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Within Indonesia, the structure of consumption and production differs
significantly across provinces. This implies that carbon footprints and
intensities between provinces are also diverse. This paper calculates historical
consumption- and production-based carbon emissions at the provincial level
using a multi-scale input-output (IO) database for 2010, in which an
environmentally extended multi-regional IO (EE MRIO) table for 34 Indonesian
provinces is integrated in the global EE MRIO EXIOBASE with data for 43 countries
and 5 rest of the world regions. Emissions from consumption are detailed by
product and their points of origin, while emissions from production are detailed
by industry and their destinations. Our results show the heterogeneity of
Greenhouse Gas (GHG) emissions under both sides. The Java region is a net
importer of carbon emission, while Sumatra and Kalimantan are net exporters. In
the global context, the Asia Pacific region plays important role in national GHG
emissions. Services product contributed 57.1% of national consumption-based
GHG emissions, followed by manufacture (30.6%), and agriculture (12.3%). On the
national level, 63.5% of national GHG emissions are related to household
consumption. There is a high disparity across provinces in Indonesia in carbon
footprints. Provincial average per capita carbon footprints vary from 2 t CO,e/
capita in East Nusa Tenggara to 13.84 t CO,e/capita in East Kalimantan. Carbon
intensity also varies from 0.83 kt CO,e/M Euro in Jakarta to 2.37 kt CO,e/M Euro
in North Kalimantan. Agriculture and food products dominate household carbon
footprints, while construction leads in government carbon footprints. Utilities and
transportation services play important roles on national carbon intensities. We
further correlated the Human Development Index (HDI) with per capita carbon
footprints and expenditure, and find that provinces with similar GHG emissions
and expenditure per capita income as Java, tend to have a lower HDI.
Understanding development status and province-level characteristics is
important for selecting policy strategies.

carbon footprint, carbon intensity, regional assessment, multi-scale MRIO,
HDI, Indonesia
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1 Introduction

In the context of the United Nations Framework Convention on
Climate Change (UNFCCC), Indonesia has an ambitious long term
strategy to peak territorial Greenhouse Gas (GHG) emissions in
2030, to reach 540 Mt (million tonnes) CO,e in 2050, and to achieve
net-zero GHG emissions by 2060 (MoEF, 2021a). Previously, under
the first National Determined Contribution (NDC) to UNFCCC,
Indonesia pledged to reduce emissions by 29% (834 Mt CO,e) under
unconditional mitigation scenario, or by 41% (1,185 Mt CO,e)
under international support scenario, compared to the baseline
projections for 2030 (2,869 Mt COze) (MoEF, 2021b). The
government has enacted regulatory frameworks, such as Law No.
16/2016 on the Paris Agreement to the UNFCC and Presidential
Regulation (PERPRES) No. 18/2020 on the 2020-2024 National
Medium-Term Development Plan. They set a national binding
target for GHG emissions of below 1.56 Gt CO,e per year in
2024 (i.e., a 27.3% reduction from baseline) and further set an
emission intensity target of below 333.7 t CO,e per billion IDR in
2024, or equivalent to 5.25 kt CO,e/M Euro (i.e., a 31.6% reduction
from baseline). Moreover, the government also issued regional
policies such as PERPRES No. 98/2021, to set GHG emission
reduction targets at provincial levels in line with the
aforementioned national and sectoral targets.

Several studies have analyzed the importance of regional specific
policies for environmental impact mitigation (Harris et al., 2012;
Meng et al., 2013). It further has been recognized that national and
global supply chains of provinces and regions drive emissions in
other regions and countries. For example, in China, four megacities
consumed about 72%-77%, 87%-92%, and 95%-99% of their
consumption on energy, water, and land from outside of their
geographic boundaries, respectively (Meng et al, 2022). The
carbon footprint in 2012 ranged from 0.87 to 6.60 t CO, per
capita across 30 provinces in China (Wang et al., 2019). In India
too, the per capita carbon footprint varies highly between regions.
There is about a tenfold difference between the highest and the
lowest carbon footprint across 623 districts in 2012 (from 0.21 to
2.04 t CO, per capita). The four mega districts (Mumbai, Kolkata,
Bangalore, and New Delhi) in India have carbon emissions of
0.98-1.76 t CO, per capita in 2012, which is well above their
national average (Lee et al, 2020). In Brazil, the per capita
consumption-based CO, emissions vary significantly between
states, from 0.77 to 4.51 t CO, per capita in 2008. The four
states in the southeast region import most of their carbon
footprints from outside their state boundaries (Imori and
Guilhoto, 2016). These sub-national studies reveal a wide spatial
heterogeneity within a specific country, which may point the
opportunities for region specific GHG mitigation options.

Indonesia has a wide range of regional GDP per capita across
34 provinces due to different economic activities and population
density. As an example, North Maluku, a province in eastern
Indonesia that produces agriculture products, can only have
1,438 M Euro in GDP compared to one province in western
Indonesia, ie, West Java, which produces services and
manufactures products, with 82,051 M Euro in GDP in 2010
(more than 50 times higher). Moreover, looking at the
population distribution across the regions, Indonesia shows an
unequal distribution. More than 60 percent of the people live on
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Java Island. In this case, West Java accounts for 43.1 million people,
while North Maluku has just 1.01 million people. These examples
underscore the regional disparity within Indonesia both production
and consumption activities.

