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Abstract

With the increasingly frequent interregional trade that leads to the geographical
separation of production and consumption, the invisible shift of the environmental
welfare bestowed by biomass use is brought to attention. Using a systems embodiment
accounting model, this study tracked the dynamic process of interregional transfer of
biomass use from primary supply to final consumption via the global supply chain. The
results reveal that biomass use embodied in global trade is 87% of total global biomass
exploitation. Moreover, the intermediate trade volume is 1.7 times higher than the final
trade volume. In terms of biomass use, the United States, South Korea, mainland China,
Japan, and the United Kingdom are revealed as the five leading net importers and also
the main final consumers. Brazil, India, Cyprus, Indonesia, and Latvia are demonstrated
to be the top five net exporters and also the main exploiters of biomass resources. The
biomass self-sufficiency rate by source and that by sink for each country are then
discussed. The outcome shows that through the channels of global supply chain, the

shift of environmental welfare from biomass-exporting nations to biomass-importing
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nations occurs along with interregional trade. For Brazil and India, we suggest that they
should strike a balance between economic revenues and long-term sustainability.
Regarding the consumption-oriented nations such as the United States, an increase in

the energy efficiency of high value-added industries is recommended.

Keywords: Global supply chain; Biomass use; Intermediate and final trade; Source-to-

sink budget; Environmental welfare

1. Introduction

Faced with the grim situation of fossil-fuel depletion and environmental degradation,
nations all over the world are actively exploring sustainable energy alternatives to
satisfy their rising demands [1-3]. Biomass as the organic material stored in plants and
animals is widely considered as a promising energy resource [4,5], and has become the
fourth source of energy supply, second only to crude oil, coal, and gas [6]. According
to BP [7], global biomass fuel production has nearly tripled during the last decade,
rising rapidly from 2.78 million toe (tons of oil equivalent) in 2006 to 8.2 million toe
in 2016. The rapid expansion of biomass exploitation has impelled the renovation of
bio-energy products, such as the first generation biofuel in terms of fuel ethanol
generated from food crops, the second generation represented by that generated from
cellulose-based, non-edible biomass, and the third generation represented by that
derived from algae [8-10]. Nevertheless, no matter it is the first, second, or third
generation of bioenergy products, the cleaness is only manifested on the consumer side,
while the exploitation of biomass resources are associated with environmental and
socio-economic costs [11]. A displacement of the environmental welfare of biomass
use may thus take place due to the separation of producers and consumers within the

world market.

With the blossom of international market, bioenergy products have recently become
frequently-traded commodities between world regions [12]. Matzenberger et al. [10]
estimated that by 2030 the international trade volume of bioenergy products might

amount to 14%-36% of the total bioenergy demand. These studies contributed



significantly to uncovering the development of international trade of bioenergy
products and providing valuable future perspectives for biomass trade using empirical
data. Nevertheless, it is also noticed that these researches eyed only on the international
trade flows of biomass products and did not consider the biomass use embedded in the
non-biomass products traded. However, not only the bioenergy products but also non-
biomass goods may lead to the displacement of biomass resources due to the
interconnections of the industries [ 13]. In the world economy, once the natural biomass
resources are exploited, the use of the biomass resources comes into the economy. The
biomass use is transferred with value flows along the global supply chain via
interregional trade, which supports the production of not only bioenergy products but
also all the other commodities in the economic network [14]. In this sense, the bio-fuel
products are only commodities out of the economical use of genuine biomass resources,
which are similar to all other output products from different economic sectors. All the
products within the economic network serve the embodiment of biomass use. Therefore,
the use of biomass resources could be invisibly transferred to foreign regions via

international trade of both bioenergy and non-bioenergy products.

Currently, the economic boundary between regions is becoming obscure as countries
and regions in the world have been linked closely by an economic network highlighted
by highly frequent trade flows [15,16]. Differing from early times where the traded
products are mainly for consumptive purposes, currently, the majority of imported
products from foreign countries are used as intermediate inputs to produce new goods
or as re-exports instead of being directly consumed [17-19]. Taking China for instance,
it specializes in processing trade and imports a great quantity of raw materials and spare
parts to produce mechanical products and other finished goods for exports. As a result,
intermediate products are taking a more and more important role in the global supply
chains [20]. Existing statistics reveal that intermediate trade is accountable for two-
thirds of the total volume of international trade [21]. In such a globalized world
economy with complex intertwined trade connections, the use of biomass resources

disperses into the whole economic network via global supply chains and may flow



across several nations before it finally sinks into the goods or services used as final
consumption. It is therefore essential for us to explore the biomass use hidden in both
intermediate and final trades to investigate the flows of biomass use between regions,
instead of simply assigning biomass consumption to the final consumers as the
responsible agents [22]. In a highly interconnected world economy, genuine biomass
exploiters do not act as consumers most of the time. As international trade realizes the
geographical splitting of production and consumption activities [23,24], the
environmental welfare bestowed by the use of biomass resources could be invisibly
transferred between biomass-importing countries and biomass-exporting countries via
interregional trade [11]. Therefore, it is necessary to explore who acts as exploiters and
who acts as consumers in terms of biomass use to balance the socio-economic benefits

and environmental welfare.

