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Preface

Human societies require a constant supply of The Food-Energy-Water Nexus
(FEW). These are critical consumable commodities for human life. Each has been
the subject of extensive research and action aimed at providing secure access for the
7.7 billion people on the Earth at this time. Yet, billions of people today do not expe-
rience food, energy, and water security. As human population and demand for food,
energy, and water have grown, the challenge of meeting the demand has become
ever harder and resulted in ever more consequences on the natural world. The food-
energy-water nexus has become the embodiment of many of the most important
practical challenges of sustainability. Food, energy, and water systems are complex
coupled natural-human systems with many dependencies and interactions. It is,
therefore, unsurprising that efforts to look at the food, energy, and water as a “sys-
tem of systems” have advanced over the past decade, including via the energy-water
and FEW-land-environment nexus conversations.

On January 19-21, 2016, the National Council for Science and the Environment
(NCSE) focused its 16th National Conference and Global Forum on Science, Policy,
and the Environment on the opportunities and challenges of advancing science on
the food-energy-water nexus. At the time, Peter Saundry was the Executive Director
of the NCSE and edited a special issue of the Journal of Environmental Studies and
Sciences (JESS) which included 22 papers on the subject.! In summer 2016, many
of the authors of the JESS papers agreed to create this book.

While a number of books and compilations of papers on the FEW nexus have
appeared over the past decade, we believe that this is the first attempt to publish a
textbook specifically for the FEW nexus. The scope of this book is broad and intro-
ductory, and it is intended to be accessible to advanced undergraduate students,
graduate students, practitioners, and also those researchers and scholars new to the
field and who seek a scholarly introduction to the nexus issues, tools and applications.

!'Saundry. P. (2016) The food-energy-water nexus. Journal of Environmental Studies and Sciences,
Volume 6, Issue 1, March 2016, Springer. Online at: https://link.springer.com/journal/13412/6/1/
page/1.
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vi Preface

This book reflects the diverse interdisciplinary scholarship that contributes to the
nexus, including biophysical sciences, economics, agriculture, social sciences, busi-
ness, political science, engineering, modeling, computing, and data science, and
their applications to real-world problem-solving. We assume that some readers may
have substantial disciplinary expertise in one or more of these areas. However, few,
if any, readers will come to this subject with a background in all aspects of the
nexus. Therefore, we have included introductory material in all chapters. The reader
may choose to skip introductory material in areas where they have expertise.

Each chapter’s end matter includes a summary of key points, a limited set of
discussion points and exercises to facilitate learning, references, and suggested fur-
ther readings. Appendices A—D contain a list of nexus institutions, a list of treaties,
declarations and laws referred to in the book, data sources that are utilized in exer-
cises, and a rich set of supplemental FEW educational resources that can be utilized
by teachers and students. Finally, a glossary is provided. Glossary terms are in bold
when first used in the text.

While this book is the result of the work of many authors who were responsible
for different chapters, considerable effort has been made to integrate the text into a
seamless whole. The authors have reviewed each other’s work and revised their
chapters to integrate with the rest of the book. Most chapters include contributions
of text and insight from the authors of other chapters. Chapters 12, 17, and 21 are
team-writing efforts. All chapters were subject to careful review and editing. We
thank those who contributed to the integration and editing.

Because the food-energy-water nexus is a subject where scholarship is relatively
new and changing rapidly, we do not claim that this is the “definitive” text on the
subject. Rather, this is the first step in an exciting and profoundly important area of
education, science, and practice.

Germantown, MD, USA Peter Saundry
Flagstaff, AZ, USA Benjamin L. Ruddell
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1.1 The Structure of This Book

Given the many critical challenges facing society, why select the particular chal-
lenges of food, energy, and water for integration? Why not air, land, climate, popu-
lation, or economics? Why now at the beginning of the twenty-first century? This
chapter sets up the rest of the book by answering this fundamental question.

The reader is asked not to assign any importance to the order of the words “food,”
“energy,” and “water.” This order is used primarily because the resulting acronym
“FEW” is easy to remember. Others prefer the equally valid “WEFE.” Any order is
equally valid because the nexus of FEW systems is, by definition, where all three
components and their interactions are all essential to understanding a challenge and
developing solutions.

The integration of FEW systems is necessary because human beings and their
societies require all three all the time, and because each of the three depends on the
others. Food requires water and energy; energy requires water, and (in the case of
biofuels) food; water requires energy (which may require food). Practical chal-
lenges such as how human beings adapt to limitations in their access to food,
energy, and water; how they develop policies and laws to ensure and/or restrict
access; how the regulations in each system affect adaptation and access in the other
two systems; how they resolve disagreements; and whether and how they will do
so in a sustainable manner in the future represent some of the underlying motiva-
tions for nexus studies. In Chaps. 3—11, we will explore the human demands on
FEW systems and how the critical roles played by ecosystems, infrastructure,
climate change, law and policy, economics, and culture shape the resulting sys-
tems and their interactions.

In the second part of this book, Chaps. 12—17, we will explore tools for measur-
ing and modeling integrated food, energy, and water systems individually. We will
address how to ask questions, with spatial and temporal boundaries, that can lead
to results useful to decision-makers in the real world as they respond to the chal-
lenges of meeting the needs for food, energy, and water simultaneously, challenges
that are both scientific and human.

While the nexus of food, energy, and water systems is still an emerging field of
study, it is not new. Nearly every chapter in this book includes case studies related
to the focus of that chapter. Chapters 18 and 19 will explore two areas where the
importance of integrating FEW systems has already been recognized by significant
research carried out over several decades—cities and watersheds. Both of these
areas lend themselves to certain spatial boundaries which helps define questions at
the nexus. Work in these contexts has been varied and is responsible for many of the
tools presented in this book. These tools and others have been applied to manage
various types of human conflict at the nexus (Chap. 20).

We conclude this book (Chap. 21) with a brief, but speculative, look into the
future, exploring how advances in the study of the integration of FEW systems
have the potential to foster the development of many solutions to specific
challenges.
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1.2 Fundamental Challenges

The study of integrated food, energy, and water systems requires the application of
physical, biological, and social sciences; engineering; scholarship in policy, law,
and public health; and awareness of relevant aspects of arts and letters. It is not the
intention of the authors to prioritize the relative importance of different areas of
scholarship. All contribute significant value, and the absence of any one area can
result in unsuccessful outcomes in any particular situation. Just as the FEW nexus
results from the interaction of many biological, physical, and social systems, effec-
tive FEW scholarship results from the integration of the many relevant areas of
scholarly work.

Readers are urged to keep in mind throughout this book the many challenges to
scholarly work in this area. Food, energy, and water systems are challenging topics
in their own right. The integration of all three into a system of systems is still an
emerging field because it is especially scientifically challenging, requiring careful
consideration of the following:

1. The fundamental questions which drive all later scientific considerations and the
utility of outcomes.

2. The appropriate spatial and temporal scales to balance the requirements of sci-
ence, geography, data, and the needs of decision-makers and other end-users of
results.

3. The choices and consequences of selecting metrics that have utility to end-users
of results and are capable of being addressed with available data, models, and
computational resources.

4. How to select and integrate multiple data sets with diverse attributes.

5. How to choose the right type of model and develop the specific model, based on
all relevant laws of nature, that is capable of integrating all aspects of an inte-
grated system, recognizes all significant internal and external interactions, and
can produce results useful to end-users with available computational resources.

6. The human dimensions of FEW systems which are affected by perceptions, cul-
tural and economic motivations, laws and policies operating at different scales,
and the conflicts that arise between various parties with different values, power,
and aspirations.

Communities of Practice that engage scientific and non-scientific stakeholders
are key to the successful application of nexus science to practical problems
(Chap. 17). This requires the engagement of a wide range of stakeholders (broadly
defined as anyone who is affected by a particular topic).

When all these factors are recognized, scholars can be tempted to throw their
hands up in despair. However, scientists working with stakeholders can help frame
research questions can help lead to more integrated work that leads to actual
implementation. Further, the development of better data sets, models, and compu-
tational resources combined with more sophisticated ways of connecting science
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to non-scientific stakeholders will likely transform Nexus studies over the coming
decades. Indeed, the authors of this book and many others devote their time to this
area in large part because they are optimistic that their work will lead to positive
outcomes and innovative solutions. We hope that the readers of this book will
reach a similar conclusion, and, perhaps, will be at least tempted to join in the
ongoing process.

This book attempts to provide the reader with a survey of issues, methods, and
tools that reflects best practices in nexus work at the time of writing and looks ahead
to what the authors believe will be important in the future.

Note that issues of scale will arise throughout this book and be explored in detail
in Chap. 15. Most generally we will use (with many important caveats) the follow-
ing terms to describe phenomena at different scales:

e “Micro” for small, fine, or local scales;
e “Meso” for intermediate or regional scales;
e “Macro” for large, national, international, or global scales.

1.3 Why Food, Energy, and Water?

1.3.1 Criteria

Nexus studies recognize the importance of integrating FEW systems based upon
approximately five criteria that are interwoven with each other. Food, energy, and
water are critical consumable commodities, require massive infrastructure, are cur-
rently footprint-heavy, must be extremely accessible and affordable, and are the
focus of high-level decision-making and policy. We study and manage FEW sys-
tems, rather than other parts of the FEW-everything (FEWe) system, because FEW
systems usually, and uniquely, meet most or all of these five criteria.

1.3.1.1 Ciriterion 1: Critical Consumable Commodities for Human Life

Human beings require a continuous supply of food and water to consume to live and
energy to support most aspects of comfortable living. Food, energy, and water are
essential commodities for human life level and require constant replenishment.
These commodities are essential in both sufficient quantity and quality (i.e., food
nutrition, energy in useful forms, and clean water).

The phrase “society is only three meals away from anarchy” (sometimes “nine
meals” or “from revolution™) captures the critical need for food. The human body
can survive without water for 2-3 days, without food for perhaps 30-40 days. In
large cities, the human economy and society are less resilient. Energy sustains water
and food supplies and multiple additional life-dependent aspects of human societ-
ies. As is all too frequently demonstrated during electricity blackouts, communities
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can quickly become dysfunctional, even disorderly, when there are disruptions in
modern energy supplies. Disruptions of water supplies have proven critical in
war-torn areas of Syria and Iraq (see Sect. 20.3.5), and disruptions in energy sup-
plies are disrupting Venezuela in 2018-2019.

The criticality of these “three great consumables” is reflected in the commonly
used terms “food security,” “energy security” and “water security” referring to
individuals and communities having affordable access to sufficient food, energy,
and water to meet their basic needs for healthy and productive lives (see Sect. 3.2).
While these terms may seem abstract to some in affluent societies like the USA and
other economically prosperous communities, these terms are very immediate and
personal for billions of people who do not have reliable access to an adequate sup-
ply of nutritious food, clean water, or modern energy sources. For these people,
gaining access to these three great consumables occupies a central part of their daily
lives and labor.

Even within affluent societies like the USA, food, energy, and water are recog-
nized by emergency planners as “community lifelines” which provide indispensable
services that enable “the continuous operation of critical business and government
functions, and is critical to human health and safety, or economic security”
(FEMA 2008).

FEW commodities are bought and sold in large quantities in markets at many
economic levels. Many FEW products are also produced for direct consumption and
are never traded.

Food

In the global North, the majority of households get most of their food from retail
stores and commercial food service establishments and institutions (e.g., hospitals,
dormitories, prisons). These facilities are situated at the endpoints of long complex
supply chains. As noted in Chap. 18, approximately 5% of the urban population of
the USA live in a “food desert” where they do not have access to a full-line grocery
store; the same is true in rural areas of the USA. Both in urban and rural areas of
the USA, according to the National Gardening Association (NGA) 36% of house-
holds grow food either at home or in a community garden.

The major cities in the global South also have retail stores and commercial food
service establishments and institutions supplied by long complex supply chains,
although the performance may be somewhat less complete and less timely than in
the global North. In addition, urban food production is much more prevalent in
neighborhoods and in peri-urban areas, small-scale farmers’ markets are more
prevalent in local neighborhoods, and many households receive a significant amount
of food from relatives in rural areas.

In the rural areas of the global South, the vast majority of households produce
most of their own food. As with water and energy, much of the burden of food pro-
duction is borne by women and children, especially girls. These rural farmers may
also produce some crops for local sale and some commodities for sale to regional or
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national or global markets, but the majority of their production provisions their own
households, sometimes including one or more draught animals. While the harvest-
ing of seafood is more likely done by men than women, it also goes both for house-
hold provisioning and for local and regional markets (often processed and sold by
female members of the household). The water and energy collected by women and
children are very important for household food preparation.

Energy

In the global North, most residences and institutional and commercial facilities are
connected to the electrical grid; this can provide the energy needed for lighting,
cooking, electronics, and heating. In the USA, approximately 5% of households
heat with coal or oil, a little more than half heat with natural gas, and roughly 5% of
US households heat with propane. Two percent of US households use wood as the
primary heating fuel.

Although electricity is generally available in the major cities in the global South,
the service is not highly dependable, and the current is highly variable. Outside the
major cities, much of the energy for heating is wood or peat or dung, and much of
the energy for cooking is charcoal or dung or wood. The use of these fuels causes
significant indoor air pollution and high levels of respiratory disease. While char-
coal is produced locally and distributed by small-scale vendors, wood and dung are
(like water) collected by women and children often on a daily basis. Both in the
global North and in the global South, residential solar facilities are increasingly
used for cooking, electricity, and heating.

