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Abstract

Reducing inequality is essential for sustainable development, yet our understanding of its many
dimensions and driving forces is still limited. Here we study the global distribution of 25 environmental
burdens encompassing natural resources (water, materials and land use) and air emissions, all
related to activities underpinning human welfare. We find large disparities in inequality levels across
burdens and a general, yet slow, decline in inequality in the period 1995-2009, explained mostly by
the faster economic growth of emerging economies. Acknowledging that allocation issues may
hamper greater equality, we propose a framework for an optimal allocation of quotas for
environmental burdens respecting a maximum allowable inequality limit while ensuring a safe
operation within the Earth’s ecological capacity. Our results shed light on the global distribution of
environmental burdens and provide a roadmap for achieving a greater environmental equality using
systems optimisation. It is hoped that this work will trigger further discussion on the need to address
environmental inequality, currently missing in the Sustainable Development Goals, and open up new
research avenues on the use of whole-systems approaches in solving global sustainability problems.

Keywords: environmental inequality; sustainability; input-output analysis; inequality drivers; target;
system optimisation

1 Introduction

In the 2030 Agenda for Sustainable Development, the UN member states defined a path towards
sustainable progress that identified inequality within and across countries as a major obstacle for a
sustainable future (United Nations, 2015a, 2015b). Inequality undermines economic growth and
hinders social cohesion and stability which calls for urgent action to address its root causes (Alesina
and Perotti, 1996; Bourguignon, 2004; Cingano, 2014). Despite past and current efforts geared
towards reducing inequality, the wealth is still accumulating in the richest nations (Birdsall, 2002;
Westing, 1986) and citizens (Jones, 2016; Saez and Zucman, 2016), hampering greater equality.

Economic and social inequalities within and across countries have been extensively studied,
particularly income (Cingano, 2014; Easterly et al., 2006) and gender inequality (Ridgeway, 2011;
Sen, 2001), yet their environmental counterpart is still poorly understood. Environmental inequality
concerns disparities in the access to natural resources and pollution levels and exposure, which tend
to emerge as a result of economic activities underpinning human welfare (Jelin et al., 2017; Naeem et
al., 2016). We here analyse this inequality type, often disregarded in previous works despite its links
to economic and social inequalities (UNESCO, ISSC and IDS, 2016), delving into its temporal
evolution and drivers, highlighting the need to incorporate its study in the sustainability agenda and
providing a method to keep it within acceptable limits.



To this end, we analyse how environmental burdens related to air emissions and consumption of
natural resources are distributed among nations. Ensuring a fair distribution of these burdens matters
as it reflects a fundamental sustainability goal linked to the concept of environmental justice, i.e. all
human beings should have the same right to use resources equally (Schlosberg, 2013; Soja, 2010;
Walker, 2009). Furthermore, studying the distribution of burdens is key for articulating future
negotiations aiming at their equitable reallocation and control as countries will only take action if the
deal is perceived to be fair (Tavoni et al., 2011; Vasconcelos et al., 2014).

Ensuring a safe operating space for sustainable development will, therefore, require enforcing limits
on total burdens below the Earth’s ecological capacity, here referred to as the vertical dimension of
sustainability (Griggs et al., 2014; Leach et al., 2013; Sterner et al., 2019). These quotas on burdens
should in turn be allocated among countries in a fair manner, what we term here the horizontal
dimension of sustainability. These two dimensions are at present treated separately (Griggs et al.,
2013; Sustainable agriculture, 2018), although here we argue that they could be handled concurrently
via appropriate methods.

Previous efforts on environmental inequality focused on analysing the distribution of carbon emissions
(Duro and Padilla, 2006; Pan et al., 2014; Teng et al., 2011), on correlating emissions with income
inequality (Padilla and Serrano, 2006) and on providing prospects on carbon-emissions inequality
(Heil and Wodon, 2000). In contrast, fewer studies assessed inequality in other environmental
indicators, such as air pollutants and their toxicity (Boyce et al., 2016), natural resources and
materials (Hedenus and Azar, 2005; Teixido-Figueras et al., 2016), and the ecological footprint of
different burdens (Duro & Teixidé-Figueras, 2013; Teixido-Figueras & Duro, 2015; Teixido-Figueras
& Duro, 2012). Going far beyond previous research, this work provides a full analysis of current
inequality levels across a wide range of environmental burdens (25 in total) related to resource
consumption and emissions to the environment. In addition, we analyse for the first time their
temporal evolution and identify their major drivers. Finally, building on the outcome of these analyses,
we propose a novel systems optimisation tool to allocate per-capita quotas on burdens across
countries to keep inequality within an acceptable range while not exceeding the planetary boundaries.
This approach, therefore, integrates both the horizontal and vertical sustainability dimensions within a
single framework which could be used to support policy-making in the definition and implementation
of targets to promote greater environmental equality.

Our analysis is based on multi-regional environmentally-extended input-output (MREEIO) tables
covering 25 environmental indicators over the period 1995-2009, i.e. all the years available in the
World Input Output Database (WIOD), from where data were retrieved (Dietzenbacher et al., 2013;
Timmer et al, 2012). These indicators quantify environmental burdens related to resource
consumption (inputs to economic sectors) and emissions to the environment (outputs from sectors),
which are split across four categories: materials, water, land and emissions. These 25 burdens,
responsible for different global, regional and local impacts (e.g. climate change, acidification, water
scarcity, resource depletion and land use) are quantified following a consumption-based (CB)
accounting approach. The CB perspective, fully consistent with the concept of environmental justice,
considers the burdens embodied in the goods or services consumed or provided in a country. These
include domestic burdens and those embodied in trade through imports and exports (Davis and
Caldeira, 2010; Jorgenson et al., 2019). Hence, we study life cycle burdens (i.e. the environmental
footprint) generated across global supply chains that cover a given national demand.

To evaluate inequality, we use the Gini coefficient (Dorfman, 1979), an index originally developed to
assess economic inequality (Allison, 1978) and more recently adopted to study environmental
inequality (Qian et al., 2019; Teixido-Figueras et al., 2016). A Gini coefficient of zero reflects perfect
equality, whereby all citizens or countries have equitable access to resources or are responsible for
the same amount of emissions to the environment. A Gini value of one indicates maximum inequality,
where a single person or country uses all the resources or is responsible for all the environmental
emissions. In the absence of data for some of the domestic distribution of wealth, use of resources
and environmental emissions, we assume that these distributions are uniform within each country.
This leads to what is known as a “type two inequality”, which provides a lower bound on the “true”
inequality level among citizens (Milanovic, 2013). Additionally, we study the evolution of inequality in
1995-2009 and use decomposition techniques to analyse the main factors driving inequality changes.
Finally, we envision a roadmap towards sustainability, where the integration between the vertical and
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horizontal sustainability dimensions is achieved via systems optimisation. The quotas on
environmental burdens are computed according to a given criterion (e.g. minimum deviation from the
current status quo) while satisfying the limits on the planetary boundaries. Specific details of our
approach and the underlying data, including a discussion of the study limitations, can be found in the
Methods section and in the Supplementary Material sections 2.5to 2.7.

Our analysis reveals significant disparities in inequality levels across environmental burdens (Ginis
from 0.23 to 0.71), with the economic activities in the primary sector being more equally distributed
than those generated by industry (secondary sector). We also find that equality is increasing in 22 of
the 25 burdens, but at a too slow a pace that may threaten long-term sustainable development. This
improvement in equality of the burdens distribution was driven by changes in the size and structure of
the economies, but slowed down by demographic and technological factors.

Our results highlight the need to develop tailored policies to bring and keep inequality in the burdens
distribution within the desired range and in a sustainable manner. In the absence of any inequality
targets agreed internationally, we propose a roadmap that establishes quantitative limits on the Ginis
of environmental burdens considering their role in satisfying basic human needs and their current
level of inequality. These inequality targets are subsequently translated into optimal regional per-
capita quotas by means of the proposed systems optimisation approach. We illustrate how this
framework would work in practice by calculating regional quotas for consumption-based CO:
emissions that would allow reducing global inequality by 20% and curbing total emissions by 61%,
while deviating the least from the current status quo.

2  Methods

We combine several analytical tools to assess the environmental inequality. First, data from MREEIO
models are employed to quantify environmental burdens in every nation following a CB perspective
over the period 1995-2009. Then, the environmental inequality is assessed using the Gini coefficient
to investigate its dynamic trends. Moreover, an additive decomposition method is applied to identify
the main factors driving inequality changes. Finally, the insight generated by these methods is used to
develop a systems optimisation framework that allocates per capita CB quotas to reduce inequality
effectively. All these methods and calculations are explained in more detail below and in section 2 in
the Supplementary Material.

2.1  Multi-regional environmentally-extended input-output approach

Each of the environmental burdens b generated by each country r (wr;5%) was calculated using the
WIOD database (Dietzenbacher et al.,, 2013; Timmer et al., 2012) and the Leontief inverse (see
section 2.2 in the Supplementary Material for further details) following a CB approach. The WIOD
database covers 35 economic activiies and 70 environmental indicators for 40 countries
(representing more than 85% of the world’s GDP), plus the rest of the world (RoW) region
encompassing the remaining countries (Supplementary Table 2). The data span the period from 1995
to 2009. Hence, we restrict the analysis to these years due to lack of data outside this period. The 70
burdens are classified into five categories: use of materials, water, land and energy, as well as air
emissions. We select 25 of the 70 indicators available (see Supplementary Table 3) by omitting
energy indicators and burdens labelled as “others”. We disregard energy indicators as we focus on
the resulting environmental burdens rather than on the source energy accounts, which exclude the
energy assets (responsible for the burdens). Burdens within the “others” category are also omitted as
they embed highly aggregated data. In the materials category, we combine the “used” and “unused”
materials into a single indicator to consider both the share of burden entering the economy (used) as
well as the amount of material extracted from the environment but not entering any economic activity
(unused).