The production and trade of goods and services create
environmental impacts in various steps of their (usually global)
supply chains before they reach final consumers. This implies that it
is useful not only to measure environmental impacts from a
territorial-based (production) perspective, but also from a
2016). The
consumption-based approach establishes a connection between

consumption-based perspective (Tulker et al,

local consumption and the global environmental impacts driven
by this consumption. Ignoring this connection might result in an
incomplete analysis of the

environmental change.

underlying driving forces of

Consumption-based  accounting further can  support
consumption-based policies as another way to mitigate climate
change. Consumption-based accounting can also identify the
potential for and so limit the danger of carbon leakage in the
global market (Girod et al, 2014), as today’s GHG mitigation
actions are still based on national or regional production-based
policies. Indonesia has not yet adopted consumption-based
measures in their policies due to the lack of harmonized and
actionable impact information at the level of regions (Ivanova
et al,, 2017; Turner et al,, 2011). Production-based accounts only
indicate emissions occurrence without revealing what causes the
emissions. We need more study that attempt to connect standard
emission inventories to consumption activities that are more
applicable for policymakers (Hertwich and Peters, 2009; Peters,
2008). To our knowledge, there is no subnational assessment of
carbon footprints and carbon intensities available by product and
industry for the 34 provinces of Indonesia. Previous studies on
Indonesia’s carbon footprints and carbon intensities only looked at
the national level and a limited number of sectors (Fang et al., 2021;
Farizal et al., 2024; Lam et al., 2019; Mao, 2018; Nathaniel and Khan,
2020; Yilanci and Korkut Pata, 2020).

In this article, we aim to analyze the environmental impact of
industries and final consumptions across Indonesian provinces in
terms of GHG emissions, associated with the production and
consumption of goods and services. This study provides the first
historical carbon footprint of final consumption and carbon
intensity of final production across Indonesian provinces at a
detailed sectoral level. The remainder of the paper is structured
as follows. Section 2 discusses the database and approach to calculate
carbon footprints and its distributions, and Section 3 gives the main
results. Section 4 forms the reflection and conclusion on this work.

2 Database and approach to calculate
environmental footprints

2.1 Database

For our analysis, we use a multi-scale Environmentally Extended
Multi-Region Input-Output (EE-MRIO) for Indonesia. It integrates
INDOTERM, a national MRIO for Indonesia, with EXIOBASE, a
global environmentally extended MRIO. The multi-scale EE-MRIO
model integrates global data on 43 countries and 5 rest of continents
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with 34 Indonesian provinces. The key to the multi-scale EE-MRIO
model is that it shows the needs for domestic and imported products
across each industry and final demand within Indonesia, as well as
all other countries. We refer to earlier literature on multi-scale EE-
MRIO models for more illustrations of the concept (Bachmann
etal., 2015; Fry et al,, 2021; Jiang et al., 2019; Meng et al., 2018; Wang
et al., 2015; Wiedmann, 2009). The main challenge for performing
the analysis in this paper is the construction of the multi-scale MRIO
table and adding the environmental extensions by sector.

We decide to use EXIOBASE version 3.3 for the year 2010 and
INDOTERM version 3 for that same year. At the time of writing, this
was the latest publicly available province-level MRIO for Indonesia.
Moreover, the original (not estimated) global EE-MRIO from
EXIOBASE is only available through 2011. Thus, using 2010 as a
base year is optimal to merge these two databases. The EXIOBASE
database contains the supply-use tables (SUTs) and detailed
environmental extensions for 200 products from 163 industries.
It covers 44 individual countries (including Indonesia) and
5 aggregated “Rest of Continent” regions covering all remaining
countries in the world. In addition, EXIOBASE also provides a large
number of environmental extensions including GHG emissions.
INDOTERM contains the SUTs for 185 products and industries for
34 provinces in Indonesia.

From these two databases, all the SUTs are put in the same
classification by aggregating products and industries. We integrate
Indonesia’s provincial SUT into the global SUT to generate a multi-
scale SUT, in which the Indonesian tables are kept consistent with
the national accounts following the so-called SNAC method of
Edens et al. (2015). This required a rebalancing of EXIOBASE so
that EXIOBASE would be consistent with the Indonesian import
and export data, which we performed using the Generalized RAS
balancing procedure (Temurshoev et al,, 2013). The resulting multi-
scale SUT was transformed into a product by product IOT using
industry technology assumption (United Nation, 2018). Province-
specific sectoral GHG emissions for Indonesia were obtained from
SIMONTANA (MoEF, 2020). The resulting extended multi-scale
product by product MRIO model includes 82 regions (34 provinces,
43 countries, and 5 rest of the continents), 80 products and
industries, and is complemented with data on GHG emissions.
Detail information about database construction can be found in
Rum et al. (2023) and the illustration of the database construction
are provided in the Supplementary Figure S1. In addition, data on
regional population and the Human Development Index (HDI) by
province and country are taken from the Statistic Office (Bps, 2010;
Bps, 2012) and the UNDP (2022).

2.2 Calculating carbon footprints and
elasticities

The total output of the multi-region economy can be expressed
as the sum of intermediate and final consumption as shown in the
Leontief model (Miller and Blair, 2022) below

X=A-X+y=(I-A)""y (1)

where X is 1 x n total output matrix (n = p-r, the number of
products p times r regions), A is the n x n direct input coefficient
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matrix, y is the 1 x # final demand matrix. Defining E as the e x n
matrix of environmental pressure coefficients (e is the number of
different environmental pressures considered), we can describe the
environmental pressures related to final demand as

q=E-X=E-L-y (2)

where - is a dot product, g is the n x r matrix of total requirement of
environmental pressure related to final demand, and L is Leontief
inverse matrix.