Water

In the global North, most residences have running water service for personal and
household uses and sanitation. But even in the USA, roughly 15% of households
rely on private wells for drinking water and septic tanks for wastewater treatment;
approximately 1% of the population lacks basic plumbing facilities. In Mexico
City, 70% of the city has fewer than 12 h of running water per day, and 18% of the
population receives water for only a couple hours every several days. The lack of
dependability and affordability and safety of the municipal water supply leads
roughly half of the households to purchase additional water privately.

Although water and sanitation service in the major cities in the global South resem-
bles that in Mexico City, outside the cities, the services are much scarcer. In 2015,
according to the World Health Organization (WHO), approximately 30% of the global
population did not have a safely managed drinking water service (on-premises, as
needed, and contamination-free). Members of these households (usually women and
children) have to transport water every day. One-third of these households rely on
untreated surface water; both these surface waters and shallow wells provide two-
thirds of these households with water that is contaminated with feces. This water is
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important for the FEW nexus because many of the meals in these households are
stewed meats or seafood, mashed vegetables or fruits, or porridges. So water is essen-
tial for cooking, as is the fuel that is locally obtained. The cooking techniques also
provide the benefit of treating some of the contaminants in the water. Also, some of
the water that is collected is used to irrigate crops in home gardens.

As noted, outside the major cities in the global South, sanitation services are
much less developed. According to the WHO, 2.3 billion people (30% of the
world’s population) still do not have basic sanitation facilities such as toilets or
latrines. Of these, 892 million still defecate in the open, for example, in street gut-
ters, behind bushes or into open bodies of water. This leads to high levels of mor-
tality for children under 5 years old, and for women and children, it leads to a high
risk of sexual assault.

Nations attempt to provide secure access to these resources for their citizens and
achieve some degree of FEW self-sufficiency, even when it comes at an economic or
environmental cost. This includes a wide range of financial incentives for domestic
production of FEW commodities or tariffs on imports. Environmental laws are also
commonly structured to avoid impacting the production of FEW commodities.

1.3.1.2 Criterion 2: Heavy on Physical Infrastructure

Maintaining a reliable and consistent supply of food, energy, and water has resulted
in the building of extensive physical infrastructure to store, transport, distribute,
and deliver them to all economically advanced human communities remote from
their sources. While most communities have access to local water supplies, and
many have access to some locally produced foodstuffs and energy sources, all cities
currently rely on extensive physical infrastructure to sustain the regular importation
of huge masses, watts, and volumes of food, energy, and clean water. Human-built
physical infrastructures supplement, and in some cases, replace or dominate, natural
physical infrastructures that provide FEW commodities in some degree of quality
and quantity. Significant physical infrastructure also exists for the disposal of waste
materials and water.

In addition to physical infrastructure, humanity has communication infrastruc-
tures, service infrastructures, and social infrastructures that guide the functioning of
physical infrastructure and convey values, culture, and money.

Food, energy, and water systems each include infrastructure that extends from
production to processing to distribution to consumption.

For Food

* Food production, for much of the world’s population, comes from a global network
of farms and fisheries which receive inputs of human labor, seeds, animal feeds,
fertilizers, herbicides, fuels, pesticides, and irrigation water; may produce waste
byproducts such as manure and contaminated water that require processing and



10 P. Saundry and B. L. Ruddell

management; and utilize a wide range of farming and fishing equipment. In
many countries, agriculture is one of the largest users of water. In the USA and
the nations of the European Union, agricultural production is guided through
governmental policy infrastructure that influences what food, fiber, and fuel will
be produced in what ways. These influences include when crops are planted, how
much water is used, how much fuel is produced, how global food markets func-
tion, and more.

* Food processing transforms raw products into edible products using technol-
ogy that ranges from handheld tools to large factories. Which edible products
are produced is influenced by the social infrastructure of government dietary
guidelines and the communication infrastructure of commercials and
advertisements?

* Food distribution ranges from local transportation to international trade routes
that utilize stationary and mobile storage equipment as well as roads, railways,
ships, and aircraft. A myriad of distribution nodes connects farms and process-
ing facilities to restaurants, markets, and shops that make the food available to
the plates of end consumers. Thus, food distribution relies on social infrastruc-
ture ranging from commodity exchanges to marketing contracts to food assis-
tance programs.

* Electrically-intensive refrigeration in residences, food services, retail, and
wholesale, is one of the largest users of anthropogenic energy in the food
system.

For Energy

* Energy production comes from a global network of oil and gas wells, coal mines,
hydropower dams, nuclear power plants, wind turbines, solar cells, and fields of
sugar and corn and soybeans. For many individuals and communities, energy
comes from the gathering of wood, peat, and animal waste. Each energy source
requires particular equipment. Even locations with onsite energy sources gener-
ally need regular supplies of fuel from offsite or to be connected to an electrical
grid to balance supply and demand.

* Energy processing includes refineries and electric power plants of many kinds, as
well as charcoal kilns and inverters on rooftop solar panels. Refineries and power
plants rely on marketing infrastructure to arrive at the necessary contractual
arrangements and on government policy infrastructure to regulate air and water
and soil pollution.

* Energy distribution includes oil and gas pipelines, barges and oil tankers, road
and rail, terminals, and the most complicated machine in the world, the mod-
ern electric grid. These pipelines and tankers and grids are guided and regu-
lated by governmental and other social infrastructure to ensure their security
and equity.
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For Water

e Water production comes from lakes, rivers, groundwater, and increasingly, rain
gathering, direct and indirect potable (drinkable) reuse of wastewater, or desali-
nation of seawater. These processes use both “grey” built infrastructure and
engaging natural or “green” infrastructure.

* The twentieth century’s largest producers of electrical power, thermoelectric and
hydroelectric power plants, require copious withdrawals of water, particularly
for cooling.

e In economically developed areas, massive and energy-intensive physical and
social infrastructure process and treat and distribute water with the expressed
aim of protecting consumers from water-borne pathogens, toxic chemicals, and
other contaminants.

e Water distribution requires aqueducts and pipe infrastructure that are second
only to the electrical grid in their extent and pervasiveness. Storing water often
requires dams, tanks, wells, and other human infrastructure. Distributing water
through large physical infrastructure requires economic arrangements for the
maintenance of the physical system (“user fees”), and governmental policies
determining which users have a right to water.

The sheer complexity of FEW infrastructures is possibly the most significant
“wonder” of the modern world, a wonder often unnoticed while in plain sight. One
challenge is to make this “invisible” set of systems visible.

Such systems are much more visible in societies where such infrastructure is
missing or dysfunctional, and the impact shapes the daily lives of people who toil
each day to gather sufficient food, energy, and water to sustain themselves and their
families. In most such societies, a disproportionate share of this burden falls to
women, who must pay much higher real costs for these resources in terms of time
consumed, education forgone, and health impacts.

The “hard” metal and concrete infrastructures that provide the physical functions
of modern societies are quite visible. However, a soft infrastructure of human
institutions and activities enable the building, maintenance, and functioning of hard
infrastructure. These and other infrastructure issues are explored in Chap. 10.

1.3.1.3 Criterion 3: Footprint-Heavy

The direct and indirect biophysical impact of consumption of natural resources on
Earth is commonly referred to collectively as the “footprint” of consumption. The
footprint concept is particularly useful when applied to natural resources that have
a “planetary boundary” on their availability.

A planetary boundary is a human-determined threshold beyond which, with a
margin of safety, there is a significant risk that an important biophysical process
undergoes an irreversible decline or collapse. Nine planetary boundaries that have
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received particular attention (Rockstrom et al. 2009) are climate change, ocean
acidification, stratosphere ozone depletion, global phosphorus and nitrogen cycles,
rate of biodiversity loss, global freshwater use, land system change, aerosol load-
ing, and chemical pollution. Food, energy, and water are related to nearly all of
these issues. Note that biophysical boundaries exist at all geographical scales rang-
ing from local to planetary, and local and regional boundaries often have a global
impact. Understanding biophysical, or biogeophysical, boundaries is a challenging
scientific subject that includes many of the issues related to the production and
movement of food, energy, and water; their many interrelationships to each other
and to ecosystem services (Chap. 9). Establishing a margin of safety for a biophysi-
cal process is a normative exercise based on decisions about risk and uncertainty.

We noted above that FEW commodities are essential in both sufficient quantity
and quality. A significant aspect of footprint related to FEW commaodities is their
form and qualities. For example, the footprints associated with meat production
are significantly different from those associated with grains. Similarly, the foot-
prints associated with coal-based energy are very different from that associated
with natural gas-based or wind-based energy. And water obtained from a nearby
well has a very different footprint than water delivered in plastic bottles far from
its source. Throughout this book, we will focus on the energy and water footprints
of food, the land and water footprints of energy, and the land and energy foot-
prints of water.

Examination of footprints also brings into focus inefficiency and waste in the
production, use, and discarding of FEW commodities. Later in the book, we will
explore the concept of Life Cycle Assessment as a methodological framework
for assessing the environmental impacts associated with a FEW systems (see
Sect. 13.2.1).

A concept closely related to that of planetary boundaries is that of carrying
capacity. Carrying capacity is the estimated maximum population of a species that
an environment can sustain indefinitely. The commonly asked question, “How many
people can the earth support?” is thus based on understanding planetary boundaries.
A book titled with this question by Joel Cohen (1996) demonstrates the difficulties
of providing a clear answer.

Food, energy, and water are responsible for the majority, and arguably, the vast
majority of humanity’s footprint on the earth. twenty-first-century humanity is
exceeding the Earth’s local, regional, and even global carrying capacities as mea-
sured by terrestrial photosynthetic productivity and usable land, replacement rates
of ocean fish, renewable fresh surface water availability, or the ability of the bio-
sphere and oceans to absorb greenhouse gases like carbon dioxide.

The fundamental long-term sustainability of these consumption rates is in
doubt. Solving the sustainability problem will require some combination of
increased efficiencies of production, the redistribution of consumption from more
affluent consumers to less affluent consumers, and reduced per capita consumption
by larger consumers. Affluent city dwellers tend to outsource their FEW supplies
and wastes, and the associated externalities and footprints, to their rural neighbors.
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1.3.1.4 Criterion 4: Extreme Affordability

By definition, to support life, all people need reliable supplies of food, energy, and
water that must be of at least adequate quantity and quality. Because a significant
fraction of humanity has modest, or even minimal, financial resources, quality FEW
products are required at near-zero marginal price, even during droughts or floods,
harsh winters and hot summers, and economic downturns—extreme affordability.

Extreme affordability may necessitate massive economies of scale, household-
level subsistence economies, government subsidies to production and storage, poli-
cies providing FEW accessibility and human rights, and government regulation of
minimum quality standards. The affordability, subsidy, and regulation for FEW
commodities can often be a barrier to private sector innovation and solutions
because maintaining low-cost access results in small (or nonexistent) profit margins
to producers and disincentives to investment. Thus, one of humanity’s most potent
problem-solving tools, private for-profit innovation, is often not fully engaged in
solving FEW problems.

1.3.1.5 Criterion 5: Governance-Heavy

The word governance refers to the processes by which groups of people make and
implement decisions, policies, and rules. As such, governance refers to the policies,
laws, institutions, and actions made by formal governments at all levels of society;
between and among governments (e.g., international treaties); and with entities
outside of formal government (e.g., private corporations and civil society organiza-
tions). Throughout this book, it is important to not confuse the words “governance”
and “government.” It has been said that governance is “governing with or without a
government, policy-making with or without politics” (Colombi and von der Pfordten
2011). Governance will be explored more deeply in later chapters, especially
Chaps. 6 (International Governance) and 8 (United States Governance).

Given that FEW commodities are critical for all human societies, it not surpris-
ing that they are subject to significant governance. Nations establish domestic poli-
cies on production and consumption, support public and private investment in
infrastructure, engage in international diplomacy, and have strategies to address
disruptions in supplies. Policies include:

* Recognition of many FEW commodities as a human right (see Sect. 6.2.4). For
example, through the United Nations, countries have asserted the right to an
adequate standard of living in the International Covenant on the Economic,
Social and Cultural Rights (ICESCR), which also refers to the right to food as a
vital element of an adequate standard of living (Article 11).

e Investment and incentives for the extraction/production and storage of food,
energy, and water.

e International arrangements to ensure external supplies from foreign nations
through bilateral and multilateral trade agreements (Chaps. 6 and 7). Natural
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flows of water across international boundaries are a particular source of potential
conflict and motivation for cooperation. Domestic policies that minimize depen-
dence on foreign supplies are also standard; take, for instance, the USA’s empha-
sis on energy self-sufficiency following the oil shocks of the 1970s, or the
emphasis of Israel, Iran, or, until recently, China on FEW self-sufficiency despite
strained local natural resources.

* Distribution of food, energy, and water via hard (physical) and soft (organiza-
tional) infrastructure (see Chap. 10) and in a manner that balances the essential
need of consumers with the needs and rights of producers and intermediaries.

e Quality control for healthy consumption leads to policies regarding contami-
nants, nutrition, and health impacts related to food production and preparation,
energy use, and water supply systems, as well as the disposal of residues and
waste.

» Externalities must be regulated to avoid adverse impacts on human health and
natural ecosystems. While FEW systems have historically been considered top-
ics of local or regional policy, they are now a source of tension between local,
regional, national, and international policies. Chapters 5 (Economics), 6, 8
(International and US Governance), 9 (Ecosystems), 11 (Climate Change), and
20 (Human Conflicts) will all explore this tension in greater depth.