2.2 Inequality assessment via Gini coefficients
Gini coefficients (Allison, 1978) for each burden b (Gini,) were calculated from the disparities in per-

capita burdens between every two world regions r and r’in a particular year (yielding a total of 2(';') =
1640 combinations), as shown in Eq. (1):




wrSE  wrCE
Zr Zr’#:r pop,pop, por; - po—;)b, (1)
Gini,, = r PPl vb
2 Zr pop; Zr WTip

Here, pop, (pop,,) denotes the population of region r (r) and wr,S2 (wr,58) represents the CB burden b
of region r (r) (e.g. emissions of CO2 occurring domestically as well as in the rest of the world to
satisfy the demand of country r). These burdens are calculated from the annual CB economic output
required to cover the demand of a country, XCBr (in US$), the corresponding burden intensity relative
to the economic output, BI, (in burden units/$, e.g. kg SO2 eq./$), and the annual total burden
generated by households, HH,,, (in burden units, e.g. kg SOz eq.) as shown in Eqg. (2).

wrSP = BI,X°B* + HH,, Vr,b @

Note that X“B* corresponds to the total annual output of the world economy required to meet the
demand of a country (see section 2.2. in the Supplementary Material). To calculate the economic
Gini, we used the GDP values corrected for purchasing power parity (PPP, GDP"PP) provided by the
World Bank (2017), except for Taiwan, which was sourced from the World Economic Outlook
(International Monetary Fund, 2011) corrected for PPP with the conversion factor provided by the
World Data Bank for China. The GDPPPP for the RoW was obtained by subtracting the GDPFPP of the
40 countries in the WIOD from the world GDPPPP provided by the World Bank. Population data were
also retrieved from the World Bank except for Taiwan, for which we used the World Economic
Outlook (International Monetary Fund, 2011). The population of the RoW was estimated by
subtracting the population of the 40 countries in the WIOD from the world population provided by the
World Bank.

2.3 Temporal decomposition

To investigate the main drivers of inequality, we employed the additive decomposition method
developed by Biewen (2012, 2014) . Following this approach, the Gini change between two
consecutive years is decomposed into the ceteris paribus contributions of four factors plus the
interactions occurring between them (Egs. (3) to (7)): (i) a demographic factor corresponding to the
population (pop); (i) an economic factor related to changes in the total economic output (X°Br); (i) a
technological factor modelling changes in burden intensity (BI); and (iv) the households factor
covering changes in direct burdens generated by households (HH). The decomposition takes the
following form:

Ginif**t — Ginid®% = (Ginit*® — Gini)°*°) ®)
+(Gini§t%® — Ginid°%%) (4)
+(Ginig010 - Ginigooo) (5)
+(Ginid*°t — Ginid°%) (6)

+Interactions, Vb )

where the superscripts in Ginid¢*"* denote each of the four factors: d for demographic, e for economic,
t for technological and h for household. Note that the economic factor considers both changes in the
total output of an economy and also in its structure, thus partially capturing improvements in
technology efficiency (i.e. sectors that become more efficient consume less from other sectors).
However, here we use the term “technology” in the same spirit as in the widely-used IPAT equation
(which determines the environmental impact related to population, affluence and technology), thereby
referring only to the improvements affecting burden intensities.

The value of the superscript (either 0 or 1) indicates whether the corresponding factor is evaluated in
the first (=0) or second (=1) year. For example, in the assessment of the Gini changes taking place
between 1995-1996, the superscript 0000 denotes that population, economic outputs, burdens
intensities and burdens from households are set to their values in 1995. On the other hand, 1111
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indicates that the four factors are set to their values in 1996. Similarly, the superscript 0010 denotes
that population, economic outputs and burdens from households are fixed to their values in 1995,
while burden intensities are those in 1996. Hence, Eqs. (3-6) provide the ceteris paribus contributions
that are corrected with the Interactions term following the principle of “jointly created and equally
distributed”(Sun, 1998) to finally obtain the total contribution of each factor (see section 2.3 in the
Supplementary Material for further details). The values reported for each indicator correspond to the
average contributions across all the different pairs of years during the period 1995-2009. All monetary
values are expressed in 1995 US$ to eliminate the effect of inflation on the calculations.

2.4  Regional decomposition

Inequalities result from disparities in per-capita burdens between countries. In order to identify the
main contributors to the global level of inequality, we decompose the CB Ginis into regional terms
using Eq. (8):

CB cB
Wiy Wl

Yo'y POP,DOD,
GiniR,, = POPr__POPr'L vy, )
2., pop, Xy Wy

®)

where GiniR,, denotes the contribution of region r to the total inequality level for burden b. Note that
the summation over r of all the regional contributions yields the total CB Gini of the burden (i.e.
Y- GiniR,, = Ginip). In this work, the regional contribution is obtained by first applying Eg. (8) for all of
the years between 1995 and 2009 and then computing the average over the whole period.

2.5 Optimisation model for reducing inequality

As mentioned earlier, our results highlight the need to develop tailored policies to control inequality
levels. In the absence of any inequality targets agreed internationally, we suggest a quantitative
roadmap towards environmental equality based on two steps. In the first step, quantitative targets are
imposed on the burdens’ distributions (i.e. on their Ginis) considering their current inequality level and
the role played in satisfying basic human needs (see section 3.4). Then, these Gini targets are
translated into regional quotas for per-capita CB burdens by solving an optimisation model based on
nonlinear programming (NLP). The NLP model seeks regional quotas deviating the least from the
current CB burdens that in turn satisfy the following constraints: (i) an upper bound on inequality
(quantified via the Gini coefficient); (ii) a maximum disparity in per-capita burdens across regions; and
(i) a limit on the total burden that can be generated globally. The need to consider these constraints
in the model arises from the results of the previous analysis, as discussed later in the manuscript.
Finally, the optimisation model can be expressed as follows (Egs. (13-16)):

, |PC, — PCREF| 13
min — PC]BEF ( )
-

2y Lri#r POPrPOpP,, |PC, — PC,, | —— (14)

s.t. < Ginl

2 %, pop, 2, (PC,pop,)
Z(PCrpor)r) <TB (19)
-
\PC, — PC,,| <DISP vr, 7’ (16)
PC,. €R,y, Vr

where the objective function (Eg. (13)) seeks to minimise the relative total change (in absolute value)
between the current CB per-capita burden (parameter PCREF) and the optimal CB targets (denoted by
variable PC,) for all regions r. Egs. (14) and (15) impose an upper bound on the inequality level
(parameter Gini) as well as on the total burden generated globally (parameter TB), respectively.
Finally, Eq. (16) forces the maximum disparities in per-capita burdens between countries to lie below
a desired upper level (parameter DISP). Hence, Egs. (14-16) ensure a safe operation consistent with
the Earth’s ecological capacity and maximum allowable inequality levels, thus integrating both the
vertical and horizontal dimensions of sustainability. All variables (depicted in italics in this model) and
parameters (normal font) are defined for the desired policy horizon, except for those with superscript
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REF, which apply to the reference year (2009 in this case). Note that the optimisation model may
provide per-capita quotas (PC,) above current burdens generation levels. This would allow higher
pollution and consumption in some regions to lower global inequality levels. Due to economic growth,
emerging countries are expected to increase their per-capita CB burdens. However, this might not be
necessarily the case if they manage to decouple the GDP from environmental degradation, which has
been already observed in some developing countries (Ma et al., 2019). In this regard, the CB per-
capita quotas derived from our model should be understood as an upper limit on the per-capita CB
burdens; hence, there is no need to force countries artificially to satisfy their quota as a strict equality.

With regard to the data, estimates for the future population of each region r (parameter pop,) were
taken from the UN populations prospects assuming a medium variant scenario (United Nations,
2017). Planetary boundaries on burdens TB are only available for a handful of indicators, such as
COg, nitrogen or blue water (Hoekstra and Wiedmann, 2014; Kwakkel and Timmermans, 2012;
Rockstrom et al., 2009b, 2009a; Steffen et al., 2015), but we anticipate that future research might
bring more into play. When analysing a burden for which a global limit is missing, Eq. (15) should
simply be omitted from the model. To aid the calculations, the NLP model is reformulated into an
equivalent linear programming (LP) formulation following standard mathematical techniques (see
section 2.5 in the Supplementary Material). The model proposed here can also be expanded to
incorporate additional constraints to reflect different interests, priorities and concerns from diverse
stakeholders as well as particular characteristics of the burdens under consideration, such as local
environmental impacts or vulnerabilities.

3 Results
This section presents the results of the analyses discussed above, with their implications and
conclusions discussed in the subsequent sections.

3.1 Assessment of environmental inequality

To get a clear picture of where we stand in terms of inequality in CB burdens distribution, we start by
computing environmental Gini coefficients over the period 1995-2009 (Fig. 1). To support the analysis
of the results, we define five environmental inequality bands and classify the burdens according to
their CB Gini value: low (Ginis between 0-0.2), moderate (0.2-0.4), considerable (0.4-0.6), high (0.6-
0.8) and very high (0.8-1) (Fig. 1).

No burdens are found in the low or very high inequality levels, while large disparities are observed in
inequality levels across burdens, which seem to be strongly connected to the economic activities
generating them. These economic activities belong to either the primary, secondary, tertiary or
household sectors (European Commission, 2017) (Fig. 2 and section 2.6), where the first is more
closely connected to basic human needs (e.g. food and water burdens) (Rosa and Dietz, 2012), while
the rest are mostly linked to comforts and luxuries (Campbell, 1998; Jackson, 2005; Wilk, 2002). The
lowest CB Ginis, falling within the moderate inequality band (CB Ginis between 0.20 and 0.40),
correspond to burdens primarily related to basic human needs, such as food production and water
supply (see Fig. 2). This group includes green water (rainfall), NHz and N.O emissions (which mostly
come from the application of fertilisers and livestock), most land indicators (arable land, crops and
pastures) as well as all biomass-based burdens (animals, feed, food and forestry). All these burdens
are strongly linked to the economic activity Agriculture, Hunting, Forestry and Fishing in the primary
sector. Some other burdens display also moderate inequality levels while not being related only to the
primary sector. These include blue and grey water (ground/surface water and polluted water,
respectively) and emissions of CH4, NOx, SOx, CO and NMVOC. For these burdens, smaller
contributions from the primary sector, which reflects weaker links to basic human needs, tend to lead
to larger Ginis.

