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Abstract

Over the years, several global models have been proposed to forecast global sustainability,
provide a framework for sustainable policy-making, or to study sustainability across the FEW
nexus. An integrated model is presented here with components like food-web ecosystem
dynamics, microeconomics components, including energy producers and industries, and vari-
ous socio-techno-economic policy dimensions. The model consists of 15 compartments rep-
resenting a simplified ecological food-web set in a macroeconomic framework along with a
rudimentary legal system. The food-web is modeled by Lotka—Volterra type expressions,
whereas the economy is represented by a price-setting model wherein firms and human
households attempt to maximize their economic well-being. The model development is done
using global-scale data for stocks and flows of food, energy, and water, which were used to
parameterize this model. Appropriate proportions for some of the ecological compartments
like herbivores and carnivores are used to model those compartments. The modeling of the
human compartment was carried out using historical data for the global mortality rate. Histori-
cal data were used to parameterize the model. Data for key variables like the human popula-
tion, GDP growth, greenhouse gases like CO, and NOy emissions were used to validate the
model. The model was then used to make long-term forecasts and to study global sustainabil-
ity over an extended time. The purpose of this study was to create a global model which can
provide techno-socio-economic policy solutions for global sustainability. Further, scenario
analysis was conducted for cases where the human population or human consumption
increases rapidly to observe the impact on the sustainability of the planet over the next cen-
tury. The results indicated that the planet can support increased population if the per capita
consumption levels do not rise. However, increased consumption resulted in exhaustion of
natural resources and increased the CO» emissions by a multiple of 100.
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Introduction

The Brundtland commission report [1] defines sustainability as, “development that meets the
needs of the present without compromising the ability of the future generations to meet their
own needs.” While different societies have a varied understanding of sustainability, Brown and
team propose a crude definition for sustainability as the basic structure of support systems that
can be maintained only with a healthy environment and a stable human population which is
necessary for indefinite human survival on a global scale [2]. They state that the key elements
of sustainable development include continued support of human life on Earth, long-term
maintenance of the stock of biological resources and the productivity of agricultural systems,
stable human population, environmentally feasible economic growth, an emphasis on smaller-
scale and self-reliance, and continued quality in the environment and ecosystems. Thus, sus-
tainable development can only be achieved by addressing several interdependent ecological
and socio-economic systems and the complex relationships within these systems.

An increase in population, global economic growth, and technological and scientific
advancement have created their share of issues such as increased pollution, ecosystem degra-
dation, and extinction of species and resources. Dietz(2007) showed that increased affluence
combined with population growth exacerbates the impact on the environment and substan-
tially increases the human footprint on the planet [3]. They showed that focused international
efforts, increased technological efficiency, and strategic policies are necessary to minimize the
environmental impact and reduce human stress on the environment. There has been a world-
wide influx in strategic policy-making, with sustainable development being the goal. In 2016,
the United Nations proposed 17 sustainable development goals focusing on food, land, energy,
water, climate, infrastructure, socio-economic growth, and equality [4]. Global development
through the last century has led to growth in the economic activity while also affecting natural
resources and the environment. There is a need for global policy making to provide guidelines
for sustainable development and economic growth. Global models depicting the state of the
world help in the study of the complex interconnected dynamics of sustainable growth and
provide a scientific basis for the decision-making process behind global policies.

The World 3 model was developed to gain insights into the limits of the world system and
the constraints it put on human numbers and activity. It also aimed to help identify and study
the dominant elements and their interactions that influence the long-term behaviour of world
systems [5]. It is a system dynamics model with target sectors for food production, industry,
population, pollution, and non-renewable resources [6]. World 3 model was the first of its
kind global model, which paved the path for future global models. Following the World 3
model, Global Unified Model of the BiOsphere (GUMBO) was another global model which
followed the ideology of creating a metamodel of the “biosphere”, deriving inspiration from
geological, global climate, sociology, economic, atmospheric, and ecosystem models [7]. The
inputs to the GUMBO model are the outputs generated by more complex, computationally
intense models, and its calibrations rely on existing observational databases. GUMBO
improved upon the World3 model by adding relative rates of investment which can be modi-
fied by the user to observe resulting impacts on the model output.

A world model was also developed by Puliafito and team, using coupled differential equa-
tions to describe the changes of population and economic growth or gross domestic product
(GDP) modeled as competing species as in Lotka-Volterra prey-predator relations [8]. They
forecasted the evolution of the world population, gross domestic product (GDP), primary
energy consumption, and carbon emissions from the year 1850 to year 2150. Motesharrei and
team developed a Human and Nature Dynamics (HANDY) Model based on predator-prey
approach for humans and nature as competing species [9]. They added accumulated wealth
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and economic inequality along with a human population dynamics model. Their simulated
scenarios offer significant implications which describe the socio-economic strata and effects
on sustainability in the form of social well-being. Another conceptual world Earth model was
proposed to qualitatively represent the global co-evolutionary dynamics of humans and nature
for different socio-cultural stages of human history on Earth and study the mid to long-term
evolution of Earth [10]. An Earth model (Earth;) aimed at determining the feasibility of
achieving the 17 Sustainable Development Goals (SDG) proposed by the United Nations (UN)
till 2030 [11] has also been developed recently. This model combined a socio-economic model
of human activity with a biophysical model of the global environment. Their predictions show
that in the current state regime, the social and environmental SDGs cannot be achieved
together. King(2020) created a dynamic growth model inspired from the HANDY model link-
ing biophysical and economic variables or Humans and Resources with money (HARMO-
NEY), which enabled them to study inter-linkages between resource extraction and depletion,
population, capital, debt, and money flow within the economy [12]. Their results indicated
that while higher investment in capital extracted resources more quickly, it also prevented a
full rapid collapse as population grew at a lesser rate. Their model framework was created to
further add features and to calibrate real-world economies for exploration of future energy-
economic scenarios, such as transition to low-carbon energy. HANDY, Earth-3, and HARMO-
NEY models are all global models primarily concentrating on sustainable economic
development.

