d (51.7) Ma (10.4) 16.8 Gu (91.2) Ma (77.4)
10.8 0d (51.7) TN (10.9) 14.3 Ma (77.4)  Gu (91.2)
10.4 Ch (68.4) Ma (10.4) 9.3 AP (65.1) Ma (77.4)
7.9 Ch (68.4) TN (10.9) 9.0 UP (28.9) Ma (77.4)
7.4 MP (25.0) Ma (10.4) 8.8 MP (38.6) Ma (77.4)
7.3 Ch (68.4) UP (17.0) 8.5 AP (65.1) TN (84.4)
6.2 0d (51.7) UP (17.0) 7.6 Ma (77.4)  Ka (92.5)
6.2 0d (51.7) WB (16.5) 7.3 TN (84.4) Ma (77.4)
6.2 AP (15.6) TN (10.9) 6.9 Ch (38.4) Ma (77.4)
6.1 Ch (68.4) AP (15.6) 6.8 UP (28.9) Gu (91.2)

Note: Abbreviation: Gu-Gujarat, Ma-Maharashtra, AP-Andhra Pradesh, TN-Tamil Nadu, UP-Uttar Pradesh, Ch-
Chhattisgarh, MP-Madhya Pradesh, Od-Odisha, Ka-Karnataka. Unit: Emission flows (Mt CO,), Capital formation per
capita (Rs/person), Household consumption per capita (Rs/person), Emission intensity per GDP (g CO,/Rs).

consumption per GDP) and carbon intensity (CO, emission per energy
consumption). In the case of energy intensity, developed states or union
territories, such as Maharashtra and Delhi, entail a lower level of energy
intensity than those of less developed states, due to advanced technology
for production and greater shares of low-energy but high-value-added
products in more developed regions. In another case of carbon inten-
sity, states located in north or northeast India tend to consume a greater
share of low-carbon energy sources (i.e. solar power, wind power and
nuclear power, see SI Table S3) than states located in east and central
parts of India, but rely heavily on heavy industry.

3.4. The heterogeneous drivers of emission flows across India

Fig. 3 shows, at the sectoral level, the imported emissions and ex-
ported emissions of each state or region. For some service-oriented
states, the largest share of embodied emissions in imports can be at-
tributed to the service sector. In addition, there is a relatively large
amount of embodied emissions in the imports of light industry in these
states (e.g. Maharashtra, Tamil Nadu, Delhi and Karnataka), followed
by construction, transport and food-related industries. For some heavy
industry-oriented states (e.g. Chhattisgarh, Odisha and Jharkhand), the
largest share of embodied emission in exports can be attributed to con-
struction, followed by light industry.

In terms of net emission flows between inflows (emissions embod-
ied in imports) and outflows (emissions embodied in exports) of each

region, the net emission exporters are highly centralized, with the top
four exporters accounting for 80% of total net outflow in India, while
the net emission importers are more decentralized. The largest net emis-
sion importers are dominated by the affluent states and highly urban-
ized union territories such as Delhi, Maharashtra and Tamil Nadu. Some
less developed regions, such as those in the north (including Himachal
Pradesh, Jammu and Kashmir, Uttarakhand) and northeast (including
Assam, Sikkim and Tripura) also import large embodied emissions, pro-
duced elsewhere in India, with respective net imported emissions of 26.4
and 11.0 Mt. The underlying explanation is that there is a cleaner en-
ergy mix in those regions, where a large share of the electricity supply is
borne by solar and wind power. In addition, lower levels of industrializa-
tion in those regions prompt more imports of high-tech industrial goods
from external regions [50]. Normalizing net emission flows per unit of
capita and per GDP, further highlights the imbalance of emission flows
from less developed eastern regions to the developed south and west re-
gions or highly- urbanized union territories. For example, per unit GDP
carbon intensity of net emission exporters is greatest in Chhattisgarh
(34.1 g CO,, per Rs), Odisha (25.6 g per Rs), and Jharkhand (10.3 g per
Rs), due to the prevalence of emission intensive products (i.e. iron and
steel, non-metal minerals, electricity mainly supported by fossil fuel) ex-
ported from these states. Meanwhile, per unit capita carbon intensity of
net emission importers is greatest in Delhi (1.94 Tonne CO, per capita),
Chandigarh (1.50 Tonne per capita) and Goa (1.50 Tonne per capita)
due to the higher per capita consumption in affluent regions.
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4. Discussion