Burdens within the next band, considerable inequality, show Gini values between 0.40 and 0.60 and
lie close to the economic Gini (0.48). This group includes CO; emissions and oil extraction, which
have been shown to correlate strongly with the GDP (Al-Iriani, 2006; Apergis and Payne, 2010; Lim et
al., 2014; Saidi and Hammami, 2015). It also contains coal and other materials, such as construction
and metals. These burdens are linked mostly to the secondary sector and feature very small
contributions (if any) from the primary sector (Fig. 2). The only exception within this group in terms of
sectoral breakdown is forest land, which despite being fully related to the primary sector shows a Gini
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of 0.52. This higher inequality level, compared to the other burdens connected mostly to the primary
sector, could be attributed to the natural geographical distribution of this resource with significant
disparities across regions.

Moderate
Considerable
High

Very high

Metals
Industrial
Construction
Oil

Gas
Coal
Forestry
Food
Feed
Animals
Forest
Pastures
Crops

Arable
NH,

B water
[ Emissions

Bl Land

[ Materials

NMVOC
co
SO

NOyx
N,O
CH,
CO, 0.50
Grey 0.29
Green 0.27

0.29

| | |

0 0.2 0.4 0.6 0.8 1
Average CB Gini [0-1]

Blue

Fig. 1 Assessment of environmental inequality in 1995-2009. Average CB Gini for the 25 environmental burdens
(each depicted in a different colour according to the category it belongs to: water, emissions, land and materials).
We also show the average economic inequality in the same period (quantified as the Gini coefficient for the GDP
at purchasing power parity) as a red line. Error bars show the lowest and highest values for the annual Gini over
the period. The horizontal intervals denote the inequality bands, ranging from low (0 < Gini < 0.2) to very high (0.8
< Ginis £ 1). NMVOC: non-methane volatile organic compounds. For interpretation of the references to colour,
the reader is referred to the web version of this article.

Finally, we identify a set of burdens with high inequality, with Gini values above 0.60. The first burden
in this group is gas, which lies close to other fossil fuels, such as coal (0.62 vs 0.58). These two
burdens show larger Ginis than oil, very likely because they are consumed for electricity and heat
generation where their share varies greatly across countries. In contrast, oil is used predominantly for
producing liquid fuels in transportation. The highest Gini among all the burdens (0.71) corresponds to
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industrial minerals. This burden generated in the secondary sector would be expected to fall in the
same inequality band (considerable) as other materials, such as construction and metals. However, it
shows a high Gini most likely due to the fact that western countries - mainly EU and USA - consume
much more per-capita of industrial minerals than the rest of the world (Supplementary Fig. 1).

Our results show that inequality levels, as well as the role played in satisfying basic needs, vary
greatly across burdens. Unlike economic inequality, lowering the CB burdens inequality does not
necessarily imply moving towards sustainability. Indeed, inequality could also be reduced even if all
countries increased their emissions and resource usage. Moreover, inequality has different
implications depending on the type of burden, such as resource-based indicators (e.g. mineral, water
use or land use) vs pollution-based indicators (e.g. CO2, NMVOC). This suggests that tailored policies
would be required for each burden, considering its importance and particular characteristics.

Metals Blue Green

Industrial Grey

CO,

Qil CH,

Gas N,O
Coal NOy
Forestry SOy
Food coO
Feed NMVOC

Animals NH;

Forest Arable

Pastures Crops

| O Primary O Secondary O Tertiary O Householdsl

Fig. 2 Environmental burdens by economic sector. Each slice corresponds to one environmental burden and
shows the yearly average breakdown of the economic sectors generating the burden (i.e. primary, secondary,
tertiary and households). The colour of the outermost ring denotes the environmental category of the burden (i.e.
water, emissions, land and materials). For interpretation of the references to colour, the reader is referred to the
web version of this article.

3.2 Trends and drivers of environmental inequality

After analysing international distribution of the burdens, we next study the temporal evolution of their
inequality levels from 1995 to 2009 (Fig. 3). This analysis allows us to understand the ongoing trends
and major driving forces behind them, to ultimately assess the level of urgency in tackling inequality
and how to do it more effectively. Average annual rates in Gini changes are found to range from
—2.71% to +0.90%, where negative values reflect a reduction in inequality and positive the converse.
The Gini values for most burdens decreased over this period, indicating a trend towards greater
equality. At the same time, the GDP Gini also decreased by —1.83%, evidencing a move towards
higher economic equality across countries. Inequality worsened in only three burdens, green and grey
water as well as food, all three related to basic human needs, with their Ginis displaying an average
growth of +0.05%, +0.90% and +0.71% per year, respectively.

These temporal trends are the external manifestation of several underlying mechanisms affecting
inequality. To shed light on these drivers of inequality, we quantify the contribution of four factors
towards the Gini variations, each of which could potentially increase or decrease inequality (Fig. 3B):
(1) demographic: population size; (2) economic: size and structure of economies; (3) technological:
burden intensity, i.e. total burden generated per unit of economic output produced in an economic
activity; and (4) household factors: domestic burdens from households resulting from their
consumption patterns/lifestyles. The selection of factors (1)-(3) is inspired by the previously-
mentioned IPAT expression. Furthermore, factor (4) is consistent with the structure of the MREEIO
data (Feng et al., 2015; Guan et al., 2008), where household burdens are modelled as an additional
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factor not linked explicitly to any economic sector. For further details on these factors, see Methods
and section 2.3 in the Supplementary Material, where their contribution to the total generation of
burdens is also provided (i.e. the vertical dimension, see Supplementary Fig. 2).

According to our analysis, demographic and technological factors contributed to an increase in
inequality over the period 1995-2009. In contrast, economic factors pulled in the opposite direction,
counterbalancing the first two factors in most of the burdens. The effect of households was weak,
contributing towards lower inequality mainly in burdens with large contributions from this sector (grey
water, CO,, NOx, CO and NMVOC).

To get an insight into why these drivers affected inequality in this way, we study how they evolved in
the same time period. Considering first the economic driver, we find that it acted to decrease
inequality because emerging economies experienced faster economic growth and a general move
from activities in the primary sector to others (often more polluting) in the secondary sector. Hence,
economic changes narrowed the gap in per-capita burdens between developing and developed
nations. On the downside, they also led to larger global levels of consumption and pollution, thereby
damaging the vertical dimension of sustainability (Feng et al., 2015; Guan et al., 2008; Rosa and
Dietz, 2012) (Supplementary Fig. 2).

In contrast, the demographic driver contributed to a rise in inequality as population grew faster in
developing countries, thereby diluting the increase in per-capita burdens driven jointly by higher
economic growth and a transition from primary to secondary activities. Thus, under the ceteris paribus
conditions, changes in population would have widened the gap in the per-capita burdens while
increasing burdens globally (i.e. more population leads to higher consumption), thereby damaging
both sustainability dimensions simultaneously.

Similar to the previous factor, the technological driver also contributed to increase inequality. This
happened because developing countries, displaying lower per-capita CB burdens, achieved higher
reductions in burden intensity compared to developed ones, where there was less room for
improvement. These efficiency improvements were accomplished by adopting better technology and
enforcing more stringent regulations. Therefore, under the ceteris paribus conditions, this driver would
have also widened disparities across countries while at the same time contributing to curb burdens
globally (Supplementary Fig. 2). Note that here we consider countries with quite different socio-
economic status. This has strong implications for the interpretation of the results, as technological
changes, despite lowering the total burdens, can adversely affect global inequality as discussed
further below.

Finally, households played a minor role, contributing to reduce inequality marginally, particularly in
burdens such as grey water, CO,, NOx, CO and NMVOC emissions. This could be attributed to the
faster growth of private transport and urbanisation experienced in developing countries. Again, as with
population, this factor helped to reduce inequality but increased total burdens, thus affecting the two
sustainability dimensions in opposite directions.

These results, therefore, highlight the need to consider the horizontal and vertical dimensions of
sustainability simultaneously to help identify and address the trade-offs between them.

3.3 Regional contributors to inequality

To understand further how inequality in the burdens’ distribution emerges and which regions
contribute the most to its global level, we next analyse the regional breakdown of Ginis in 1995-2009
(see Fig. 4A and Methods). We find that inequality is mainly due to few highly populated countries,
namely China, India and the USA. These three countries, altogether representing on average 42% of
the world population over the same period, displayed average contributions towards the Gini ranging
from 37% for industrial minerals to 51% for construction minerals. For instance, in animal feed,
denoting the amount of food fed to farm animals, 42% of the Gini value was due to China (17%), India
(15%) and the USA (10%). This is despite the significant differences in this burden between China
and India (0.8 and 0.7 t/cap, respectively) compared to the USA (3 t/cap). On the other hand, the
region labelled as rest of the world (RoW), accounting for 34% of the world population, was
responsible for proportionally less of the same Gini (23%).




A _— |
GDP - 0.48 Average Gini Metals - —
Metals |- [ 050 oA ;9%5_;25003_75 Industrial Egsﬁzgr;?fhlc
Industrial |- om [ g | Cemeiructon - ] Technological
Construction |- 0.53 |: [MATERIALS ] oil [l Households
oil |- 051 | [ LAND Gas [ -
Gas |- [ 062 [ EMISSIONST] Coal |- J
Coal | 0se | Vi Forestry |- | |
Forestry |- 0.35 |: - Food F I:E |
Food |- | ] o2s - Foed L | .
Feed = 029 [ T Animals | -
Animals [~ 0.28 l: ] Forest - |
Forest [~ 0.52 I:] - Pastures - i
Pastures - 0.40 l: - Crops | i
Crops [~ 0.33 I: - Arable b | i
Arable - 0.34 [} - w L |
NH; - 026 [ ] - ’
NMVOC k- IE | NMVOC =
NO, || 0.40 - NO« I -
CH, - 0.30 [ | . CH. - 3

Co;, | [0.50 - CO; I
Grey [ | 0.29 - Grey -

Green |- 0.27 . Green [~ | 7]
Blue [ [ o029 : Blue | A | :
1 1 1 1 1 1 1 1
-3% -2% -1% 0% 1% 2% 3% -0.015 -0.01 -0.005 O 0.005 0.01 0.015
Average CB Gini change per year (%) Average contribution to CB Gini change per year

Fig. 3 Analysis of trends and drivers of Ginis for the period 1995-2009. A Change in CB Gini. For each burden,
the length of the bar denotes the average annual change in the CB Gini over the period 1995-2009. The colour
gradient indicates the average CB Gini for the same period. Bar colours denote the four indicator categories (i.e.
materials, land, emissions and water) together with the GDP. B Drivers of change in Gini. For each burden, we
show the average contribution of the four factors to the annual changes in Gini in 1995-2009. Blue triangles
indicate the average change in inequality within the period 1995-2009. The shaded region on the right-hand side
of both subplots represents a trend towards higher inequality levels. For interpretation of the references to colour,
the reader is referred to the web version of this article.