In this study, we analyze carbon emissions from both a
consumption (footprint) and production side. The carbon
footprint represents the carbon emission embodied in
consumption. We include carbon emission from the CO,, CHy,
and N,O, as CO,-equivalents, based on the global warning potential
(GWPq) values in the 4th Assessment Report (IPCC, 2007). We
calculate the carbon emissions related to final demand or we called it

as consumption-based carbon emissions using the formulas below
qCBA =E.-L. ydiag (3)

where g¢B4

is the e x n matrix of total requirement of consumption-
based carbon emissions and yiag is the n x 1 matrix of diagonalized
region-block for the whole final demand y. This results in a
disaggregated y with final demand per region per sector in one
column. Next, we calculate the carbon emissions related to
production or we call it as production-based carbon emissions

using the formula below

qPBA = E*(znxdiag)T (4)

where # is a hadamard product and T is a transpose, g"?4 is the e x n

matrix of total requirement of production-based carbon emissions
and Xgiqg is the n x n matrix of diagonalized region-block for the
whole total output, taken from Xgiag = L - Ydiag-

We further decompose consumption and production-based
trade
(domestic) trade, interprovincial trade, and international trade.

carbon emissions according to components: local

We split matrix X4, into four submatrices as written below

[ Xu X
Xdiug = < XZl X22 ) (5)

where X, is the n; x n; inter-province submatrix (n; = p -y, the
number of products times r; provinces), X, is the n, x n, inter-
country submatrix (n; = p -, the number of products times r,
countries), X1, is the n; X n, province-to-country submatrix, X»; is
1y x n; the country-to-province submatrix of diagonalized total
output Xgisg. As an example, to identify the total requirement of
consumption-based carbon emissions by different sources, i.e., its
own local province L, imports from Java region J, and import from
non-Java region R from its total inter-province submatrix within
X11, we decompose g“B4 such that

Xt O X/, O XR X
CBA _ 1. 11 11 11 A2
1 =E [( O O>+< O O * X X5 (©)

x; 0 ... 0
0 x5 0 :
Xfl = ) ) 0 (6a)
0 K
0... O Xum
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TABLE 1 Consumption- and production-based carbon emissions by country and its decomposition for 2010 (in Mt CO,e).

Domestic production Import from Export to Consumption-based Production-based
for domestic foreign foreign carbon emission carbon emission
consumption countries countries

(2) (3) (4) (5) = (2) + (3) (6) = (2) + (4)
Indonesia 656.58 156.62 (19.3%) 150.80 (18.7%) 813.21 807.38
China 7,080.67 873.64 (11.0%) 2,513.37 (26.2%) 7,954.31 9,594.04
India 2,158.89 344.60 (13.8%) 449.98 (17.2%) 2,503.49 2,608.87
Russia 1,231.21 211.67 (14.7%) 669.35 (35.2%) 1,442.87 1,900.55
EU27 2,423.86 2,275.79 (48.4%) 1,054.84 (30.3%) 4,699.65 3,478.70
United Kingdom 363.89 341.80 (48.4%) 131.72 (26.6%) 705.70 495.61
us 421338 1,666.07 (28.3%) 702.00 (14.3%) 5,879.45 4,915.38
Japan 921.29 525.53 (36.3%) 213.45 (18.8%) 1,446.82 1,134.75
South Korea 389.09 260.33 (40.1%) 195.38 (33.4%) 649.42 584.47
Brazil 799.29 176.99 (18.1%) 203.69 (20.3%) 976.27 1,002.98
Mexico 392.81 150.87 (27.7%) 158.12 (28.7%) 543.68 550.93
Rest of the world 6,304.04 3,039.03 (32.5%) 3,580.24 (36.3%) 9,343.07 9,884.28
Asia Pacific region 12,581.63 3,181.42 (20.2%) 4,646.04 (27%) 15,763.05 17,227.67
Sum of foreign 26,278.42 9,866.31 (27.3%) 9,872.14 (27.3%) 36,144.73 36,150.56
countries
World 26,935.00 10,022.93 (27.1%) 10,022.94 (27.1%) 36,957.94 36,957.94

Note: the number inside parentheses in column (3) and (4) indicates the percentage of emissions embodied in imports of the total consumption-based carbon emissions and emissions embodied

in exports of the total production-based carbon emissions, respectively.

xln
(0} :
X, = : (6b)
X (-1
Xm1 -+ Xn(r-1) 0
xR =X, -Xt +X], (6¢)

where Xfl is the n; x n; diagonal submatrix of total output from its
local province in each province, X}, is the n; x n; submatrix
consisted only of row and column vector of total output from/to
the Java region in each province, XX isthen; x n; submatrix of total
output in each province that unrelated to Java region (the rest), and
O is the (n —1)x (n; —1) null submatrix. Using the same
approach, we can decompose the total requirement of
production-based carbon emissions g"?4, as shown below.

L ] R T
=[5 0) (S o) (R v
We use Equations 1-7 in this paper to calculate consumption
and production-based carbon emissions in 10 aggregated products/
industries and 5 source/destination components for 34 provinces.
The list of regions, products, and industries, along with the
corresponding mapping for aggregation, can be found in SI,
Supplementary Tables S1, S2.
The changes in carbon footprint resulting from the change in
household expenditure can be calculated using a carbon elasticity of
expenditure ¢ EXF formula expressed as
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oCF, EXP,
ey = ). £ (8)
dEXP,, CF,,

where CF,., is the per capita carbon footprint of product p in region r,
EXP,, is the per capita expenditure of product p in region r, and 0 is

the partial derivative. Elasticity 75"

shows the percentage change in
carbon footprint with respect to a 1% increase in household expenditure
of product p. Equation 8 can be transformed using natural logarithm

transformation resulting a regression for carbon footprint as
InCF,, =a; + sfjfp InEXP,, +u 9)

where a; and ef5"

are constant and ; is the error term. We apply the
expenditure elasticity of carbon footprint instead of income elasticity
because expenditure provides a more accurate reflection of
consumption behavior. To reduce complexity and enhanced
interpretability, before we do the calculation, we aggregate products
from 80 to 10 products categories and aggregate countries for the 27 EU

and Asia Pacific and all remaining countries to a Rest of World (RoW).