* Failure to provide access to minimum supplies of food, energy, and water can
lead to the breakdown of civil order. Therefore, public policies exist everywhere
to ensure sufficient volumes of supply, and address issues of cost and services to
poor and vulnerable communities are critical; issues related to food, energy, and
water security are developed in Sect. 3.2.

* Programs supporting research, development, education, and outreach aim to
empower participants in different parts of FEW systems to achieve societal goals
ranging from production to healthy consumption.

Separate or conflicting policies for food, energy, and water frequently lead to
conflicts between communities with a primary interest in one of the food, energy, or
water components. For example, in the USA currently, there are conflicts between
farmers whose fields generate contaminated runoff to streams versus downstream
communities who bear the negative impacts of the contaminated water. While inter-
national policies usually involve diplomacy and trade arrangements, nations can and
have resorted to a military conflict to address food, energy, and water crises.
Shortages in food, energy, or water can also lead to innovative ways of managing
these shortages (see Chap. 20).

Each of these five criteria motivates the integrated study of food, energy, and
water systems. Each criterion must be addressed by societies for each critical
consumable in a manner that does have significant adverse effects on the other
two. Thus, the many conflicts and trade-offs between food, energy, and water
systems that meet the demands of people motivate the integration of study, gover-
nance, and actions.

While the five criteria define the motivations for integrated FEW studies, these
systems operate in the context of important processes that are fundamental to their
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functioning regarding environmental and human concerns. These processes are
essential components of any consideration at the nexus of FEW systems and receive
our attention now.

1.3.2 Core Processes Influencing the Nexus

Several processes that influence and interact with the nexus are commonly dis-
cussed, each with the potential for a variety of nexus impacts depending on their
characteristics, functions, and interactions with other processes. Each has varying
degrees of responsiveness and importance to the five criteria introduced above. The
importance of these processes has led some to frame the nexus as including them as
components equivalent to food, energy, and water; an alternative to the FEW fram-
ings described above. Here, based upon the criteria that we have just discussed, they
are viewed as critical processes shaping the FEW nexus. A fundamental understand-
ing of these processes and their underlying components will be helpful to a scholar
of nexus studies, who may find in the Further Reading and Educational Resources
throughout the book additional background for FEW nexus topics outside their pri-
mary discipline.

1.3.2.1 Population Growth and Societal Development

Recognizing food, energy, and water as “three critical consumables” anchors the
nexus in considerations of people, their demographics and locations, the conditions
in which they live, and their aspirations for nutrition, energy services, and water—
and a certain “quality of life.”

The total human population on earth, 7.7 billion in 2019, while profoundly
important, is a superficial indicator. The consequences of how human societies
function concerning food, energy, and water are complicated and related to far more
than the numbers of people within them. Factors such as geography, local resources,
and ecosystems affect how people live. The age structure, wealth, education, social
inequality, fertility, political and economic structures, and many other factors are
every bit as necessary as the absolute number of people for an understanding of the
structure and functioning of the FEW nexus.

In Chap. 3, we will explore Demographics and Sustainable Development. We will
do so with an eye to the billions of people on this planet who aspire to live like their
wealthier neighbors. We will focus on the concepts of resource “security,” “develop-
ment,” and initiatives like the Millennium Development Goals (2000-2015) and the
Sustainable Development Goals (2015-2030) which seek to bring about greater
access to food, energy, and water, as well as other aspects of human development.

While the focus of development is usually on the poorest countries on the planet
where simple access to adequate supplies of food, energy, and water are critical and
ethical objectives, it is important to remember that development never stops, even in
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the wealthiest countries. Therefore, how development occurs in the more developed
nations is also essential. Development in those countries includes increasing sus-
tainability, and increasing quality of life while decreasing the ecological footprint.
Thus, in this book, we present case studies from countries across the full range of
human development. We will explore this issue as it applies to cities in Chap. 18,
which includes case studies on Portland and Detroit (USA), Curitiba (Brazil), and
Tianjin (China).

1.3.2.2 Air Pollution

Human beings require a continuous supply of clean air to live, and so it is a critical
consumable. Significantly, energy production and energy consumption to process
and maintain food and water supplies, among other societal demands, may threaten
air quality. While specific infrastructure is required to limit air pollutants entering
the atmosphere, physical infrastructure that is protective of the environment and
public health may interact substantially with FEW systems. For example, field crop
production may release both dust and pesticides, and animal production may release
noxious chemicals and pathogens into the air. Water and wastewater treatment can
also emit noxious chemicals.

Rightly or wrongly, societal actions to ensure clean air have been secondary to
activities on food, energy, water, and other forms of economic development. Most
nations have achieved, or are reaching, significant levels of development while
enduring very unhealthy air quality, as discussed further in Chap. 18 on Cities at the
Nexus. While western countries began to address air issues in the 1950s, 1960s, and
1970s, China has only recently mobilized politically to start tackling air pollution,
and India continues to suffer from severe air quality degradation. Thus, air has been
a significantly lower policy priority compared to food, energy, and water.

1.3.2.3 Ecosystem Services

While humans need land (and importantly its soil and hydrological qualities, in the
context of its climate and biogeography), productive waters (oceans, and especially
estuaries because of their necessity for fisheries production), freshwater aquifers
and surface waters, and broader ecosystem services for the production of FEW
resources, ecosystem services are not consumable commodities in the same sense as
land and water.

They are, however, degradable, which can significantly impair their ability to
contribute to the production of FEW commodities. Recognizing degradation can
tempt one to consider land and ecosystem services as consumable. By definition,
ecosystem services can be restored, and land can be made available for productive
use, but perhaps not on the scale or timeframe or having the quality or quantity
needed to address societal demands and preserve socio-political-economic stability.
A core motivation for integrating the study of FEW systems is to ensure that all
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three consumables are provided simultaneously and sustainably—in a manner that
requires management and maintenance of land, soils, waters, air, and ecosystems.

Hard (physical) infrastructure has a nuanced relationship to ecosystem ser-
vices. Superficially, one can say that hard infrastructure for food and water delivers
the products of ecosystem services. However, while energy from hydroelectricity
and other renewables draw on ecosystem services, energy from fossil fuels is the
result of geological actions on biomass over millions of years rather than recent
ecosystem functions.

Nexus studies often treat ecosystem services in a similar way to infrastructure, or
as “natural extensions” of hard infrastructure. However, in practice, ecosystem ser-
vices are different from hard infrastructure because of their broader values and ser-
vices to society.

Ecosystems can mediate changes within individual food, energy, and water sys-
tems, and between systems. For example, hydroelectricity production impacts sedi-
ment flow in rivers, which can affect downstream agriculture and water use. Several
case studies in this book explore land and ecosystems as mediums for nexus
interactions.

1.3.2.4 Climate Change

Climate averages and cycles and the weather patterns that they give rise to are cen-
tral to where human communities exist and how they operate. It is primarily the
impact of climate change on where and how human communities live, which makes
it a significant concern.

In some ways, the earth’s climate operates similarly to land, soils, waters, air, and
ecosystems, providing environmental services rather than being a consumable com-
modity. Like land, soils, waters, air, and ecosystems, the climate has proven to be
subject to profound impact by human activity, which can alter climate averages,
increase and decrease rainfall, increase the frequency of extreme events, and bring
about sea-level rise.

Climate also resembles air in that it arrives naturally without the aid of human-built
physical infrastructure. Rather, like air, human-built physical infrastructure related to
climate is primarily to protect humans from negative impacts related to weather.

Climate change as a high-level policy issue arrived in the 1980s, several decades
later than air regulations in economically advanced nations. However, climate
change has risen to the top of the global policy agenda in a manner in which local
and regional air pollution has not because climate is a global, rather than local or
regional, problem.

Human impact on the earth’s climate change is primarily the result of the domi-
nance of carbon fuels in nearly all energy systems, and, to a lesser degree, to land-
use changes related to food production. Both result in the intensification of the
earth’s natural greenhouse effect, warming the planet with many consequences.
Therefore, efforts to mitigate climate change require profound shifts in energy and
food production, hopefully without reducing energy services or nutrition.
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Changes in climate patterns significantly impact the supplies of food, energy, and
water on which societies depend, and, to a lesser degree, the demand for these con-
sumables. Climate shapes what types of crops can be grown and where, and what
kinds of seafood can be harvested and where. Changing growing seasons and
regions suitable for specific food crops is a significant concern. Climate defines
how much water is available and where. Climate impacts many kinds of energy
production, such as hydropower, wind, and solar. Climate also influences the
demand for water and energy, as when more water is needed to grow food in a des-
ert, like California, or less energy is needed for shelter in a mild climate like
San Diego.

The impacts of climate change are seen as a threat multiplier: floods, droughts,
extreme heat, and other climate-related issues can multiply underlying threats and
increase tensions. For example, the Syrian Civil War is traced in part back to a
7-year drought that caused massive crop failure and exacerbated civil unrest from
Syrians lacking sufficient food, energy, and water. However, as explored in Chap.
20, the sheer necessity of a critical resource like water can bring people together to
address these tensions.

Because fossil fuels and agricultural changes in land use are drivers of climate
change, it is appropriate to think of climate as mediating modifications between
food, energy, and water systems. Climate as a medium for nexus interactions is
explored in Chap. 11 and case studies throughout this book.

1.3.2.5 Sociopolitical Economics

Sociopolitical economics is one of the fields that study how societies choose to
allocate scarce resources to satisfy their unlimited wants. Food, energy, and water
are, for practical purposes, physically limited resources for which human societies
have unlimited wants (especially for energy). Sociopolitical economics at the nexus
is not just about quantifying the value of the three consumable commodities and in
their many forms along with inputs and outputs, but, critically, about quantifying
the value of impacts related to FEW systems and their interactions. However, socio-
political economics struggles in practice with commodities and markets that are
heavily regulated and subsidized, subject to intangible valuation, or laden with
externalities. The integration of FEW systems is impossible to do without the appli-
cation of economics and political science and sociology and anthropology. Thus, in
Chap. 5, we will explore many aspects of sociopolitical economics at the nexus and
apply social and political and cultural and economic considerations throughout our
study of the nexus. Chapter 18 discusses the dynamics of sociopolitical economics
relating to cities.

Now that it is clear why food, energy, and water are the three prioritized compo-
nents of nexus studies, it should also be clear that population and development; air,
land, soils, water, and ecosystem services; climate and climate change; and eco-
nomics are core contextual components of nexus studies. These additional topics do
not bound the scope of essential elements of nexus studies. Other critical issues like
biodiversity are also crucial in specific nexus contexts.
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1.3.3 Grand Challenges

The relevance of the five criteria described in Sect. 1.3.1 is reflected in several initia-
tives to articulate the “grand challenges” facing humanity in different areas.

In Chap. 3, we will explore the challenges of people everywhere to having afford-
able access to their basic food, energy, and water needs to live healthy and produc-
tive lives. This issue of food, energy, and water security is a significant part of
sustainable development. Food and water were explicit parts of the United Nations
(UN—see Sect. 6.2.2) Millennium Development Goals adopted in 2000 (see Sect.
3.5). The 2012 UN Sustainable Energy for All program brought energy security to
the fore (see Sect. 3.6). The 15-year UN Sustainable Development Goals adopted in
2015 includes specific goals on food, energy, and water. Such high-level needs have
also been compiled by others.

In 2018, the U.S. National Academy of Engineering identified 14 grand chal-
lenges for engineering in the twenty-first-century, emphasizing technical solutions
needed to address the national economy and general welfare. Several of these grand
challenges directly implicate FEW:

e Make solar energy economical

e Restore and improve urban infrastructure
e Provide access to clean water

e Provide energy from fusion

e Manage the nitrogen cycle

e Develop carbon sequestration methods

The U.S. National Science Foundation’s Mathematical and Physical Sciences
Advisory Committee published a 2014 report on global opportunities for research
in FEW, emphasizing basic science and applied science opportunities. Six founda-
tional knowledge areas were identified as opportunities, with an emphasis on the
need for transformative and non-incremental solutions:

* Ensuring a sustainable water supply for agriculture

e Closing the loop for nutrient life cycles

e Crop protection

* Innovations to prevent waste of food and energy

» Sensors for food security and safety

e Maximizing biomass conversion to fuels, chemicals, food, and materials

Many other high-level planning efforts are currently underway. Additionally,
several prior efforts have addressed related topics, most notably the “energy—water
nexus” reports from the first decade of the millennium. The U.S. Department of
Energy released in 2014 a water-energy nexus report identifying the following
issues and priorities in the USA:

* Interdependency of energy and water at regional scales
e Use of energy for water production and vice versa
e Impact of drought on thermoelectric power plant cooling
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* Cascading failures where a power system failure causes a water system failure

* Changing climate drives changing water demand and availability

* Massive population growth in water-stress regions like the Southwestern USA

 Interactions of water and energy efficiency via life cycles and footprints

* Water rights and water requirements for energy production including hydraulic
fracturing

e Tribal water rights and energy production

e Water demands by irrigated agriculture

These examples illustrate that food, energy, and water challenges have been rec-
ognized from many perspectives and further demonstrate the importance of inte-
grating them.

1.4 FEW System Framings in the Literature

1.4.1 The Macroscope

In studying the nexus of FEW systems, we are integrating three systems into one
more extensive system. While traditional studies of FEW systems have similarities,
they also have some significant differences. These differences must be carefully
understood when attempting to treat the three components in a consistent and bal-
anced manner to undertake an integrated study. Therefore, before we take the step
of integrating the three systems, we will consider some aspects of individual food,
energy, and water systems.