Furthermore, significant changes in per-capita burdens can occur regionally even when the Gini
remains almost constant (Lorenz curves (Allison, 1978; Lorenz, 1905) in Figs. 4B and 4C). Indeed,
the feed Gini decreased marginally from 0.30 in 1995 to 0.29 in 2009, yet there were substantial
changes in the ranking of countries in terms of per-capita burden generation. Notably, Lithuania and
Slovakia moved 19 and 11 positions upwards, respectively, while Japan dropped 16 places, and
Taiwan and the RoW eight. Moreover, the difference between the largest and lowest per-capita
burden generation among countries (maximum disparity) increased from 10.3 t/cap in 1995 (10.8
t/cap in Australia compared to 0.5 t/cap in Indonesia) to 10.5 t/cap in 2009 (11.0 t/cap compared to
0.4 t/cap in the same countries). Additionally, the total burden generated grew from 8.2 tin 1995 to 9 t
in 2009, thereby exerting more pressure on a planet with limited resources (Venter et al., 2016).
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Fig. 4 Regional implications of inequality. A Average regional contribution to inequality in 1995-2009. The figure
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Average consumption-based Gini values are depicted next to each bar. B and C Lorenz curves (cumulative
distribution of burden, where countries are ranked according to their per-capita consumption-based burden) for
feed for 1995 and 2009, respectively. In B, labels indicate the region and its ranking in terms of per-capita
consumption-based burden. In C, the change in ranking for per-capita burdens between 1995 and 2009 is shown
in parenthesis, where red denotes a decrease and green an increase in the ranking. For interpretation of the
references to colour, the reader is referred to the web version of this article.

These results evidence that monitoring only an aggregated inequality indicator like the Gini might be
insufficient when attempting to measure progress towards an equality goal. Hence, both the specific
disparities across countries and the total amount of global burden generated should be considered
concurrently in any sustainability study (Cobham, 2013; Engberg-Pedersen, 2013; Palma, 2011,
2006).

3.4  Towards regional roadmaps: implementation and monitoring

We finally envision a comprehensive framework to tackle inequality more effectively based on our
results. Pursuing the goal of distributing burdens more equitably through a long-term strategy, we
discuss how to articulate international regulations and underpin potential negotiations using analytical
tools. We propose that the first step should involve the definition of quantitative goals reflecting
maximum allowable levels of inequality that should not be exceeded. This is a controversial topic
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never addressed in depth by any organisation, including the UN, which stopped short of setting
economic or social equality targets in its 2030 Agenda and instead relied on alternative control
variables, such as income growth or remittance costs (United Nations, 2015a). Recognising that full
equality (i.e. zero Gini) can be detrimental for economic growth and social stability (Hollanders, 2015),
we propose a general roadmap towards environmental equality based on decreasing the Gini values
by a certain percentage (p) over an x-years policy horizon, subject to periodic revision over time. We
argue that this percentage p should be established according to a priority level, defined considering
qualitative criteria. We propose two such criteria: (i) the type of environmental burden, i.e. mostly
linked to either basic human needs, comforts or luxuries; and (ii) its current level of inequality as given
by the five bands defined previously (see Fig. 1).

Following this approach, we introduce a barometer where the burdens related to basic human needs
and currently showing higher Ginis would be given higher priority and, therefore, larger p values (Fig.
5). As an example, distributing consumption of some metals fairly might be less critical than ensuring
a fair distribution in food (Lu et al., 2015; Wood et al., 2018). In practice, grouping burdens into
categories following criterion (i) would require a detailed analysis of their roles in the global economy
to produce a fair and coherent taxonomy. Other additional principles could also be added in the
barometer, such as the extent to which the burdens are connected to critical environmental impacts
for which action is most urgently needed. The use of a barometer, regardless of the type of criteria
agreed, would provide a consistent framework to translate qualitative criteria into quantitative limits,
as required for an effective monitoring and control of inequality.

Overall, it is apparent that establishing targets for reducing inequality will require some subjective
decisions and articulation of preferences (Van der Veen, 2003) and it should ultimately be a political
decision (Engberg-Pedersen, 2013; Fukuda-Parr et al., 2014). However, the use of criteria like (i) and
(i) could facilitate a consensus among stakeholders with different and often conflicting interests. In
this context, our barometer could, therefore, help to establish more effective targets and make better-
informed policy decisions.
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Fig. 5 Barometer for establishing reduction targets for global Ginis according to the priority level of the burden.
The rows classify indicators according to their role in satisfying human needs, whereas the columns reflect their
current inequality level.

Ensuring a stand-alone Gini target might be insufficient to reduce effectively global inequality since,
as already discussed, burden distributions entailing different maximum disparities can lead to similar
Gini values. Therefore, quotas will need to be imposed by region considering maximum disparities
between them to ultimately succeed in reducing inequality more effectively. Furthermore, translating
inequality targets into regional quotas (i.e. maximum CB per-capita burdens) is not straightforward,
since the same inequality level could be ensured in multiple alternative ways, each affecting every
region differently. While some sharing principles are being discussed for establishing quotas on
greenhouse gas emissions (Chakravarty et al., 2009; Hohne et al., 2014; Raupach et al., 2014;
Ringius et al., 2002), these do not allow to enforce explicitly a given bound on inequality or
accommodate easily specific optimality criteria when performing the burdens allocation.

To circumvent these limitations and provide more flexibility when allocating burdens, we apply
systems optimisation to this problem. Following this approach, we formulate a mathematical model
that seeks optimal per-capita CB burdens satisfying limits on inter-country disparities, on the Gini
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coefficient (horizontal dimension of sustainability) and on the total amount of burdens generated
(vertical dimension of sustainability); for details, see Methods.

We then apply our approach to allocate quotas on CO; as an illustrative case; an additional case
considering blue water is discussed in section 1.3 and Fig. 3 in the Supplementary Material. To this
end, using our barometer, an exemplifying Gini reduction target p of 20% is set, i.e. a burden related
to comfort and with considerable inequality in 2009. While the target considered here is chosen
arbitrarily for illustration purposes only, in practice environmental equality targets could be agreed by
an international panel of experts and policy makers taking into account the specific role of each
burden in ensuring human wellbeing and its current inequality level. The target sought should be for
the year 2030, the time horizon for the Sustainable Development Goals, taking 2009 as the reference
year. Moreover, the maximum disparity should drop by 20% compared to 2009 levels (i.e. the same
reduction as for the Gini), while imposing a limit on the total CO:2 released of 11.24 Gt COz/yr. The
latter is consistent with the planetary boundary of approximately 1,000 Gt of cumulative CO2 allowed
between 2011 to 2100 for a “high” probability (66%) of achieving the 2°C temperature goal of the
Paris Agreement (UNFCCC, 2015), distributed uniformly over the years (O’Neill et al., 2018). The
optimisation model seeks to deviate the minimum from the current distribution of burdens while at the
same time not surpassing the inequality target sought.

For the values defined above, the optimal solution (Fig. 6) entails curbing the per-capita CB CO;
emissions of 14 regions, while keeping emissions unaltered in the remaining countries (depicted in
grey in the figure). These targeted regions were responsible for 89% of the global emissions in 2009,
a percentage share that would drop to 68% after meeting the 2030 targets. Seven regions would
require reductions above 90% in per-capita emissions: the USA, Canada, Germany, the UK, Japan,
Australia and Russia. For others, these reductions would be more modest, but still significant:
between 50% and 90% in China, RoW and France and below 50% in India, South Korea, Italy and
Mexico. These targets would make the Gini drop from 0.44 to 0.35, while decreasing the maximum
disparity from 19,595 to 15,187 kt COz/cap. The world average per-capita emissions would be
reduced by 69% (from 4,231 kt COz/cap in 2009 to 1,314 kt CO2/cap in 2030), thereby curbing total
CO: emissions by 61% (from 28,85 to 11,24 Gt CO2lyr) despite an expected population growth of
25.4% in 2030 compared to 2009. Hence, emission targets focused on some countries would avoid
transgressing the planetary boundary in climate change, while meeting the equality goals effectively.

After agreeing on the national quotas provided by the model, nations and governments should put
them into practice via regulations and policy instruments, including consumer-oriented pricing
schemes (Ottelin et al.,, 2019). With regard to CO; emissions, a wide range of abatement
opportunities would be available for the countries to meet their quotas. In countries where CO;
emissions come mostly from the sector Electricity, Gas and Water Supply (e.g. 34% in the USA and
45% in China), decarbonisation and deployment of CO2 removal technologies could play a major role
in meeting the targets (Smith et al., 2016). In other countries with low-carbon electricity, such as
Japan, Canada and France, but with high households emissions (12%, 16% and 23% respectively),
greener transport, better building insulation in the residential sector and behavioural actions should be
the focus of regulations (Dietz et al., 2009; Jones and Kammen, 2011).

When delineating mitigation options, imported burdens should also be considered as they can be
large, particularly in countries moving most of their manufacturing facilities overseas (Dalin et al.,
2017; Davis et al., 2011; Peters et al., 2011). For example, 45% of the total CB CO, emissions in
France are embodied in its imports (Davis et al., 2011). In this regard, technology transfers from the
developed to the developing countries should be encouraged; for instance, similar to the Kyoto’s
Clean Development Mechanism (Heil and Wodon, 1997; Shan et al., 2018).

4  Discussion
The implications of our results for policy-making are diverse. The disparities in inequality levels across
burdens with different roles in ensuring well-being call for tailored regulations setting specific safety
limits for each of them. In controlling inequality, burdens related to basic human needs should be
prioritised, as inequalities in their distribution might trigger social conflicts (Anonymous, 2018a). This
might be more critical in resources with shrinking availability, potentially facing undersupply. As an
example, consider the Arab Spring, regarded as a “revolution of the hungry” that, arguably, could
have been prevented by avoiding food shortages (UNESCO, ISSC and IDS, 2016).
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Fig. 6 Region specific targets proposed for 2030 on the per-capita consumption-based CO; emissions. Countries
are coloured according to the proposed target, expressed as the reduction required in their consumption-based
CO:2 emissions with respect to their 2009 levels (e.g. Russia would need to curb their emissions by 90%
compared to the 2009 levels). These targets can be translated into the corresponding amount of per-capita
consumption-based CO:2 emissions allowed in each country, as given within the silhouette of a person and
expressed as a percentage of the emissions of the country for which this value is the highest (i.e. Luxembourg,
standing at 16,000 kt COz/cap, corresponds to 100%). The global CO2 emissions (Gt CO2/yr) are given in the
planet legend, which shows the Earth’s carrying capacity (ECC), the current CO2 emissions in 2009(**) and those
resulting from the 2030(*) targets. For interpretation of the references to colour, the reader is referred to the web
version of this article.