3 Results

3.1 Indonesian carbon emissions compared
to other countries

We begin our analysis of Indonesian carbon emissions from a
global context. Table 1 shows that the total Indonesian carbon
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Contribution of carbon emissions (in Mt CO,e) by source and destination across 5 regions and 34 provinces in Indonesia in 2010. The left bars are the
consumption-based carbon emissions (cba) and the middle bars are the production-based emissions (pba). The right bars are the net carbon emissions

transfer (net = pba-cba).

emissions in 2010 was much smaller compared to other populous
countries, such as China, India, and the US and comparable with
other developing countries. And this standing remains the same
when comparing the global emission data in 2022 from the World
Bank (2022). For example, China and India contribute the highest to
global carbon emission, with more than ten- and three-times

o
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emission of Indonesia, respectively, both from consumption and
production side, respectively. In 2010, 27% of global carbon
emissions, around 10 Gt COse,
international trade. Other studies also show similar results
(Harris et al., 2020; He and Hertwich, 2019; Li et al., 2020; Wang
et al., 2022). This overview highlights the contribution of global

or were embodied in
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Contribution of carbon emissions (in Mt CO,e) by product and industry across 34 provinces in Indonesia in 2010. The left bars represent the
consumption-based carbon emissions (cba) by product, the middle bars are the production-based carbon emissions (pba) by industry, and the right bars

are the population (pop) by province.

trade on global carbon emissions and how Indonesia contributes to  total of consumption-based carbon emissions (carbon footprint) of

the global carbon emissions.

813.2 Mt CO,e in 2010, which is slightly higher than its national

We further show the whole distribution of total global carbon  production-based carbon emissions, which is 807.3 Mt COe.

emissions across countries from one database, where the total global ~ Emissions embodied in imports are higher as in exports, making

consumption-based carbon emission is equal with the total global = Indonesia a net-importer of GHG emissions of around 6 Mt CO,e.

production-based carbon emission (Table 1). In Indonesia, thereisa ~ The carbon emissions from domestic production for domestic
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consumption total 656 Mt CO,e (around 80% of total carbon
emissions). Thus, carbon emissions embodied in trade are less
relevant for Indonesian as only 19.3% of its consumption-based
carbon emissions are embodied in import and 18.7% of its
production-based carbon emissions are embodied in export.

3.2 Consumption-based and production-
based carbon emissions at provincial level

We first highlight the regional outlook on carbon emissions in
Indonesia. We classify the 34 provinces into five regions,
i.e., Sumatra, Java, Kalimantan, Sulawesi, and Eastern Indonesia,
as shown in Figures 1, 2. Java contributes the most to national
carbon emissions, both in terms of consumption and production,
with 415 and 399.4 Mt CO,e, respectively (around half of total
national carbon emissions). Sumatra and Kalimantan contribute
193.1 Mt CO,e (23.7%) and 83.3 Mt Co,e (10.2%) to national
consumption-based carbon emission, respectively. For national
production-based carbon emission, Sumatra and Kalimantan each
contribute 223.6 Mt CO,e (27.7%) and 88.6 Mt CO,e (10.9%).
Sulawesi and Eastern Indonesia contribute less than 10% of the
national carbon emission. Thus, for Indonesia, both consumption-
based and production-based total carbon emissions are similar
across regions and they are mainly concentrated in Java
and Sumatra.

3.2.1 Carbon emission by source and destination

Next, we present consumption-based and production-based
carbon emissions at the provincial level. For each province,
consumption-based emissions are decomposed into five sources
based on the origin of the product:

1. Locally produced (within the province)

2. Produced in the Java region (imported from Java)

3. Produced in the non-Java regions (imported from non-
Java regions)

4. Produced in the Asia-Pacific region (imported from Asia-
Pacific region)

5. Produced in the rest of the world (imported from RoW)

Similarly, production-based emissions by province are
decomposed into five sources based on the destination of
the product:

1. Consumed locally (within the province)

2. Consumed in the Java region (exported to Java)

3. Consumed in the non-Java regions (exported to non-
Java regions)

4. Consumed in the Asia-Pacific region (exported to Asia-
Pacific region)

5. Consumed in the rest of the world (exported to RoW)

In the following paragraph, we explain these decomposed
carbon emissions to highlight the key contributors to each
province’s carbon emissions. The analysis will help identify
which regions, provinces, products, and industries are driving the
consumption- and production-based emissions.
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The results are shown in Figure 1. Province-level (local)
production contributes the most to national consumption-based
carbon emissions (365.8 Mt CO,e, or equivalent to 45% of total).
Consumption of products produced in the Java region contributes
around 25% of national consumption-based carbon emissions
(205.3 Mt CO,e) while consumption of products from non-Java
regions contributes around 10% (85.5 Mt CO,e). Consumption of
products imported from the Asia Pacific region and RoW contribute
respectively around 14% and 5% to the Indonesian consumption-
based carbon emissions while production of products consumed in
the Asia Pacific region and RoW contributes respectively around
10% and 8% of national production-based carbon emissions. As
indicated before, this implies that carbon embodied in trade
(national consumption from import or production for export)
accounts for 20% less of national carbon emissions.

The total consumption-based carbon emissions across the
provinces vary highly from 2.8 Mt CO,e in Gorontalo to
104.8 Mt CO,e in West Java. Most provinces in the Java region
are major contributors to consumption-based carbon emissions,
except for Yogyakarta (10.5 Mt COye). Population by province
obviously has a major influence here; therefore, in Section 3.3 we
discuss differences in per capita carbon footprints. We further see
that the sources of consumption-based carbon emissions differ a lot
between provinces. For West Java, local production is responsible
for 52.8 Mt CO,e of the consumption-based carbon emissions (50%
of total), followed by 29.2 Mt CO,e (27.8%) from imports from Java,
16.7 Mt COse (16%) from imports from Asia Pacific region and
5.9 Mt CO,e (5.7%) from production in the rest of the world. For
Gorontalo, only 38.3% of its total consumption-based carbon
emission are produced within the province, 24.3% are from
imports from the non-Java regions, and 19.2% are from imports
from the Java region.