Complex systems are named this way by scientists because they are too com-
plex for a human being to perceive, understand, or reduce in their entirety. As a
result, we need to use “lenses,” “slices,” or other thinking tools to get inside these
systems’ structure and function and to grab hold of some key aspect of the sys-
tem—only one part of the system, but a useful and accurate perception of that part.
Joel de Rosnay in 1979 described the strategy that we use to perceive and sense
complex systems as “The Macroscope.” A macroscope is a tool that lets people see
complexity in perspective, and is an analogy to the much older concepts of micro-
scopes and telescopes. The FEW nexus concept generally, and its many specific
conceptualizations and implementations, is viewed through the lens of a macro-
scope (Fig. 1.1).

The literature since 2014 has exploded with ideas and concepts for the framing of
FEW systems. A handful of these systems concepts are summarized below. These
experts have attempted to build macroscopes for the complex FEW system. There are
counterarguments that this effort to build a FEW macroscope has not been successful
to date. However, given the criticality of the FEW problem space, this is a good rea-
son to think deeply and continue searching for frameworks that will allow us to
accurately sense the context of this complexity and act.
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Fig. 1.1 The macroscope. (Source: de Rosnay 2014)

1.4.2 Lant Framing

Lant et al. (2018) identified the following characteristics of the FEW system:

1. It has a clear “core,” but fuzzy system boundaries because of the many connec-
tions that exist between natural systems and human societies—the FEW-
everything system.

2. There are four FEW system facts should inform our work:

(a) It dominates the human footprint on earth’s carrying capacities.

(b) It operates primarily at the meso-scale of cities, counties, and local water-
sheds (see Sect. 12.3 for a discussion of meso- and other scales).

(c) Cities are its hubs of processing, transit, and consumption (but not
production).

(d) It forms a network and can be understood best with network concepts
(Fig. 1.2).

1.4.3 D’Odorico Framing

D’Odorico et al. (2018) emphasized that the FEW system implicates the economic
factors of land, labor, and capital. The system can be understood by focusing on the
transitions that need to be undertaken in its components (e.g., renewable energy
transitions), and by focusing on the interdisciplinary problems and solutions that
touch on all three subsystems (e.g., climate change) (Fig. 1.3).



22 P. Saundry and B. L. Ruddell

Manufactured Intellectual
Capital = |-
Transport,
storage and
ibution
infrastructure

Capital

[ Food, energy, water

1

; g|E

o | =
! 2|2
_ ' £8(& Food, Energy, Water

Supporting, . #E|g
regulatory v 33|53 System Core
ccosystem ! = 2 §
services M 5=

1

— 4
Wasle, emissions ©ds  Human

Capital

Natural
Capital

Cultural ecosystem services
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Fig. 1.3 The inherent linkages between individual food, energy, and water systems, including the
competition in demand for water between food and energy production (adapted from UN Water,
2013). The right panel shows a conceptual depiction of resilience in the food—energy—water nexus.
(Source: D’Odorico et al. 2018)

1.4.4 Scanlon Framing

Scanlon and colleagues (2018) join D’Odorico and colleagues in emphasizing the
interdisciplinary nature of the nexus and the importance of focusing on problems
and solutions at the nexus, as a strategy for making sense of the complex system.
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In general, the goals are straightforward. We need to decrease FEW demands,
increase supplies, increase storage buffers, increase transportation and trade capac-
ity and connectivity, and do so in the presence of climate change, population growth,
growing wealth and consumption, and dietary changes. An emphasis is placed on
the need for improved monitoring and information on the system, especially at the
micro- (or fine-) to meso-scales where most of the system’s impacts and decisions
happen; national-level data is insufficiently actionable to provide solutions
(Fig. 1.4).

1.4.5 Bazilian Framing

Bazilian et al. (2011) conceptualized the FEW system as a modeling problem that
should be addressed in a reductionist manner using an integrated assessment frame-
work. This paper emphasizes the importance of measuring and modeling the inter-
related security of FEW systems and accurately resolving the causes and effects of
changes in FEW securities. This focus makes sense because key attributes of FEW
systems include their criticality and their inherent insecurity (Fig. 1.5).
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1.4.6 Ringler Framing

Ringler et al. (2013) include land as a fourth component of the FEW nexus.
This study emphasizes the importance of focusing on aspects of FEW systems that
are directly helpful to addressing the U.N. Sustainable Development Goals (see
Sect. 3.5), whose goals can be used as indices for the success of our efforts to trans-
form the FEW system. Additionally, this study emphasizes the synergistic efficien-
cies that can be gained when increases in efficiency or reductions in consumption of
one of the three commodities (e.g., food) results in a reduction in consumption of
the other two (water, energy) (Fig. 1.6).

1.4.7 California Framing

The US State of California is one of the world’s largest and most advanced econo-
mies and is also a microcosm for many of the world’s FEW problems, given its
status as a major food-producing region located in a desert. The California
Department of Water Resources is responsible for managing water deliveries to
ecosystems, cities, farms, and hydropower facilities and has attempted, therefore,
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Fig. 1.6 Extended water, land, energy, and food nexus framework. (Source: Ringler et al. 2013)

to develop an understanding of the FEW nexus in this state. One of the three legs
of the FEW system—in this case, water—can provide an appropriate lens through
which to see the system. Climate change, drought, and its forcings on water sup-
ply and demand figure prominently in the California Department of Water
Resources (CADWR) conceptualization of the FEW system, as do ecosystem
water requirements and life cycle costs and efficiencies of FEW consumption
(Fig. 1.7).

1.5 Solving Problems at the Nexus

1.5.1 Objectives of Studies of FEW systems

The criteria that lead us to integrate FEW systems are human-centric. Thus, it is not
surprising that the ultimate purpose of studying the nexus of FEW systems is to
guide human decision-making so that obtaining food, energy, and water for human
use can be achieved in a manner that is both sustainable and consistent with other
objectives related to environment (e.g., ecosystems, biodiversity, climate, etc.) and
human development (e.g., equity, self-actualization).

Decision-making on food, energy, and water occurs at every level of social
organization, both public (i.e., village, town, city, county, state/province, region,
nation, international, and global) and private (i.e., household, small businesses
like farmers, large companies, nonprofit and nongovernmental organizations, and
many more).

FEW systems nearly always include a large number of independent actors of dif-
ferent kinds (individual, public, and private) of different sizes and power with dif-
ferent objectives and different values and cultures. Problems between different
actors may be said to be “tractable” when their goals overlap, and compromise is
desired or pushed. Where there is no overlap in the objectives of the different actors,
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no willingness to compromise, or big differences in framing the challenges, prob-
lems may be viewed as intractable or “wicked.”

Power imbalances, where one actor, or set of actors, has significantly greater
power than others can often lead to outcomes that prioritize their objectives over
those of others. Some actors have a preference for culture-based or values-based
interpretation of facts and science. Societies have different types of formal or infor-
mal conflict resolution, including political action and judicial decision-making; a
range of conflict resolution methods are explored in Chap. 20.

Risk is a function of multiple factors and has been discussed as a function of
(variously) total exposure to events, event severity, armoring or vulnerability to the
event, probability of the event, and the number of potential events that may occur.
Specifically, risk is an estimate of likely impact or damage (sometimes measured in
dollars ($)), and is a function of roughly three factors: (1) the likelihood (or fre-
quency) of an event, (2) the vulnerability of a system to the event (or, how protected
a system is from the event), and (3) potential impact or severity of an event if it



1 Introduction 27

occurs and overwhelms the system’s protection; for events with high likelihood,
high vulnerability, and high severity, risk is high for a system.

Against this backdrop, studies at the nexus of food, energy, and water systems
seek to understand the integrated system well enough to assess important attributes
such as the following:

e The ability to provide essential food, energy, and water resources over select
scales of time (reliability);

* The capacity to recover from disruptions (resilience);

e The vulnerability of communities to rapid, abrupt, nonlinear, or cascading
changes which “tip” part of the natural world into a new mode of behavior;

* Estimate systemic risk;

* The evolution of stressors on the system that reduces reliability and resilience
over given scales of space and time and function.

Further, studies of FEW systems seek to do the following:

* Identify and develop options for meeting essential needs for food, energy, and
water simultaneously with achieving other decision-maker objectives within a
given context.

* Provide methods, decision-making tools, and technical guidance to guide the
management resolution of conflicts and develop effective policies.

1.5.2 Decision-Making Context

It is critical to understand FEW system solutions are shaped by decision-making
processes that are contextual in two crucial ways—the biophysical environment,
and the socio-economic-political system. There is tremendous variation in geo-
graphic factors such as environmental conditions, and the natural resources present
within a system. In addition, time considerations, especially political and economic
timescales, are usually a significant factor influencing different decision-makers.
Further, decision-making occurs within a context of the culture, the social and polit-
ical and economic structures, the supporting technology, and the motivations and
characteristics of the decision-makers. For example, a farmer has to make annual
decisions about planting crops, a politician may be under a longer re-election time
scale for making decisions, and the ecosystem itself may respond over decades to
changes on the land through a longer “lag” time. Context means that studies of FEW
systems often lead to very different conclusions about how to apply the results in
different places.

Of course, some areas of decision-making provide greater impetus and opportu-
nity for integrated FEW science and governance. For example, when multiple FEW
commodities are acutely scarce, major systemic actions are often contemplated. For
example, water scarcity might lead to careful consideration of the trade-offs in
water use by people directly against that used by agriculture and for cooling power
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plants. Another example is where the actions of some people cause significant exter-
nalities that impact the welfare of others via FEW system connections. For example,
the largest emissions of greenhouse gases come from affluent, high energy-use soci-
eties, while the adverse externality (climate change effects) fall disproportionately
on less wealthy, low-energy-use societies.

A more positive example of where there are greater impetus and opportunity for
integrated FEW science and governance is where potential benefits to many com-
munities exist as a result of coordinated actions. For example, the international trade
of FEW commodities creates systemic benefits when certain products can be pro-
duced and transported with a smaller footprint and at a lower cost in one area com-
pared to another. In such cases, both parties to the exchange benefit.

We will return to these examples of greater impetus and opportunity for inte-
grated FEW science and governance in the final chapter.

1.5.3 Projections, Predictions, Assumptions,
and “Well-Known” Solutions

The behavior of complex systems is, by their nature, difficult to understand and
model accurately. When systems are studied in the present to help understand the
future, models of complex systems make projections, not predictions. Projections
are estimates of future outcomes, based on specified assumptions.

A set of assumptions is a scenario; that is, the assumptions constitute a stated
version of what the key inputs, conditions, and functioning will be for the system
under study. For example, assumptions about resource availability, economics, tech-
nologies, policies, as well as about the relationships between those and other factors
and outcomes like consumption, technology adoption, and changes in behavior,
collectively constitute a scenario for the future of a system.

While projections are statements about what “would” happen under certain
assumptions, predictions are forecasts of what “will” happen. Human actors in sys-
tems introduce uncertainty and make predictions are, at their core, informed guesses.
Good forecasts include clearly stated margins of uncertainty.

Models, as explored in this book, are based on assumptions and therefore pro-
duce projections best summarized as: “If such and such happen, this will be the
outcome. However, if such and such does not happen, the outcome will be
different.”

The simplest and most common assumption, but rarely the most accurate, is a
“Business as Usual” (BAU) assumption where trends in resource availability, eco-
nomic change, and technological advancement occur as close to the same rate and
direction as they have in the recent past while policies remain unchanged. Given
that policies change, sometimes significantly, in accordance with political actions
that are very hard, if not impossible to know in advance, policy assumptions are, by
their very nature, highly uncertain. The future availability of natural resources is
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often based on expectations about the depletion of known reserves, assuming pres-
ent rates of consumption unchanged by discoveries of additional resources or
changes in technology. The future of infrastructure is often based upon assumptions
about the operating lifetime of the infrastructure (e.g., a power plant) in the absence
of changes in economics, technologies, and policies that might shorten or lengthen
the operating lifetime.

Assumptions about how technologies and policies will evolve are intrinsically
uncertain. Like sporting events, while everyone knows that there will be a particular
score, no one knows for certain what it will be. The careful selection and communi-
cation of assumptions are critical to successful studies of the FEW nexus.
Assumptions and models are often tested through monitoring what is actually hap-
pening on the ground through networks of gages and sensors (sensor systems),
market analysis, and so on.

The public and decision-makers commonly believe that assumptions in scientific
models are declarations of what scholars “believe will happen,” and model projec-
tions are quantified predictions of what will happen. This is incorrect and is fre-
quently the source of frustrations on both sides.

A second common belief is that there are clear and straightforward answers to
food, energy, and water challenges. As the journalist, satirist, and cultural critic
Harold Louis Mencken wrote,

Explanations exist; they have existed for all time; there is always a well-known solution to
every human problem—neat, plausible, and wrong. The ancients, in the case at bar, laid the
blame upon the gods: sometimes they were remote and surly, and sometimes they were
kind. In the Middle Ages lesser powers took a hand in the matter, and so one reads of works
of art inspired by Our Lady, by the Blessed Saints, by the souls of the departed, and even by
the devil. [from H. L. Mencken (1920), Prejudices: second series, Alfred A. Knopf]

Throughout the remainder of this book, the reader should always remember that
the systems being addressed are complex and that projections about how FEW sys-
tems will evolve will usually contain significant uncertainties. Uncertainties require
decision-makers to acknowledge risk and adopt strategies that can be adapted as
understanding develops. Different decision-makers and different stakeholders will
have different perceptions and tolerance of risk.