The temporal analysis of environmental inequality between 1995-2009 revealed a general slow trend
towards greater equality. Despite this, inequality grew in burdens related to the basic needs, such as
green and grey water as well as food, which is a matter of concern considering their future potential
scarcity (Anonymous, 2018b). Hence, international action and new approaches are urgently needed
to ensure a sustainable future: short and long-term regulations and policies should be developed and
enforced now to accelerate the general decline in inequality to ultimately keep it within allowable
limits.

We found that global inequality is largely caused by a handful of highly-populated countries that
should be targeted first when attempting to keep inequality low. Changes in population and
technology efficiency were found to be the main drivers of inequality, while changes in the size and
structure of the world economies counterbalanced them, thereby leading to a global decline in
inequality between 1995 and 2009. The analysis of these drivers revealed the existence of a trade-off
between lowering the inequality and reducing total burdens, which is inherent to driving forces
showing opposite contributions towards the horizontal and vertical dimensions of sustainability.
Population growth in emerging economies, on the contrary, damaged both sustainability dimensions
(Bradshaw and Brook, 2014; Ehrlich et al., 2012) and it might continue to do so if the current
population trends persist. As policies for controlling population are controversial and largely
ineffective, other options for addressing inequality need to be considered instead. Of the four factors
studied here, this then leaves the households and technology as possible targets.

Technology advances should focus on reducing burdens connected to the most critical impacts, such
as CO,, linked to climate change, which in turn threatens agricultural productivity worldwide
(Stevanovic¢ et al., 2016). The constant drive towards increasing the GDP growth, already a subject of
intense debate (Robert et al., 2014), might inevitably lead us to the transgression of planetary
boundaries. For the most critical burdens, regional quotas will need to be defined and, in doing so, a
range of criteria and sharing principles will have to be explored, including equality goals. Hence,
technology will need to be developed and transferred to the right locations to help us operate below
those quotas with a minimum negative impact on the economy. In this process, it might also be
necessary to trade products and knowledge and promote foreign investment and mobility of skilled
workforce (Heil and Wodon, 1997). If these actions succeed in operating safely within the Earth’s
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ecological limits, it is likely that the horizontal dimension of sustainability will become less relevant;
yet, ensuring fairness in the distribution of burdens will always matter as it reflects the universal goal
of environmental justice.

We envisioned a roadmap to tackle inequality more effectively based on setting specific targets and
translating them into CB quotas via systems optimisation. The use of CB accounting, requiring
production-based data together with data on imports, exports and demands, which might be hard to
gather, will be challenging by itself. As a starting point to develop robust policy instruments,
international acceptance and statistics for international trade and CB inventories would need to be
overseen and monitored, as suggested in previous works (Duus-Otterstrom and Hjorthen, 2019;
Peters et al.,, 2011). Furthermore, enforcing CB quotas would require consumer-oriented
interventions, including pricing schemes. Moreover, trade-related mechanisms could also be
established to enforce these quotas (e.g. border burden adjustments via taxes), which would require
deep international coordination and cooperation (He and Hertwich, 2019). In any case, our conceptual
framework is flexible and could, therefore, be taken as a starting point for other approaches making
explicit links between burdens generation and planetary boundaries, both global and regional.
Potential areas for improvement include tailored optimisation models for each particular burden, the
incorporation of abatement costs or international cooperation considerations to meet targets more
effectively (Chakravarty et al., 2009; Dawes et al., 2007; Galan-Martin et al., 2018; Raupach et al.,
2014).

Pursuing a more equitable future is not a one-time task, but rather a continuing one: inequality targets
should be reviewed periodically to accommodate trends following long-term strategies, which will
likely pose challenges for accounting and governance (Jakob et al., 2014; Wiedmann and Lenzen,
2018). Regional quotas could thus be recalculated using updated inputs to deal with potential
disturbances, such as conflicts, financial instabilities and technological breakthroughs. By integrating
both the vertical (total burden) and horizontal (burden distribution) sustainability dimensions, the
proposed approach would, therefore, help to control and monitor progress towards sustainable
development while ensuring a safe operation within both dimensions.

5 Conclusions

The inequality debate typically addresses economic and social inequality, while environmental
inequality is often omitted. The advent of MREEIO models offers the opportunity to enlarge in scope
inequality studies beyond the economic dimension and embrace environmental burdens. We argued
here that this is particularly important for at least two reasons. Firstly, following the general goal of
pursuing environmental justice, we should ensure fair access to environmental assets and burden
generation. Secondly, because the seemingly unstoppable economic growth will likely push us
towards the limits of the safe-operation region defined by the planetary boundaries; consequently,
guotas on burdens will need to be agreed soon and distributed with fairness to ensure a successful
deal.

Developing effective regulations to address inequality in the burdens’ distribution will require a deeper
and broader knowledge on environmental inequality, its sources and driving forces. Capitalising on
the findings of this work and considering that no quantitative inequality targets are at present
available, we advocate the establishment of a roadmap towards environmental equality based on
accomplishing successive reductions in Ginis over time, that could be explicitly defined using the
barometer proposed here. This barometer translates qualitative criteria into quantitative targets,
allowing for the inclusion of additional aspects of the inequality problem relevant to different
stakeholders and policy makers. Then, inequality targets would be subsequently translated into
regional quotas on burdens via systems optimisation, ensuring simultaneously the fulfilment of
inequality limits and a safe operation below the Earth’s carrying capacity.

Overall, our helps to improve currently limited knowledge of environmental inequality and showcases
the capabilities of systems approaches in providing integral solutions towards sustainable
development. It is hoped that this work will trigger further discussion on the need to address
environmental inequality, currently missing in the Sustainable Development Goals, and open up new
research avenues on the use of systems approaches in solving global sustainability problems.
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Reducing global environmental inequality:
Determining regional quotas for environmental burdens through systems
optimisation

C. Pozo, A. Galan-Martin, D. Cortés-Borda, M. Sales-Pardo, A. Azapagic, R. Guimera, G. Guillén-
Gosalbez

Supplementary material

The document comprises two main sections. The first, “Supplementary results”, presents additional
findings omitted in the main manuscript due to space limitations. The second, “Methodology and data”,
describes: (i) the input-output calculations; (ii) the additive decomposition; (iii) the NLP model
reformulation; and (iv) the methodological limitations. It also presents the main data sources used in
this study.

1 Supplementary results

1.1  Per-capita consumption of industrial minerals
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Fig. 1 CB average per-capita burden on industrial minerals for specific regions in the period 1995-2009. EU
includes all the WIOD European countries except for Russia and Turkey, while RoR (rest of regions) includes all
the remaining WIOD regions not elsewhere classified.



1.2  Drivers of environmental global burdens: vertical dimension
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Fig. 2 Analysis of the drivers of the changes in total environmental burdens for the period 1995-2009. For each
burden, we show the average contribution of each of the three factors towards the annual changes in the total
amount of burden generated: economic (salmon), technological (grey) and household factors (black). Blue
triangles indicate the average change in global burden within the period. The shaded region on the right-hand
side represents contributions towards larger amounts of global burden.

1.3 Regional quotas for blue water

In addition to the CO, case presented in the main manuscript, here we illustrate how our approach
could be applied to blue water, as an example of burden currently not transgressing the planetary
boundary. To this end, using our barometer, an exemplifying Gini reduction target p of 20% is set (i.e.
burden related to the basic needs and with moderate inequality in 2009). This is enforced for 2030
taking 2009 as the reference year. Moreover, we force the maximum disparity to drop by 20%
compared to 2009 levels (i.e. the same reduction as with the Gini), and define a limit of 4,000 km3/yr
on the total blue water consumed, which is consistent with the estimated capacity of the planet
(Kwakkel and Timmermans, 2012; Rockstrém et al., 2009a).

For the values defined above, the optimal solution entails curbing the per-capita consumption of blue
water in Canada (relative decrease of -19.29%) and the USA (-7.22%), while allowing for larger
consumption in China (relative increase of +14.18%) and RoW (+4.16%), and keeping the
consumption in the remaining countries unaltered (Supplementary Fig. 3). These targets reflect a
situation where the Gini would drop from 0.24 to 0.19, while decreasing the maximum disparity from
2,335 m®/cap to 1,868 m®/cap. The world average per-capita consumption would remain almost the
same (from 291 m3/cap in 2009, to 290 malcap in 2030). However, the total blue water consumption
would increase by 24.9% (i.e. from 1,987 km3/yr to 2,481 km3/yr) due inter alia to the expected
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population growth (25.4%), but still far below the ecological capacity of the planet (estimated at 4,000
km?>/yr). Hence, inequality could be reduced via a targeted action focused on a handful of countries.

Blu é' water reduction
target
-20%

Total consumption
km3/yr .
4000(ECC)

0%

2481(")
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) m*/cap/yr
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(max)

Fig. 3 Region specific targets proposed for 2030 on the per-capita consumption of blue water. Countries are
coloured according to the proposed target, expressed as the reduction required in their blue water consumption
with respect to their 2009 levels (e.g. Canada would need to reduce its blue water consumption by 19% compared
to its 2009 level). These targets can be translated into the corresponding per-capita blue water consumption
allowed in each country, as given within the silhouette of a person and expressed as a percentage of the
consumption of the country for which this value is the highest (i.e. Canada, with 1,954 m3/cap, corresponds to
100%). The global blue water consumption (km>/yr) is given in the water drop legend, which shows the Earth’s
carrying capacity (ECC), the current blue water consumption in 2009(**) and that resulting from the 2030(*)
targets.