At present, several studies have been undertaken to explore resource use
embedded in international trades using a global perspective, such as carbon emissions
[25-27], energy[28,29], land [30], and water [31]. In particular, a steady flow of
academic works explored the total energy use [13], crude oil use [32], coal use [33],
and natural gas use [34] in international trade flows via global supply chains using a
source to sink manner. Regarding biomass, a number of studies have adopted the
concept of HANPP (embodied human appropriation of net primary production) to
estimate the geographical disconnection of biomass exploiters and consumers induced
by international trade [35-37]. Erb et al. [38] depicted the upstream withdrawal of
biomass resources induced by the consumption of internationally-traded bio-products
and the associated impacts on ecosystems, using the concept of HANPP. Saikku and
Mattila [39] used HANPP to trace the biomass use induced by traded biomass products
of Finland from 2000 to 2010, revealing Finland as a notable importer of embodied
HANPP. These pioneering works offer valuable insights into the virtual biomass use
transfer between regions via international trade of bio-products. Nevertheless, biomass
use is induced along the supply chains of bio-products as well as any other kind of

products. It is imperative to trace the biomass use embodied in global supply chains



from source of exploitation to sink of final consumption to get a panorama of the shift
of environmental welfare associated with biomass resources between regions in the
global economic network.

This study is to provide a comprehensive view of the international flows of biomass
use from the source of exploitation to sink of final consumption from an embodiment
perspective. The role of international trade in distributing the environmental welfare
associated with biomass resources will be specifically focused on. The remainder of
this paper is structured as follows: Section 2 describes the methodology and data source.
Section 3 displays the main results for trade flows of biomass use between regions along
the global supply chain. Section 4 establishes a source-to-sink budget of biomass use
and the shift of environmental welfare from primary exploiters to final consumers in

terms of biomass use. Conclusions are drawn in Section 5.

2. Methodology and data source

2.1. Embodiment accounting model for the global economy

The embodiment accounting model is applied in this study to investigate the dynamic
process of interregional transfer of resource use for the global economy. To simulate
the interregional flows of goods within the world economy, the global multi-regional
input-output table (MRIO) that can effectively reflect the interdependence among
sectors in different regions of the world is adopted as a supporting tool. The world is
simulated as containing a number of a regions, and each region is made up of b basic
economic sectors. Taking Region m’s Sector i as an example, the balance of resource
use flow is illustrated in Figure 1. e/™ stands for the genuine resources exploited from

environment as external inputs into Region m Sector i; p[™is the primary inputs (such
as consumption of fixed assets, etc.) from the society to Region m Sector i; tji™
represents the economic flows from Region n Sector j to Region m Sector i in monetary
terms, namely the intermediate inputs of Region m Sector i offered by Region n Sector

J. fi™ represents the economic flows of final demand from Region m Sector i to

Region n, namely the final products provided by Region m Sector i for Region n, which



are comprised of two parts': fi7" and fig™. fiZ" is the part of final products used
for final consumption, while f;#" is the part of final products used as capital goods.
g;" denotes the resource intensity of products produced by Region m Sector i; &,
denotes the intensity of primary inputs. It needs to be noted that in some previous
studies, it is treated that products used for final demand are the ultimate sink of resource
use. However, final demand is a large pool comprising several agents, such as final
consumption by households, that by non-profit organizations serving households, that
by government, gross fixed capital formation, and inventory change. It is reasonable to
treat the products used for final consumption by households, non-profit organizations
and government as the ultimate sink of resource use since these products are genuinely
consumed. Just as claimed by Adam Smith [40], consumption serves the only
destination of all production. Regarding products used for gross fixed capital formation
and inventory increase, they fall into the category of final demand but are not used for
final consumption: they are reallocated within the economic network and are supposed

to sustain the production activities further.

The balance of resource use flow can be expressed as:

b —
eim + prZn + Z?L=1 Zj:le]ntjr;m - gimyima (1)

Yao1 X1 g'th™ represents the total resource use embodied in the intermediate inputs
of Region m Sector i; &,p;" represents the total resource use embodied in the primary
inputs of Region m Sector i; &™y/™ represents the total resource use embodied in

output products of Region m Sector i.

The matrix form of Eq. (1) can be derived as:

E+¢,P+ T = €Y, (2)

' The final demand category consists of final consumption expenditure by households, that by
non-profit organizations and government, together with the gross fixed capital formation and
changes in inventories and valuables. Final consumption is comprised of the three consumptive
agents mentioned above, which are taken here as the sink of resource use.



in which E = [e["]1xap; P = [P{" lixab; T= [tﬁm]abxab; €= [‘Sjn]lxab; Y is the
diagonal matrix deduced by Y(= [y{"]ixap); & = [€plix1- &y is a scalar and it is

assumed to be the same in different sectors since the corresponding redistribution

matrix for the global input-output table is unknown to us [41].
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Figure 1. The balance of biomass use flows for an economic sector

The embodiment accounting model used in some previous studies pays attention only
to the resource use associated with intermediate inputs but excludes the external
feedbacks associated with primary inputs, thus failing to maintain the circulation loop.
In the embodiment accounting model used in this study, resource use embodied in the
primary and intermediate inputs are both considered. For the world economy that is
simulated by the global multi-regional input-output account, an overall balance is that
the monetary value of the intermediate inputs and that of the primary inputs is equal to
the summation of the monetary value of the output products for intermediate use and
that of the output products for final demand. The biophysical balance associated with
the overall monetary balance has already been depicted by Equation (2). Meanwhile,
For the output products used as final demand, those used for final consumptive
activities (such as household consumption, government consumption and non-profit
consumption) can be regarded as genuinely consumed, while the capital goods (namely
the final products used for non-consumptive purposes) circulate from the final demand

quadrant into the quadrant of primary inputs to support the economic production. Hence,



we can get another biophysical balance: resource use embodied in primary inputs is

equal to that in capital goods [42, 43]. The balanced equation can be established:

SpZm 121 1Dt = Xim= 12 1 =1 & [k (3)

The corresponding matrix form is obtained as:
&pPsum = €Fy, “4)

in which the expression on the left side is the sum of resource use embodied in primary
inputs, and that on the right side is the sum of resource use embodied in capital goods.
By combining Egs. (2) and (4) can we get the equation of embodied resource intensity

matrix:

=E[Y —T — (1/Puum)Fc P )