Key Points
* The integration of food, energy, and water systems is essential because of five
criteria:

— FEW systems deliver critical consumable commodities;
— They are heavy on physical infrastructure;

— They are footprint-heavy;

— They must be extremely affordable; and

— They are policy-heavy at all levels of government.

» Several critical processes influence the FEW nexus, including population growth
and societal development; air pollution; ecosystem services; climate change; and
socio-political-economic processes.
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The academic literature provides several alternative “macroscopes” or frame-
works. Applied resilience, sustainability, development, and security problems
are the usual motivation for different FEW nexus framings.

Discussion Points and Exercises

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Discuss the strengths and weakness of the five criteria for selecting food,
energy, and water systems for analysis.

Describe a situation where an alternative framing of a nexus using one or more
of the core processes influencing the nexus described in Sect. 1.3.2. What are
the strengths and weaknesses of such an approach?

. Discuss why the FEW Nexus has become an important topic for science and

policy in the early twenty-first century—and why it did not emerge before.

. Develop a list of five “grand challenges” for the Twenty-first Century with

implications for food, energy, and water for one of the following countries: (a)
Chile, (b) Fiji, (c) Japan, (d) Nigeria, (e) Poland, and (f) Saudi Arabia.

. Discuss the strength and weakness of the FEW nexus framing proposed by Lant

and colleagues.

Describe an example where the Lant framing is very effective and an example
where it is not effective.

Discuss the strength and weakness of the FEW nexus framing proposed by
D’Odirico and colleagues.

. Describe an example where the D’Odirico framing is very effective and an

example where it is not effective.

Discuss the strength and weakness of the FEW nexus framing proposed by
Scalon and colleagues.

Describe an example where the Scalon framing is very effective and an exam-
ple where it is not effective.

Discuss the strength and weakness of the FEW nexus framing proposed by
Bazilian and colleagues.

Describe an example where the Bazilian framing is very effective and an exam-
ple where it is not effective.

Discuss the strength and weakness of the FEW nexus framing proposed by
Ringler and colleagues.

Describe an example where the Ringler framing is very effective and an exam-
ple where it is not effective.

Discuss the strength and weakness of the FEW nexus framing proposed by the
California Department of Water Resources.

Describe an example where the California DWR framing is very effective and
an example where it is not effective.

Compare how factors important to FEW nexus considerations differ between a
highly urbanized region and a rural region in the same country.

Compare how factors important to FEW nexus considerations differ between a
highly industrialized country and one where large parts of the population have
limited access to basic levels of food, energy, or water.

Discuss how changes in the FEW nexus might serve as a threat multiplier for
underlying societal dynamics. Can you identify a country where such a situa-
tion exists?
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Chapter 2
Systems Science

Peter Saundry and Benjamin L. Ruddell

2.1 Introduction to Systems Science

A system is a set of things connected in a way that creates some unified whole. The
nature of a system is, to some degree, simple, complicated, or complex. This dis-
tinction between “complicated” and “complex” is important and subtle and is
addressed below (Sect. 1.4.2).

Simple systems typically have a small number of parts with usually linear
“cause—effect” interactions between the parts. For example, imagine a system of
pulleys connected by a rope where a force pulling on the rope turns one pulley and
then additional pulleys in a linear succession through the simple application of force
imparted through friction between the rope and the pulleys. As an output, one of the
pulleys is attached to a weight and lifts that weight. If the pulleys are suitably
arranged, an applied input force moving the rope a considerable distance can result
in a much larger force moving the weight a much shorter distance. This simple sys-
tem operates under the application of physics to a small number of parts. There is an
independent variable X (or a small number of independent variables), a dependent
variable Y, and changes in X explain changes in Y through some function Y = f{X).
Simple systems have clear boundaries and are fundamentally predictable without
much effort (if you know the calculus).
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A food, energy, or water system might be defined by the set of sources, move-
ments, uses, and sinks that constitute a way of understanding the unified whole in
the context of a particular place and time. There are many parts, and the interactions
between them are by no means simple; the relationships may be

For example:

* Nonlinear (e.g., water withdrawals may have thresholds beyond which signifi-
cant changes in ecosystem function occur or where certain uses are prohibited).

e Multivariate (e.g., changes in energy demand depend on weather conditions, the
rate economic growth, building size and location, demographic changes, and
other factors).

e Multiscalar (e.g., food production occurs at the local level; domestic markets at
aregional level; and trade at an international level; with each affected by factors
at that level).

Further, a system’s boundaries may be multifaceted (e.g., a food—energy—water
system may have boundaries associated with an agricultural region, a regional elec-
tric grid; a watershed; and several political jurisdictions).

Studying such systems requires the careful use of science and much effort, but
complicated systems are still fundamentally predictable in principle.

As the number of simply interacting subsystems within a system increases, the
number of interactions increases geometrically, and systems become complicated
very quickly. For example, a water system in isolation might have N interactions, an
energy—water system might have 2N + 2 interactions (energy and water separately,
plus each of their effects on the other), and a food—energy—water system might have
3N + 6 interactions following the same pattern. Water systems are determined by
processes of supply and demand for water, water balances, and water quality, but
when energy is included, every change to the water system cascades to affect the
demand for energy to produce water and the demand for water to produce energy.

Complicated systems are predictable in practice if you can afford the workforce,
data collection, and computing power necessary. Engineers are specialists in design-
ing and managing complicated systems—Ilike the space shuttle, the power grid, a
fuel refinery, or a computer.

Complex systems are different because although they may have many parts or
only two, they are fundamentally unpredictable to some degree, and chaotic because
feedback renders the traditional idea of cause and effect meaningless. “Interaction”
is a general term for all kinds of connections, correlations, feedbacks, and cause-
effect relationships—both biophysical and human. Forcings or controls are interac-
tions by which one subsystem causes effects in another subsystem. Feedback
involves loops of causes and effects. For example, when increased demand for water
increases demand for energy to produce water which reduces the supply of water
and increases the cost of both the energy and the water. More broadly, weather con-
ditions, policy decisions, ecological impacts, and economic activities are all diffi-
cult to predict and have two-way dependencies and impacts on the demand and
production of FEW commodities over different timeframes.
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The principles or processes in a complicated system might include the applica-
tion of physics, chemistry, botany, hydrology, engineering, and many other physical
and life sciences, as well as the application of social sciences applied to human
beings, social organizations, and societies which operate under various economic,
political, and sociocultural rules.

For FEW systems, these principles and processes of “system science” are applied
to the sources, movements, transformations, uses, and sinks of food, energy, and
water—a combination of the functioning of the biophysical world and the demands
and impacts of the social world.

Engineering, in particular, is the discipline that focuses on the quantitative analy-
sis, optimization, and control of real-world systems, including the infrastructure
underlying FEW systems. Historically, engineering has focused on complicated
systems, not complex systems, but this is changing presently.

Applied areas within the social sciences (psychology, economics, political sci-
ence, sociology, anthropology) focus on the analysis, optimization, and manage-
ment of real-world human-based systems.

System science is the scientific study of a unified whole composed of many parts:

1. It is defined by some unifying identity or macroscopic framework (e.g., food,
energy, or water).

2. It exists within certain boundaries of space, time, or institution.

3. Itrelates to external or exogenous factors or “forcings” (e.g., sources and sinks
of matter or energy and drivers) that may be parts of other systems (e.g., the
climate system interacting with a water system).

4. It has structural relationships or “networks of relationships” among its parts
(e.g., the relationship of water flows between rainfall, reservoirs, aqueducts, and
consumers) and between its parts and external systems. Structure establishes
the potential for function and the pathways of functional interaction.

5. It has internal or endogenous functional relationships between the parts which
are governed by natural and anthropogenic principles or processes (laws of ther-
modynamics, economics, engineering of infrastructure, public policy, etc.).
Function is distinct from, and constrained by, structure. Function is what matters,
but structure enables function. Infrastructure is structure while commodity flow
is function.

6. It often involves agents that are not entirely rational or predictable.

. It changes dynamically in response to external and internal interactions.

8. It may be described over space and time by mathematical models which attempt
to recognize and incorporate all crucial factors.

~

The objective of system science is to understand the entire system holistically,
and with as much precision as needed for purposes of analysis and decision-making
(i.e., excess detail can be ignored). At the very least, system science is needed to
establish the nature of the system (simple, complicated, complex) so that the limits
of its predictability can be clearly understood.

How a system is defined and studied is usually shaped by balancing important
human dimensions, e.g., the scale and boundary of the decision-making process or
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institution, such as a farm, or a political jurisdiction, such as a city (Chap. 18) with
consideration of physical scales and boundaries, e.g., an environmental boundary
like a watershed (Chap. 19), or the boundaries of important material or energy
inputs and outputs. These boundaries are not just defined by space but also time
(e.g., growing seasons or political cycles). This is a Coupled Natural-Human
System (CNH).

The application of system science is to predict system behavior in order to (1)
design systems and (2) guide decision-making to maximize benefits and minimize
adverse impacts.

Models of systems (Chap. 15) are often considered in two ways: “bottom-up”
and “top-down.”

Bottom-up models start by experimentally isolating and understanding the
individual components of a system and then adding them together (or linking them)
to construct the system. For FEW systems, bottom-up models tend to emphasize the
environmental and technological aspects of a system. The challenge with bottom-up
models is that the whole is greater than the sum of the parts; that is, the isolated parts
do not add up to explain the whole, due to the complex interactions between the
parts. For example, efforts to model how water moves through the system may
capture environmental factors like precipitation (snow, rain), movement of water
through the hydrologic cycle, and even the built environment like dams and net-
works of water distribution, but miss the legal and policy structures that also control
water flows.

The main problem with bottom-up models is, therefore, that they are never com-
plete or detailed enough to understand the system’s behavior as a whole—although
they may be very accurate for one subsystem or component.

A secondary problem with bottom-up models is that their representation of the
whole system’s behavior may be poor despite a good representation of the behavior
of the subsystems. For example, a weather model of a hurricane could get the energy
of the ocean surface precisely correct, and also its rainfall totals, but still fail to
accurately predict the trajectory of the hurricane as a whole.

Top-down models “deconstruct” a whole system into a few essential compo-
nents, and then proceed to disaggregate each of the components into a hierarchy of
finer subsystems. For FEW systems, top-down models tend to emphasize economic
and policy aspects of a system and global or national processes. The problem with
top-down models is their limited predictability because of complicated and complex
systems where the large-scale pattern emerges from the interactions of many atomic
(small) parts; this yields surprises. For example, a top-down model of regional water
stress might be based on demographics and prosperity, which motivate financing
and policy, which leads to infrastructure, and withdrawals. This approach might
accurately project long-term water shortages and economic problems of a water-
scarce arid region by evaluating aggregated supply and demand for water. However,
this model could not tell you much about whether any individual city or family is
going to run out of water. One city might be in serious trouble, and another immune
to the water stress, based on details that are only available at a finer level of
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disaggregation. Such an approach also has limited ability to identify and quantify
ecological impacts and environmental trade-offs.

The pros and cons of different approaches to modeling systems are addressed
later in the book (especially Chap. 15).

2.2 Complex Systems

Complex systems have attributes that distinguish them from simpler systems;
including:

* Heterogeneity: The many parts of the system are diverse (heterogeneous) in their
characteristics and modes of operation. In the systems that we are considering,
there can be both many distinct biophysical and human elements operating in
diverse ways. Subsystems are of many types; operate at many scales; can process
mass, energy, or information; and can be quantified with many different units. For
example, the biophysical aspects of food production are quite different to the finan-
cial and policy aspects. A second example is that electrical power production typi-
cally occurs at a few large generation facilities of a few types, but food production
is widely distributed across the landscape and takes on near-infinite forms.

e Interconnections: Components (subsystems) of the system are interdependent.
That is, the behavior of subsystems is dependent on the behavior of other subsys-
tems. Components can act on each other directly and indirectly through other
parts of the system. There can be interactions operating under the laws of nature
and interactions operating under the influence of cultural norms, governmental
laws, human motivations, and economic principles as applied by independent
decision-makers. Physical and human elements are interrelated because of the
way they impact each other and depend on each other (recognizing that natural
ecosystems could function without human intervention while human activities
shape how many ecosystems function). For example, policies and laws govern-
ing natural water bodies are connected to food consumption through a series of
interconnections; water law > water body > water use by farmers > food avail-
ability and price > food retail > food consumer.

Often interconnections can be described by a set of mathematical expressions.
This can allow systems to be described by a computational model where many
mathematically described interactions between subsystems are calculated simul-
taneously and influence the next set of projected interactions between subsys-
tems. These types of models are referred to as Process Networks.

Process Networks are typically represented by graphs of nodes (representing
subsystems) connected by “edges” (lines representing interactions) and studied
within a field of mathematics called “Network Theory.” Social networks, com-
munication systems, and FEW infrastructures are subtypes of process networks.

An electric grid is an excellent example of a process network because genera-
tion and demand must be kept in balance at all times to the grid to function. As a



P. Saundry and B. L. Ruddell

result, an extensive network of technology measure conditions at a large number
of nodes on the grid and provide feedback to electricity sources (e.g., power
plants or energy storage devices) to increase or decrease generation to match
demand. The application of electric sensors and internet communication to the
grid constitutes the so-called “smart grid.” As the diversity of energy sources
increases along with more distributed variable generation sources, more energy
storage devices, and demand management tools, the need for ever more sophisti-
cal tools to ensure a reliable and resilient electric grid.

The critical need for balancing supply and demand for all FEW commodities
and the existence of nodes where commodities flow in and out on a continuous
basis mean that process networks are a very useful tool for FEW systems.