After agreeing on the national quotas provided by the model, we should decide in a second step on
how to meet them in practice. Following the example of blue water, the increase in per-capita
consumption allocated to China and RoW might result naturally from their economic growth (i.e. higher
GDP would likely increase water consumption) (Steinberger et al., 2012). On the other hand,
reductions in blue water could be attained by exploiting key regional abatement opportunities. For
example, the high blue water per-capita consumption in Canada is mainly due to hydropower
generation (84% of the CB burden is generated domestically in the sector Electricity, gas and water
supply). Hence, to meet its quota, Canada could invest in better technology for hydropower generation
while also promoting the move to other renewables. In the case of the USA, 92% of its total blue water
consumption is related to the sectors Agriculture, Hunting, Forestry and Fishing (50%) and Electricity,
gas and water supply (42%). Thus, the USA could improve water efficiency in agriculture (e.g. drip and
sprinkler irrigation) and in industrial/municipal systems, while also optimising the supply-side
management (e.g. infrastructure rehabilitation), among other abatement strategies (Addams et al.,
2009).

It should be noted that the targets derived from the optimisation approach act as upper bounds of the
consumption-based per-capita burdens, which implies that countries which have historically
contributed little to the global environmental burdens, in this case to the water consumption, are not
forced to increase their burdens just for the sake of reducing the environmental inequality. Due to their
economic growth, some developing countries, such as China, are expected to increase their per-
capita burdens. However, there is evidence that emerging economies can grow without increasing
environmental pressures (Ma et al., 2019) by taking advantage of technology improvements in
developed countries and developing policies that stimulate deployment of low-burden technologies,
thus decoupling environmental pressure from economic growth. The upper-bound targets sought are
intended to keep the burdens at a level that allows the development of economies without
compromising the environmental efficiency or the environmental equality.

When delineating these mitigation options, imported burdens should also be considered as they can
play a key role in developed countries, which very often displace burdens to developing countries
through imports (Dalin et al., 2017; Davis et al., 2011; Peters et al., 2011). For example, 29% of the
total blue water consumption in the USA is embodied in its imports. In this regard, technology transfers
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from the developed to the developing countries could be encouraged; for example, similar to the
Kyoto’s Clean Development Mechanism.

Pursuing a more equitable future is not a one-time task, but rather a continuing one: inequality targets
should be reviewed periodically, thereby accommodating trends following long-term strategies.
Regional quotas could thus be recalculated using updated inputs to deal with potential disturbances,
such as conflicts, financial instabilities, technological breakthroughs, etc. By integrating both the
vertical (total burden) and horizontal (burden distribution) sustainability dimensions, this tool would,
therefore, help to control and monitor the progress made towards sustainable development. This
framework would ultimately allow us to move towards a greater sustainability while ensuring safe
operation within both dimensions.

2 Methodology and data

2.1 Conceptual framework

This work combines several analytical tools to study environmental inequality. The insight generated
by each of these methods is then combined to develop a systems optimisation framework to tackle
inequality more effectively. Data from multi-regional environmentally-extended input-output (MREEIO)
tables are employed to analyse the distribution of environmental burdens, investigate the dynamic
trends of inequality and identify its main drivers. Environmental inequality is assessed using the Gini
coefficient, while additive decomposition is applied to evaluate quantitatively the factors driving
inequality changes in the 1995-2009 period. Finally, roadmaps towards higher environmental equality
are proposed based on quantitative regional targets determined through systems optimisation.

2.2 Multi-regional environmentally-extended input-output approach

Multi-regional input-output (MRIO) models are used to quantify the environmental footprint of each
nation for every burden (Hoekstra and Wiedmann, 2014). MRIO tables display the goods and services
(expressed in monetary terms) traded between suppliers and consumers along the production chain,
across industries/sectors, within a region and between regions (Miller and Blair, 2009). The
environmental extension of the MRIO tables (i.e. MREEIO) provides information on the environmental
burdens generated by the economic activities carried out within sectors, which are embodied in the
goods and services traded between them. Here we follow a consumption-based (CB) accounting
system, which quantifies the burdens embodied in the goods/services consumed by a country,
regardless of where the burdens are generated along the products’ supply chains.

In the CB system, we quantify environmental burdens at the demand side, that is, the burdens
generated globally to satisfy the demand of a country (i.e. environmental footprint). This is done in two
steps. First, Supplementary Eqg. (1) is applied to calculate the economic output X" required in all the
economic activities across the world to satisfy the demand YR of a region r. To this end, we use the
so-called Leontief inverse matrix (I — A)™1, as follows:

X" = (1 — A)~'YR" vr 1)

In matrix form, the terms in Supplementary Eq. (1) can be expressed as follows:

cBr 11 gl giP T
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where X¢B" is the economic output CB required in all the economic activities to satisfy the demand of

region r (i.e. vector of n-p elements x55", each associated with an economic activity i of a region r’,

where n is the total number of activities and p is the total number of regions). | is the identity matrix

and A contains (n-p)x(n-p) technical coefficient elements {a{f’}, which are calculated as afj" =

zl]" [x]". Here, z]]'corresponds to inter-activity economic flows from economic activity i in region r to

economic activity j in region r’, and x;” represents the total output of each economic activity j within
S4



each region r’. Finally, YR™ is the vector containing the goods and services demanded by each region r
to each of the n economic activities in the p regions r’.

In the second step, the economic flows X¢B" calculated in step one are translated into the
corresponding burdens. This is done using burden intensities defined for each economic activity
(parameter BI,), as shown in Supplementary Eq. (3):

CB
[Wubr
CBr
b v, b ®)
c
Wripb

WbCBT — XCBT ° BIbT — w,

where “o” is the Hadamard product, W,¢E" is a vector containing n-p elements w527, each denoting the

amount of burden b generated by economic activity i in region r’ to satisfy the demand from end users
in region r, while BI, is the vector of environmental burden intensities for burden b (burden generated
per unit of economic output, which depends on the economic activity). This vector contains n-p
elements, where each of them corresponds to the burden intensity of a given activity in a specific
country. Hence, the CB environmental burden of region r for indicator b, denoted by wrS?, is obtained
by aggregating the burdens b generated in all the economic activities across the world to satisfy the
demand from region r (i.e. w5El), plus the domestic burdens from households in the consumer region

(HH, ), as illustrated by Supplementary Eq. (4).

wrSE = Z Z wiBr + HH,, Vr,b 4)
reoi

2.3 Additive decomposition: Gini coefficient and global burden

2.3.1 Interactions allocation

In our work, changes in Ginis are decomposed into the ceteris paribus contributions of four factors
plus their interactions following the additive decomposition proposed by Biewen (2014, 2012). These
interactions reflect the effect that appears when more than one factor is modified at the same time
causing the overall change to be different from the additive contribution of modifying each of the
factors in isolation (i.e. ceteris paribus changes). The interactions can be classified according to the
number of factors considered in each case. For instance, two-way interactions result from the
simultaneous change of two factors. Therefore, the number of interactions of a k-way interaction
equals the number of combinations of k factors among the total set of f factors. In our case, we

examine four factors (demographic, economic, technological and household), so there are (3) =6
two-way interactions, which are calculated using Supplementary Egs. (5)-(10):

2310 = (Ginif'®° — Gini)?%®) — (Ginit°% — Ginid°°%) — ( Gini)**° — Gini)°%) vb (5)
23010 = (Ginit°° — Gini)?%®) — (Ginii°% — Ginid°°%) — ( Gini)°'° — Gini)°%) vb (6)
mt2}°°" = (Gini°°! — Ginip®°%) — (Ginit%° — Ginid°°%) — (Gini®%! — Ginid°°°) vb (7
Imt29110 = (Ginid*° — Gini°%%) — (Gini)*°® — Gini)°%°) — (Ginid**® — Gini°°®) vb (8)
me2)*° = (Ginip** — Ginip**®) — (Ginip*®® — Gini)°®®) — (Ginig°®* — Ginip®®) vb 9)
mt29°1t = (Ginid°*! — Gini°%%) — (Gini®t° — Gini?%°) — (Ginid°°t — Ginil°%) vb (10)

Here, Int2¢°" is the interaction associated to the simultaneous modification of two factors. The
superscripts denote each of the four factors appearing in the following order: d for demographic, e for
economic, t for technological and h for household. A value of 1 in the subscript indicates that the factor
is set to its value in the second time period (i.e. it is modified), while a value of 0 denotes that it is fixed
to its value in the first time period (i.e. it remains the same). For instance, Int2;'°° corresponds to the
interactions taking place when modifying factors one (demographics) and two (economics), that is,
when fixing them to their values in time period two, while keeping factors three and four at their period-
one values. Two-way interactions are calculated by subtracting the ceteris paribus effect of the two
factors (second and third terms between parenthesis in the right-hand side of the equations) from the
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overall change incurred when these two factors are modified simultaneously (first summand on the
right-hand side).

Similarly, the four three-way interactions are calculated as follows:

Int33110 = [ Ginig''® — Ginip°%°] — [Int251°° + Int23°° + Int2)*10] —

—[(Ginit®%° — Ginip®%) + ( Ginid**° — Gini %) + (Gini)°*° — Ginid°°®)] vb (11)
1nt311°1 = [ Ginif'°t — Ginip®°°] — [Int2)'°° + Int21°°1 + Int2°1°1] 12
—[(Gini}°%° — Ginid°°%) + ( Ginip*®° — Ginip®°) + (Ginid°°* — Ginip°°®)] vb (12)
Int31011 = [ Ginij° — Ginid?°°] — [Int2}°'° + Int21°° + Int29°11] — 13
—[(Ginit®° — Ginip®%) + ( Ginid®*° — Gini %) + (Gini)®°* — Ginid°°%)] vb (13)
mt3)M = [ Ginip't — Ginip®°°) — [Int2)*° + Int2)'°! + nt29°1] — (14)

—[(Gini**° — Ginid°%) + (Ginip°® — Ginip®°) + ( Ginid°° — Ginip°°%)] vb

The terms between brackets on the right-hand side of Supplementary Eqgs. (11) —(14) are as follows:
the first one is the overall change occurring when the three factors are modified simultaneously; the
second one discounts the three two-way interactions between these three factors; and finally the third
term subtracts their ceteris paribus contributions.