Recently, Van Vuuren and team analysed the food-energy-water nexus through integrated
scenarios and verified the impact of several techno-socio-economic policies on global sustain-
ability throughout 2015-2020 [13]. Their model studied the impact of development on agricul-
ture, energy, water, land use and greenhouse gas emission utilizing the IMAGE 3.0 model. The
generalized global sustainability model (GGSM) presented here is targeted at multiple trophic
levels with intra-trophic level diversity and includes a market mechanism along with choice of
industry for employment which sets it apart from the work by Van Vuuren et al. A model
based on an integrated economy under imperfect competition combined with a twelve-cell
ecological model was previously developed [14, 15]. The twelve-cell model mimicked a global
ecosystem with a rudimentary social system that regulated the flows of mass according to its
criteria. In the next phase, an industrial sector and the rudimentary economic system were
added to this model with ecology, economics, social system, technology, and time being mod-
eled together [16, 17]. The food web model was created using Lotka—Volterra type predator-
prey expressions, whereas the economy was represented by a price-setting model wherein
firms and human households attempted to maximize their well-being. All relevant global mod-
els forecast scenarios and the impact on resources; however, none of them have the capability
to provide techno-socio-economic policies to make sustainable changes owing to their descrip-
tive nature. In contrast, the generalized global sustainability model (GGSM) presented here is
developed to be descriptive as well as prescriptive. It thus aims at providing guidance on feasi-
ble techno-socio-economic policies to make strides towards sustainable growth. GGSM
focuses on global sector wide effects, gross domestic product (GDP) and greenhouse gas emis-
sions such as carbon dioxide and nitrous oxide emissions. Thus, it adopts a granular approach
by nature.

In this work, the proposed food-web model is combined with a microeconomics model
similar to the one proposed by Kotecha(2013) [17]. In the work by Kotecha (2013), the baseline
population was assumed to be constant. The current model addresses this limitation and
improves on the previous work by adding predictors for gross domestic product and green-
house gas emissions which makes it better suited to address important global issues. GGSM is
then used to analyse forecasted scenarios for population explosion and increased consumption
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on the sustainability of the planet for the next century. The impact and feasibility of achieving
UN sustainable development goals in the domain of food, energy, and water, and inter-link-
ages that restrict achieving the targets are studied. Another aspect which differentiates the new
15 compartment model from other global models is the ability to provide strategic policy
guidelines and evaluation of solutions to ensure long-term sustainability. This paper presents a
validated model based on historical data and evaluation of several sustainability scenarios
based on this validated model. Reparameterization of the model using historical data and vali-
dating the model results with the historical trends is one of the important contributions of this
work. This model can prescribe techno-socio-economic policies, but the evaluation of such
policies is out of the scope for the current study. The validated model sets the foundation for
using the model for policy analysis through an optimal control theory-based approach. The
detailed description of the generalized global sustainability model (GGSM) is presented in sec-
tion 2 of this article. The parameterization and validation of the GGSM approach is presented
in section 3 and the analysis of different sustainability scenarios with GGSM is presented sepa-
rately in section 4 followed by the conclusions in section 5.

Generalized Global Sustainability Model (GGSM)

In this section, the generalized global sustainability model and its various features will be
described. The current model is conceptually similar to the previous model [17], which itself is
an evolutionary development of an earlier model [14, 15]. The exception of this work is it
being a global model and focusing on the food-energy-water (FEW) nexus. GGSM was created
to represent a simplified global ecosystem with enough detail to allow the pursuit of further
study. The 15-compartment model consists of a simplified ecological food web set in a macro-
economic framework and a rudimentary legal system [17]. The different compartments in the
model, shown in Fig 1, are three primary producers (P;, P,, and P3), three herbivores (H;, H,,
and Hj), two carnivores (C; and C,), human households (HH), industry (IS), energy producer
(EP), fuel source, water reservoir, resource pool (RP) and an inaccessible resource pool (IRP).
The resource pool represents a finite nutrient source, while the inaccessible resource pool rep-
resents mass that is not biologically accessible to the rest of the ecosystem, perhaps due to pol-
lution or other reasons like waste plastic. The resource pool is consumed by the primary
producers to make mass biologically available for the rest of the ecosystem. The primary pro-
ducers P, and P; recycle a small amount of mass from the inaccessible resource pool back into
the system to represent bacterial actions. The mortality of all the nine biological compartments
causes the mass to be recycled back to RP.

The fuel source is a finite non-renewable energy source. The ecological compartments can-
not generate usable energy directly from the energy source as the fuel source needs to be
appropriately transformed into power. The energy producer (EP) represents an industry that
uses labor to transform the fuel source into usable energy. Subsequently, this energy is then
utilized by the human households (HH) and the industrial sector (IS). It is assumed that the
EP also has the capability to produce energy using P; to represent the biopower or the energy
derived from biomass in this study.

The IS uses P, and the resource pool to produce products valuable to humans (HH). The
mass of the HH does not increase by utilizing the IS products; however, the mass of the inac-
cessible resource pool does increase. Similarly, the mass of the inaccessible resource pool
increases through energy production by EP by consuming mass and a consequent decrease in
the mass of the fuel source. The biological compartments of the systems can be grouped into
species with economic value or domesticated species and those with no economic value or wild
species. A rudimentary legal system assigns property rights to the owners of domesticated
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Fig 1. Generalized Global Sustainability Model (GGSM). Compartments: primary producers (P1,P,,P3), herbivores (H;,H,,Hj), carnivores (C;, Cy),
human households (HH), industry sector (IS), energy producer (EP), fuel source, water reservoir, resource pool, inaccessible resource pool.

https://doi.org/10.1371/journal.pone.0267403.9001

species, the IS products, and the non-renewable energy source. H; has regulated grazing rights
to access P,. The access of C; to H, is regulated because while H; is private property, C; is a
protected species. H, has limited access to P; by human action, e.g., fencing. There are four
industries (P, Hy, IS, or EP) for the human workforce to work in, and IS determines appropri-
ate wages based on the demand supply gap of the IS product along with the human population.
The demand for any product (P;, Hy, IS, and EP) also depends on the price and demand of
other products. Some logical constraints are also modeled in such that with an increase in the
price of a certain product, its demand decreases, and its demand increases with an increase in
the price of other products. Typically, the wages paid for labor and the demand supply gap of a
product determine the respective price of that product. Thus, it follows that as the wage levels
increase or the demand supply gap increases, there is an increase in the price of a product. The
price of energy depends on the labor and the amount of fuel that is available at that point in
time. As the cost of labor increases, the price of energy also increases. Also, as the amount of
available energy decreases, it causes a surge in the production and supply of energy to
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minimize the demand supply gap. Some assumptions are modeled in this study, such that the
price of energy generated from biopower is equal to the price of energy produced from the
non-renewable energy source. The growth of the human population depends on the per capita
mass, the birth rate, and the mortality rate. The mortality rate is a function of the crude death
rate data for the past 65 years, starting from 1950. The human birthrate is assumed to be a neg-
ative function of the real wage rate as it represents the cost of opting to remain outside the
labor force to raise children. The food-web is modeled by Lotka—Volterra type expressions,
whereas the economy is represented by a price-setting model [14, 15] wherein the firms and
HH attempt to maximize their well-being. The food-web model L-V expressions for the eco-
logical compartments are:
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It is to be noted that the term “1 + yyy” represents human action where applicable. In case
of (1), the access of H, to P, is regulated by humans so the corresponding growth term is a
function of human population. Similarly, in (4) H,; has regulated access to P, and the access of
C; to H; is controlled since H; is private property. So, the corresponding growth rates are
functions of human population. The investment in fencing, hunting or other regulatory activi-
ties also increases with a larger human population and is included in Eqs (1)-(7).

