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Assessments of the displacement of pollution emissions or other resources through trade attribute local produc-
tion to remote consumers, yielding environmental footprints for the respective regions. Recently, the previously
neglected temporal dimension of capital goods—built up in the past and continuously serving production
activities in the future—has received increasing attention in environmental footprint assessments. Based on an
inter-annual dynamic capital-endogenised multi-regional input-output model, this study further integrates the
intra-annual dynamic features of capital production and consumption. We quantify the greenhouse gas (GHG)
emissions embodied in China's capital consumption over the past two decades and assign this part of GHG emis-
sions into finished goods and services over time. Our results show that China's GHG footprint in 2015would be 7
Gt if capital-related GHG emissions were considered. This figure is 28% higher than the GHG footprints of China's
final consumption estimated by conventional consumption-based accounting (CBA) and 41% lower than that of
China's final demand estimated by conventional CBA. Overall, around 8% of GHG footprints would be
overestimated if we do not consider the intra-annual dynamic feature of capital in the assessment. The inter-
annual allocation shows that the capital-related GHGs of China's final consumption emitted on average in the
last six years, which is still increasing owing to the long lifespans of capital assets. In light of the synergies
among capital development, environmental sustainability, and human needs satisfaction, it is vital to uphold eco-
nomic and environmental efficiency in capital development decision-making.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

China has experienced one of the fastest economic growths in his-
tory, based on export, capital, and resource intensifying mode (Jiang
et al., 2019; Ouyang et al., 2016; Weber et al., 2008; Yang and Suh,
2011). Different types of capital assets are produced in China or
imported from abroad with the help of significant government and pri-
vate investments to enable the country's fast-growing production activ-
ities (Global Infrastructure Hub, 2017). These capital assets vary from
vineyards to power plants, communication networks to warehouses,
and roads to computer software. Over the past two decades (1995-
2015), capital investment has grown annually at an average rate of
12%, accounting for 39–43% of the annual gross domestic product
(GDP) of China (The World Bank, 2020). In comparison, the figures in
the OECD (Organisation for Economic Co-operation and Development)
countries, on an average, are 3% for the annual growth rate and 21% of
their GDP (TheWorld Bank, 2020). The durable feature of capital assets
makes today's built-up capital that can be used for productive purposes
over the years or even decades. Particularly in China, approximately
one-third of the capital assets (in monetary terms) invested during
1995-2015 have been depreciated, while the rest remain effective for
future production (Ye et al., 2021). This implies that future generations
are locked into operating andmaintaining the currently developed cap-
ital stocks and specific use patterns. Accordingly, a substantial quantity
of economic inputs, resource consumption and emissions have already
been committed to this purpose (Davis et al., 2010; Pfeiffer et al.,
2018; Tong et al., 2019).

Existing studies have investigated the environmental pressures that
occur throughout the supply chain of goods and services via the
consumption-based accounting (CBA) and allocated them to the final
consumers of those goods and services, thereby generating environ-
mental footprints (Hertwich and Peters, 2009; Wiedmann and Lenzen,
2018; Wiedmann et al., 2015). Unlike non-capital goods and services
purchased for consumption, capital assets are bought to be used in pro-
ductive processes. Therefore, intuitively, the environmental pressures
embodied in capital assets shall also be allocated throughout the life-
time of such assets (over years or even decades) to those whowill con-
sume the finished products that aremade using the assets, regardless of
the geographical location of the assets or the final consumption (Berrill
et al., 2019; Chen et al., 2018; Lenzen and Treloar, 2004; Miller et al.,
2019; Södersten et al., 2020; Södersten and Lenzen, 2020; Södersten
et al., 2018a; Ye et al., 2021). In this context, the committed economic
inputs, resource consumption, and emissions include not only those
will directly occur during the future operation andmaintenance of cap-
ital assets, but also those indirectly occurred, embodied in the assets his-
torically, and shall be allocated to their future uses. The latter part of the
commitments, although in a virtual way, is also important for assessing
the sustainability, efficiency, and equity of resource use from the per-
spective of consumers and the government (Thacker et al., 2019). How-
ever, this part of the commitments or the spatiotemporal displacement
of capital-related environmental pressures from the past into the future
has not yet been well understood (Berrill et al., 2019; Chen et al., 2018;
Hertwich, 2021; Lenzen and Treloar, 2004;Miller et al., 2019; Södersten
et al., 2020; Södersten and Lenzen, 2020; Södersten et al., 2018a; Vita
et al., 2021; Ye et al., 2021). This is because of the challenges presented
by both themethodologies (conventional CBAmodels relying onmulti-
regional input-output tables published on an annual basis could not
represent the use of capital assets stretching over longer time periods)
and data (lacking the capital investment and consumption data in a
high resolution of both assets and sectors).