Network theory provides many tools for the analysis of complex systems;
most network theory applies to simple networks like internet-based social net-
works, but more sophisticated network methods are being developed to address
the more complicated types of real-world Process Networks found in FEW sys-
tems. Scientists and engineers have done the most science on communication
and computer networks, so the fields of Information Theory and computer sci-
ence are particularly valuable sources of methods for Process Network study.
Distributed Natural and Distributed Human Controls: The combination of
the complex interactions between different parts of a system, and changes to
individual elements, causes changes to ripple through the entire system. A com-
plex system is not controlled by one force or by one component but by multiple
forces and components that are distributed throughout the system. Ecosystems
and the laws of nature provide a number of controls on how systems operate.
Distributed natural controls for FEW systems include such factors as soil condi-
tions, annual climate cycles, seasonal precipitation, and wind speed.

Similarly, human systems usually have many independent decision-makers
and actors (agents) who have different priorities and objectives and frequently
work toward different (and often conflicting) outcomes. For example, the indi-
vidual choices of billions of people determine the demand for food products,
which in turn drives production patterns and natural resource consumption.
However, control is not equitable. Hierarchies and hubs for control exist; there is
a net flow of information from “controlling” to “controlled” parts of the system,
even when both parts are exerting some control.

Distributed human controls for FEW systems include such factors as fertilizer
application by farmers and government agricultural policies for food; drilling of
new oil wells and wholesale electricity markets for energy; groundwater pump-
ing rates and water pricing for water; and for all aspects of FEW systems, con-
sumers, investors, distributors, and regulators in diverse locations.

Hierarchy: Complex systems still have hierarchies of scale, importance, and
control. Despite their heterogeneity, interdependency, and emergent properties,
some parts of the system exert more control than others, and some scales are
more important than others. Complex systems have distributed control, but
there are centers and hubs of control. At the same time, a more complete under-
standing of a complex system includes recognition of the free parameters of
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smaller-scale elements. For example, farming systems operate with regional
agricultural ecosystems that define what types of farming are practical, and
agricultural ecosystems exist within larger economic systems, which operate
within sociopolitical systems that shape investment and policy drivers. A sec-
ond example is the U.S. Power Grid, which has three physical “interconnec-
tions” (Eastern, Western, and Texas), but within each interconnection, there are
various “balancing regions” that govern power quality, and within those multi-
ple power utilities produce and distribute the power.

* Emergence: The characteristics of the whole system cannot be adequately
understood from the separate study of individual parts and the bottom-up aggre-
gation of the properties of disconnected components. Instead, characteristics of
the entire system “emerge” from the interconnections between the fine-scale
parts of the system. For example, epidemics that destroy food crops or livestock
emerge from a combination of bad luck and bad management practices at indi-
vidual farms and processing facilities and then spread widely only if enough
facilities follow bad management practices.

A simple way to visualize emergent properties is to consider how the fea-
tures of a building are distinct from the separate properties of the various
elements of construction, such as the joists, bricks, windows, doors, wiring,
and paint. One might say that the properties of the building, its rooms, its
controlled environment, and so forth emerge from how the building elements
interact with each other.

Food, energy, and water markets, where they exist, are emergent properties
that result from the interaction between consumers, policymakers, energy pro-
ducers, and the technologies and infrastructure required to produce, move, and
utilize the various forms of food, energy, and water.

e Feedback (Coevolution, Synchronization): As one part of the system changes
or “evolves” over time, other parts of the system will change or evolve as a result.
That change will influence the change of the first part, a phenomenon known as
“feedback.” As a result, parts of the system ‘“coevolve” based on their interac-
tions with each other, yielding synchronized or partially synchronized subsystem
states. In the presence of feedback, “cause” and “effect” lose their classical or
original simplistic meaning. Complex systems may exhibit forms of relative sta-
bility or equilibrium even as they include dynamic processes. However, slow or
small changes may lead to rapid or abrupt changes, which can sometimes occur
at “tipping points” where nonlinear change can “cascade” through a system.

For example, food production coevolves with energy and water systems
because of the importance of water for irrigation and energy for fertilizers and
machinery. In a second example, decreased electrical power demand decreases
demand for water to generate power and then decreases the demand for power
to pump the water.

e Self-organized criticality: The dynamics of complex systems often grow toward
one or more critical limits where “catastrophe” (rapid and large-scale change) is
just a small step away, and where a small disturbance to push them over that edge
into a new system state. Forest fires, earthquakes, and avalanches are examples
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in natural systems, but in human systems, we see “trigger events” that mobilize
action and fundamentally shift the landscape. Trigger events can include, for
instance, major disasters, “viral” cultural moments, key elections, successful ter-
rorist attacks, the opening of a new communication or transportation route, or the
introduction of disruptive technology. For example, a 5-year drought in Syria is
thought to be a trigger event that led, in part, to the Syrian Civil War (see Chap.
20). The dramatic shifts in the energy systems of many countries as a result of the
energy crisis of 1973 is another example.

Sensitivity to Initial Conditions: How a system evolves is dependent on the
starting conditions of a system. In many cases, the evolution of a system is dra-
matically different based on small changes in the initial state. The widely known
“butterfly effect” illustrates this point, but is commonly misunderstood. The clas-
sic “butterfly effect” is the best example of the importance of initial conditions—
and of chaos in systems; when a butterfly flaps its wings in China, the tiny
alteration in the system’s condition can produce dramatically different weather
in the USA—through a series of amplifying feedback loops and processes in the
atmosphere.

In practice, most chaotic systems tend to fall into one or more relatively stable

states regardless of their initial conditions. The precise state of these systems
cannot be predicted or controlled, but the general “ballpark™ state of the system
(the attractor) can be predicted and controlled. The important difference between
projections and predictions was noted above (Sect. 1.5.3). Estimates of future
outcomes (projections or forecasts) are based on specified assumptions relevant
to a question and decision option.
Complex Adaptive Systems: Inherent in human decision-making, natural evo-
lutionary processes, especially ecosystems, physics, and recently Al-based
machine learning is the ability of complex systems to learn from experience,
experimentation, observation, and study, and to adjust system structure and con-
trol to achieve a more preferred or optimal outcome. Often these changes are
thought to occur in pursuit of some optimality principle, such as maximization of
information. Thus, complex systems that connect human and natural biophysical
elements, including many that will be examined in this book, have the additional
attribute of being adaptive. Adaptive systems sense, anticipate, learn, and act;
complex adaptive systems must do these things rapidly and skillfully because
they change so frequently and unpredictably.

The deployment of new technology in all sectors results in a period of learn-
ing and adaptation. Changes in how consumers understand FEW commodities
also results in adaptation. For example, a better understanding of the nutritional
value of food products, or household energy consumption, or the environmental
consequences of certain products or practices frequently results in changes in
consumer behavior and adaptations to FEW systems.

Sentience: Human beings and social organizations are particularly adept at the
invention of new ideas, memes, and values. Sentient behavior can include the
pursuit of idea-based and value-based objectives that appear to be maladaptive
but which nevertheless have a rationale. With sentient agents controlling a system,
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its behavior is not necessarily predictable, because the principles and values
guiding the system’s function can change rapidly, unlike, for instance, the Law
of Gravity which is stable over time. For example, while people may be con-
cerned about the impacts of climate change may understand the contribution of
driving large fuel-inefficient vehicles or having a diet heavy in meat consump-
tion, only some will change their driving or eating behavior and then only mod-
estly. However, when such concern becomes widely shared in a society, cultural
shifts can occur, leading to larger changes in perception and behavior.

2.3 Food Systems

In the narrow sense used in this book, food systems bring together the components
of the “food chain” or food supply chain path from production to processing, distri-
bution, and consumption of nutritional substances that humans and their household
animal pets eat and drink. Generally, this is understood to include feed for agricul-
tural animals. With the recent expansion of biofuels, and because our subject is the
FEW nexus, we include in food systems the production of plant ethanol and bio-
diesel. Because natural fibers are produced by the same plants and animals that
produce foodstuffs, as part of the same farming operations, food systems are consid-
ered to produce fiber also. In a broader sense, food systems integrate all of the
inputs, processes, conversions, infrastructure, outputs, uses, wastes, allocations, and
impacts of food, feed, fuel, and fiber. For example:

1. Food production affects what foods are produced, how they are produced, and
where. Food production (including seafood harvesting and aquaculture) inte-
grates soils; land-use; ecosystem functioning; water movements and use; seeds
and animal stocks; fertilizers, herbicides, and pesticides; climate; nutrient cycles;
energy use; agricultural practices and economics; labor relations; agricultural
and food processing machinery; farm management and operations; production
wastes and pollutants; manufacturing and processing corporations; public agri-
cultural policies and food policies; farmer and consumer organizations; process-
ing systems; and environmental policies and consequences.

2. Food distribution affects how certain foods are moved to where, who gains
access to them, and who benefits from the distribution. Food distribution includes
the economics and social organization and cultures of actors from farmers to
retailers and institutional food services; roads, rail; ports, refrigerated rail cars
and trucks, and other forms of transportation infrastructure; food marketing and
food service corporations and institutional food services; trade policies; and
other issues which shape how certain foods are moved and where to, who gains
access, who benefits, and how much.

3. Food consumption affects who gains access to what foods and the associated
nutrition. Food consumption includes issues of types of nutritional needs based
on demography and public health; food quality and preservation; affordability
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and issues impacting access to food; culture and social equity; food preservation,
preparation and homemaking roles; food policies; food waste; and recycling.

With the exception of seafood harvesting and some aquaculture, and emergent
vertical farming (including hydroponics and aquaponics), most contemporary food
production is land-based. Because of the foundation of most contemporary food
production in land-use, including soils and ecosystem functions and decisions
related to them, some scholars prefer land-energy—water integration to food-—
energy—water integration. While such an approach does have some benefits from a
food perspective, it can obscure, or de-emphasize non-food aspects of land use and
ecosystems, and all of the non-land aspects of food, as well as aquatic food systems
such as fisheries.

Food production, distribution, and consumption each raise important issues
about where to define the boundaries of food systems and how to address external
factors. A consideration of the global food system requires explicit recognition of
the geochemical cycles of water and nutrients like nitrogen and phosphorus and the
operations of transnational food corporations. At smaller scales, considerations lead
toward local flows of water and nutrients and pesticides and labor and farm operator
decisions as inputs and outputs, sometimes resulting in imbalanced conditions. For
example, importation of feed from the Midwestern region of the USA results in a
nutrient imbalance in the Chesapeake Bay.

Food systems studied at various scales are explored in different parts of this
book. Here it suffices to note that boundaries for studies of food systems can include
subparts of larger systems such as the following:

 Individual production facilities (e.g., gardens, greenhouses fields, farms, hydro-
ponic and aquaponic systems);

 Facilities that process or convert raw agricultural products into food products;

* Food processing and manufacturing corporations;

e Storage and stockpiling systems for food including refrigeration;

* Landscape systems encompassing many farms or agricultural communities;

* Crop systems which look a particular crop or set of crops across multiple regions
or nations;

* “Foodsheds” that serve a particular population;

e Both raw agricultural products and food products (because the differences can be
subtle);

e Market and nonmarket economics of trade and exchange of food,;

* Restaurants, grocery stores, and food markets;

*  Wholesale, warehouse, and retail supply chains for a particular food product or
location;

* National and international government agencies for food policy and regulation;

* National and international producers and consumers civil society organizations, and

* Local, state/provincial, national, and international food policy systems.

Food systems include some significant complications as compared with water
and energy systems. For example, there is an immense variety of food product
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types, brands, and qualities, each with its nutritional attributes, some of which are
commoditized and some not, while water and energy feature a smallish and rela-
tively well-defined set of types and properties and (especially in the global north)
are heavily commoditized.

There are multiple conversion processes from agricultural commodities to food
commodities that require careful attention. These can be simple like the conversion
of wheat into flour, or the use of one product like corn as a feedstock for a secondary
product like beef, or the combination of products into a process to produce an output
like a frozen dinner.

These complexities lead to a diversity of structural relationships between dif-
ferent parts of food systems, with some structural arrangements more dominated by
anthropogenic factors like agricultural practices, economics, industrial labor rela-
tions, and diet choices than others, which orient more toward biological, chemical,
and environmental factors. These different structural relations lead to various inter-
nal interactions between the parts of the food system and a wide range of approaches
to modeling. Figure 2.1 shows an illustrative example of an integrated model of a
farm system with select flows and interactions.

Modern approaches to food systems are typically oriented toward efficiency,
standardization, and quantity of production and/or delivery, such as how to maxi-
mize outputs (tonnage, calories, nutritional value, delivered products, etc.) while
minimizing inputs (seed, land, fertilizers, herbicides, pesticides, irrigation, process-
ing, preservation requirements, etc.) and achieving a consistent and regulation-
compliant quality (if not high quality) product, to maximize profit and marketability
of the food.

A common metric for modern food systems is the price per unit of foodstuffs
paid to the farmer by the food processor; or the price paid by the retailer or the con-
sumer, all of which are frequently impacted by subsidies and other forms of public
policy. This is a “value chain” economic model for food that adds value and price at
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each step, much like the factory model for industrial goods. To some degree, price
entrains attributes of cost, perceived value, quality, and regulatory compliance,
along with the timing of delivery. Thus, many food system models, especially those
in the global north, address the system from an economic perspective using econo-
metric models that use statistics and economic data to understand human system
behavior.