As potential giant emitter, India’s climate actions to address climate
change are critical to the 1.5 °C global mitigation target [51]. The largest
challenge to seeking a cleaner pathway to industrialization or urbaniza-
tion in India is that there is no successful previous model to follow,
among either developed countries or industrialized emerging countries
like China. Mitigation in a vast country like India cannot be achieved
without considering the regional heterogeneity in industries and socioe-
conomic stages. Like most countries with vast territory, regional emis-
sion disparities in India also show that the most affluent regions domi-
nate the total consumption-based emissions. For example, consumption-
based CO, emissions in Maharashtra with the largest GDP in India, ac-
counted for 13.5% of the national total. The overall economic growth
rate of the state is expected to be at a compound annual growth rate
of 7% until 2051, and is likely to remain the highest contributor, ac-
counting for about 12.8% of national GDP by 2051 [12], which may
correspond to its position as largest contributor to total emissions. High
economic growth in the affluent states would undoubtedly increase their
consumption-based emissions, especially carbon flows embodied in the
supply chains from other under-developed states with higher carbon
intensity. The spillover effects could undermine mitigation efforts, ob-
served in other developing countries, and require the policymakers to
shift the scale of mitigation more broadly with the participation of multi-
states, especially for those inextricably connected in terms of supply
chains.

Exploring the green growth way requires cooperation to balance eco-
nomic growth and inequality reduction. In a carbon-constrained future,
developed countries’ efforts to become carbon neutral (e.g. capturing
carbon and storing) [52], will save the carbon quota for industrializa-
tion for developing countries, such as India. Similarly, the carbon quota
should be also allocated at the sub-national level between affluent and
developed states such as Delhi, Goa and Maharashtra, and less develop-
ing states such as Odisha and Telangana. Therefore, these affluent states
should also set ambitious targets of mitigation (e.g. carbon neutrality) to
provide room for less developed states. Our study found that household
consumption was the largest contributor to consumption-based emis-
sions at state level. More than 60% of total emissions in 2015 were trig-
gered by embodied emissions in households in each state, which are
highly associated with transport, food processing and energy. A low-
carbon lifestyle of wealthier households is critical. Considering the com-
parative advantages in wealthier areas, planting trees or carbon capture

and storage (CCS) in wealthier areas is not a reasonable approach to
achieving carbon neutrality. Connecting poor regions and rich regions
through a carbon credit mechanism will provide opportunity for a car-
bon sink [53].

By contrast, capital formation, as the largest contributor to
consumption-based emissions in most developing countries [54], only
accounted for 20-30% of total regional consumption-based emissions
in India. This reverse was mainly caused by India’s large population
but lower level of urban infrastructure expansion. However, with rapid
industrialization since the financial crisis in 2008, India as the second
largest populated country, also has the world’s largest potential for ur-
banization, which will make capital formation dominant in India again.
We also found that more urbanized states are characterized by a higher
proportion of emissions embodied in capital formation, for example 33%
in Tamil Nadu, 27% in Maharashtra but only 18% in Odisha and Chhat-
tisgarh. In terms of percentage, in less developed states, the urban popu-
lation is significantly lower than the national average. Therefore, theses
states are in a unique position to chart out an urbanization path that
learns from the mistakes or experiences of other more developed states.
Given the climate change dimension, these states should go further by
defining a climate-friendly urbanization path. For example, developing
an energy efficient building and transport infrastructure in the primary
stages of urbanization, could be a low-cost way to substantially reduce
future energy use caused by the potential expansion of urbanization.

Interregional trade in India, triggered by comparative advantages
and regional heterogeneity, brings economic benefits both for developed
states (lower costs) and developing states (GDP growth). Meanwhile, the
high carbon flows embodied in inter-state trade indicate the consider-
able spillover effects. To be more specific, household consumption in de-
veloped states such as Maharashtra and Tamil Nadu, were supported by
outsourcing emissions to surrounding regions, while capital formation
was mainly supported by emissions occurring in less developed states
that are heavily reliant on heavy industry. The pattern of outsourcing
of CO, shows the trade between developed states and developing states
tend to be carbon-intensive and involve low value-added goods, such as
metal and non-metal industry. In addition, we found that the net emis-
sion flows tended to originate from high intensity states with to low in-
tensity states. The major mechanism for interregional trade to drive CO,
emissions rests on differences of production-based emission intensity be-
tween importers and exporters [55]. Carbon-intensive manufacturing in
less developed states, such as former “BIMAROU?” states, entails drasti-
cally more emissions than making the same products in the most afflu-