Prior studies have attempted to consider capital-related environ-
mental pressures in annual footprint accounting by converging capital
transactions with intermediate production processes in multi-regional
input-output (MRIO) models, known as “capital endogenisation”
(Chen et al., 2018; Lenzen and Treloar, 2004; Minx et al., 2011;
Södersten et al., 2020; Södersten et al., 2018a; Södersten et al., 2018b;
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Ye et al., 2021). The augmentation method and flow matrix method
are commonly used to endogenise capital data into IO or MRIO tables
(Lenzen and Treloar, 2004). The augmentation method incorporates
the gross fixed capital formation (GFCF, a column vector of final de-
mand) and the consumption of fixed capital (CFC, a row vector of
value-added) as an additional column and row into the intermediate
input matrix. This artificially created additional sector is assumed to
produce one homogeneous commodity as ‘capital’, which is produced
using inputs according to the GFCF and consumed by other sectors ac-
cording to the CFC. The flow matrix method disaggregates capital data
by assets and consuming sectors. This disaggregation results in a capital
flowmatrixwhich can be combinedwith the conventional intermediate
inputmatrix to form a new flowmatrix that includes bothmonetary in-
puts and capital consumption. Based on these two important methods,
prior studies have concluded that the convergence of capital would re-
sult in substantial increases in the environmental footprints of national
final consumption and international trade (Chen et al., 2018; Lenzen
and Treloar, 2004; Minx et al., 2011; Södersten et al., 2020; Södersten
et al., 2018a; Södersten et al., 2018b). In addition, resource demand
for the manufacture of capital goods and services could be assigned to
certain sectors, especially the service sectors (for example, real estate
service, education, and public administration services) that require
more capital inputs for production than non-service sectors (Lenzen
and Treloar, 2004; Södersten et al., 2018b). However, additional meth-
odological challenges remain to be solved. Inherent to the retrospective
distribution of historical resource extractions and emissions, the capital
goods used in the current year are produced using different technolo-
gies during different age cohorts, that is, with the help of different eco-
nomic structures and environmental intensities. Important temporal
dynamics have not been considered in these two capital endogenisation
methods due to the key assumption that the capital consumed today
was produced using today's technology; it is defined as “current tech-
nology assumption” in this study. Recently, Ye et al. (2021) developed
a dynamic capital-endogenised MRIO model that satisfactorily over-
came this important temporal dynamic challenge for capital
endogenisation. They quantified the spatiotemporal capital consump-
tion and embodied environmental pressures for producing finished
goods and services, and treated this part of the capital-related environ-
mental pressures as extra direct environmental pressures in CBAwhich
could thus be assigned to current final consumption. However, Ye et al.
(2021) as well as other studies excluded another dynamic process of
capital production and consumption observed within one year—capital
goods built-up in year t start depreciating in the sameyear. Hence, a part
of the capital goods produced in year t are used to produce non-capital
goods and capital goods in the same year. Theoretically, this intra-
annual production-depreciation-reproduction circle (defined as “capital
loop” in this study, Fig. 1A) can go on indefinitely each year.

An accurate evaluation of the environmental pressures associated
with capital development is critical for understanding the environmen-
tal performance of capital investment and depreciation in general. In
this study, we revisit the consumption-based greenhouse gas (GHG)
emissions of China's final consumption based on a global MRIO model
by taking into account the GHG emissions embodied in capital con-
sumption over the period of 1995–2015. We further integrate the
intra-annual dynamic feature of capital production and consumption,
that is capital loop, into the dynamic capital-endogenised MRIO model
developed by Ye et al. (2021). With this improved capital-
endogenisedMRIOmodel, the GHG emissions embodied in China's cap-
ital consumption can be quantified more accurately for the final assign-
ment into the finished goods and services over time. This study aims to
answer the following research questions: 1) How will the GHG emis-
sions of China's final consumption change when considering the capital
requirements for final goods production? 2) What kinds of human
needs are critical for dynamic capital development and the associated
GHG emissions of China? 3) How significantly will the capital loop
and technology changes influence the accuracy of capital-related GHG



Fig. 1. Sketch to illustrate the “capital loop” in annual economic production (A), and schematic for the procedures to integrate capital consumption into consumption-based accounting
(CBA) based on the multi-regional input-output (MRIO) model. There is no difference among sectors, capital producing sectors (s*), and capital consuming sectors (s**), they are all in
the sectoral resolution ofMRIO tables. s* and s** are expressions for sectorswith capital-related activities. n ≥ t and n ≥ t0 (t0 is the start year for capital investment, in this study, t0=1995).
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emission assessment? New insights into the environmental perfor-
mance of capital development in China lay the future emphasis on eco-
nomic and environmental efficiency in the decision-making of capital
development.