However, alternative metrics for food systems emphasize non-economic factors
such as environmental and social concerns or food quality. Examples include: “local
food” systems which seek to minimize transportation and develop food community;
organic food systems which seek to minimize synthetic chemical inputs; approaches
which emphasize the nutritional qualities of the food; “fair trade” systems which
seek to maximize compensation to farmers in poor or disadvantaged regions of the
world; “slavery-free” systems which seek to ensure humane and equitable relations
of production; farm animal welfare systems that seek to ensure the humane treat-
ment of farm animals; and “footprint” or “life cycle” metrics that measure environ-
mental impacts.

One notable challenge to the study of food systems is that they are often pro-
foundly integrated into both particular aspects of local and regional and national
geography, such as land availability and climate, as well as culture which strongly
influence what foodstuffs can be produced and in what ways, what foodstuffs can be
marketed profitably, and what types of foods are desired locally and regionally and
globally (e.g., vegetables versus meats).

The emergence of affordable long-distance transportation and storage of food-
stuffs aided by refrigeration has reduced the “distance from production” issue to
some degree, allowing ever more urbanized consumers to become ever more sepa-
rated from food production which can occur in different parts of the world, even as
they enjoy the increased convenience and diversity and year-round availability of
food options in their stores and restaurants and food service institutions. The same
trend raises issues of equity as people local to production can lose (1) control over,
and access to, traditional food supplies, and (2) market share as they increasingly
have to compete with producers in different societies around the world. In some cit-
ies, urban agriculture and innovative programs integrating FEW elements at the city
scale have been used as strategies to address the disconnect between low-income
communities and local food access (see Sect. 18.5 for illustrative case studies in
cities). Further, as food production is concentrated in fewer areas, there is increased
vulnerability to problems impacting those areas such as climate change.

As societies develop, cultural attitudes toward food also change. Perhaps the
most notable change is the growing desire for protein, especially meat protein, in
societies emerging from relative poverty and transitioning to relative prosperity.
Because meat protein is produced one step higher on the value chain and food web
than vegetable protein, its costs, and environmental impacts tend to be an order of
magnitude higher.

The effect of development on food systems is often treated in a straightforward
three-phase evolution from traditional to intermediate to modern.
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» Traditional food systems describe the approach of indigenous people to produce
foods locally or gather them based on local environmental conditions, including
locally available animal power, surface water or rainwater, and natural fertilizer
inputs, and to consume them in accordance with local cultural customs and local
seasons. Subsistence and hunter-gatherer models are forms of traditional food
systems, alongside traditional “city-hinterland” agrarian models. Traditional sys-
tems do not require much capital intensive or specialized machinery, chemicals,
GMO (genetically modified organism) seeds, imported technology, or non-
animal energy inputs. Traditional food systems are highly local, yielding
extremely diverse system types. While traditional food systems are commonly
viewed as “sustainable” due to their modest ecological impacts, scaling up pro-
duction to feed large urban populations can be challenging, and localized
droughts and disasters easily propagate to cause local famine due to a lack of
access to food from other regions. Note, however, that some ancient societies
used surprisingly modern food systems, with the massive irrigation projects of
ancient Egypt, Mesopotamia, or China as examples.

* Modern food systems are a complex network of industrial-scale food production
occurring in diverse environments with significant chemical and engineering
inputs, processed in a variety of ways and transported over vast distances to con-
sumers. Modern food systems are marked by “industrial” characteristics of high
levels of inputs, economies of scale, specialization of producers, branding of
products, both “just in time” production and large-scale storage, corporate own-
ership and management, separation of (mostly rural) producers from (mostly
urban) consumers, separation of the local growing season from the timing of
consumption, and increasing global homogeneity of crops, agricultural practices,
policies, and diets emphasizing the most commercially successful, profitable,
and efficient types. Efficiency is typically defined in terms of cost, volume, or
mass and (usually) not in terms of nutritional values and environmental costs.

* Intermediate food systems combine local production with a connection to larger
systems.

The simplistic application of these categories lends itself to ideological, rather
than practical, thinking. In the real world, food systems tend to fall into a grey area
blending these categories in ways that reflect subtle contextual trade-offs and con-
straints. Much of this book is oriented toward recognizing and engaging with the
complications of systems in a manner that promotes nuanced decision-making
about trade-offs and integrates food, energy, and water aspects in a balanced way
without idealizing one component or model over others.

Food systems change dynamically as a result of varying soil conditions, environ-
ments, climate and weather, crop decisions, agricultural practices and innovations,
availability of inputs, population, changes in diet and culture, political and economic
conditions, the market power of food corporations, and numerous other factors.
Climate variability, seasonality, and disturbances from extreme events are natural
sources of dynamics, but technological and policy change, market changes, con-
sumption habits, and conflicts also drive dynamics.
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Water and energy are often considered as inputs to food system models reflecting
the demands that food production makes on water and energy and subject to possi-
ble supply constraints. Examples of how food systems place demands on water have
already been given. Examples of how food systems place demands on energy
include:

* Energy embedded “virtually” in the life cycle of agricultural inputs such as fertil-
izers, pesticides, and irrigation water.

* Energy demand (fuels) for operating agriculture equipment, transportation, and
distribution, and (electricity and natural gas) for the processing and preservation
of food products.

e Energy demand for agricultural labor.

Food systems are extremely nutrient-intensive because of the need for Nitrogen
(N) and Phosphorous (P) fertilizers on crops and because of the transportation of
nutrients and carbon embodied within food products. N and P limitations may
become critical for some food systems in the twenty-first century. N and P helped
create the “Green Revolution” in food production, but they are not unlimited
resources (especially P), and they contribute dramatically to freshwater pollution
via “nonpoint source’ pollution of waterways and “dead zones” where oxygen has
been depleted from waters by oxygen-eating microorganisms feeding on N and P, so
fish cannot live.

In studies of food systems, the use of food crops as feedstocks for biofuels brings
competing demands for water with food production for human consumption. In the
USA, a large fraction of corn is used for ethanol production; Brazil is also a leader
in biofuel production from corn and sugar cane. Biofuel production is controversial
because “first generation” biofuels like corn ethanol compete with human food for
land and water resources. This is in contrast to “second generation” advanced
biofuels-based crops like algae, willow, switchgrass, and other woody products. See
Sect. 8.2.2 for more on biofuels.

Changes in land use and ecosystem functioning because of water- and energy-
related uses of land (e.g., mining, reservoirs, wind farms, pipelines, solar farms)
may or may not raise food production issues. The addition of solar and wind pro-
duction has allowed landowners to “produce” renewable energy as a crop and main-
tain their other crop productions as well. At the same time, dams on rivers provide
both hydroelectric generation and supplies of water for agriculture.

Major considerations for modern food systems include the following:

» Concerns over genetic modification, pesticides and herbicides, and industrial-
scale food systems.

* Local food movements and farmer-to-consumer linkages.

e Organic food movements.

* Food cultures that emphasize authenticity or specific diets.

* Food self-sufficiency as national policy, with its consequences for water demand
in dry regions.

e The right to food as a local and national policy.
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* “Virtual” water-embedded crops and products that are traded.

* Drought and famine in low development status countries and subsistence farming
economies.

* Access to out-of-season food via trade and long-distance transportation.

* Food waste as a major inefficiency (over 30% is wasted).

* Government policies of overproduction and subsidy.

e Transitions (and declines) of farm communities.

e Smart agriculture technology.

* Bioengineering for higher yields (the green revolution).

* Nutrient and energy input management, including extra use of fertilizer as
“insurance.”

e Nonpoint source farm pollution, oxygen depletion (hypoxia), and aquatic
ecosystems.

 Industrial-scale food supply chains and food safety.

* Changing the nutritional content of foods as a result of breeding and/or heavy
processing.

* Changing diet and its health implications in high development status countries.

* Growing meat consumption and its footprint implications.

» Refrigeration and its fragility and electrical demands.

e Humans as the largest users of the terrestrial land surface.

e Volatility in water supplies from both drought and flood (sometimes in
proximity).

* Volatility of food prices in low development status countries.

e Land competition between crops for first-generation biofuels and other agricul-
tural products.

e Land use for crops that are exported from less developed countries to more
developed countries.

* Impact of global markets and trade.

2.4 Energy Systems

Energy systems, at the largest scale, integrate into a whole the various components
of energy resources, including their form (solid, liquid, gas, etc.), production,
conversion processes (and efficiencies), long-distance transmission, short-distance
distribution, end-use, and wastes. Conversion processes include such actions as the
refining of gasoline and the generation of electricity and the conversion of biomass
into biofuels.

Decision-making defined by political borders, energy processes, or end-user
communities typically defines the boundaries of energy system studies and leads
to a demarcation between external factors and internal interactions, and to the
identification of the structural or functional relationships between different parts
of the system being considered. For example, electrical power grids have no inter-
nal physical boundaries, but the wires cross many different corporate, State,
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National, and regulatory jurisdiction boundaries. This is especially significant
because some aspects of energy systems are highly regulated (e.g., electric power)
and/or dominated by large public and private corporations (e.g., integrated oil and
gas companies).

In the USA, generation, local distribution, and retail sales of electricity have
historically been regulated at a state level. Thus, until the 1990s, vertically inte-
grated electric utilities generated, transmitted, distributed, and sold electricity to
retail customers within states (see Sect. 10.3.5) at rates set by each state. Each state
would decide what power plants would be constructed by which utility, with (nuclear
power plants excepted) modest oversight from the federal government. However,
the US power system has become more distributed, utilizing power generated at a
distance, especially wind and solar farms built in locations best suited to them, with
more wholesale power crossing state lines regulated by the federal government. The
outcome has been a restructuring of electricity markets in most locations. In 2018,
two-thirds of Americans received their electricity via competitive, usually multi-
state, wholesale markets. The restructuring of US electricity markets is an ongoing
process.

The decision-making perspective also leads to a choice about taking a bottom-up
(i.e., starting with individual components) or a top-down (i.e., beginning with a
whole system) approach to viewing energy systems. Bottom-up approaches to
energy start with specific technologies of energy production, conversion, or use with
internal interactions dominated by physical, environmental, engineering, subcul-
tural, and microeconomic factors. Top-down approaches are dominated by macro-
economic and policy and cultural considerations. They may also be dominated by
decisions made in arbitration unseen to most of society. For example, after the
Fukushima earthquake and tsunami that impacted one of Japan’s major nuclear
facilities, Germany decided to phase out nuclear power, thus ending contracts early
and subjecting it to major arbitration cases. In the example of US electricity markets
described above, historically, states have top-down projected demand and approved
new power plant construction and what type of plants are constructed, with costs
inserted into electricity rates charged to customers. Restructured electricity markets
are far more open to bottom-up power plant decisions by independent actors.
Chapter 20 includes many examples of decision-making processes and tools to
address conflicts that arise.

Energy systems can be studied at the scale of the following:

e Individual devices and machines.

e Buildings.

* Facilities ranging from a power plant to an industrial facility like a refinery or a
factory.

e Human communities such as cities or metropolitan regions (see Sect. 18.2).

* Regional transmission systems that connect multiple states or regions together.

e Particular energy resources, fuels, and energy products (e.g., electricity
systems).

* National and international multi- and total-energy systems.
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Notable examples of tools to explore large-scale energy systems that will be

addressed in Chap. 15 (Modeling) include the following:

MARKAL (derived from “Market Allocation”) developed by the International
Energy Agency is a model widely applied at many scales to project the evolution
of energy systems over 40-50 years under certain assumptions. This is a bottom-
up model that allows the assessment of different techno-economic assumptions
about the future.

TIMES (The Integrated MARKAL-EFOM System) is a successor to MARKEL
(Fig. 2.2).

National Energy Modeling System (NEMS) developed by the U.S. Energy
Information Administration to project the future of the U.S. energy system and
support an “Annual Energy Outlook.”

Model for Energy Supply Strategy Alternatives and their General Environmental
Impact (MESSAGE) developed by the International Institute for Applied
Systems Analysis (ITASA) used to explore energy scenarios related to several
large-scale analyses including the Intergovernmental Panel on Climate Change
(IPCC).

An interesting tool worth mentioning in the same context is the Long-Range

Energy Alternatives Planning System (LEAP) developed by the Stockholm
Environment Institute to explore scenarios of energy use (in all sectors) with emis-
sions of greenhouse gases.

The ability of many primary energy sources to be converted to electricity and the

significance of electricity as an end-use energy source (nearly 40% of global
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Total Primary Energy consumption) has resulted in many studies of energy systems
looking just at the electricity sector, so the knock-on impacts of electricity on water
use, on other energy sources, and on the environment were often ignored. Similarly,
the dominance of petroleum as the primary input for transportation leads to designs
and models of transportation that ignored the availability of electricity, which is the
transportation fuel of the future. CO, and greenhouse gas emissions were not con-
sidered during the design of the modern energy system, and this has turned out to be
a serious problem.

As should be expected, water and food should be considered when developing
models of energy systems, and vice versa.

The water demands of energy are significant. Some uses, such a hydroelectric
generation, are largely non-consumptive, in that the water is returned after use
(except for the increased evaporation from the impoundment). Other uses, such as
thermo electric power plants (41% of all the water withdrawal in the USA in 2015),
irrigation (38%), and public water supplies (12%) are consumptive users of water
(USGS 2018). Although much of the water withdrawn for thermo electric power is
returned to the water body, significant evaporation occurs, and the returned water is
a higher temperature than the withdrawal. After 2007, a major shift in US electricity
generation away from coal to natural gas and renewables dramatically reduced
power plant water consumption. This has been offset somewhat by the increased use
of water in hydraulic fracturing for unconventional oil and gas production.