The resource use embodied in products used as final consumption (REC) of Region

m can be thus calculated as:
REC™ = Y4_ 1Z] 1 ] nm. (6)

Beisdes, it is worth noting that for the global economy, an overall balance is that the
sum of REC for all regions as the sink is equal to the sum amount of resource directly

exploited from natural environment (RE) as the source, which is presented as:

Ym=1 REC™ = X1 _4 Z?=1 e (7)

The trade patterns, namely resource use embodied in imports (RE/) and that in
exports (REE) are also analyzed here. Meanwhile, interregional trade is categorized into

intermediate trade and final trade. The two trade patterns can be illustrated as:
REI™ = X1 (nem) Z:?=1[Z 1C & tﬁm) +¢ J'nm]’ ®)

and

REE™ = Y0 i 30y nemy [ X]=1 (el t™) + €. 9)



The trade balance of resource use can be thus derived as:
REB™ = REI™ — REE™, (10)

The region with a positive REB is a net importer, while that with a negative REB is

a net exporter.
2.2. Data source

Existing transnational input-output databases mainly include WIOD (world input-
output database), Eora, OECD, and GTAP. Compared with other input-output
databases, the advantages of WIOD reside with the high data quality and consistency
with the international trade statistics. Therefore, in this study the global MRIO table
taken from WIOD is applied, which is updated to the year 2014. This database divides
the world economy into 44 regions (including the rest of the world as an aggregated
region), and each region consists of 56 sectors. Altogether, the trade flows of 2464
production units are incorporated in the global MRIO table. Appendix A and B present
the names of regions and a concrete classification of sectors, respectively. The biomass
exploitation for each region within the world economy is obtained from the sheet of
energy balance flows provided by IEA (International Energy Agency). Besides, the

population of each region is taken from the World bank.

3. Results

3.1. Biomass use of each region

Biomass use embodied in global final consumption is calculated to reach up to 1303
million toe, equal to the biomass exploitation. Figure 2 presents the biomass use
embodied in final consumption and biomass exploitation of each region. The numerical
values are given in Appendix C. The index of biomass exploitation can be seen as the
environmental welfare endowed by the local ecosystem, while biomass use embodied
in final consumption is a final-consumer-based index that represents biomass use
induced in the global supply chain by the region’s final consumption. As illustrated in

Figure 2, biomass use and exploitation of a region are not completely related, as regions



could meet their consumptive demands through the interregional trade of biomass use.
Taking the United States for instance, the biomass use embodied in its final
consumption is nearly 1.53 times larger than its biomass exploitation. For Ireland, South
Korea, Taiwan Province, the United Kingdom, and Malta, they have a similar economic
structure, whose biomass use turns out to be larger than biomass exploitation. For
mainland China, Brazil, and Indonesia, on the contrary, biomass exploitation is higher
that embodied in their final consumption. As to the indirect feedback of the economy
in terms of biomass use, the amount of biomass use embodied in the intermediate inputs

is evidently larger than that embodied in the primary inputs.
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Figure 2. Biomass use and direct exploitation for each region

Figure 3 describes per-capita biomass use embodied in final consumption of 43
regions (not including the rest of world) and the world average level. For most regions,

per-capita biomass use is higher than the world average (0.173 toe/capita). Though, we



can still see the big divergence in per-capita biomass use of different regions. The
regions with high level of per-capita biomass use are mostly in Europe, especially the
EU. The largest per-capita biomass use (20.9 toe/capita) resides with Cyprus, followed
by Finland, Sweden, Luxembourg, Norway, and Estonia. In the 43 regions, there are 7
regions whose per-capita levels are lower than the world average, such as mainland
China (0.076 toe/capita) and Turkey (0.086 toe/capita). In particular, it is worth noticing
that per-capita biomass use in China is far less than the world average, even lower than

the level of populous countries like India and Indonesia.
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Figure 3. Per-capita biomass use of each region
3.2. Biomass use embodied in trade

The world economy is highlighted by not only the separation of production and
consumption but also the fragmentation of the production processes. In this regard, it is

necessary to explore the biomass use embodied in both intermediate and final products



to get a comprehensive understanding of the interregional transfer of biomass use.

Figure 4 depicts the trade structure in terms of biomass use for the 43 nations and

regions (ROW not included). The total volume of biomass use embodied in import of

all regions is equal to that in export, which amounts to 1129.5 million toe that is 87 %

of the global exploitation of biomass resources (see Appendix C). Meanwhile, the

intermediate trade volume in terms of biomass use is revealed as 1.6 times higher than

the final trade volume, suggesting the intricacy of the global supply chain. As shown,

the largest five importers of biomass use are the United States, mainland China,

Germany, South Korea, and Japan, respectively. Regarding exports in terms of biomass

use, the United States is the largest exporter with 29.55 million toe, closely followed

by Brazil, Germany, mainland China, and India.
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Figure 4. Biomass use embodied in trade

Meanwhile, the biomass use embodied in net trade is depicted in Figure 5. The

United States, South Korea, mainland China, Japan, and the United Kingdom are the

five largest net importers who benefit from international trade in terms of biomass use.



Among the 43 regions, eleven of them are net exporters of biomass use. Brazil, India,
Cyprus, Indonesia, and Latvia are the top five net exporters. In particular, for Brazil,
that is rich in biomass resources, its export of biomass use is much higher than that of

other regions.
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Figure 5. Biomass use embodied in trade balance

Figure 6 and Figure 7 respectively give the sectoral profile of the intermediate and
final trade volume of the top five net importers and five exporters. Appendix D gives
the sectoral classification. It is noticed that Service industry accounts for a significant
proportion (72%) of the United States’ imports of biomass use, suggesting the high
reliance of the United States economy on the tertiary industry. Meanwhile, among all
Service sectors, Advertising and market research contributes the biggest share. South
Korea, Japan, and Germany have the same importing structure, whose imports of
service products respectively occupy 83%, 36%, 46% of their imported biomass use.
Mainland China is different from these regions in that its agricultural imports account
for a notable proportion in its intermediate imports of biomass use, reaching up to 63%.