2. Methods

2.1. Integrating capital loop into the GHG footprint assessment

The main framework of endogenising capital investment and con-
sumption into the economic supply chain (Fig. 1B) follows Ye et al.
(2021) with the three main steps: 1) tracing and allocating the contri-
bution of year t's capital investments to year n's inter-industry produc-
tion networks depicted by year n's MRIO tables, obtaining Dn,t

K (t ≤ n, in
Fig. 1B, Panel a); 2) quantifying the supply chain-wide GHGs emitted
during the production of the capital inputs based on year t's production
structures and GHG intensities of production activities depicted by year
t's MRIO tables (Fig. 1B, Panel b); and 3) attributing capital-
consumption-related GHG emissions to year n's final consumption
3

based on year n's production-consumption systems depicted by year
n's MRIO tables (Fig. 1B, Panel c).

This study is an improvement of Ye et al.’s capital model and inte-
grates the intra-annual dynamic feature of capital production and con-
sumption (capital loop) into the GHG footprint assessment. We
quantify the supply chain-wide GHGs emitted during the production
of the capital inputs in each layer of the capital loop (lpth), obtaining
(Fn,t,lpK , Fig. 1B, Panel b). This section will focus on how we address the
capital loop issue. It should also be noted that excluding capital
investment and its associated GHG emissions before 1995 is an impor-
tant limitation in this analysis, as clearly stated in Ye et al. (2021). De-
tails about the impact of excluding the capital invested before 1995 on
the GHG footprint assessments and the changes in product multipliers
are elaborated in Supplementary Information F.

The detailed procedures required to calculate the supply chain-wide
capital consumption matrix Dn,t

K (9800 × 9800) can be found in Ye et al.
(2021). For capital consumption in year n, the embodied GHGemissions
in each capital loop in year t, Fn,t,lpK (49 × 9800), is calculated using the
conventional CBA model. Fn,t,lpK represents the global supply chain-
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wide GHG emitted in the lpth capital loop in year t for capital consump-
tion in year n.

FKn;t;lpþ1 ¼ Sn;t;lpLtD
K
n;t ð1Þ

where Sn,t,lp (49× 9800) represents the directGHGemission coefficients
of the sectors engaged in capital consumption (s**) by country. When
lp = 0, that is, the initial economic production, Sn,t,lp equals the

conventional emission coefficient matrix calculated by St ¼ i
d

Ft bxt
−1 ,

where i is a summation matrix with appropriate dimensions to

transfer the diagonalised row vector Ft bxt
−1 into the dimensions of

countries and s** by country along rows and columns; Ft (1 × 9800) is
a row vector of the conventional satellite GHG emission accounts in
year t, xt (9800 × 1) is a column vector of the sectoral total outputs
in year t; when lp ≥ 1, that is, the economic production of the lpth
capital loop, Sn,t,lp equals the GHGemission coefficientmatrix of the lpth

capital loop calculated by Sn;t;lp ¼ FKn;t;lp bxt
−1 . Lt (9800 × 9800) is the

Leontief inverse matrix, which describes the global inter-sectoral net-
works in year t.

The next step is to assign the GHG emissions embodied in capital
consumption to the final consumption of country i in year n, that is,
the GHG emissions attributable to capital consumption (EFi,nKC by
Eq. (2)). This is directly observable from the CBA model considering
the capital-related GHG emission accounts in all the prior years
(∑lp=1

∞ Fn,n,lpK ,∑lp=1
∞ Fn,n−1,lp

K ,…,∑lp=1
∞ Fn,t0,lpK in Fig. 1B,Panel c). Subse-

quently, we can assess the GHG footprints of a nation's final consump-
tion (EFi,nCKC by Eq. (3)), that is, adding the capital-related GHG
emissions to the conventional GHG footprints of final consumption
(EFi,nC ) and household GHG emissions (EFi,nHH).

EFKCi;n ¼ ∑n
t¼t0∑

∞
lp¼1iS

K
n;t;lpLny

C
i;n ð2Þ

EFCKCi;n ¼ EFCi;n þ EFKCi;n þ EFHHi;n ¼ SnLnyCi;n þ EFKCi;n þ EFHHi;n ð3Þ

where Sn, t, lp
K (49 × 9800) is the matrix of direct environmental

coefficients for the production in year n owing to capital consumption,
FKn;t;lpcxn

−1
. yi, n

C (9800 × 200) is the final consumption matrix in
country i, year n. We can also estimate the GHG emissions of gross cap-
ital formation (GFCF, one category of final demand, yi, nGFCF, 9800 × 1) of
country i as EFi, nGFCF = SnLnyi, nGFCF. To .highlight the final consumption of
different kinds of human needs, we further classify all the 200 product
categories of MRIO tables based on the seven human needs considered
in our analysis: food, clothing, shelter, mobility, construction,
manufacturing, and services (Table S2).