The four-way interactions are given by the mismatch between the overall change and the additive
contribution of the ceteris paribus effects plus the two- and three-way interactions:

Int431 = [ Gini}'* — Ginid®%°] — [Int3;M° + Int33'°* + Int3;° + Int3)H]
— [Int251%° + [ne20010 + 21000 + [ne2§110 + [ne29100 4+ [nt20011]
— [( Gini}°%° — Glnloooo) + (Glnl°1°° Glnloooo)
+ (Ginid®° — Gini)®%) + (Ginid°°! — Gini°°°)] vb

(15)

We finally allocate each of the interactions among the different factors involved in them following the
“jointly contributed and equally divided” principle (Sun, 1998), whereby all the interactions of a given k-
way are allocated 1/k™ to each of the corresponding factors. Therefore, according to this principle, one
half of each of the two-way interactions is allocated to each of its contributing factors, while three-way
interactions are split and allocated in thirds, and the four-way interaction is distributed in quarters
(Supplementary Egs. (16)-(19)):

1
FCEo% = [Glnl1000 Ginid®%°] + 2 [Int2319° + t2}010 + mt21°01]

+= [1nt3},11° + Int33'° + Int3;°M] + % [Int4}**] vb (o)

FCP0 = [Ginip® — Gini)®%°] + % [Int23100 + Int20110 + [nt29101] a7
+ % [Int3;110 + Int33'° + Int3311] +%[1nt4})111] vb

FCPO™ = [Ginif®™® — Gini)®®°] + %[lntZ},MO + Int2)M0 + mt2)°) 8
+ % [Int33'° + Int3;°' + Int39111] +%[1nt4},111] vb

FCP = [Ginip°°t — Ginip®°°] + % [Int23°°" + 291 + Int2)°1] 19)

1 1
+ 3 [Int331°! + Int3;°1 + me3)M 1] + Z[Im.4})111] vh

where FC#e™" is the final contribution of the factor denoted by the superscript following the same
notation as before: 1000 for demographic, 0100 for economic, 0010 for technological and 0001 for
household factors. This methodology allows decomposing the total Gini change into the individual
factors in an exact and unambiguous manner, so that Supplementary Eq. (20) holds:

1111

Ginif''t — Ginid®%0 = FCLO% 4 FCP100 4 FCY010 4 FCOt vb (20)
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Note that before calculating all the terms in the decomposition, it is necessary to express all the
monetary flows in the same currency in a given reference year. In our case, all the flows are
expressed in 1995 US$ using the appropriate deflators sourced from the World Bank (n.d.).

2.4  Vertical dimension: decompaosition of the total burden

In the main manuscript, we explored the contribution of four factors — demographic, economic,
technological and household — to the total Gini variations (horizontal dimension of sustainability). To
complement this analysis, we here investigate the drivers behind the changes in the total burdens
generated worldwide (vertical dimension of sustainability). To this end, we decompose Eg. (2) in the
main manuscript (i.e. wr® = BI,X°®" + HH,,) into the economic (X°5"), technological (BI,) and
household (HH,;) factors, plus their interactions following Supplementary Egs. (21)-(24).

P P
CB111 CB000 _ CB100 CB000
ZW zwr (Z it e @

r

(Z WT‘CBOlO Z WTCBOOO> (22)
+ (Z WT'TCbBOOl _ Z WTerBOOO> (23)
r r

+InteractionsW, Vb (24)

Here, wr$Eet" denotes the CB burden b of region r where each of the superscripts refers to one factor:
e for economic, t for technological and h for household.

Note that population is omitted as it grew in all the countries during 1995-2009. Hence, it contributed
to increase the burdens in all of the categories, as more population leads to more consumption
(assuming the same per-capita consumption rate). There is, therefore, no need to consider the
demographic factor in the decomposition of the total burdens. The value of the superscript denotes the
year for which the corresponding factor is evaluated: O for the first year and 1 for the second one.
Therefore, Supplementary Eqs. (21)-(24) compute the ceteris paribus contributions of each of the
three factors towards the change in the global burden, whereas the InteractionsW, term is allocated
following a procedure analogous to the one presented in the previous section for estimating the
interactions of the CB Ginis (Sun, 1998). Hence, we apply here the following equations:

p 14

FCWblOO — [Z erbBloo _ Z erbBOOO
T T
14 14

FCWb010 — [Z er[)BOlO _ Z erbBOOO
T
14

FCWbd001 — [Z WTerBOOl Z WT'CBOOO
T

where FCW¢£™ denotes the total contribution of the factor specified by the corresponding superscript in
the term towards the change in global burden b: 100 for economic, 010 for technological and 001 for
household factors. The values reported in our work for each indicator correspond to the average of the
contributions across all the different pairs of years during the period 1995-2009, where monetary
values are expressed in 1995 US$.

1 1
+E[1nt2Wb11° + Imt2W,}°1] + 3 = [Int3W;*] vb (25)

1 1
+5 [Int2W10 + me2w2'] + 3 [Int3W ] vb (26)

1
~[mt3wW1] vb 27)

[IntZW 01 4 me2w 2] + 3

2.5 Optimisation model: linear reformulation

In this contribution, we propose a mathematical programming model that determines optimal regional
quotas on the per-capita generation of burdens that deviate the least from current levels. While doing
so, the model ensures that the solution sought satisfies in turn a set of constraints: (i) a specific
maximum allowable level of inequality (imposed via an upper bound on the Gini coefficient); (ii) a
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maximum limit on the disparities in per-capita burdens between regions; and (iii) a limit on the total
burden generated globally.

The model proposed in this work (see Materials and Methods in main manuscript) takes the form of a
nonlinear programming problem (NLP). To facilitate its solution, the original model is reformulated into
an equivalent linear programming (LP) formulation following standard mathematical techniques. To
this end, we replace the absolute value function by a positive variable whose value is enforced using
two linear expressions, each covering one possible sign of the argument of the function (i.e. positive
and negative). Hence, the original absolute value in the objective function (Eq. (13)) is replaced by
Supplementary Egs. (36) and (37), while the absolute value in the Gini assessment (Eq. (14)) is
replaced by Supplementary Egs. (33) and (34). The resulting linear programming (LP) model
proposed herein is expressed as follows (Supplementary Egs. (29)-(38)):

_ NCAVCH,
M 7, pCREF (29)
r
,pop,pop,,DISP.,, ——
t.ZrZr pop;pop, I (30)
2 Xy pop; Xy PGy
Z(PCrpopr) <TB (31)
~
DISP, ., < DISP vr,7r’ (32)
DISP,,, = PC, — PC,1 V1,7’ (33)
DISP.,, = PC,r — PC, Vr,1’ (34)
DISP, ., = DISP,,. vr,r’ (35)
AVCH, > PC, — PCREF vr (36)
AVCH, > PCREF — pC, vr (37)
AVCH,,DISP, ., PC, € Ryy V7,7’ (38)

In this LP, the objective function (Supplementary Eq. (29)) seeks to minimise the relative total change
between the current CB per-capita burden (PCREF) and the optimal CB targets (i.e. regional quotas on
burdens) for all regions r (PC,). The difference between the current value of the burden and the
optimal value determined by the model is represented by variable AVCH,.. This variable is forced to be
always positive (i.e. it is defined as a positive variable) while at the same time lying above the positive
and negative differences between the two burden values mentioned above, as shown in
Supplementary Egs. (36) and (37). Note that here we assume the same weight to the changes
upwards (e.g. +5%) and downwards (e.g. -5%). Supplementary Egs. (30) and (31) impose an upper
bound on the inequality level (parameter Gini) as well as on the total burden generated (parameter

TB), respectively (horizontal and vertical dimensions of sustainability). Then, Supplementary Eq. (32)
forces the maximum disparities in per-capita burdens between regions (variable DISP, ,,) to lie below a

desired level (parameter DISP). Variable DISP. ., refers to the absolute value of the disparity in per-
capita burdens between regions r (variable PC,) and r’ (PC,,), as calculated in Supplementary Egs.
(33) and (34). Supplementary Eq. (35) exploits symmetry properties to expedite calculations. The
model could also incorporate other equations, such as burden-specific constraints describing the
regional vulnerability to local impacts (see Methodological limitations).

Note that all variables (depicted in italics in this model) and parameters (in regular font) apply for the
target year, except for those with superscript REF, which are defined for the reference year. In these
equations, the population of each region r is a given parameter (pop,) whose value was retrieved from
the UN populations prospects assuming a medium variant scenario (United Nations, 2017). The
nomenclature used in the model is provided in Supplementary Table 1.

The LP was implemented in the General Algebraic Modelling System (GAMS) version 24.4.1 (Brooke
et al., 1998). The model features 1,765 continuous variables and 5,088 constraints, and was solved
with CPLEX 24.4.6 on an AMD A8-5500 APU with Raedon 3.20 Ghz and 8.0 GB RAM. The solution
time was below 1 CPU second in the aforementioned computer.
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Table 1 Nomenclature for the LP model.

Index

r Index for regions

Parameters

PCREF Per-capita consumption-based burden of region r in the reference year REF
popr Estimate for the population of each region r

Gini Upper bound on inequality level established on Gini

TB Upper bound on the global total burden

DISP Upper bound on disparities between regions

Continuous variables
Change in per-capita consumption-based burden of region r between the reference year and the

AVCH, optimal quota
DISP, ., Disparity in per-capita consumption-based burden between region r and r’
PC, Quota imposed on the per-capita consumption-based burden of region r

2.6 Data sources

The amounts of burdens generated by each economic activity were obtained from MREEIO tables
(Cortés-Borda et al., 2015; Leontief, 1936; Miller and Blair, 2009; Pascual-Gonzalez et al., 2015;
Wiedmann, 2009a). In particular, we used the World Input Output Database (WIOD) (Dietzenbacher et
al., 2013; Timmer et al., 2012), which covers 35 economic activities for 41 regions (40 countries and a
region labelled as “Rest of the World” (RoW) that aggregates the remaining countries; Supplementary
Table 2). The 35 economic activities are classified here into the three economic sectors (primary,
secondary and tertiary) according to the NACE Rev. 2 codes (European Commission, 2017) provided
by the database, as follows:

e  Economic activity c1 (Agriculture, Hunting, Forestry and Fishing) is the only one contributing to
the primary sector.

e Economic activities c2 to ¢18 (from Mining and Quarrying to Construction) are attributed to the
secondary sector.

e Contributions to the tertiary sector correspond to economic activities ¢19 to ¢35 (from Sale,
Maintenance and Repair of Motor Vehicles and Motorcycles; Retail Sale of Fuel, to Private
Households with Employed Persons.