The expressions represent the rate of change in mass “y;” of the various compartments “i”.
The terms “g;;” represent the transfer of mass from compartment “” to compartment “j” and
the terms “m;” represent the mortality rate of a compartment “i”. A detailed description of
these terms is presented in the nomenclature section.

The model economic strategy consists of four steps namely the determination of wage rates
along with the prices and production levels of the various industries, the determination of
demands by various parts of the ecosystem, the supply of the appropriate amount of material
to each of the component of the ecosystem and the determination of the population growth.
This process is illustrated in Fig 2. The expressions [12-15] describe the general equations for
wage rate, current compartment stock, prices, and production targets, respectively. In equa-
tions [14, 15], the term “a” represents the fixed component of price and production whereas
the terms “b” and “c” terms represent the variable components based on wages and current

stock for a compartment.

W, = Gy — Coage (IS + 18, = IS/ (Mg + 0, ) — Ntz (12)
AS! =S8 —S + Saf; (13)

P! = g B Wn — e AS: (14)

Tr = "l — pPoi W — IAS) (15)

While increase in industrialization and automation has brought in an increased industrial pro-
duction and energy consumption, it has also contributed to rampant pollution and the obliter-
ation of species and resources. Thus, it is important to consider economic growth along with
the growth of pollutants and emissions to observe global sustainability from a modeling per-
spective. To further study the impact of non-conventional energy sources on the environment
and to observe effect of renewable energy on sustainability, it is pertinent to study the global
emissions of greenhouse gases such as carbon dioxide and nitrous oxide.
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growth. Reproduced from [17].

https://doi.org/10.1371/journal.pone.0267403.9002

These predictors can then be utilized to observe and accurately predict the influence of dif-
ferent strategies for global growth on the state of the world. The current model includes the
capability to predict the carbon dioxide (CO,) emissions, nitrous oxide (NOx or N,O) emis-
sions. and gross domestic product (GDP) to aid in the decision-making process. The general
expressions for the carbon dioxide (CO,) emissions, nitrous oxide (NOx) emissions, and the
global gross domestic product are derived by scaling the different compartments from the
model to match the dynamic global data available from the year 1960 to 2020. The parameteri-
zation of these three variables was carried out using non-linear optimization techniques and
appropriate historical data. The compartments contributing to the carbon emissions include
P; and H; representing agriculture and livestock, IS representing industry, and EP represent-
ing energy sector. Additionally, the transportation sector, a major contributor to global carbon
emissions, is considered as a function of the human population, and therefore the HH com-
partment. The same compartmental flows and the prices of the products associated with each
of these compartments are used to compute the gross domestic product (GDP).

Nitrous oxide (NOx) is a greenhouse gas and an atmospheric pollutant contributing to eco-
system-altering phenomena such as acid rain and overall global warming. The automotive,
along with the agriculture and energy production sector, are well-known sources of NOx emis-
sions. The impact of NOx emissions on the global ecosystem makes it a key element towards
studying FEW sustainability. Thus, the flows from the different sectors namely, agriculture
represented by P; and P,, industry by IS, and energy sector by EP to the human sector, are
used to model the NOx emissions.

Energy production utilizing fossil fuels has been one of the major contributors towards
toxic emissions and pollutants in the modern world. Renewable energy has become a viable
source of alternative energy in recent times through conscious, persistent efforts by scientists
towards efficient energy harvesting and distribution measures. One such source of renewable
energy in the form of “Biopower” is adopted as an alternative energy source in the current
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model. Thus, the energy producer sector also utilizes the P; compartment when biopower is
used. The amount of energy produced through biopower is flexible and can be varied.
The results from the validation of the model are presented in the next section.

Model validation

In this section, the validation of the model is carried out by comparing the model results
against available data. Time series data for the past 50-70 years were available for the human
population, GDP, CO, emissions, and NOx emissions [18-21]. These data were used to vali-
date the model. The validated model then becomes the foundation for the next part of the
study and will be referred to in the following section as the “Base Case”. The base case scenario
represents the current state of the world. The base case scenario aims to understand and por-
tray the dynamics of the global ecosystem. In the previous versions of this model, one defi-
ciency was that the growth of human population was not explicitly represented. The current
approach addresses this limitation by parameterizing the growth of the human population
based on global data.

Owing to the global nature of the proposed model, historical data for the world is used to
initialize the compartments wherever available. In this study, the population dynamics are
modeled based on historical global mortality rate data available from the year 1960-2016 as
opposed to the previous model where the human population change was not addressed [17].
The projections from the year 2020 onward are based on the data for mortality rate from UN
world population insights 2019 report [21]. The phenomenon of sustainability needs to be
studied over an extended period of time to observe broader effects on the ecosystem along
with any short-term disturbances; thus, a long-time horizon of 200 years is selected to enable
better understanding of these manifestations. The model is based on data that were available
starting from the year 1950. Hence, the validation of the model compartments has been done
from 1950-2019 and the model projections are for a 130-year timeframe from the year 2020-
2150. Thus, the base case scenario depicts the growth of the global system from the year 1950
up till the year 2150. It can be observed that the human population predicted by GGSM from
1950-2020 shows a good fit against available data for global population as shown in Fig 3a.
Therefore, the population predicted by the model is in congruence with global population for
the past 70 years. The slight divergence from the year 2016 can be accounted to the fact that
the real data for the mortality rate was available only till 2016. The legitimacy of the predictions
for the population from GGSM was further investigated by comparing these predictions
against population growth projections available from the UN world population insights study
[21], as shown in Fig 3b.

It can be observed from Fig 3b that the growth of human population falls within the upper
and lower variants and shows a good fit against the median variant of the population growth
predicted by the United Nations report. Although GGSM predicts population growth which
slightly deviates from the median variant for the 2020 to 2050 time period; it is still within 10%
of the median variant from the UN model, thereby, justifying the population modeling
approach in this model.