Also, the production-based carbon emissions vary highly,
ranging from 1.75 Mt CO,e in North Maluku to 113.6 Mt CO,e
in West Java. Three provinces in the Java region, i.e., West Java, East
Java, and Central Java, contribute the most to national carbon
emissions from the production side, accounting for 37.2% of the
total national emissions. For West Java, consumption within the
province drives 52.8 Mt CO,e (46.5% of total) of the production-
based carbon emissions, while 42.2 Mt CO,e (36.3%) is related to
exports to the Java region (as domestic exports), 8.5 Mt CO,e (7.5%)
to exports to Asia Pacific region (as foreign exports), and 11 Mt
CO,e (9.7%) to non-Asia Pacific region. For North Maluku, 54.5% of
its total production-based carbon emissions are related to
consumption within the province, 17.4% to export to the non-
Java regions, and 16.7% to exports to the Java region.

Overall, we find that while Indonesia’s total carbon emissions
are quite similar between consumption and production sides, the
distribution of carbon emissions by source/destination is
significantly different across provinces. There are three regions in
Indonesia that have a net import of carbon emissions: Eastern
Indonesia (18.8 Mt CO,e), Java (15.7 Mt CO,e), and Sulawesi
(7.1 Mt COye). Carbon emissions from consumption in these
regions exceed those from production. In contrast, Sumatra and
Kalimantan regions are the net exporters of carbon emissions, by
30.5 and 5.31 Mt COe, respectively. Among all provinces, Jakarta is
the highest net importer of carbon emissions (39.12 Mt CO,e), while
Riau is the highest net exporter of carbon emissions (23.9 Mt CO,e).
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Jakarta is a net exporting province because the consumption-based
carbon emissions imported from Java and the Asia Pacific regions
exceed the production-based carbon emissions exported to those
regions. The same reasons apply to Riau province. Detail
consumption and production-based emissions by province can be
found in Supplementary Table S3.

3.2.2 Carbon emission by product and industry

We present now carbon emissions according to ten aggregated
product categories from both the consumption and production side
in 34 provinces, as shown in Figure 2. The total national
consumption-based carbon emissions are mostly contributed
from three products: construction (169.6 Mt CO,e), food
processing (124.4 Mt CO,e), and services (124.1 Mt COze). If we
classify into three product groups, agriculture product accounts for
12.3%, manufacture product 30.6%, and services product 57.1%.
This shows that services product become the main contributor to the
national consumption-based carbon emissions.

There are different characteristics between regions on the
product contribution. In Java region, products that contribute the
most to its consumption-based carbon emissions are construction
(89.9 Mt COse), food processing (66.9 Mt CO,e), and services
(64.5 Mt COye) product. This is largely due to the fact that
around 70% of the population lives in this region. For
comparison, products that contribute the most in Sumatra region
are construction (36.4 Mt CO,e), agriculture (33.3 Mt CO,e), and
food processing (29.4 Mt CO,e) product. Jakarta province has the
highest consumption-based carbon emissions from construction
product (27.1% of total). In all province of Java, consumption of
food processing and manufacture product contributes the most to
carbon emissions (around 30%). Riau province has high
consumption-based carbon emissions from agriculture product
(around 27%).
contribute high to its consumption-based carbon emissions in

usage Consumption on transport product
North Sulawesi and Papua (around 20%).

The total national production-based carbon emissions are
mostly contributed by these industries: agriculture (243.4 Mt
CO,e), manufacture (145.8 Mt CO,e), and utilities (130.7 Mt
COse). If we classify into three industry groups, agriculture
industry contributes 33%, manufacture industry 24.7%, and
services industry 42%. Agriculture production is the largest
contributor to its carbon emissions in Riau (63.15% of total), and
followed by North Sumatra (44.7%), and East and North
Kalimantan (26.9%). The manufacture production contributes to
its carbon emissions in West Java (31.1%) and East Java province
(21.5%). In Jakarta, utilities and services production are major
contributor to production-based carbon emissions (32.6% and
15.6%, respectively).

Opverall, the variation in consumption- and production-based
emissions across Indonesian provinces is influenced by several key
factors. For consumption-based emissions, differences in population
size and consumption behavior play a crucial role. Province with
larger populations, such as Jakarta, naturally have higher emissions
due to the large number of people consuming goods and services.
Additionally, richer provinces with higher GDP per capita exhibit
increased consumption levels, resulting in higher emissions.
Urbanization further intensifies these differences, as urban areas
tend to consume more energy compared to rural areas. On the other
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hand, production-based emissions are largely determined by the
distribution of natural resources, the scale and type of industries,
and their regional economic structures. Provinces rich in natural
resources, such as in Kalimantan, experience higher emissions due
to activities like coal mining and oil extraction. Agriculture practices
also play a significant role, with provinces like Riau generating high
emissions from extensive palm oil cultivation and deforestation.
These factors collectively explain the provincial disparities in carbon
emissions, highlighting the need for tailored strategies to address
specific environmental challenges of each province.

3.2.3 Consumption-based carbon emissions by
final demand category

Figure 3 provides an overview of the consumption categories by
final user responsible for the national consumption-based carbon
emissions by type of GHG. The total national consumption-based
carbon emissions consist, counted as CO,e, of 581 Mt of carbon
dioxide, 168 Mt of methane, and 50.9 Mt of nitrous oxide. About
63.8% of its total emissions is related to household consumption
(compared to 58% of national GDP), 14% is related to government
consumption (compared to 19% share of GDP), and 21% is related
to investment (compared to a 21% share of GDP). The most
significant consumption categories contributing to household
carbon emissions is agriculture and food processing products,
accounting for nearly 36.3% of carbon emissions of household
consumption. Transport by households account for 13.6%,
manufacture product 14.1%, utilities 13.6% (most of it related to
the direct energy consumption), trade (retail market) 4.5% and
clothing 2.3%. Other services product account for 15.9% of total
household carbon emissions.

For government and investment expenditure, the most
significant consumption categories contributing to their carbon
and 57.5%,
respectively. This is due to the fact that materials used in

emissions is construction, accounts for 62.7%
construction activities (e.g., cement and steel) are produced in
processes generating significant amounts of carbon dioxide.
Detail consumption-based carbon emissions by province for
different

Supplementary Figure S2.

consumption categories can be found in the

3.3 Carbon footprint and carbon intensity

In addition to the results presented in the previous subsection,
the analysis of carbon emissions now will take into account the
population and GDP in each province. For the consumption-based
carbon emissions, we use the per capita carbon emissions (or carbon
footprints, per person); and for the production-based carbon
emissions we use the per value added carbon emissions (or
carbon intensity, per Euro).