In WIOD, the contribution of Households towards the global economy is provided separately from the
35 economic activities.

Table 2 Countries and regions considered in the study.

Countries and regions

Australia Cyprus Greece Latvia Portugal Sweden

Austria Czech Republic  Hungary Lithuania Romania Taiwan

Belgium Denmark India Luxemburg Russia Turkey

Bulgaria Estonia Indonesia Malta Slovak Republic  United Kingdom
Brazil Finland Ireland Mexico Slovenia USA

Canada France Italy Netherlands  South Korea Rest of the World
China Germany Japan Poland Spain

The database also includes 70 environmental burdens for the period 1995-2009; for further details,
see the original references (Dietzenbacher et al., 2013; Timmer et al., 2015). We focus on 25 out of
the 70 environmental burdens available (see Supplementary Table 3), after omitting energy indicators
and burdens labelled as “others” (i.e. “biomass other” and “fossil other”) and summing up the “used”
and “unused” burdens as described in the main manuscript. The 25 environmental burdens
considered in the analysis are split across four environmental categories: materials, water, land and
emissions.
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Table 3 Categories and burdens considered in the study.

Materials Water Land Emissions
Biomass Fossil Minerals
Animals Coal Construction Blue Arable CO,
Feed Gas Industrial Green Permanent crops  CH,
Food Oil Metals Grey Pastures N,O
Forestry Forest NOx
SOy
(e{0)
NMVOC
NH;

The materials category is split into three subcategories: biomass-based materials, fossil materials and
minerals. The indicators within the biomass subcategory are animals (fish and meat), food (cereals,
vegetables or fruits for human consumption), feed (fodder for cattle) and forestry (e.g. wood). The
fossil subcategory comprises three indicators: coal, gas and oil. Finally, three types of mineral are in
the third subcategory: construction (e.g. clays or sand and gravel for concrete), industrial (e.g. calcite,
graphite or sulphur) and metals.

The water category includes blue, green and grey water, which represent, respectively, the amount of
ground and surface water, rainwater and polluted water required to produce goods and services.
Green water is mostly consumed in the agricultural sector, whereas blue water shows significant
contributions from both the primary sector (i.e. irrigation) and the secondary sector (e.g.
hydroelectricity; see sectoral contribution in Fig. 2 in the main manuscript. Grey water receives
contributions from the primary and secondary sectors as well as from households (e.g. baths, sinks or
washing machines).

In the land-use category, the area dedicated to crops is classified as either arable - accounting for land
devoted to temporary crops — and permanent — referring to the land cultivated for long periods and not
requiring replanting after each harvest (Economic, 2001). The area containing herbaceous forage
crops used for animals grazing is allocated to the indicator pastures area. The forest indicator provides
the forest area being used for productive purposes - mostly related to the formation of wood biomass.

Finally, the emissions category comprises CO,, CH4; N,O, NOy, SOy, CO, NMVOC, and NH;
emissions, which are connected mainly to industrial activities and services. Within this group, CHy,,
N,O, and NH; emissions are mostly generated in the agricultural sector (e.g. fertilisers), with CH,
showing also a significant contribution from the secondary sector (i.e. mining). In addition, households
show a large contribution towards CO,, NOy, CO and NMVOC emissions, since a significant share of
these emissions comes from conventional gasoline/diesel vehicles.

2.7 Methodological limitations

The analytical tools employed in our work show some limitations as discussed below, which we
believe do not affect the main insights of our analysis:

e Input-output analysis relies on linear models that assume that the economic output is linearly
proportional to the demand regardless of the scale of the economy. This implies that the
economies of scale play no role in the generation of environmental burdens. This assumption
might be more critical in standard 10 studies where the demand is modified to predict how the
economy will cope with such change (Miller and Blair, 2009). While in our case the demand is
always constant, we calculate CB per-capita burdens by taking the demand of one country at a
time and assuming that the amount of burdens generated per unit of money traded is the same
regardless of the demand size. In practice, low demands might lead to larger amounts of burdens
per unit of money traded compared to higher demands. This linear assumption is, nevertheless,
widely used and accepted in the scientific community (Davis et al., 2011; Miller and Blair, 2009;
Peters, 2008; Steen-Olsen et al., 2014; Wiedenhofer et al., 2017; Wiedmann, 2009b; Wiedmann
et al., 2011).
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Another limitation of the 10 tables concerns the level of aggregation of economic activities
(Wiedmann, 2009b). These tables assume that all the subsectors within a given economic activity
show the same burden intensity (Steen-Olsen et al., 2014; Su et al.,, 2010). Tables with more
sectors will lead to more accurate results, yet they require more data that are hard to gather in
practice, particularly when combining national tables into multi-regional ones. This limitation also
applies to the level of aggregation of countries, some of which are often merged into lumped
regions, like the RoW region. In the case of the WIOD, the region labelled as RoW contains very
different countries with very diverse economic structures and, therefore, pollution patterns (e.g.
Switzerland vs Syria). This RoW region represents 35% of the global population and 14% of the
total GDP. Despite these limitations, the WIOD database has been used intensively in the
literature, and its level of spatial aggregation is widely accepted in the scientific community (Arto et
al., 2014; Cansino et al., 2016; Feng et al., 2015; Kaltenegger et al., 2017; Loschel et al., 2015,
2013; Mundaca et al., 2015; Timmer et al., 2015; Wu et al., 2017; Xu and Dietzenbacher, 2014;
Zhang et al., 2015).

Multi-regional input-output tables are constructed from national accounts (in the form of supply-
and-use tables (SUTs)) as well as from statistical data on international trade. As already
mentioned, gathering the necessary regional economic and environmental information and
processing the corresponding data is highly time consuming. Because of this, up-to-date tables
are very seldom available. Our analysis covers the period from 1995 to 2009, yet the trends
observed and the general conclusions drawn might not change significantly for longer periods as
the annual rates of change in Gini values are low and tend to vary little over time.

The estimates of the inequality levels we provide in our work are conservative for two main
reasons. First, we quantify what is known as type two inequality, where all individuals within a
country are assumed to be responsible for the same level of burden (or GDP). As discussed
elsewhere for the economic Gini (Milanovic, 2013), type two inequality has been decreasing for
decades, whereas “true” inequality (type three) has remained almost constant. This could very
likely happen in the case of environmental inequality. Moving to the “true” global inequality, where
each single individual enters in the calculations with its own actual burden, would require
gathering individual-based data for many regions and burdens, which would be a very difficult if
not impossible task. Furthermore, additional assumptions regarding the consumption patterns of
the population would be required, thereby introducing higher levels of uncertainty in the
calculations. The second reason for our results to be conservative is that we assume that there is
full equality in the distribution of burdens among the citizens of the RoW region. As mentioned
earlier, the RoW region aggregates countries with different pollution patterns and per-capita
wealth. Bearing both issues in mind, we conclude that our Gini estimates represent a lower bound
on the “true” Gini that would be obtained by using more detailed data in the calculations. Hence,
environmental inequality levels might well be above our estimates, reinforcing our message on the
need to tackle inequality with urgency.

Our holistic approach aims to make progress towards a more sustainable future by integrating the
vertical and horizontal dimensions of sustainability. We argue that this goal should be attained by
defining quantitative environmental inequality targets together with thresholds on the total burdens
generated. Unfortunately, environmental inequality is not explicitly considered in the 2030 UN
Agenda and, therefore, quantitative targets are currently missing in the Sustainability Development
Goals (Cobham, 2013; Cobham et al., 2013; Engberg-Pedersen, 2013; Lang and Lingnau, 2015).
Lacking official targets, we propose to define them using an inequality barometer that considers
two criteria: (i) the role in satisfying human needs; and (ii) the current inequality level. This tool
could be used as a starting point to trigger further discussions and articulate negotiations aimed at
reaching a consensus on inequality targets. With regards to the global limits on burdens, it should
be noted that they have only been estimated for a handful of burdens and are subject to significant
uncertainties (Hoekstra and Wiedmann, 2014; Rockstrom et al., 2009b; Steffen et al., 2015).
Further research and efforts are therefore needed to establish unambiguously the Earth’s
ecological limits for several burdens. This would ultimately ensure a safe operation leading to a
more resilient planet.

This work proposes a top-down systems approach to determine regional per-capita consumption
quotas to demonstrate how optimisation models can be used to tackle inequalities and support
decisions in policy-making. Our formulation could be further enhanced and refined by
incorporating additional constraints to model regional vulnerabilities to local impacts, the detailed
productive structure of regions, additional criteria relevant for stakeholders, and technology curves
describing the evolution of technologies over time, among others.

Note that in order to ensure that the Gini limit considered in our model is not exceeded in practice,
it is necessary that the quotas defined for each country are satisfied as a strict equality. That is, if
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a country is allocated a quota but then ends up generating an amount of burden strictly below its
quota, then the burden Gini will likely differ from the bound considered in the optimisation. In
practice, due to their economic growth countries are expected to naturally increase their per-capita
burdens until eventually reaching their quota. Hence, it is likely that quotas will be fully met.
However, some countries might operate in a region strictly below their quota. This might imply that
the country is satisfied with the Gini attained at that level of consumption, as otherwise it would
keep on increasing the amount of burden generated. There is, therefore, no point in artificially
forcing the countries to match their quota. Hence, our model provides the countries with enough
flexibility to decide whether they wish to exhaust their quota or not, and in case they do so, it
ensures that the maximum Gini is not surpassed.

e Note that to attain a truly sustainable development, all burdens should be considered
simultaneously (Sustainable agriculture, 2018). Approaching targets for only a few burdens may
lead to what is known as burden shifting, where the environmental impact may be displaced from
one environmental problem to another and/or from some regions to others. For instance, replacing
fossil fuels by biomass in the mix might reduce CO, emissions, but at the expense of increasing
water and land use impacts. Therefore, a potential refinement of the model should focus on
establishing targets on multiple burdens simultaneously. This would require extra constraints to
model the associated synergies and interactions, which would likely be affected by additional
uncertainties. In addition, it is important to understand that the CB environmental burdens
considered in this study are embodied in the products and services traded between regions, which
makes it even more difficult to design concrete policies aiming at diminishing the risk of burden
shifting. We, therefore, decided to leave these aspects of the problem open for further
developments.
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