Also, agricultural industry contributes 82%, 59%, 73%, and 69% to the intermediate



exports of Brazil, India, Canada, and Cyprus in terms of biomass use. For Indonesia,

exported food products take up the largest share (60%).
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Figure 6. Sectoral contributions to intermediate trade of the top five net importers and five
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Figure 7. Sectoral contributions to final trade of top five net importers and five net exporters

As for final trade of biomass use, imported Service products account for 49% of the
United States’ final imports. For Australia, imports of Service products hold
accountable for 42% of its final imports. The United Kingdom has a relatively averaged
importing structure of biomass use. Agriculture, Food, Manufacturing, and Service
products take up 21%, 38%, 20%, and 20% of its imports, respectively. For Cyprus,
Brazil, and mainland China, the shares of the Agriculture, Food and Manufacturing in
the total final exports are respectively 78%, 80%, and 75%. This has to a certain extent

reflected the dependence of these regions on agricultural and manufacturing industries.
3.3. Trade connections between major economies in terms of biomass use

Figure 8 and Figure 9 respectively manifest the intermediate trade and final trade
connections in terms of biomass use for several major regions. The regional
classification is mainly consistent with the WIOD, except that the 28 members of the
European Union are integrated into one region, namely EU28. Therefore, the whole
world is divided into seventeen (including the rest of the world, i.e. ROW) regions. The

trade volume (including both intermediate and final trades) in terms of biomass use



corresponds to the size of the fan-sector. The chord connecting every two regions

represents the bilateral trade (intermediate and final) relation between economies.

Figure 8(a) illustrates the relations between the seventeen regions in intermediate
trade of biomass use. As depicted, the ROW (the constituents of which are mainly
developing or less developed regions) is the biggest exporter among all the economies.
The largest flow is from the ROW to EU28, reaching 75.29 million toe, which is 38%
of the ROW’s exports in terms of biomass use. The United States, second to EU2S,
receives 47.31 million toe from the ROW, which takes up 81% of all its imports. EU28
is the second biggest exporter, 48% of whose products flow to the ROW. Brazil is also
a big exporter, which exports most of its products to mainland China, EU28, and the
ROW. For mainland China, its intermediate imports of biomass use are mainly coming

from the ROW, Brazil, and the United States.

The relations between the seventeen regions in net intermediate trade are portrayed
in Figure 8(b). As could be seen, several notable net intermediate bilateral trades occur
between EU28 and the ROW, the United States and the ROW, Brazil and mainland
China, and South Korea and the ROW. The ROW is the biggest net exporting region,
which gains a big surplus in trade with the other regions except for Brazil, Indonesia,
and India. Brazil, the United States, and India are also notable net exporters in the net
intermediate trade of biomass use. Specifically, Brazil is the biggest contributor to
China’s imports of biomass use. For the United States, its biggest three net receivers of
biomass use are China, Mexico, and Japan. China is a net importer in trade relations

with most regions, especially with the ROW and Brazil.
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Figure 8. Inter-regional biomass use between 17 economies in (a) intermediate trade and (b)

net intermediate trade

Figure 9(a) depicts the relations between the seventeen regions of in final trade in
terms of biomass use. The ROW is still the biggest exporter, while the United States is
the biggest importer. The flow of biomass use from the ROW to the United States stands
out with 31.92 million toe, closely followed by that from ROW to EU28. EU28 is the
second biggest exporter whose exports mainly flow into the ROW, the United States,
and Russia. Mainland China ranks the third among these regions in final exports of
biomass use, whose main destinations are the ROW, the United States, and EU28. For
the intermediate imports of the United States, around 72% of them are from the ROW,
6% from EU28, and 6% from China. The ROW also acts as an important receiver in

intermediate trade with EU28, China, and India.
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Figure 9. Trade relations in terms of biomass use between 17 economies in (a) final trade and

(b) net final trade

The bilateral net final trade relations of the seventeen regions are revealed in Figure
9(b). With regard to the net final trade of biomass use, the ROW, India, and Brazil are
major net exporters, while the United States, EU28, Japan, and Russia are notable net
importers. The notable flow of biomass use in net final trade is from the ROW to the
United States and the ROW to EU28. Mainland China is a prominent contributor to the
net final imports of the United States, Japan, Russia, and EU28, respectively reaching

an amount of 1.93 million toe, 1.48 million toe, 1.09 million toe, and 0.64 million toe.
3.4. Biomass exploiters and consumers by a source-to-sink manner

Biomass exploitation and biomass consumption respectively represent the source and
the sink of biomass use. The genuine biomass exploiters are the nations where biomass
exploitation occurs. The biomass consumers are taken as the nations where final

consumption (household consumption, government consumption, and non-profit



organization consumption) takes place. A source to sink budget is established in this
section to explore how the use of biomass resources exploited eventually sinks into

final consumption, as illustrated in Figure 10.
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Figure 10. A budget for biomass use from source of exploitation to sink of final

consumption

As witnessed, EU28 serves as a notable biomass exploiter and also a biomass
consumer. For EU28 as a sink of biomass use, biomass use embodied in its final
consumption is in magnitude 1.4 times of its biomass exploitation. Around 40% of
EU28’s final consumption in terms of biomass use originates from foreign regions.
Meanwhile, around one-fifth of EU28’s biomass exploitation is finally enjoyed by
foreign nations represented by the United States, Russia, and China. For the United
States, it is illustrated to be a notable final consumer and importer, the biomass use
sinking into whose final consumption is in magnitude 1.5 times as much as its biomass
exploitation. Only half of the United States’ final consumption of biomass use is
denoted by domestic biomass exploitation, and the rest mainly stems from China, EU28,