2.2. Data sources

We rely on EXIOBASE 3 (Stadler et al., 2018) for the global MRIO ta-
bles. EXIOBASE 3 provides detailed environmentally extendedMRIO ta-
bles that are trade-linked in order to follow global supply and use chains
(Stadler et al., 2018). The MRIO tables describe the global economy in
terms of the annual production, trade, intermediate consumption, and
final demand generated by 200 product categories across 44 countries
and five continental groups of countries over the period of 1995-2015
at current prices (million €). They distinguish final demand into final
consumption expenditures (yc) by households, non-profit organisations
serving households, and the government; GFCF (yGFCF); and changes in
inventories and valuables. F (in Gt per year), x (in million €), L (in mil-
lion €/million €), and EFi,n

HH (in Gt per year) were obtained from
EXIOBASE 3.

The capital investment data and depreciation rates of assets by sec-
tor are obtained from different sources according to the availability of
data (see Table S1 for an overview). The EU KLEMS Growth and
4

Productivity Accounts (EU KLEMS) are a set of detailed accounts of cap-
ital expenditure and cover 25 European and 5 non-European countries,
namely, Australia, Canada, Japan, South Korea, and the United States
(EUKLEMS, 2019). Capital investment, capital stocks, capital consump-
tion accounts, and depreciation rates in an asset-by-sector resolution
until 2007 are available for 13 countries as per the EU KLEMS 2009 re-
lease. Capital investment, capital stock, and depreciation rates are avail-
able for 23 countries, which can be obtained from the EU KLEMS 2017
release. TheWorld KLEMS initiative is a global collaborative project de-
rived from the EU KLEMS project (WORLDKLEMS, 2019), which aims to
facilitate the analysis of growth and productivity patterns around the
world. Although it is less harmonised and standardized than the EU
KLEMS, the database provides capital accounts and depreciation rates
that are more detailed than the traditional national account tables.
From the World KLEMS, we obtained the capital investment data for
China, Canada, and South Korea. Penn World Table (PWT) version 9.1
provides information on capital investment, capital stock, and capital
consumption data for four assets, pertaining to 182 countries for the pe-
riod of 1950–2017 (Feenstra et al., 2015). We consider the PWT data-
base to obtain the relevant data for the countries that are not covered
by EU KLEMS and World KLEMS. Moreover, a year-specific disaggre-
gated proxy variable is used to disaggregate the total investment of
each asset in the KLEMS sectors. The disaggregated proxy is formulated
as an average formation pattern of countries with complete data ob-
tained from the EU KLEMS 2017 release. If the data on capital invest-
ment is not available for several years, the nearest available data on
capital is scaled up by themissing year's GFCF obtained from EXIOBASE.

3. Results

3.1. Supply chain-wide GHG emissions of capital development

A large gap existed in the GHG footprints of China's capital produc-
tion and consumption. EFGFCF, a conventional consumption-based esti-
mation of GHG emissions of capital investment, was observed as 69 Gt
from 1995 to 2015. The GHG emissions embodied in the capital assets
already consumed (FK) during the sameperiodwere only 24Gt. This im-
plies that more than 65% of the GHGs emitted historically during capital
production are for future economic production and consumption.
Whether considering this part of the historically emitted emissions
would showa significant influence on the future assessments of sustain-
ability, efficiency, and equity of resource use from the perspective of
consumers and government, such as carbon budgets or carbon taxes.
As mentioned before, the consumption of capital assets invested before
1995 is excluded in our analysis; thus, the estimation of GHG emissions
in recent years is also conservative (which will be further discussed in
the next section), but it can still provide sufficient information about
the effects of dynamic capital development on the current GHG foot-
print assessment.

The key product categories for GHG emissions embodied in capital
investment (EFGFCF) and capital consumption (FK) are quite different
(Fig. 2). The cumulative GHGs embodied in the capital investment
were predominated by shelter-related (e.g. “Electricity by coal”, and
“Others” like coal mining), construction-related (e.g. “Other non-
metallic mineral products”, “Construction work”, and “Others” like metal
and non-metallic mineral ores), and manufacturing capital goods (e.g.
“Chemicals and chemical products”, and “Others” likemachinery). The cu-
mulative GHGs embodied in capital consumption were mainly attrib-
uted to the production of service-related products (e.g., “Real estate
services”, “Public administration services”, and “Education services”). To
better understand such distinctions, we can regard capital investment
as from the production perspective and capital consumption as from
the consumption perspective. For example, the power generation sector
invests in a power plant for which the associated GHG emissions are
accounted for as GHG emissions embodied in capital investment;
hence, the power plant generates electricity that is distributed to service