3.3.1 Provincial carbon footprint

The per capita carbon footprints by consumption category for
34 provinces are depicted in Figure 4. The national average of per
capita carbon footprint is 3.42 t CO,e/capita. The carbon footprint
per capita in Indonesia ranges from 2 t CO,e/capita in East Nusa
Tenggara to 13.84 t CO,e/capita in East Kalimantan. Following East
Kalimantan, the provinces of Jakarta and Riau have per capita
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carbon footprints of 9.93 and 7.94 t CO,e/capita, respectively. This is
understandable given the high expenditure per capita in these
provinces. As for the capital city, Jakarta’s high carbon footprint
is due to the carbon footprint of construction (2.69 t CO,e/capita),
food processing (1.58 t CO,e/capita), and services product (1.49 t
CO,e/capita).

In East Kalimantan, the high carbon footprint is contributed
from construction product (2.44 t COse/capita), agriculture
product (including estate crops and forest products, 2.17 t
CO,e/capita), and food processing product (2.04 t CO,e/capita).
This is largely due to extensive infrastructure projects initiated by
the government and private investments, including those related to
mining and estate crops likes coals and palm oil. The combination
of a relatively high population and moderate expenditure (and
hence low expenditure per capita) contributes to the low carbon
footprint in provinces likes West Java, Central Java, and East Java,
of respectively 2.43, 2.27, and 2.62 t CO,e/capita. Provinces in the
Sulawesi region have a per capita carbon footprint near the
national average. West Papua and Papua provinces have the
highest per capita carbon footprint in the Eastern Indonesia
region, with 7.26 and 6.24 t CO,e/capita, respectively.

Our analysis enables us to identify which consumption
categories contribute highly to the carbon footprint by province
(see Supplementary Figure S1 for a further division into household,
government and capital expenditure). Provinces with the highest per
capita carbon footprint from agriculture product are East
Kalimantan (2.2 t COye/capita), Riau (2.1 t CO,e/capita), and
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North Kalimantan (1.5 t CO,e/capita). This is driven by per
capita Kalimantan,
in Riau, in North
Kalimantan. The provinces of Jakarta, East Kalimantan and West

Papua have the highest per capita carbon footprint from

expenditure from households in East

investment and from all final users

construction product (2.7, 2.4, 1.8 t CO,e/capita, respectively).
They are driven by per capita expenditure from government and
investment. Jakarta was undergoing significant infrastructure
development due to ongoing urban expansion, and the initiation
of large-scale projects on public transportation systems. In East
Kalimantan, major infrastructure supported the booming mining
sector. Meanwhile, in West Papua, infrastructure development was
crucial for improving connectivity and fostering economic growth.

For services product, provinces with the highest per capita
carbon footprint are East Kalimantan (1.9 t CO,e/capita),
followed by Jakarta (1.5 t CO,e/capita) and West Papua (1.4 t
CO,e/capita). They are driven by per capita expenditure from
household and government. For transport product, provinces
with the highest per capita carbon footprint are Papua with 1.3 t
CO,e/capita, followed by East Kalimantan (1.3 t CO,e/capita) and
North Sumatra (1.2 t CO,e/capita). They are driven by per capita
household expenditure. East Kalimantan has the highest per capita
carbon footprint in utilities product (1.1 t CO,e/capita) following its
high per capita household expenditure. Other products and
provinces have a per capita carbon footprint of less than 1 t
COye/capita. These variations highlight the diverse consumption
patterns across Indonesian provinces. In Jakarta, the high per capita
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carbon footprint for service products is influenced by its large
population and its status as the administrative center of
Indonesia. Provinces like East Kalimantan, with significant
industrial activities and high household spending on utilities and
transport, also shows higher carbon footprints.

3.3.2 Provincial carbon intensity

The carbon intensity at the national level is 1.43 kt CO,e/M
Euro, as shown in Figure 4. It ranges from 0.83 kt CO,e/M Euro
in Jakarta to 2.37 kt CO,e/M Euro in North Kalimantan.
Provinces with the highest carbon intensity are North
Kalimantan, and followed by Riau (2.18 kt CO,e/M Euro), and
Central Sulawesi (2.92 kt CO,e/M Euro). This is mainly caused by
the relatively high carbon emissions per unit value added from
agriculture (including estate crops and forest) and manufacture
industry. For example, in Riau, agriculture industry has a carbon
intensity of around 5.88 kt CO,e/M Euro, whereas in Central
Sulawesi the manufacture industry has an intensity of around
4.41 kt CO,e/M Euro.

We see that for all provinces, the utilities and transport
industries have the highest carbon intensity. At the national level,
these industries have a carbon intensity of 5.33 and 17.05 kt CO,e/M
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Euro, respectively. The agriculture industry has 3.12 kt CO,e/M
Euro, the third highest industry in carbon intensity. The carbon
intensity of agriculture is very diverse, and varies highly between e.g.,
North Kalimantan (7.58 kt CO,e/M Euro), East Kalimantan (7.55 kt
CO,e/M Euro), West Papua (6.19 kt CO,e/M Euro), and Riau
(5.88 kt CO,e/M Euro) who have the highest intensities, and e.g.,
Sulawesi where most provinces have an intensity of agriculture of
below 2 kt CO,e/M Euro. North Kalimantan, East Kalimantan, and
Riau have high VA in agriculture from oil palm and logging
industries which tend to be carbon intensive. The fishing
industry is an important contributor to VA in agriculture for
West Papua, and has relatively high carbon emissions due to the
use of petrol for the fishing fleet. South Kalimantan, West Sumatra,
and South Sulawesi have the highest carbon intensity in the
manufacture industry (6.31, 5.11, and 4.41 kt CO,e/M Euro,
respectively). South Kalimantan has a high VA from the wood
and cement industries, both of which are carbon intensive. For West
Sumatra, VA and emissions are mainly contributed by the textile
and cements industries, and for South Sulawesi, by the cement and
nickel industries. Other industries and provinces have carbon
intensity of less than 1 kt CO,e/M Euro. Contributions to total
VA by industry and province are shown in Supplementary Figure S2.
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Linear regression for the per capita carbon footprint in Indonesia and selected countries in Asia Pacific and RoW as a function of per capita
expenditure level in 2010. The blue line gives the regression for provinces on Java, the orange line for non-Java provinces, and the red line for the

selected countries.