The agriculture sector (P;) is initialized based on data for primary producers which was
obtained from the GUMBO model [7]. Livestock in the world accounts for approximately 60%
of the total biomass on Earth while, wild animals account for 4%, and humans contribute 36%
[22]. These proportions are used to initialize the herbivore compartment H; and the carnivore
compartment C;.

The parameterization of CO, emissions, NOx emissions and GDP were carried out using
non-linear optimization techniques by minimizing the squared error. Historical data for global
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Fig 3. Global population trends. a: Comparison of the population predicted by GGSM denoted by “Model Output” to the historical global population.
b: Human population from GGSM compared to projections for the global population growth from the UN world population insights report (1950-
2100).
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carbon emissions (CO,) from the World Bank database for the 1960-2016 period was used to
parameterize the CO, emissions from GGSM [18]. Fig 4a shows that the CO, emissions pre-
dicted by the GGSM model show a significant fit when compared to available data. Similarly,
historical data for the global gross domestic product (GDP) available for the years 1960-2020
from the World Bank database [19] was used to parameterize the global GDP from the model.
It can be observed from Fig 4b that the predicted GDP shows a close fit with global GDP.

As described in the previous section, agriculture, livestock, transportation, energy produc-
tion, and industry sectors contribute to the total CO, emissions in the model. Thus, it is essen-
tial to attest the model reliability by comparing and verifying the sector wise emissions against
avaijlable data to observe the influence of the individual sectors. The emissions from each of
the above-mentioned sectors were compared to the data available for global sector wise emis-
sions for the year 2009 to authenticate the sectoral accuracy of the model [23]. From the data
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Fig 4. Comparison of model predictions denoted as “Model Output™ against available historical data: a: Carbon emissions (CO,) b: GDP (USD).
https://doi.org/10.1371/journal.pone.0267403.9004
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for 2009, the electricity sector and the residential, transportation and commercial sector had
the greatest influence on global carbon dioxide emissions as seen from Fig 5a. The same pro-
portions can be observed from Fig 5b in the case of the current model. In the case of the
model, the energy producer compartment represents the electricity component while the resi-
dential, transportation commercial component is represented as a function of the human pop-
ulation compartment in Fig 5b. This attests to the modeling approach for sectoral emissions in
GGSM.

Nitrous Oxide emissions or NOx emissions computed by the model are compared against
the available data for NOx emissions from the World Bank database for the 1970-2014 time
period [20]. The fit of the nitrous oxide emissions from the model against the data can be
observed in Fig 6. Even with the variability in available data, the NOx emissions from the
model show a good fit against past data and can be used to provide a reasonable prediction for
the future.
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Fig 6. Comparison of NOx emissions predicted by GGSM to historical global nitrous oxide emissions.
https://doi.org/10.1371/journal.pone.0267403.g006
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This subsection showed the different parameters for which the generalized global sustain-
ability model (GGSM) was validated for available data. This forms the base case for further
analysis.

Study of scenarios

Historically, scenario analysis has been conducted to study the intersecting sections of sustain-
ability and to evaluate probable evolutionary pathways of the human-environment intersection
[24]. The model is used to study different scenarios such as population explosion and increased
resource consumption by humans. These possibilities are considered to pose a risk to global
sustainability, and therefore, have been studied in the past [6, 16, 25-27].

The scenario in which the model parameters are best fit against historical data forms the
base case for the model. The world population has been rising steadily for a long time. The
development of better medical care, improved agricultural production, and better living condi-
tions have resulted in a steadily decreasing mortality rate, resulting in population growth.
However, as the human population increases, the stress on the finite natural resources of the
Earth increases significantly. The world population has been increasing from 2.5 billion to 7.7
billion, at a rate of 1%—2% per year since 1950. More recently, increased focus on female edu-
cation and access to medicine and contraception has led to decreasing global fertility rates.
However, the world population is likely to still peak by the end of this century [28]. Hence, it is
crucial to evaluate a scenario where the population grows at a much faster rate and to observe
the effect of such rapid growth of the human population on the economy along with the eco-
logical repercussions. In the current model, the population explosion scenario is modeled by
utilizing the mortality rates for the upper variant of the population projected by the UN World
Insights 2019 report.

As already mentioned, the availability of resources to support human activities is finite. The
planet can only regenerate resources at a slow finite rate whereas humans have been known to
consume the limited resources at an alarmingly high rate. A recent study states that the current
consumption levels require an equivalent of 1.6 Earths for fulfilling the demand on Earth’s eco-
system [29]. Some of these resources, such as energy sources, are non-renewable and limited,
and the ecological resources which are renewable are being consumed at a faster rate than
their regeneration rate allows. Environmentalists and climate scientists have been warning
about the irreversible repercussions of such inordinate consumption. These consumption lev-
els lead to a breakdown of ecosystems and put the delicate ecological balance of the world in
jeopardy. However, the improved quality of living across the world, increased per-capita
income, and technological developments have only added to the consumption levels especially
in the energy sector where the demand is ever increasing. Previous studies have predicted that
the consumption levels of most of the resources will increase by an average of about 50% over
the next 50 years [6, 30]. In the present case, the increase in per capita consumption level is
modeled by linearly varying the coefficients utilized for the estimation of the per capita
demand of individual resources similar to previous work [17].

Thus, there are four scenarios namely the base case, population explosion, per capita con-
sumption increase, and the combined scenario for population explosion with increased per
capita consumption levels. These are referred to in the following section as scenarios 1—4,
respectively. The profiles of different compartments for the above-mentioned scenarios start-
ing from 2020 over a time frame of 130 years in the future to observe the system’s stability and
sustainability are presented below.
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Base case (scenario 1)

The results for all the compartments of GGSM for scenario 1 are presented in Fig 7. It can be
observed that all the ecological compartments decrease slowly but steadily over time. The pro-
file for P, from Fig 7 shows that primary producer P, stock decreases very slowly over time.
This slow decrease can be assigned to the rising demand for P; due to the increasing popula-
tion and limited availability of arable land and agricultural efficiency. The primary producer
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Fig 7. Results for all compartments for the base case scenario (scenario 1) and the population explosion scenario (scenario 2).
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P, is utilized by H;, H, and H; and hence decreases significantly over time. P; which repre-
sents wild species continues to grow at a slow rate. There is no significant change in the herbi-
vore compartment of H;. H; is a domesticated species and has economic value, so it is
reasonable that the compartment mass is protected by the owners and does not change signifi-
cantly over time. The changes in compartments P, and P, are also reflected in the H, and H;
compartments which decrease over time. Thus, it can also be observed that the wild carnivo-
rous animals C; and C, reduce slowly over time. GGSM predicts that the human population
will grow at a steady rate for the next 130 years. Therefore, contributing to the increase in car-
bon emissions (CO, emissions) and the nitrogen emissions (NOx emissions). The base case
results also show that the GDP will increase proportionately over the years.