Fig. 2. Cumulative consumption-based greenhouse gas (GHG) emissions of capital investment (EFGFCF) and capital consumption (FK) during the period of 1995-2015. The cumulative GHG
emissions during the study period are shown. The top three product categories that have the largest GHG emissions embodied in the capital consumption (EFKC) for each human need are
separately illustrated. We cut off the ordinate from “8” to better illustrate the associated GHG emissions of those product categories, and attach the associated GHG emissions of capital
categories that more than 8 Gt. Full names of the abbreviations: prod. = products, dist. = distribution, svc. = services, admin. = administration.
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sectors for their production, and the associated GHG emissions are
assigned to the service-product categories that use the electricity gener-
ated by the power plant as capital consumption. The effects of the cap-
ital loop did not show a significant role in the GHG emissions embodied
in capital consumption, which almost occurred within the first layer of
the capital loop, accounting for 98% of the total GHG emissions.

3.2. Consumption-based GHG emissions of China from 1995 to 2015

Taking into account the capital requirements for final good produc-
tion, the GHG footprint of final consumption (EFCKC) showed a substan-
tial increase by 18% during the period of 1995-2015 comparedwith that
estimated by the conventional CBA (EFC + EFHH, Fig. 3A). In 2015, the
GHG footprint of China's final consumption considering capital use
was 7 Gt, which was 28% higher than that of the final consumption es-
timated by the conventional CBA and 41% lower than that of the final
demand estimated by the conventional CBA (EFC + EFGFCF + EFHH). Un-
like the GHG emissions embodied in the direct capital consumption
(FK), the effects of capital loop on the GHG footprint of the final con-
sumption are significant. That is, the GHG footprint of the final con-
sumption considered capital use (EFCKC) would be overestimated by
10–13% in recent years if only the 1st round of the capital consumption
for economic production is considered (as estimated by Ye et al.
(2021)). This is because the capital-related GHG emission coefficients
of product categorieswhen only considering the first layer of the capital
loop for final consumption production would be larger than those con-
sidering themultiple layers for total output production (Eq. (2)). When
considering the full capital loop, the capital-related GHGs of final con-
sumption are also primarily emitted in the first round of capital con-
sumption for economic production (Fig. S1), which is similar to the
case of the GHG emissions of capital consumption (FK).

Service-related final human needs contributed to the main GHG
emissions embodied in capital consumption for final consumption (ac-
counting for approximately 77%, Fig. 3B), which is similar to the main
contributors to the direct GHG emissions of capital consumption
(Fig. 2). In addition, food-related, shelter-related, and manufacturing-
related human needs contributed 8%, 5%, and 5%, respectively, to the
capital-related GHG footprint of final consumption in 2015, while
5

construction-related human needs had the least contribution (1%).
Sectors producing construction-related products (for example, the
construction sector itself or raw materials such as metal or non-
metallic mineral ores) are important in the formation of capital
assets, such as residential buildings, offices, roads, and bridges.
Although the direct requirements for these capital assets in final con-
sumption are relatively low (accounting for 1% of the total final
consumption in monetary terms in 2015), they are highly required
as intermediate inputs in the production processes of other sectors,
especially in “Real estate services”, “Public administration services”
and “Education services”. More than half of the capital-related GHG
footprint (EFKC) is attributable to these three sectors. We also note
that the capital consumption attributable to China's final consump-
tion includes capital assets located in China as well as in other coun-
tries as long as they are used to meet the final consumption of goods
and services in China. This part of the capital-related GHG footprint
was estimated as 0.3 Gt during the period of 1995-2015, accounting
for 3% of the total. For comparison, the percentage of outsourcing in
the GHG footprint of final consumption by the conventional CBA was
8% during the study period.

We also examined the annual profiles of the capital-related GHG
footprint of final consumption (EFKC, Fig. 3C). Based on the temporal re-
sults obtained for the period of 2011-2015, it could be acceptable to ex-
clude the GHG emissions embodied in the consumption of capital assets
that were invested before 1995. The capital-related GHGs emitted in
1995 for final consumption production in 2015 were less than 1%. This
indicates that although the capital goods invested before 1995 may
still be used for current production, the associated GHG emissions are
far less than the GHGs that are currently emitted. This part of the anal-
ysis has been extended and presented in Supplementary Information
F. Moreover, our results show that the capital-related GHGs of China's
final consumption emitted on average in the last six years. Moreover,
it also shows that the average ages of GHG emissions are still increasing,
that is, there is an extension of the historical period of GHG emissions.
The “lock-in effect”, to some extent, can explain the extension. Due to
the long durability of capital assets (it may be more than a hundred
years for buildings), future generations are locked into operating and
maintaining historically developed capital stocks and specific use