3.4 Measure sustainability

In this final analysis, we explore three dimensions of
sustainability: environmental, economic, and social, within the
scope of this study. We measure three dimensions across
provinces and compared them with those of other countries.
Specifically, we look at two correlations: 1) the relationship
between per capita carbon footprint and expenditure, and 2) the
correlation between the Human Development Index (HDI) and per
capita carbon footprint.

3.4.1 Correlation between per capita carbon
footprint and expenditure

5

Figure 5 uses plots the per capita footprint plot against the
expenditure per capita. We do so for 34 Indonesian provinces,
together with 43 countries and five rest of world regions in our
database (Section 2). We label them as provinces on Java, other
Indonesian provinces (non-Java), and other countries in the world
(RoW). As also could be seen in Figures 4, 5 illustrates that carbon
footprints are strongly correlated with per the capita total
(households,  government,

investment). Higher expenditure generally leads to a higher

consumption  expenditure and
carbon footprint, but the rate of increase varies by region.
Compare to Indonesia, rest of the world regions have a more
moderate increase in carbon footprints with expenditure, as seen

from the more gradual slope of their trend line. From the same
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figure, we see that countries like Switzerland, Norway, and
Luxembourg have high per capita expenditure with relatively
lower increases in carbon footprints. While developing countries,
like China, India, Brazil, show higher increases in carbon footprints
with rising expenditure, similar to trend seen in provinces
of Indonesia.

The carbon footprint and expenditure per capita of Indonesia by
spread between 2-13.8 t COe/capita and
1.4-8.3 thousand Euro/capita. The regression between carbon
footprint and expenditure is steeper in Indonesia as for the RoW

province are

(Figure 5), reflecting a higher per capita carbon footprint per unit of
expenditure. Within Indonesia, we see that the regression for non-
Java provinces is again steeper as for provinces in Java. This pattern
within Indonesian regions aligns with the general pattern that
emission per monetary unit tends to become lower when income
per capita rises (Bjelle et al, 2021; Scherer et al, 2019). This
highlights a broader view compared to the common literatures,
which conclude that higher income leads to higher consumption-
based emissions (Lee et al., 2020; Lévay et al., 2021).

We further calculated price elasticities of the consumption-
based carbon emissions by consumption category using a
regression of natural log-transformation data in Equation 9
measuring the slope in Supplementary Table S4. It shows that
the correlation between carbon footprint and per capita
consumption expenditure differs between consumption category
and region. For total consumption, &= 1.07 (R* = 0.95, p<1%)
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for Indonesia and & = 0.49 (R* = 0.65, p < 1%) for the rest of the
world. This means that for Indonesia the carbon footprint increases
by 107% or 2.07 times for each doubling of consumption
expenditure. Because the elasticity is greater than 1, the carbon
intensity of consumption increases with rising expenditure. For the
world on average (excluding Indonesia), there is only a 49% increase
in carbon footprint when consumption expenditure doubles. Also,
when looking at individual consumption categories, we find that
Indonesia has higher elasticities as selected countries in the Asia
Pacific and RoW. Elasticities for most consumption categories for
Indonesia are more than 1, implying that the carbon intensity of
consumption increases with rising expenditure.

Carbon footprint elasticities differ within Indonesia itself. For
total consumption, Java has an elasticity of 0.92 (R? = 0.99, p < 1%)
while non-Java has an elasticity of 1.14 (R* = 0.96, p < 1%). Non-
Java also has a higher elasticity than Java for most consumption
categories. The implication is that a doubling of expenditure implies
arise of 92% of the carbon footprint in Java and of 114% in non-Java
regions. Carbon footprint will sensitively increase to consumption
on utilities and food processing products in Java regions, and on
agriculture and transport in non-Java regions. Mining also has a
high elasticity of carbon footprint, but we can ignore since it has
small consumption per capita (<5 Euro/capita).

3.4.2 Correlation between quality of life and
carbon footprint

The Human Development Index (HDI) is used as an indicator
for quality of life (UNDP, 2022). The HDI is an indicator that
combines life expectancy at birth, years of schooling and Gross
National Income (GNI) per capita (UNDP, 2021). Figure 6 plots the
HDI for Indonesian provinces and selected countries in Asia Pacific
and RoW versus per capita carbon footprint and expenditure. The
figure indicates that to some extent carbon footprints and
expenditure correlate with a higher HDI. At low carbon footprint
levels, we see that provinces with higher per capita carbon footprints
and expenditures tend to have a higher HDI. But then, as the carbon
footprint and expenditure increases, the impact to HDI become
smaller as the curve begins to flatten. That is when the regions in
principle have the most room for reduction of emissions without
loss in quality of life. In the case of Indonesia, all provinces are at
lower carbon footprint levels. This indicates that for Indonesia at its
current development enhancing GDP/expenditure, and with this a
likely enhancement of per capita carbon footprint, is important for
enhancing HDI. Using the same per capita carbon footprint and
expenditure level as Java, the non-Java region has a lower quality of
life than Java.