Indonesia, and Brazil. As for Brazil, it is highlighted as a main biomass exploiter and



exporter. Around 40% of Brazil’s biomass exploitation is eventually sinking into the
goods and services used for final consumption of foreign nations represented by EU28,

China, and the United States.
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Figure 11. Self-sufficiency rate by source and that by sink

Meanwhile, the indices of biomass self-sufficiency by source and that by sink (source
to sink budget) are calculated in this section, which is illustrated in Figure 11. For many
regions, the biomass use embodied in final consumption is mainly from foreign regions.
It can be seen in the figure that the self-sufficiency rates by source for many regions are
over 50%. In contrast, in terms of the self-sufficiency rate by sink, most regions lie
below the diagonal line. This means that the majority of local biomass exploitation is
eventually consumed by itself, while only a small part of biomass use embodied in final
consumption originates from itself. For India, the local biomass exploitation is finally
sinking into the goods used for India’s domestic final consumption. Meanwhile, India’s
final consumption in terms of biomass use mainly originates from itself, which is
characterized as a typical self-sufficient and self-contained society. While for Japan,

though domestic exploited biomass resources are mostly being kept at home, around



two-thirds of its biomass use embodied in final consumption originate from foreign
regions. It can be concluded that Japan as a country with limited resources, acts as a
prominent consumer in the global supply chain. Brazil and Indonesia have notably high
self-sufficiency rates by sink (around 90%), whose biomass use mainly comes from
domestic exploitation. Russia, South Korea, and the United States have relatively high
self-sufficiency rates by source. It suggests that nearly four-fifths of their biomass
exploitation are finally sinking the goods and services used to meet their own final
consumption. Nevertheless, their self-sufficiency rates by sink vary greatly. South
Korea’s self-sufficiency rate by sink is 19%, obviously lower than that of Russia and
that of the United States. It means that over four-fifths of the biomass use induced by
South Korea’s final consumption are from other regions via the global supply chain.
For China, its self-sufficiency rate by source and that by sink are respectively 67% and
74%. It could be seen that mainland China acts as a producer rather than a consumer in

the global supply chain in terms of biomass use.

4. Discussions

4.1. Roles of regions in international trade of biomass use

Due to the flows of biomass use along the global supply chain as presented in Section
3, regions in world may take different roles in international trade in terms of biomass
use. Figure 12 shows the intermediate and final trade imbalance in terms of biomass
use for each region. The size of the sphere represents the total trade volume of biomass
use for each region. The most prominent consumer, the United States, is situated in the
first quadrant, alongside other developed countries like the United Kingdom, Japan,
France, and Germany. It is noticeable that some European countries, such as the United
Kingdom, Germany, and France, are outstanding in the interregional trade of biomass
use. As illustrated in previous sections, Brazil, the United States, China, and India are
the major contributors to the inflows of biomass use into European countries. For Brazil,
India, Cyprus, and Indonesia, they are situated in the third quadrant. They are net

exporters of biomass use in both intermediate and final trade. Also, biomass



exploitation mainly occurs in these regions. While for Canada, it is located in the second
quadrant, obtaining a deficit of biomass use in intermediate trade but a surplus in final
trade. It implies that Canada exports a considerable quantity of products for
intermediate production and also imports biomass-intensive products for final
consumption at the same time. In contrast to Canada, Mainland China, and South Korea
get a trade surplus of biomass use in intermediate trade but a deficit in final trade
(though a small amount).
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Figure 12. Trade imbalance in terms of biomass use

The trade imbalance in terms of biomass use is compared with the monetary trade
imbalance for each region. As shown in Figure 13, the United States is prominent in
the second quadrant because of its high level of trade surplus of biomass use and
negative economic trade balance. Though the United States’ economic trade deficit is
up to 480.58 billion dollars, it imports 72.48 million toe of biomass use in an invisible
way. For a long time, the United States is faced with a vast economic trade deficit and
has adopted many protection-oriented policies to settle it. Though the exports of high

value-added products have alleviated the trade deficit caused by the biomass use



imports to some extent, the fact that its economy is highly consumption-oriented has
not changed. The United Kingdom, France, and Japan are in accordance with the United
States in that they are net importers in terms of biomass use and receive a deficit in
terms of currency. Mainland China, Germany, and South Korea, like other prominent
economies, lie in the first quadrant. Mainland China’s economic trade surplus (582.63
billion dollars) exceeds that of the United States. The situation of Germany and South
Korea is similar to that of China. They are net importers in terms of biomass use and
also gain a monetary surplus in trade. Inversely, Brazil and India are two prominent
countries in the third quadrant. They depend heavily on exporting biomass-intensive
products to foreign regions and also has a deficit of currency. Brazil’s economic and
embodied biomass trade deficits are respectively 47.08 billion dollars and 20.95 million

toe, revealing a severe situation for Brazil’s sustainable development.
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Figure 13. Trade imbalance in terms of biomass use and currency use

4.2. Shift of the associated environmental welfare between world regions along the

global supply chain



As could be seen from the results, the United States, Germany, Japan, and China are
the major net importers of biomass use. These economies enjoy environmental welfare
and avoid the potential environmental impact when they invisibly consume foreign
biomass resources. Endowed with limited biomass resources, countries like Japan,
South Korea, Denmark, Switzerland, and the United Kingdom, resort to imports from
foreign countries to meet their domestic demand for biomass use. With a comparatively
high level of economic development, they mainly import primary agricultural products
to improve the living standards of local residents, while exporting a considerable
quantity of high value-added products that are much less biomass-intensive. As a result,
immense biomass use is induced in foreign regions to meet its final demand. While it
can help bring economic benefits to those regions, it also increases the severity of the

resource depletion and environmental crisis in those regions.