Fig. 3. Consumption-based greenhouse gas (GHG) emissions of (A) China's final consumption and gross fixed capital formation, and (B and C) capital consumption for final consumption
by human needs (B) and by capital investment year (C). In (A), GHG emissions embodied in capital consumption for final consumption (EFCKC) by Ye et al. (2021) and Södersten et al.
(2018a) are also plotted. In (B) and (C), GHG emitted in China and in other countries are plotted above and below the abscissa, respectively. In (C), numbers on top of the bars show
the weighted average years in which the GHG emitted.
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patterns of assets,whichmaybe developedwith low resource efficiency
and high pollution emissions.

3.3. Technical notes on capital endogenisation

When considering the capital requirements for economic produc-
tion, the GHG emission multipliers of all product categories are ob-
served to increase (Fig. 4A and B), since the requirements per unit
final consumption either remain the same (if no capital goods are
used) or increase. Themultipliers of service-related products (especially
the old ones) were generally smaller than those of non-service prod-
ucts, indicating that they were less emission-intensive. For the new
multipliers of service-related products, the associated values increased
to similar values for food-related products. Overall, the growth of the
GHG emission multipliers of service products from the conventional
CBA to our capital-endogenised model was the largest. For certain sec-
tors such as “Real estate services”, which is the largest contributor to
GHG emissions of capital consumption as well as final consumption
considered capital use, the changes in its GHG multipliers could be
more than six fold (Fig. 4C and Table S4), owing to the high require-
ments of emission-intensive capital goods such as residential dwellings.
The changes in multipliers in recent years have been more substantial
compared to those in previous years. To explain this, we recall that
the consumption of capital goods accumulates over time on the one
hand, the production processes in China are generally becoming cleaner
6

on the other. The fact that processes are becoming cleaner, which also
explains the extension of the historical period of GHG emissions (that
is, the ages presented in Fig. 3C), can be seen from the generally decreas-
ing trend, in either the old or new individual productmultipliers during
the period of 1995-2015 (Fig. 4A and B). Lastly, comparedwith the total
capital-related GHG footprints, the impact of excluding the capital in-
vestment and associated GHG emissions that occurred before 1995
would be more significant at the product level. That is, the changes in
GHG emission multipliers with and without considering the capital
invested before 1995 could be more than twice than that observed be-
fore 2011 for some specific product categories such as “Vegetables,
fruit”, “Water production and distribution”, and “Real estate services.”
This part of the analysis is extended and presented in Supplementary
Information F.

Using current technologies, that is, considering the current produc-
tion structure and GHG emission intensities, for each time-component
capital consumption substantially underestimates the actual GHG emis-
sions of capital depreciation for final consumption (Fig. 5). During the
study period, the underestimation accounted for a median (25th-75th
percentile) of 10% (1–20%) of the total capital-related GHG emissions.
Since the production processes are generally becoming cleaner, as
shown in Fig. 4, the underestimation in recent years is generally more
obvious than that in the early years. As for specific humanneeds, the un-
derestimation of service-related and mobility-related human needs are
relativelymore significant, with amedian (25th-75th percentile) of 12%



Fig. 4. Greenhouse gas emission multipliers of the most important product categories of each human need (same with the product categories in Fig. 2), calculated without (A) and with
(B) capital requirements. Panel (C) shows the change in themultipliers. Full names of the abbreviations: prod. = products, dist. = distribution, svc.= services, admin. = administration.
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(0–21%) and 11% (0–21%), respectively. Moreover, there are also some
years in which the current technology assumption led to overestimated
GHG emissions, mainly in the early years and around 2003-2006 for
mobility-related human needs. This is possibly due to the higher emis-
sions observed during these years of increased use of trains, planes,
and other modes of transportation. We further compare our capital-
related GHG emissions of final consumption with the results obtained
in Södersten et al. (2018a), to provide more evidence on the underesti-
mation derived by the current technology assumption. Although
Södersten et al. (2018a) applied the flowmatrix method for their anal-
ysis, the effects of using the current technologies on the estimation of
capital-relatedGHGemissions are obvious (Fig. 3A). That is, a significant
underestimation of capital-related GHG emissions has been found in re-
cent years when compared with our new model. The larger values in
early years observed in Södersten et al. (2018a) can be explained by
the inclusion of capital goods invested before 1995 in their analysis.
Our results highlight that the accurate allocation of current capital de-
velopment and environmental pressures to future capital usage can
7

help to make it more equal for the assignment of resource consumption
and pollution emissions among regions.