Q. Huang, H. Zheng, J. Li et al.

ent states, using advanced technology; thus, interstate trade increases
India’s CO, emissions. We also found that net emission exporters are
highly centralized and mainly located in the east. Restructuring the in-
dustrial sector among Indian states goes against existing comparative
advantage. Therefore, there is a potential opportunity to decarbonize,
by improving emission intensity in the main net exporters in India, in
which more energy-efficient technologies can be installed. Such action
will upgrade the industry chain and enhance the value added of prod-
ucts in developed states. Given that consumption in developed states
is supported by carbon intensive production in less developed heavy
industry-oriented regions, such low marginal cost approaches can be
supported by the affluent regions’ efforts to introduce accessible, high-
technologies into less developed states in India. For example, an interre-
gional clean development mechanism (CDM) will incentivise developed
net importers with cleaner production processes to buy carbon emis-
sion permits [56], by investing in less developed net exporters to use
advanced technologies and upgraded productions.

5. Conclusion

In the study, we used the Flegg location quotient method and grav-
ity model to construct a multi-regional input-output table for India in
2015. Consumption-based CO, emissions at state level for India in 2015
were first measured to establish regional disparities and supplement re-
gional mitigation policies. We found that the developed western region
dominated India’s carbon footprint. Household consumption dominated
consumption-based emissions in all states, while investment-led emis-
sions were relatively higher in developed regions than in the developing
regions. Consumption-based emissions were significantly redistributed
among Indian states via interstate supply chains. We found that states
not only emitted CO, emissions within territory boundaries but also
imposed emissions on other regions through interregional trade. Espe-
cially, carbon-intensive productions in eastern region are significantly
triggered by demand in developed western region.

Mitigation policies should focus on the connection between devel-
oped and developing states. A low-carbon lifestyle of wealthier house-
holds in developed states and planting trees or carbon capture and stor-
age in developed states, via a carbon credit mechanism (payment from
developed states) will save the carbon quota for developing states. Seek-
ing a climate-friendly urbanization path in developed states will not only
reduce local carbon emissions, but also future energy use and carbon
emissions caused by the potential expansion of urbanization in devel-
oping states. Introducing accessible, high-technologies from developed
states via an interregional clean development mechanism will improve
emission intensity in developing states and also bring about high value-
added industries. Future work can link our multi-regional input-output
table with global input-output table (for example Global Trade Analysis
Project) to the relationship between Indian states and other countries. A
time-series research, such as Structural decomposition analysis, is also
proposed to explore dynamic drivers in different regions.

5.1. Limitation and uncertainty

This study faced a number of limitations and assumptions in the pro-
cess of conducting the research. First, we only considered consumption-
based emissions from domestic production in our study. The data of
imported goods at a state level in MRIO were not officially available
during the study period. However, India, as a “manufacturer” in global
supply chains, was characterized by higher exports than imports. Con-
sumption in India was mainly supported by domestic goods. Therefore,
the uncertainty about a possible disconnect between India and the rest of
the world, was limited. Second, our analysis focused on energy-related
CO, emissions excluding other greenhouse gasses (for example, CH,,
NO,, emissions from agriculture production, and emissions from indus-
trial processes), such that we may undervalue the implication of agri-
culture on mitigation. Third, the interregional trade estimated in this
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study is based on the FLQ model and gravity model due to data availabil-
ity, which inevitably leads to some uncertainty regarding interregional
trade.

Data and code availability

Datasets for this research are available in: CEIC (CEIC is not
accessible to public but accessible with licensing in the site)
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http://www.mospi.gov.in/publication/state-wise-and-item-wise-value-
output-agriculture-forestry-and-fishing-2011-12-2017-18, GHGPI
http://www.ghgplatform-india.org/economy-wide. India state MRIO
data for 2015 can be found in China Emission Accounts and Datasets
https://www.ceads.net/data/input_output_tables/ for free download.
The MATLAB and GAMS codes are available in Table S6.
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