Trade structure, which is closely related to the industrial structure, affects the roles
of regions in the global supply chain. Brazil, India, Cyprus, and Indonesia are regions
with long agricultural traditions, and they have natural advantages in exporting
biomass-intensive products, mainly primary products, to meet the demands of other
countries in both industrial manufacturing and final consumption. Take Brazil for
example, Agriculture and animal husbandry serves as the pillar industry, which is
accountable for around one-third of the gross domestic products. There is about 17.7
million rural labor force involved in the agricultural industry, accounting for 37% of
the total employment in Brazil. Therefore, the agricultural exports occupy a very large
proportion of the total exports, and Agriculture industry is seen as a locomotive to the
Brazilian economy. Generally, Brazil relies heavily on exporting agricultural goods to
mainland China and European countries to back their intermediate production. As an
economy with robust manufacturing industries, China has received a remarkable
amount of biomass use in intermediate trade by importing biomass-intensive products
from other regions as intermediate inputs for further processing. The biomass use
inflows of China are mainly from Brazil and the United States, who are also big

contributors to EU28’s imported biomass use. The United States is also active in



interregional trades, whose biomass use embodied in imports is nearly equal to the local
biomass exploitation. Though the United States has a rich endowment of biomass
resources due to its natural geographical conditions, it gains benefits by exporting high
value-added products and importing biomass-intensive goods that are mostly low
value-added. Therefore, the trade structure in developed countries is oriented towards
economic blossom, environmental protection, and sustainable development. It is worth
noting that developed countries have paid much attention to sustainable development.
Taking the United States, for instance, it has provided substantial subsidies and
technological investment for biomass deployment in order to safeguard energy security
and low-carbon development. For instance, the Biomass Crop Assistance Program
(BCAP) was re-approved in the Farm Bill in 2004 and implemented in the same year,
with 25 million dollars authorized annually as the supporting funds. The enormous
financial and technological investments have made the United States a major consumer
and producer of biomass use. However, the United States, as a consumption-oriented
nation, still imports a large quantity of biomass use via the global supply chain to satisfy
its high-level consumptive demands and mitigate the concerns of biomass resource

depletion as well as the related environmental stress at the same time.

Brazil and India are two major exporters of biomass-intensive goods that shift the
associated environmental welfare to foreign regions. Meanwhile, the environmental
impacts induced by biomass demand and produced in biomass exploitation and
production are kept at home. Nevertheless, insufficient attention has been paid to
achieving the sustainable use of these natural assets in these nations. For instance,
Brazil is highlighted as the global biomass market due to its mass production of
plantation crops such as sugarcane. The Brazilian government has provided preferential
policies and financial subsidies to the farmers, stimulating their plantation activities to
increase income and also using these supportive incentives as important strategies for
economic development. Negative effects in biomass exploitation, such as water
pollution, soil erosion, and loss of biodiversity, are therefore induced in these export-

oriented countries (most of whom are developing nations). Generally, though biomass-



intensive products are generally acknowledged as clean and sustainable from the
consumer side, the environmental impacts induced in the exploitation process and other
stages (such as feedstock production) along the global supply chain are generally
overlooked [11]. Existing studies have reported that biomass exploitation and
production would impose grave stress on the water, soil, air, biodiversity, and ecosystem
service, as summarized in Table 1. This is particularly serious in developing countries
with primitive technology and poor economic conditions. Due to the neglect of
environmental costs incurred during the exploitation of natural resources, the economic
revenues generated from exports of resource-intensive products might be largely
jeopardized, not to mention the large quantity of monetary inputs that regions have to

invest for environmental restoration.

Table 1. A review of environmental impacts of biomass production

Nutrient pollution [44-48]
Hypoxia [46,49-51]
Water Pesticide runoff [52-55]
Shortage [56,57]
Life cycle assessment [58,59]
Degradation [60,61]
Soil
Organic reduction [62-65]

Air Life-cycle greenhouse gas emissions (CO, NOx, [45.64.66-69]
VOC, PMx, SOx)

Mono-culture and habitat stress [70-77]
Biodiversity

Invasion species [78-81]

Provision degradation (food, fresh water, wood et
al.)

Regulation degradation (climate, flood disease,

Ecosystem service' water regulation et al.) [82-87]

Recreation decline

Support degradation (soil formation, nutrient
cycling et al.)




Note: "Categories of ecosystem service are mainly referred to Millennium Ecosystem Assessment.

Based on a review of a significant body of literature, it could be concluded that in
most cases, the environmental benefit of biomass utilization is only reflected on the
consumer side, while its exploitation process and other production stages are not as
environmental-friendly as expected. The regions serving as the primary source bear the
environmental impacts induced by biomass exploitation. On the other hand, regions
serving as the sink of final consumption enjoy the associated environmental welfare
and also invisibly mitigate the ecological concerns, which may lead to the situation of

regional decrease but a global increase from an embodiment perspective.

5. Concluding remarks

5.1. Conclusions

Globalization leads to the interregional transfer of biomass use via the global supply
chain. An overview of biomass use for the world economy is presented in this study
based on the WIOD database in 2014. We track the dynamic process of global biomass
resources from primary exploitation to final consumption. Besides, the roles of the
nations in the global supply chains are identified via a source-to-sink manner. The
outcome shows that through the channels of the global supply chain, the shift of
environmental welfare from biomass-exporting nations to biomass-importing nations

occurs along with interregional trade.