The contribution of the different sectors towards the total carbon emissions (CO,) for the
base case is also presented in Fig 8. The energy producer sector and the residential and trans-
portation sector are the largest contributors to the carbon emissions (CO,). Thus, the results
from the base case show that the system is stable. It can be said that if business as usual
approach is utilized, the limited natural resources will slowly erode over time.

Population explosion scenario (scenario 2)

As described previously, the upper variant of population projections from the UN World
Insights 2019 report were used to model the population explosion scenario. United Nations
projected the growth of the human population up until the year 2100 and the open-source
data was used to determine how GGSM fared against other forecasts. Fig 9 shows that the
human population forecasted by GGSM for the population explosion scenario is close to the
upper variant projection of the global population by the UN model [21]. Fig 7 shows the results
for scenario 2 as compared to the baseline results (scenario 1). For the population explosion
scenario, all compartments show trends similar to the base case scenario. However, the eco-
logical compartments for primary producers (P, P,), herbivores (H,, H;) and carnivores (C;,
C,) decrease steadily at a marginally faster rate compared to the base case. As the population
increases rapidly, the carbon emissions (CO,) and nitrous oxide (NOx) emissions also increase
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significantly by a factor of 10 as opposed to scenario 1. The GDP also increases for scenario 2
with the increase in human population. The ecological compartment results show that the
planet can support the increase in population if human consumption does not increase
significantly.

Per capita consumption increase scenario (scenario 3)

Fig 10 shows the behavior of all the compartments in GGSM when the consumption is
increased in scenario 3. As the per capita consumption levels rise, there is a drastic impact on
the ecological compartments. This is observed from the model from Fig 10 as species mass
starts decreasing and revealing an uncertain and unstable ecosystem. The P, compartment
declines first which results in the herbivores H, getting exhausted and leading to the rapid
decline of wild animals represented by C; and C,. The P; compartment holds up until a critical
point, after which it declines rapidly as the consumption keeps on increasing. This decline can
be attributed to climate change indicators such as soil erosion, exhaustion of symbiotic species,
scarcity of water, along with unsustainable demand. As the per capita consumption levels
increase, the carbon emissions (CO,) and the nitrogen emissions (NOx) increase by a large
margin or by a factor of 10” as opposed to scenario 1.

Since the GDP is a function of various other compartments, it is observed to be unstable in
this scenario.

Population explosion with per capita consumption increase scenario
(scenario 4)

We know that in reality both global population and per capita consumption is increasing. This
situation is evaluated by combining the population explosion scenario with the per capita con-
sumption increase scenario.

It was observed previously in case of scenario 2 that the planet can support increased popu-
lation if the per capita consumption levels do not increase. Also, it can be seen from the results
for scenario 3 that increased consumption leads to steady exhaustion of resources. However, it
can be said that increase in population cannot exist without increase in consumption. Thus, it
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Fig 10. Results for all compartments for the per capita consumption increase scenario (scenario 3) and population explosion with per capita
consumption increase scenario (scenario 4).

https://doi.org/10.1371/journal.pone.0267403.9g010

is imperative to study a scenario where the population increases, and so does human consump-
tion. This scenario is presented here, and the results of this scenario are shown in Fig 10. The
profiles for all the compartments for the population explosion combined with increased per
capita consumption levels or scenario 4 compared to scenario 3 are presented in Fig 10. As the
per capita consumption levels rise, so do the CO2 emissions.

In case of scenario 4, the ecological compartment of P, starts getting depleted rapidly
around the year 2130 as per capita consumption levels increase considerably. This decline and
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subsequent exhaustion trigger a drastic increase in carbon emissions. As both the population
and per capita consumption levels increase, the industry sector production increases and the
system now consume conventional energy resources at a higher pace for energy production.
The depletion of the P; compartment causes carbon emissions to increase drastically. This can
be seen from Fig 10 for scenario 4, where the emissions increase significantly around the year
2135 as P; starts to deplete. Thus, the point after P, is exhausted, leads to an unstable system.
After P is exhausted, the carbon emissions increase significantly for scenario 4, where the
population along with the consumption increases rapidly.

The NOx emissions for scenario 4, were observed to be much higher than the NOx emis-
sions for scenario 1 by a factor of 100. It is observed from Fig 10 that the NOx emissions for
the population explosion combined with the consumption increase scenario (scenario 4) are
greater than those for the per capita consumption increase scenario (scenario 3). Thus, reas-
serting the fact that the system becomes unstable after the primary producer compartment P,
is depleted.

It can be seen from scenario 4 trends that population explosion exacerbates the process as
P, starts depleting and gets exhausted sooner. Thus, P, gets exhausted earlier for scenario 4
around the year 2135. As the per capita consumption levels increase GDP can be observed to
be unstable and very sensitive to the system dynamics as observed from the results. Since GDP
is dependent on many of the other compartments, a collapse in P; results in the collapse of the
industry sector (IS) compartment which is the main contributing factor towards the peculiar
pattern for GDP that is observed in Fig 10. The IS sector decreases sharply as the stores of P,
are depleted and exhausted consequently and starts recovering slowly after the P, collapse.
This process is exacerbated in case of scenario 4 and the timeline shifts left to show the deple-
tion of P, and its effect on GDP.

The environment cannot support irrational consumption, but it can be controlled through
global policy measures. Thus, policies targeted towards mitigating the impact of human con-
sumption can be derived. As mentioned previously, GGSM can evaluate techno-socio-eco-
nomic policies. An example is a policy that utilizes renewable energy in the form of biofuel-
based power, or biopower can also be evaluated. Thus, policies will be derived using this
model and evaluated further to control the impact of consumption increase and enhance
sustainability.