4 Discussion and conclusion

This of
consumption-based and production-based carbon emissions at

study undertakes a comprehensive analysis
the provincial level in Indonesia. Despite being constrained by
data limitation for 2010 only, this study underscores the
relevance of such sub-national assessments, for countries like
Indonesia with varying development across the provinces. By
mapping carbon footprints and carbon intensities and its

distribution at different scales, this study has highlighted the
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importance of understanding underlying factors of environmental
impacts. The study hence as a start shows the relevance that
statistical offices gather such data, including GHG inventories
using standard method like the IPCC guidelines, and further
research using a very recently published province level MRIO for
Indonesia for 2015 desirable.

Emissions from national production used for national
consumption contribute the most to the Indonesian carbon
footprints (Table 1). This is particularly observed in regions such
as Java, Sumatra, and Kalimantan, where industrial activities, energy
production, and agriculture practices are heavily concentrated. In
these regions, local industries produce a significant portion of goods
and services consumed within the country, leading to high
proportion on carbon emissions.

Although the country has a small imported carbon footprints
overall, trade with Asia Pacific region contributes most to
Indonesian carbon  footprints
1).

carbon

from foreign-imported final
consumption (Figure In the global context, Indonesian

consumption-based emissions are relatively small,
particularly on a per capita basis (Figures 4, 5). This indicates
that despite experiencing high economic growth (5%-6% pa in
2010), Indonesia has managed to maintain low per capita carbon
footprints (3.42 t CO,e/capita in 2010), showing the potential for
sustainable development as the country expands its economic
activities. However, other factors also play important roles in
impacting carbon footprints, such as changes in energy mix (e.g.,
a shift from fossil fuels to renewable) and technology advancements
(e.g., energy efficiency improvement). As of 2019, Indonesia’s
economic growth remains stable at a 5% rate with per capita
carbon emissions around 2.2 t CO,/cap (World Bank, 2020a;
World Bank, 2020b). This historical condition suggests that
Indonesia’s lower per capita carbon footprints are primarily due
to its relatively lower levels of industrialization and consumptions
compared to developed countries.

Specific information at a detailed sector level can be used to
identify provinces and products that contribute the most to carbon
footprints (Figure 2). Almost a sixfold difference is observed
between the provinces with the highest and the lowest per capita
carbon footprints. Provinces in Java contribute the most to national
carbon footprint, which are mainly driven by investments in
construction sector. This finding is different from the common
production approach where Java contributes most to national
carbon emissions from producing manufacture products. In
Jakarta,

consumption

for example, carbon emissions from imported

exceeds carbon emissions from exported
production, resulting in a higher net carbon import. This shows
that Jakarta consumes more carbon-intensive goods and services
from other regions and countries than it produces and exports,
highlighting its role as a major economic and service sector hub,
rapid urbanization and high population growth. On the other hand,
Riau has a high net carbon export since carbon emissions in exports
are higher as carbon emissions in imports. Riau is a significant
producer and exporter of carbon-intensive products, such as palm
(BPS, 2019), which

carbon emissions.

oil contribute substantially to its
Household consumption is the primary contributor to national
carbon footprints (around 63.8% share in 2010, Figure 3), which

consistent across many countries. It is intriguing to note that
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agriculture and food products makes a substantial contribution to
Indonesia’s household carbon footprint. This result underscores the
importance of considering not only production practices but also
consumer behavior when addressing net zero emissions. Its prompt
further study about sustainable food choices and the potential for
reducing emissions through changes in dietary habits. In addition to
household consumption, government and investment activities also
contribute to consumption-based emissions, with construction
being the main contributor to their carbon footprints.

Across ten sectors, Construction is the main contributor in the
consumption-based emissions and agriculture is the one for the
production-based emissions. Urban areas like Jakarta drive
consumption-based emissions through infrastructure for urban
development. In contrast, developing regions like Riau, with their
vast agriculture activities such as palm oil cultivation, significantly
contribute to production-based This different
and production-based

emissions.
distribution  between  consumption
emissions underscores the importance of targeted strategies for
reducing emission in both consumption and production settings.
The significant positive correlation between per capita carbon
footprint and expenditure differs between Java and non-Java region
(Figures 5, 6). The per capita carbon footprint and expenditure are
spread from 2 to 13.84 t CO,e/capita (3.42 for average) and from
1,448 to 8,331 Euro/capita (2,339 for average), lower than the world
average (11.29 t CO,e/capita and 21,931 Euro/capita). The elasticity
of per capita carbon footprint versus expenditure is 1.07. Within
Indonesia itself, non-Java region has higher elasticity than Java. In

the global context, the national elasticity in all categories is higher
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than the rest of the world, especially those in non-Java region. There
are differences in product elasticities between provinces on Java and
non-Java. Utilities and food products have higher elasticity in Java,
while for non-Java, it is agriculture and transport. As the economies
in the provinces continue to grow, they increase their expenditure
with small increase in carbon emissions, which suggest having a
lower carbon footprint per unit expenditure.

Finally, the regression analysis for HDI versus per capita
expenditure and carbon footprint shows that Indonesia has still a
lower HDI and lower per capita footprint and expenditure than the
rest of the world (Figure 6). The regression suggests that HDI can be
improved with relatively small enhancements in Indonesian
expenditure and carbon footprint per capita. Since Indonesia is
just starting to follow the log-linear trend, there is a possibility for
the country to improve their quality of life while with slow increase
in carbon footprint as their economy grow. This, however, depends
on improved technology, structural changes in what people
consume, and lower prices for low carbon products in Indonesia.

In conclusion, this study highlights the importance of
conducting regional assessment of carbon emissions and
understanding their implication for sustainable development. By
providing a comprehensive analysis of consumption and
production-based emissions at the provincial level, this research
offers valuable insights for policymakers to formulate strategic
development plans aimed to reduce carbon emissions while
promoting economic growth and human development across the
country. Furthermore, this study contributes to the goal of net zero

emissions by identifying key areas where interventions can be most
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effective to reduce carbon emissions. Thus, thus study provides
comprehensive insights for policymaking to formulate strategic
development plans aiming to reduce carbon emissions while
promoting economic growth and human development across
the country.
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