In addition to the work that has already done in this paper, there is still much room
for further improvement. First, it is imperative to conduct a time-series analysis, which
can track the temporal process and evolution of biomass use in the global value chain.
Second, due to the sectoral classification of WIOD, Agriculture is a broad sector
without more detailed division, it will affect the assignment of the exploited biomass
with corresponding sectors. Therefore, a more elaborate division of sectors will
contribute to the optimization of the research. Third, further studies could be also

conducted to compared the results derived under different multi-region input-output



databases, which may demonstrate the impact of statistical economic data on the

accuracy of the results.
5.2. Policy implications

This study has discussed the associated environmental welfare shift from the source
regions to those consumption-oriented economies known as sinks via interregional
trade is observed. Some recommendations are presented below on sustainable

exploitation and reasonable use of biomass resource.

For the biomass source regions such as Brazil and India, we suggest that they should
strike a balance between economic revenues and long-term sustainability. Generally
speaking, these source regions are heavily dependent on selling a colossal amount of
primary biomass products to the international market for economic revenues, products
ending up sunk into the consumption-oriented nations, and such excessive reliance
upon exporting resource-intensive product is not healthy for these regions’ long-term
sustainable development of these source regions. Therefore, source regions should take
rational and comprehensive consideration on the ecological cost of biomass
development when devising energy strategies, and, in order to achieve long-term
sustainability in addition to improving both the economic and ecological efficiency of
biomass exploitation and production, it is imperative for these regions to undergo a
transition of trading structure from resource-oriented to high-tech- and service-oriented

structure.

As for the consumption-oriented nations serving as the sink of biomass use (such as
the United States and Japan.), an increase in the energy efficiency of high value-added
industries, such as financial services, insurance, and public administrate, is
recommended. Although these service sectors do not directly consume the biomass
resources, they are powerful pumps driving the interregional biomass flows, inducing
mass biomass resource exploitation in upstream processes. Meanwhile, the
consumption-oriented countries that enjoy the environmental benefits are also

recommended to provide various compensation to offset the environmental impact



induced by their consumption. Taxation or decent price, for example, should reconcile
the ecological unequal exchanges. In addition, the consumption-oriented countries
should also provide certain technical and economic support to corresponding exporting
countries. Supporting incentives such as clean development mechanism and belt-road
initiative may serve as a superb example of technology transfer, which can improve the
infrastructure and enhance the source regions’ industrial production efficiency of

biomass exploitation.
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Appendixes

Appendix A
Regions included in the world economic input-output table
Code Region Code Region
1 Australia 23 Ireland
2 Austria 24 Italy
3 Belgium 25 Japan
4 Bulgaria 26 South Korea
5 Brazil 27 Lithuania
6 Canada 28 Luxembourg
7 Switzerland 29 Latvia
8 mainland China 30 Mexico
9 Cyprus 31 Malta
10 Czech Republic 32 Netherlands
11 Germany 33 Norway
12 Denmark 34 Poland
13 Spain 35 Portugal
14 Estonia 36 Romania
15 Finland 37 Russia
16 France 38 Slovakia
17 the United Kingdom 39 Slovenia
18 Greece 40 Sweden
19 Croatia 41 Turkey
20 Hungary 42 Taiwan
21 Indonesia 43 the United States
22 India 44 ROW




Appendix B

Sectors included in the world economic input-output table

Sector code

Sector content

Sector code

Sector content

1

Crop and animal production, hunting

and related service activities

29

Wholesale trade, except of

motor vehicles and

motorcycles
2 Forestry and logging 30 Retail trade, except of motor
vehicles and motorcycles
3 Fishing and aquaculture 31 Land transport and transport
via pipelines
Mining and quarrying 32 Water transport
5 Manufacture of food products, 33 Air transport
beverages and tobacco products
6 Manufacture of textiles, wearing 34 Warehousing and support
apparel and leather products activities for transportation
7 Manufacture of wood and of products 35 Postal and courier activities
of wood and cork, except furniture;
manufacture of articles of straw and
plaiting materials
8 Manufacture of paper and paper 36 Accommodation and food
products service activities
9 Printing and reproduction of recorded 37 Publishing activities
media
10 Manufacture of coke and refined 38 Motion picture, video and
petroleum products television programme
production, sound recording
and music publishing
activities; programming and
broadcasting activities
11 Manufacture of chemicals and 39 Telecommunications
chemical products
12 Manufacture of basic pharmaceutical 40 Computer programming,
products and pharmaceutical consultancy and related
preparations activities; information service
activities
13 Manufacture of rubber and plastic 41 Financial service activities,
products except insurance and pension
funding
14 Manufacture of fabricated metal 42 Insurance, reinsurance and
products, except machinery and pension funding, except
equipment compulsory social security
15 Manufacture of computer, electronic 43 Activities auxiliary to financial

and optical products

services and insurance

activities




16 Manufacture of electrical equipment 44 Real estate activities
17 Manufacture of machinery and 45 Legal and accounting
equipment n.e.c. activities; activities of head
offices; management
consultancy activities
18 Manufacture of motor vehicles, 46 Architectural and engineering
trailers and semi-trailers activities; technical testing and
analysis
19 Manufacture of other transport 47 Scientific research and
equipment development
20 Manufacture of furniture; other 48 Advertising and market
manufacturing research
21 Repair and installation of machinery 49 Other professional, scientific
and equipment and technical activities;
veterinary activities
22 Electricity, gas, steam and air 50 Administrative and support
conditioning supply service activities
23 Water collection, treatment and 51 Public administration and
supply defence; compulsory social
security
24 Construction 52 Education
25 Wholesale and retail trade and repair 53 Human health and social work
of motor vehicles and motorcycles activities
26 Wholesale trade, except of motor 54 Other service activities
vehicles and motorcycles
27 Retail trade, except of motor vehicles 55 Activities of households as
and motorcycles employers; undifferentiated
goods- and services-producing
activities of households for
own use
28 Land transport and transport via 56 Activities of extraterritorial