Conclusions

Changes in the current state of the world, along with climate change, have reiterated the neces-
sity of a strategic and interdisciplinary study of sustainability. A generalized global sustainabil-
ity model is presented here that aims at providing solutions and strategic policies to achieve
sustainable development. To the best of our knowledge, the work presented here is the first-of-
its-kind approach to study the sustainability across the food-energy-water (FEW) nexus on a
global scale. One of the important contributions of this work is reparameterization of the
model using historical data and validating the model results with the historical trends. Thus,
the model is descriptive as well as prescriptive in nature and employs a granular approach. A
base case scenario was presented to evaluate the model and establish its validity through com-
parison against data available for global parameters. The base case results show that the model
is stable, and the predictions are in congruence with the global data available for the different
compartments. It can be concluded that the planet could sustain an increased population if
total consumption does not increase. As the human consumption levels increase the model
results reiterate the fact that inordinate consumption by humans will heavily impact the global
ecosystem and is unsustainable for future growth. It is also observed that increased population
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along with increased consumption only exacerbates the process of resource depletion. This
concludes the first part of GGSM work. The second part of this study includes modeling of the
water compartment based on global water data and water demand and subsequent scenario
analysis for the same.

Future work

The analysis of several scenarios to evaluate sustainability with this model showed that indis-
criminate human consumption would lead to a collapse of several resources in the future. An
exponential increase in the human population exacerbates this process, with the resources get-
ting exhausted sooner. Such circumstances warrant a study where sustainability is enhanced.
Further, global policies need to be developed and evaluated to control several global condi-
tions. An optimal-control theory-based approach will be studied in the future to evaluate sus-
tainability by tracking and controlling multiple global indicators across different dimensions
of sustainability. The Sustainable Systems Hypothesis proposed by H. Cabezas et al.(2018)
requires maintaining at least six specific conditions necessary but not sufficient conditions for
sustainable systems [31]. This hypothesis proposes that sustainability can be achieved by limit-
ing the human burden on the environment so as to not exceed the biocapacity, conserving tro-
phic and functional integrity of the ecosystem, ensuring adequate economic value production
to exceed the value of consumption, maintaining certain quality of human existence, using
energy resources in a sustainable manner and finally, maintaining system order and self-orga-
nization over time. These conditions will be captured through several sustainability indicators
such as: Fisher information, green net product, ecological footprint, Greenhouse gas concen-
tration in the atmosphere, and the global water stress [32]. Ecological footprint analysis (EFA)
measures the equivalent land demand of the population by identifying the amount of biopro-
ductive land required to support the annual average consumption and the waste production of
an individual. Green Net Product (GNP) is a measure of sustainability from a macro-economic
standpoint. GNP can be defined as the sum of all economic activities (all transactions) minus
the loss value in the human-made and natural infrastructure. The economic performance of
the society can be evaluated by the GDP, but sustainability needs the GNP. Greenhouse gas
(GHG) concentration will be used to regulate the total CO2 eq contribution of the human sec-
tor activity and the mitigation by the natural sector. The optimal control model will study the
multiple objectives defined above. The purpose of this study will be to look at the three crucial
areas towards sustainability- ecological, economic, and social wellbeing. Thus, various policy
options such as regulatory, economic, or technological parameters will be assessed as control
variables, and a multivariate optimal control approach for global sustainability aimed at pro-
viding policy recommendations will be explored.

Prior work has studied the model as a network to determine the controllability of the sys-
tem [33]. The study concluded that controlling a minimum of twelve nodes were necessary for
sustainability in this system. These parameters have been used to conduct sensitivity analysis
and are presented in Table 1. After conducting an initial sensitivity analysis, six variables have
been narrowed down for the optimal control problem. These variables have the greatest impact
on the ecological compartments and for maximizing sustainability. Some of the policy options
that will be looked at include techno-social variables such as fines which penalize the Industry
Sector (IS) and the energy producer sector (EP) for waste disposal. The socio-economic vari-
ables include the price of the compartment P, associated with the demand of P; by humans
(kpyun) to evaluate plant consumption and similarly the price of the herbivores H; to evaluate
the animal consumption (py;). The techno-economic variables include variables to evaluate
the amount of P, required to produce a unit of the industrial product IS (6p,), the grazing of
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Table 1. Policy options for sensitivity analysis.

Group Name Mass Flow Significance of Variable Selected
Techno-Social Discharge fee (dg.) IS—IRP Penalty imposed by governing body on the Industry sector(IS) for waste disposal. Yes
Techno-Social Energy production tax (dgp™) EP—IRP Penalty imposed by governing body on the Energy Producer sector (EP) for waste No

disposal.
Techno-Social Carbon tax (t,) Penalty imposed by governing body on the carbon emissions Currently being modeled Yes

Socio- Plant consumption price (kpj) P,—HH | Price of the compartment P, associated with the demand of P; by human households to Yes

Economic evaluate plant consumption.
Socio- Animal consumption price (py;) H,—HH Price of the compartment H; associated with the demand of H; by humans(HH) to Yes
Economic evaluate animal consumption.
Socio- Agricultural price (Fpyp;) P,—H,; Price of the compartment P, associated with the demand of the demand of P, by H;. No
Economic
Socio- Plant material price (ppi1s) P,—IS Price of the compartment P; associated with the demand of by IS. No
Economic
Socio- Industrial energy consumption price | EP—IS Price of energy as associated with the demand of energy by IS. No
Economic (PEp1s)
Socio- Household energy consumption EP—HH price of energy the demand of the demand of energy by Human Household. No
Economic price (Ogpun)
Socio- Household Biofuel consumption EP—HH price of EP associated with the demand of energy by Human household. No
Economic price (kgp)
Socio- Price of water (pws) Price of water associated with the demand of water by Industry, Municipal or Yes
Economic Agricultural Sector. Currently being modeled
Techno- Industrial agriculture demand (6p,) P,—IS Amount of P, required to produce a unit of industrial product IS. Yes
Economic
Techno- Maximum grassland allowance (k) P,—H, Constant value specified by the government. Represents the grazing of P, by H;. Yes
Economic
Techno- Biopower Conversion rate P,—EP Amount of P; needed to produce a unit of biopower. Yes
Economic conversion rate (Ay;,)

https://doi.org/10.1371/journal.pone.0267403.t001

P, by H, (IAc), and the amount of biomass (P,) needed to produce a unit of biofuel (A;,). Work
is being carried out to incorporate pricing of the water compartment. Further, a penalty will be
imposed in the form of carbon tax for carbon emissions. The modeling of these variables is
being carried out. Additionally, policies will also be derived based on these variables including,
water price and carbon tax and others. These will be explored in-depth further.