4. Discussion

China's rapid economic growth was fuelled by substantial physical
capital investment that has grown nearly tenfold since 1995 (The
World Bank, 2020). Non-industrial sectors had the largest contribution
to the national total, with 60% of it being attributed to the agriculture,
construction, and services sectors (WORLDKLEMS, 2019). By 2015, ap-
proximately 35% of the capital goods, produced in China or imported
during 1995-2015, were consumed for domestic economic produc-
tion (Ye et al., 2021). The rest remain effective for future productive
purposes. Given the critical role played by capital development in
underpinning China's economic growth and shaping national re-
source use and pollution emissions (Chen et al., 2018; Jiang et al.,
2019; Södersten et al., 2018a; Tukker et al., 2016), we captured the
time-evolving compositions of capital consumption as well as the



Fig. 5. Effects of current technology assumption on the capital-related greenhouse gas
(GHG) emissions of final consumption (EFKC). Each set of GHG emissions, e.g., GHG emis-
sions of food-related human needs estimated with and without current technology as-
sumption, are standardized into the range of 0-100.
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associated GHG emissions for the satisfaction of current human
needs. For the period of 1995-2015, 24 Gt GHG emissions were at-
tributable to capital consumption in China. After assigning the GHG
emissions embodied in capital consumption to finished products
and services, the national GHG emissions of China's final consump-
tion showed a substantial increase by 18% compared to that esti-
mated by the conventional CBA. Service-related human needs,
especially “Real estate services”, “Education services”, and “Public ad-
ministration services”, had the largest share (approximately 77%) in
capital-related GHG emissions.

Although China is considered as an extreme case for capital invest-
ment and building up to some extent, similar evidence could also be ob-
served in other countries. To satisfy fundamental human needs,
countries should develop systematic and comprehensive infrastructure
and facilities, including communications, shelters, transportation, hos-
pitals, schools, and defense services. Developed countries such as the
EU27 or the United States experienced this earlier than today's develop-
ing countries such as China, Brazil, and India. This led to an earlier boom
in capital investment andGHGemissions in today's developed countries
(Fig. S2), although it has decelerated in recent years. However, the GHG
emissions of capital investmentwere also larger than that of capital con-
sumption in these countries, which is similar to the case in China.When
considering capital requirements in economic production, the GHG
emissions of final consumption also increase in other countries, which
is more observed in developing countries than in developed countries.
Brazil went through a similar emission-intensifying period before
2012, similar to what China is currently experiencing, and is now
adopting a cleaner production method with less GHG emissions of
final consumption. India is following China's path and formulating its
own industrialisation and urbanisation processes, such that the invest-
ment and consumption of capital have been more and more significant
since 2004. Traditional debates on the outsourcing of pollution have
benefited today's developed countries in termsof producing less territo-
rial GHG emissions in recent years. Due to the relatively higher eco-
nomic and environmental efficiencies, there is an increase in capital-
related GHG emissions in today's developed countries; however, they
are relatively lower than that in developing countries. The outsourcing
percentages of capital-related GHG emissions are 19% and 13%, respec-
tively, in the EU27 and the United States (see Supplementary Informa-
tion E).

Capital development either directly or indirectly influences all the 17
sustainable development goals (SDGs) (Thacker et al., 2019), such as
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water supply and treatment plants (SDG 6: clean water and sanitation),
power plants (SDG7: affordable and clean energy), transport infrastruc-
ture (SDG 8: industry, innovation and infrastructure), digital communi-
cation networks (SDG 11: sustainable cities and communities), and
livestock and orchards (SDG 2: zero hunger). Our results demonstrate
that, in assessing the GHG emission implications as well as other re-
sources for achieving the SDGs through capital development, it is critical
to extend the temporal (both inter- and intra-annual) and spatial di-
mensions in accordance with the more complex temporal and spatial
dynamics of capital when compared to other goods and services. A cap-
ital asset purchased today is used in production substantially into the
future, serving global final consumption for more than one year or gen-
eration, which commits future generations to the costs of operation and
maintenancewith a consequence of ongoing resource demands and en-
vironmental pressures. Our results demonstrate that committed re-
source consumption and emissions include not only those that will
directly occur during the future uses of capital assets (Davis et al.,
2010; Pfeiffer et al., 2018; Tong et al., 2019), but also those indirectly oc-
curring, embodied in the assets historically, and shall be allocated to
their future uses. The latter part of the commitments, although in a vir-
tual way, is also important for assessing the sustainability, efficiency,
and equity of resource use from the perspective of consumers and gov-
ernment. Particularly for carbon emission accounting, the temporal dy-
namics of CO2 emitted during current capital development and their
attributions to future capital use can help make equitable carbon
budgets on the national and global scales. Thus, more information,
such as the impact of assets’ lifespans on their environmental
performances or roles of the global capital market in shaping global
resource usage and pollution emissions, should be provided and
worth for exploring in the future.