pipelines

organizations and bodies




Appendix C

Embodied biomass in final consumption and trades

Region EEC  Per capita EEC  ERD EEI EEX EEB
Australia 10.76 0.46 5.10 10.54 2.79 7.75
Austria 5.46 0.64 5.77 5.42 5.00 0.42
Belgium 7.04 0.63 2.93 14.37 8.64 5.73
Bulgaria 1.05 0.15 1.19 0.74 0.77 -0.04
Brazil 57.13 0.28 84.30 7.88 28.83  -20.95
Canada 13.71 0.39 14.00 10.05 9.11 0.94
Switzerland 431 0.53 2.35 491 2.16 2.75
mainland China 103.30 0.08 114.00 46.19 2294  23.26
Cyprus 24.09 20.91 27.00 0.34 5.40 -5.06
Czech Republic 3.54 0.34 4.04 2.69 2.92 -0.22
Germany 39.63 0.49 29.80 38.95 24.02 14.92
Denmark 2.69 0.48 2.30 4.78 3.96 0.82
Spain 13.69 0.29 7.20 14.25 6.17 8.08
Estonia 0.95 0.72 1.20 0.60 0.68 -0.08
Finland 7.44 1.36 9.10 3.49 4.34 -0.85
France 24.23 0.37 14.50 23.24 10.06 13.18
the United Kingdom 2433 0.38 7.10 24.76 4.95 19.81
Greece 3.68 0.34 1.12 3.03 0.46 2.57
Croatia 1.54 0.36 1.44 1.00 0.69 0.31
Hungary 2.03 0.21 2.89 1.98 249 -0.50
Indonesia 43.03 0.17 58.50 6.72 11.58 -4.86
India 177.56 0.14 193.40 5.48 16.29 -10.81
Ireland 2.40 0.51 0.40 9.02 6.42 2.60
Italy 19.39 0.32 11.10 17.05 7.22 9.83
Japan 30.59 0.24 10.90 2591 3.10 2281
South Korea 23.64 0.47 5.60 35.23 11.85 23.38
Lithuania 1.33 0.46 1.28 1.21 1.14 0.06
Luxembourg 0.45 0.82 0.13 1.19 0.79 0.40
Latvia 1.32 0.66 2.20 0.61 1.50 -0.89
Mexico 11.35 0.09 8.70 7.65 3.88 3.78
Malta 0.23 0.53 0.00 0.87 0.59 0.27
Netherlands 8.99 0.53 4.59 17.87 12.36 5.52
Norway 4.24 0.82 1.32 4.53 1.17 3.37
Poland 8.78 0.23 7.68 5.88 4.20 1.68
Portugal 4.02 0.39 3.28 2.47 1.44 1.03
Romania 4.17 0.21 3.84 1.91 1.17 0.74
Russia 17.76 0.12 7.10 12.83 1.35 11.48
Slovakia 1.91 0.35 1.16 1.68 0.85 0.83
Slovenia 1.27 0.62 0.61 1.33 0.60 0.73
Sweden 9.32 0.96 10.84 5.33 5.78 -0.45
Turkey 6.60 0.09 3.49 5.80 2.15 3.65




Taiwan 5.88 0.25 1.66 7.14 2.28 4.86
the United States 159.61 0.50 104.00  102.04 29.55 7248



Appendix D
Sectoral classification

1 Crop and animal production, hunting and related service
activities Agriculture
2 Forestry and logging
3 Fishing and aquaculture
5 Manufacture of food products, beverages and tobacco products Food
36 Accommodation and food service activities
4 Mining and quarrying
6 Manufacture of textiles, wearing apparel and leather products
7 Manufacture of wood and of products of wood and cork, except
furniture; manufacture of articles of straw and plaiting materials
8 Manufacture of paper and paper products
9 Printing and reproduction of recorded media
10 Manufacture of coke and refined petroleum products
11 Manufacture of chemicals and chemical products
12 Manufacture of basic pharmaceutical products and
pharmaceutical preparations
13 Manufacture of rubber and plastic products
14 Manufacture of fabricated metal products, except machinery and
equipment )
15 Manufacture of computer, electronic and optical products Manufacturing
16 Manufacture of electrical equipment
17 Manufacture of machinery and equipment n.e.c.
18 Manufacture of motor vehicles, trailers and semi-trailers
19 Manufacture of other transport equipment
20 Manufacture of furniture; other manufacturing
21 Repair and installation of machinery and equipment
22 Electricity, gas, steam and air conditioning supply
23 Water collection, treatment and supply
24 Construction
25 Wholesale and retail trade and repair of motor vehicles and
motorcycles
26 Wholesale trade, except of motor vehicles and motorcycles
27 Retail trade, except of motor vehicles and motorcycles
28 Land transport and transport via pipelines
29 Wholesale trade, except of motor vehicles and motorcycles
30 Retail trade, except of motor vehicles and motorcycles
31 Land transport and transport via pipelines Service
32 Water transport
33 Air transport
34 Warehousing and support activities for transportation

35

Postal and courier activities




37

Publishing activities

38 Motion picture, video and television programme production,
sound recording and music publishing activities; programming
and broadcasting activities
39 Telecommunications
40 Computer programming, consultancy and related activities;
information service activities

41 Financial service activities, except insurance and pension

funding
42 Insurance, reinsurance and pension funding, except compulsory

social security
43 Activities auxiliary to financial services and insurance activities
44 Real estate activities
45 Legal and accounting activities; activities of head offices;
management consultancy activities

46 Architectural and engineering activities; technical testing and

analysis
47 Scientific research and development
48 Advertising and market research
49 Other professional, scientific and technical activities; veterinary

activities
52 Education
54 Other service activities
55 Activities of households as employers; undifferentiated goods-

and services-producing activities of households for own use

56 Activities of extraterritorial organizations and bodies
50 Administrative and support service activities Defense &
51 Public administration and defence; compulsory social security Social
53 Human health and social work activities Management