The optimal control problem employing the six decision variables mentioned above and
the objective to minimize the variance in the Fisher Information for the per capita consump-
tion increase scenario (scenario 3) was solved as preliminary analysis. Fig 11 presents the com-
parison of all the compartments between uncontrolled scenario 3 and the optimal controlled
scenario 3. These initial results show that the controlled scenario 3 is stable and prevents the
collapse of the ecosystem while also reducing emissions and increasing GDP. However, the
optimal control approach formulation comprises a big-scale optimization problem out of
scope for the current study. A combination of several decision variables will be studied and
controlled to regulate the unstable system. Then, multi-variable optimal control methods will
be used to monitor the affected compartments and prevent exhaustion while maintaining sus-
tainable growth. The methodology, sensitivity analysis, results, and comprehensive analysis of
the optimal control strategy will be presented in a separate study in the future. The overarching
objective of the study at this point is to demonstrate that sustainability is feasible and to illus-
trate the conditions that make that possible.
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Fig 11. Preliminary results. Comparison of all compartments for the controlled per capita consumption increase scenario (scenario 3—controlled
shown in green) to the uncontrolled per capita consumption increase scenario (scenario 3 shown in blue).

https://doi.org/10.1371/journal.pone.0267403.9011

Acknowledgments

This is a collaborative project between the USA, India, and Hungary. The authors would like
to thank R. Boumans for sharing data from the Global Unified Model of the BiOsphere
(GUMBO) and his invaluable inputs from the same.

Author Contributions

Conceptualization: Urmila Diwekar.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267403 May 17,2022 20/22


https://doi.org/10.1371/journal.pone.0267403.g011
https://doi.org/10.1371/journal.pone.0267403

PLOS ONE

Integrated model for food-energy-water (FEW) nexus to study global sustainability

Formal analysis: Urmila Diwekar.

Investigation: Apoorva Nisal, Urmila Diwekar, Neeraj Hanumante, Yogendra Shastri, Heri-

berto Cabezas.

Methodology: Urmila Diwekar.

Project administration: Urmila Diwekar.

Software: Apoorva Nisal.

Supervision: Urmila Diwekar.

Writing - original draft: Apoorva Nisal.

Writing - review & editing: Urmila Diwekar.

References

1.

10.

11.

12.

13.

14.

15.

16.

Bruntland G, et al. Our common future. The World Commission on Environment 1 and Development.
1987; p. 45-65.

Brown BJ, Hanson ME, Liverman DM, Merideth RW. Global sustainability: Toward definition. Environ-
mental management. 1987; 11(6):713-719. https://doi.org/10.1007/BF01867238

Dietz T, Rosa EA, York R. Driving the human ecological footprint. Frontiers in Ecology and the Environ-
ment. 2007; 5(1):13-18. https://doi.org/10.1890/1540-9295(2007)5%5B13:DTHEF%5D2.0.CO;2

UN. Take Action for the Sustainable Development Goals—United Nations Sustainable Development;
2016. Available from: https://www.un.org/sustainabledevelopment/sustainable-development-goals.

The World3 Model: Classic World Simulation | Insight Maker. The World3 Model: Classic World Simula-
tion | Insight Maker; 2021. Available from: https:/insightmaker.com/insight/1954/The-World3-Model-
Classic-World-Simulation.

Meadows D, Randers J, Meadows D. Limits to growth: The 30-year update. Chelsea Green Publishing;
2004.

Boumans R, Costanza R, Farley J, Wilson MA, Portela R, Rotmans J, et al. Modeling the dynamics of
the integrated earth system and the value of global ecosystem services using the GUMBO model. Eco-
logical economics. 2002; 41(3):529-560. https://doi.org/10.1016/S0921-8009(02)00098-8

Puliafito SE, Puliafito JL, Grand MC. Modeling population dynamics and economic growth as competing
species: An application to CO2 global emissions. Ecological Economics. 2008; 65(3):602—615. https://
doi.org/10.1016/j.ecolecon.2007.08.010

Motesharrei S, Rivas J, Kalnay E. Human and nature dynamics (HANDY): Modeling inequality and use
of resources in the collapse or sustainability of societies. Ecological Economics. 2014; 101:90—102.
https://doi.org/10.1016/j.ecolecon.2014.02.014

Nitzbon J, Heitzig J, Parlitz U. Sustainability, collapse and oscillations in a simple World-Earth model.
Environmental Research Letters. 2017; 12(7):074020. https://doi.org/10.1088/1748-9326/aa7581

Randers J, Rockstrém J, Stoknes PE, Goluke U, Collste D, Cornell SE, et al. Achieving the 17 Sustain-
able Development Goals within 9 planetary boundaries. Global Sustainability. 2019; 2.

King CW. An integrated biophysical and economic modeling framework for long-term sustainability
analysis: The HARMONEY model. Ecological Economics. 2020; 169:106464. https://doi.org/10.1016/j.
ecolecon.2019.106464

Van Vuuren DP, Bijl DL, Bogaart P, Stehfest E, Biemans H, Dekker SC, et al. Integrated scenarios to
support analysis of the food—energy—water nexus. Nature Sustainability. 2019; 2(12):1132—-1141.
https://doi.org/10.1038/s41893-019-0418-8

Cabezas H, Pawlowski CW, Mayer AL, Hoagland NT. Sustainable systems theory: ecological and other
aspects. Journal of Cleaner Production. 2005; 13(5):455—467. https://doi.org/10.1016/j.jclepro.2003.09.
011

Whitmore HW. Integration of an economy under imperfect competition with a twelve-cell ecological
model. National Risk Management Research Laboratory, Office of Research and Development, US
Environmental Protection Agency; 2006.

Doshi R, Diwekar U, Benavides PT, Yenkie KM, Cabezas H. Maximizing sustainability of ecosystem
model through socio-economic policies derived from multivariable optimal control theory. Clean

PLOS ONE | https://doi.org/10.1371/journal.pone.0267403 May 17,2022 21/22


https://doi.org/10.1007/BF01867238
https://doi.org/10.1890/1540-9295(2007)5%5B13:DTHEF%5D2.0.CO;2
https://www.un.org/sustainabledevelopment/sustainable-development-goals
https://insightmaker.com/insight/1954/The-World3-Model-Classic-World-Simulation
https://insightmaker.com/insight/1954/The-World3-Model-Classic-World-Simulation
https://doi.org/10.1016/S0921-8009(02)00098-8
https://doi.org/10.1016/j.ecolecon.2007.08.010
https://doi.org/10.1016/j.ecolecon.2007.08.010
https://doi.org/10.1016/j.ecolecon.2014.02.014
https://doi.org/10.1088/1748-9326/aa7581
https://doi.org/10.1016/j.ecolecon.2019.106464
https://doi.org/10.1016/j.ecolecon.2019.106464
https://doi.org/10.1038/s41893-019-0418-8
https://doi.org/10.1016/j.jclepro.2003.09.011
https://doi.org/10.1016/j.jclepro.2003.09.011
https://doi.org/10.1371/journal.pone.0267403

PLOS ONE

Integrated model for food-energy-water (FEW) nexus to study global sustainability

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Technologies and Environmental Policy. 2015; 17(6):1573—-1583. https://doi.org/10.1007/s10098-014-
0889-2

Kotecha P, Diwekar U, Cabezas H. Model-based approach to study the impact of biofuels on the sus-
tainability of an ecological system. Clean Technologies and Environmental Policy. 2013; 15(1):21-33.
https://doi.org/10.1007/s10098-012-0491-4

The World Bank. CO, Emissions (kt) Data; 2020. Available from: https://data.worldbank.org/indicator/
EN.ATM.CO2E.KT.