We also propose several suggestions to reduce capital-related re-
source usage and pollution emissions in the future. The most effective
way is to slow down the path of capital investment, particularly in de-
veloping countries. The 2008 financial crisis played an integral role in
this path. During 2007-2009, an obvious decline in GHG emissions in
capital investment could be found inmost countries (Fig. S2). Extending
the lifespans of existing and newly invested capital assets would be an-
otherway to decrease the associated resource usage andpollution emis-
sions. Short-term capital assets have caused huge environmental
pressures (Cai et al., 2015; Zhilyaev et al., 2021). To take buildings as
an example, the actual lifespan of buildings in China is about 30 years,
which is much shorter than their designed life span and the actual life
span of buildings in developed countries (ranging from 44 to
132 years, Supplementary Information C). Several strategies to extend
the lifespan of capital assets could be considered, such as implementing
more stringent quality standards for new capital projects, enhancing
the maintenance of existing capital goods, and promoting circular
economy strategies. Lastly, more attention should be paid to the
“quality” (resource-efficient and environmental friendly), rather
than only the “quantity” (more than $94 trillion US dollars predicted
by 2040) of future capital development (Thacker et al., 2019). For
countries with a carbon-efficient energy mix and energy-intensive
export sectors, an effective policy for reducing national as well as
global emissions needs to strike a balance between incentivising car-
bon efficiency and preserving competitiveness in those critical
capital-intensive sectors. For such countries, policies that result in a
shift to lighter production will be identified as effective from both
consumption and production perspectives. Thus, technology ad-
vances, as the major driver that historically reduced the consump-
tion of key resources (e.g. water, or energy) and emissions (Guan
et al., 2008; Zhou et al., 2020), will also be a promising means for fu-
ture sustainable capital development.

This study has several limitations. Ourmodel relies on the data from
multiple sources with high uncertainty; hence, the calculated results
need to be interpreted with caution. For instance, it is more reasonable
to identify the temporal changes of capital-related GHG emissions,
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comparative importance of final consumption categories, or direct dis-
crepancy between models. The absolute value is always too uncertain
to be a meaningful indicator. The appropriate method of evaluating
the physical use of capital goods in production by capital consumption
or capital services is highly debated (Södersten et al., 2018a). Data on
capital consumption are more available than that of capital services,
while the data on capital services rely on the prices of capital assets
which have higher uncertainty among countries and in different years.
Capital consumption data are mostly calculated using the perpetual in-
ventory model (O’Mahony and Timmer, 2009), using capital invest-
ment, capital stock and depreciation rates. As a standard practice, the
perpetual inventory model has been widely accepted by national and
international statistical agencies and researchers. Thus, we also conduct
this analysis by relying on capital consumption to represent the physical
use of capital goods. The effects of the current technology assumption
on capital-related GHG emission assessments have been addressed in
this paper. However, the effects of the spatial divisions of production
technologies and production structures, which reflect the efforts by
country to be more sustainable, on international trade as well as pollu-
tion outsourcing are not involved. As suggested by Kander et al. (2015),
Jiborn et al. (2018), and Dietzenbacher et al. (2020), a scheme of credits
and penalties in GHG emissions based on national production technolo-
gies should be developed to assign the emission responsibilities more
fairly and encourage national policies to focus on sustainable develop-
ment. Future studies could also address the problem of how the diver-
sions of production structures affect international trade and GHG
transfers.

5. Conclusions

Based on an inter-annual dynamic capital-endogenised multi-
regional input-output model, this study further integrates the intra-
annual dynamic features of capital production and consumption. We
quantify the GHG emissions embodied in China's capital consumption
over the past two decades and assign this part of GHG emissions into
finished goods and services over time. Our results show that China's
GHG footprint in 2015 would be 7 Gt if capital-related GHG emissions
were considered. This figure is 28% higher than the GHG footprints of
China's final consumption estimated by conventional CBA and 41%
lower than that of China's final demand estimated by conventional
CBA. Service-related human needs, especially “Real estate services”,
“Education services”, and “Public administration services”, had the
largest share (approximately 77%) in capital-related GHG emissions.
Overall, around 8% of GHG footprints would be overestimated if we
do not consider the intra-annual dynamic feature of capital in the as-
sessment. The inter-annual allocation shows that the capital-related
GHGs of China's final consumption emitted on average in the last six
years, which is still increasing owing to the long lifespans of capital
assets. In light of the synergies among capital development, environ-
mental sustainability, and human needs satisfaction, it is vital to up-
hold economic and environmental efficiency in capital development
decision-making.
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