The World Bank. GDP (current USD) Data; 2020. Available from: https://data.worldbank.org/indicator/
NY.GDP.MKTP.CD.

The World Bank. Nitrous Oxide Emissions (thousand metric tons of CO, equivalent) Data; 2020. Avail-
able from: https://data.worldbank.org/indicator/EN.ATM.NOXE.KT.CE.

United Nations D. World Population Prospects Highlights, 2019 revision Highlights, 2019 revision.
United Nations; 2019.

Bar-On YM, Phillips R, Milo R. The biomass distribution on Earth. Proceedings of the National Academy
of Sciences. 2018; 115(25):6506—6511. https://doi.org/10.1073/pnas.1711842115 PMID: 29784790

United Nations Statistics Division. Energy Statistics Yearbook; 2009. Available from: https://unstats.un.
org/unsd/energy/yearbook/2009/default.htm.

Swart RJ, Raskin P, Robinson J. The problem of the future: sustainability science and scenario analy-
sis. Global environmental change. 2004; 14(2):137-146. https://doi.org/10.1016/j.gloenvcha.2003.10.
002

Ganivet E. Growth in human population and consumption both need to be addressed to reach an eco-
logically sustainable future. Environment, Development and Sustainability. 2020; 22(6):4979-4998.
https://doi.org/10.1007/s10668-019-00446-w

Motesharrei S, Rivas J, Kalnay E, Asrar GR, Busalacchi AJ, Cahalan RF, et al. Modeling sustainability:
population, inequality, consumption, and bidirectional coupling of the Earth and Human Systems.
National Science Review. 2016; 3(4):470—-494. https://doi.org/10.1093/nsr/nww081 PMID: 32747868

Victor PA. Growth, degrowth and climate change: A scenario analysis. Ecological economics. 2012;
84:206—212. https://doi.org/10.1016/j.ecolecon.2011.04.013

Vollset SE, Goren E, Yuan CW, Cao J, Smith AE, Hsiao T, et al. Fertility, mortality, migration, and popu-
lation scenarios for 195 countries and territories from 2017 to 2100: a forecasting analysis for the Global
Burden of Disease Study. The Lancet. 2020; 396(10258):1285—-1306. https://doi.org/10.1016/S0140-
6736(20)30677-2 PMID: 32679112

Nace T. Humanity Has Officially Consumed More Than Earth Can Produce This Year; 2017. Available
from: https://www.forbes.com/sites/trevornace/2017/08/03/humanity-officially-consumed-more-earth-
produce-year/.

Shastri Y, Diwekar U, Cabezas H, Williamson J. Is sustainability achievable? Exploring the limits of sus-
tainability with model systems. Environmental science & technology. 2008; 42(17):6710-6716. https://
doi.org/10.1021/es800661x PMID: 18800553

Cabezas H, et al. Design and engineering of sustainable process systems and supply chains by the P-
graph framework Environmental Progress & Sustainable Energy. 2018; p. 624—636. https://doi.org/10.
1002/ep.12887

Rodriguez-Gonzalez Pablo T and Rico-Martinez Ramiro and Rico-Ramirez Vicente; 2020. Effect of
feedback loops on the sustainability and resilience of human-ecosystem. Ecological Modelling. 2020;
426, 109018. https://doi.org/10.1016/j.ecolmodel.2020.109018

Benavides P, et al. Controllability of complex networks for sustainable system dynamics Journal of
Complex Networks. 2015; p. 566-583. https://doi.org/10.1093/comnet/cnu051

PLOS ONE | https://doi.org/10.1371/journal.pone.0267403 May 17,2022 22/22


https://doi.org/10.1007/s10098-014-0889-2
https://doi.org/10.1007/s10098-014-0889-2
https://doi.org/10.1007/s10098-012-0491-4
https://data.worldbank.org/indicator/EN.ATM.CO2E.KT
https://data.worldbank.org/indicator/EN.ATM.CO2E.KT
https://data.worldbank.org/indicator/NY.GDP.MKTP.CD
https://data.worldbank.org/indicator/NY.GDP.MKTP.CD
https://data.worldbank.org/indicator/EN.ATM.NOXE.KT.CE
https://doi.org/10.1073/pnas.1711842115
http://www.ncbi.nlm.nih.gov/pubmed/29784790
https://unstats.un.org/unsd/energy/yearbook/2009/default.htm
https://unstats.un.org/unsd/energy/yearbook/2009/default.htm
https://doi.org/10.1016/j.gloenvcha.2003.10.002
https://doi.org/10.1016/j.gloenvcha.2003.10.002
https://doi.org/10.1007/s10668-019-00446-w
https://doi.org/10.1093/nsr/nww081
http://www.ncbi.nlm.nih.gov/pubmed/32747868
https://doi.org/10.1016/j.ecolecon.2011.04.013
https://doi.org/10.1016/S0140-6736(20)30677-2
https://doi.org/10.1016/S0140-6736(20)30677-2
http://www.ncbi.nlm.nih.gov/pubmed/32679112
https://www.forbes.com/sites/trevornace/2017/08/03/humanity-officially-consumed-more-earth-produce-year/
https://www.forbes.com/sites/trevornace/2017/08/03/humanity-officially-consumed-more-earth-produce-year/
https://doi.org/10.1021/es800661x
https://doi.org/10.1021/es800661x
http://www.ncbi.nlm.nih.gov/pubmed/18800553
https://doi.org/10.1002/ep.12887
https://doi.org/10.1002/ep.12887
https://doi.org/10.1016/j.ecolmodel.2020.109018
https://doi.org/10.1093/comnet/cnu051
https://doi.org/10.1371/journal.pone.0267403