Conversely, the energy demands of water are also significant. Power is used to
pump water, move it, clean it for use, heat and cool it, and, to clean wastewater
before return to the environment. In a move toward recognizing the value of inte-
grating water and energy systems, the considerable energy use to heat water has led
the State of California to prioritize the efficient use of heated water during a recent
drought because of its added benefits for energy efficiency. Some cities have created
hot water districts around thermo-electric plants, and some hydroponic and aqua-
ponic facilities are co-locating with thermo-electric plants.

Similarly, energy use for food production is primarily a focus of food system
studies and is merely one more demand for energy use. However, significant energy
is used in agricultural operations and for creating inputs such as fertilizers and pes-
ticides. Energy is required to preserve, move, process, and distribute food products,
as well as address waste by-products. Refrigeration to preserve foodstuffs is a sig-
nificant part of energy use in the commercial and residential sectors.

Some key considerations for modern energy systems include:

e greenhouse gas emissions, treaties, and climate change (Chap. 11);

e rapid advancement in renewable energy technology and economics (solar,
wind, etc.);

 access to electricity and other modern forms of energy;

 agpirational development of renewable biofuels;

* the transition to electrical power from other energy sources;

* increasing use of geothermal energy for residential heating;

* rapid evolution and reliability problems of the massive and complex electrical
power grid (Chap. 10);
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* managing power grid peak demands, including with battery technologies;

* power grid peak demands driven by urban air conditioning;

e energy independence, dependence, and geopolitics, especially in oil and natural
gas, but increasingly with wind and solar siting;

» vehicle fuel efficiency increases and vehicle electrification;

e energy for mass transportation;

 air pollution and health from fossil fuel burning, including power plants, and
vehicles;

e air pollution and health from biomass and charcoal burning for cooking fires and
residential heating;

e the problems with establishing safe and agreeable disposal of wastes from
nuclear energy;

* the Faustian bargain of “normal accidents” with nuclear energy;

e aging energy infrastructure;

* falling energy prices and disincentives for developing new cleaner technologies; and

* economic and technological approaches for increasing energy efficiency.

2.5 Water Systems

The water system most familiar to many readers is the hydrologic/water cycle of the
earth, defined with planetary boundaries between the upper atmosphere and subsur-
face water tables. The water cycle of the planet is also one of many geochemical
cycles that are studied at a planetary level, including oxygen, carbon, phosphorus,
and nitrogen (Fig. 2.3).

Fig. 2.3 Schematic of the water cycle. (Source: NOAA)
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The energy provided by the sun is the most significant external factor impacting
the system, although the earth’s gravitation force also operates as an external force.
There are structural relationships between the water contained in oceans, ice,
groundwater, soils, lakes, atmosphere, swamps, rivers, and biology.

Internal interactions between these parts of the system are mediated by the laws
of nature governing the hydrosphere and further mediated through the climate sys-
tem, oceans, the biosphere (the living parts of the earth systems), and the cryo-
sphere (the frozen water part of the Earth system) and manifest them as more
straightforward processes such as evaporation, condensation, precipitation, transpi-
ration, sublimation, surface and subsurface flows, percolation, and plant uptake.

Human actions include the creation of reservoirs, irrigation, and multiple types
of consumption that have more or less impact on the larger natural process in differ-
ent locations. The water cycle changes dynamically on many time scales from hours
(storm intensity) to years (seasonal changes) to hundreds of thousands of years
(ice age cycles).

Modeling the earth’s water cycle with Global Hydrological Models (GHMs) is a
major scientific discipline in its own right and is a significant part of efforts to
understand the climate system through Global Circulation Models (GCMs) or the
earth system as a whole through “Earth System Models” (ESMs). In this book, we
will be looking at FEW systems integrations primarily at smaller scales.

The famous image of the entire earth taken from the Apollo 17 spacecraftin 1972
(page 1) has given rise to the view of the earth as the “water planet,” the “blue
planet,” and the “blue marble.” However, from a human perspective, it is 1% of the
planet’s water that is fresh and accessible, which is most important. Thus, water
systems at sub-planetary scales tend to focus on the freshwater systems that can
meet human needs, their capture/extraction, distribution, pretreatment, use or con-
sumption, post-use treatment, and disposal. Examples of traditionally studied water
systems at various scales include the following:

* Hydroponic systems where water acts as a medium for transporting nutrients to
plants.

» Water facilities such as pre- and post-use treatment facilities, hydroelectric power
plants, thermoelectric power plant cooling, and a wide variety of industrial facili-
ties in which water flows have a critical function.

 Irrigation systems which can range from a single field to a farm to an entire agri-
cultural region.

* Human communities including cities and metro regions (see Sect. 18.2) which
have defined boundaries for water collection, distribution, use, and disposal.

e Groundwater systems which drive the evolution of aquifers or the movement of
pollutants.

* Aquatic ecosystems where water quality, quantity, and movement impact an
essential natural resource.

* Watersheds, water basins, drainage basins, and catchment areas where the water
flows in a given area go to a common outlet such as a reservoir or a bay.
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The spatial and temporal scale of these types of water systems is primarily driven
by human decision-making processes and conflicting demands on limited supplies
of available water. These conflicts are often rooted in, quantified by, and sometimes
resolved by infrastructure and economic considerations that are incorporated into
models (see Chap. 15). Such systems often depend on assumptions of what the
hydrologic cycle has been versus what it is projected to be.

The decision-making process will often suggest an important metric that may be
simple such as the volume of production or consumption, or a more complex metric
such as the efficiency of use, or intensity of water demand, or a metric of a side
effect such as the greenhouse gas emissions related to the water flows. The decision-
making process will usually suggest a timescale for the parameter. Metrics will be
explored in depth in Chap. 13.

Food and energy are often considered when developing models of water systems.
Traditionally, the consideration is where food and energy are two types of demands
on water.

Food demand on water includes the following:

» Agricultural production uses of water such as crop irrigation, water for animals,
and water for farming practices.

e Impacts of runoff from agricultural fields and production.

* Production of agricultural inputs such as fertilizers.

* Food processing water use.

e Changes in land use and ecosystem functioning from agricultural practices
impacting water flows.

Energy demand on water includes the following:

* Production processes such as hydroelectric power, oil and gas drilling (especially
hydraulic fracturing), and irrigation of biomass crops.

* Energy transformation processes such as thermoelectric power plant cooling sys-
tems and biofuels production.

e Changes in land use and ecosystem functioning from energy production such as
the creation of reservoirs, adding heat to rivers with water used for cooling.

* Impacts on the water cycle, such as through the release of greenhouse gases.

Other demands on water are also considered, such as demographics and human
consumption, ecosystems, industrial uses, and non-consumption uses for human
recreation. There is also a movement to ensure that rivers have a right to water
as well.

Thoughtful approaches to water systems also recognize the land and energy
needs of water, including the following:

* Land required for water capture and storage diverted from agricultural use.

* Energy use to pumping groundwater, transport and distribute water.

* Energy use to treat water before and after use and for the heating and cooling of
water.
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However, disciplinary hydrology and water resource (HWR) studies of water
systems typically focus on the impacts on the water system rather than the effects of
water’s land and energy use. When your tool is a water balance equation, your
analysis tends to ignore factors that do not appear directly in that equation. The
commitment to core methods, concepts, and theories is both the greatest strength
and greatest weakness of the traditional disciplinary approach; it is a weakness for
systems work.

Some key considerations of the modern water system include the following:

e Massively centralized infrastructure dependency (Chap. 10);

* Growing global demand for water, especially for irrigated agriculture;

* Growing importance of managing life cycle water use and water footprints;

e The growth of human populations and economies in desert regions;

e The transition from a water-abundant world to a water-scarce world;

* Regional and planetary boundaries and carrying capacities for water;

e The conflict between environmental flow requirements and human demands;

e Humans as a major, or dominant, part of the water cycle;

e Groundwater mining and depletion;

* Outsourcing of water-intensive food production via virtual water (see Sect. 7.5);

e Informal water systems and water quality problems in low development status
countries;

e Water pollution and water quality;

e The impact of both floods and droughts, often in proximity;

e The impact of existing and new hydropower development.

A study by the U.S. Department of Energy (DOE 2014) represented the esti-
mated US energy and water flows in 2011 (Fig. 2.4). This study illustrates the con-
nections and trade-offs that come with the interactions between food, energy, and
water systems, using a Sankey flow diagram. The energy flows into the transporta-
tion, industrial, residential, and commercial sectors include energy for water and
food systems. The water flows into thermoelectric cooling, and agriculture are
very large.

It is important to note the difference between water consumption and water
withdrawal. Consumption is different between water withdrawn from the
immediate aquatic environment as compared with the quantity of water that is
returned (discharged) to the same immediate environment at a similar time,
place, and quality. Generally, water consumption is due to evaporation and
evapotranspiration or its embodiment in some products (e.g., food). However,
the water returned to a watershed may be altered by its use. For example, water
use for cooling in a thermoelectric power plant typically raised the temperature
of the water. In another example, water use in agriculture may result in the addi-
tion of nutrients. Both of these examples can result in significant ecological
impact when non-consumed water is returned to a watershed, via thermal or
chemical pollution.
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It is also important to note that much (most?) energy does not go into providing
energy services but is dissipated as heat before its use. This is especially true in
thermal power plants using turbines and internal combustion engines.

Also note that the flow diagram in Fig. 2.4 is not a model, but rather data that
is visualized using a specific type of visualization method (the Sankey diagram).
While Fig. 2.4 represents how energy and water flows go to different sectors
and how much is consumed and discarded, it does not explain the intention of
the flows, embody scientific and engineering concepts, show interactions and
causation, or allow the user to experiment with changes to inputs and interactions
to see what outcomes result. This diagram is descriptive and is based on
empirical data.

2.6 From Separate Systems to an Integrated System
of Systems

2.6.1 Science

In the previous sections, we have seen how food, energy, and water each play a part
in careful studies of systems of the other two components. As such systems become
ever more comprehensive, the treatment of the other elements become ever more
detailed, until those systems become subsystems embedded in a more extensive
system. Advanced studies of food systems, for example, will include many water
and energy interactions, both direct and indirect. Where sets of those interactions
are connected, they begin to be recognized as components of the food system with
internal attributes of a system—mini-systems. Thus, advances in the study of food,
energy, and water systems separately (separated FEW systems) lead to consider-
ations of an integrated “system of systems.”

2.6.2 Sustainability

There is also a sustainability path to the same outcome. Societies have thought
about how to sustainably provide themselves with essential food, energy, and water
services for millennia. The conflicts between efforts to provide the three critical
consumables have also been long recognized. The environmental consequences of
meeting the rapidly expanding demand for each of the three came to the fore in the
1960s and received serious attention in 1972, at the United Nations Conference on
the Human Environment in Stockholm, Sweden, now referred to as the Stockholm
Conference (The UN is explored in see Sect. 6.2.2).
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Later, the United Nations World Commission on Environment and Development,
chaired by former Norwegian Prime Minister Gro Harlem Brundtland, famously
define sustainable development in its 1987 report, Our Common Future, as
follows:

Sustainable development is development that meets the needs of the present without com-
promising the ability of future generations to meet their own needs.

While the Brundtland Report, as Our Common Future is now commonly referred to,
contains the most widely known definition of sustainable development, there are
many others.

The U.S. Environmental Protection Agency states that

Sustainability is based on a simple principle: Everything that we need for our survival and

well-being depends, either directly or indirectly, on our natural environment. To pursue

sustainability is to create and maintain the conditions under which humans and nature can
exist in productive harmony to support present and future generations.

Such general definitions of sustainability are, unsurprisingly, subject to debate,
and challenge. Regardless of the definition of sustainability, the core question of
sustainability is how to provide essential services to human societies without caus-
ing long-term (decades or centuries) degradation to natural ecosystems and the ser-
vices that they provide to human communities.

As a scholarly field, sustainability science has come to broadly encompass the
study of interactions between the natural environment and human societies, classi-
fied as “human-environment systems” or “social-ecological systems,” and recog-
nized as “coupled systems.”

One core scientific challenge is how to measure sustainability. This vital issue, in
the context of FEW systems, will be addressed in detail in Chap. 13 (Metrics).

One core practical challenge is how to address sustainability when human societ-
ies vary dramatically in their resources, population growth, social and economic
development, and values.

Studies of food, energy, and water systems have helped bring into focus the sci-
entific and practical challenges of sustainability.

With growing demands for food, energy, and water-related to both population
growth and economic prosperity, political and policy conflicts between different
claims and demands on food, energy, and water resources have become ever more
frequent. As a result, for some policy-makers, the question of how to provide con-
stituents with food, energy, and water in a manner that can be sustained for decades
to come is the practical definition of sustainability. While environmental conditions
are not explicit in such a question, large-scale ecological degradation makes an
answer to such a question impossible and places environmental considerations at
the core. Such questions can also be critical in bringing disparate parties together to
find solutions (see Chap. 20).

While sustainability is much broader than sustainable food, energy, and water
systems, the necessity of simultaneously providing all three critical consumables
has provided a human- and ecosystem-focused impulse for integrating FEW sys-
tems as an essential practical application of sustainability.
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2.6.3 Principles of a System of Systems

Studying an integrated “system of systems” utilizes the similar principles of system
science described above in Sect. 1.4 and of the emerging field of sustainability
science. The attributes of a system of systems include:

2.6.3.1 A Question (or Problem) as a Macroscope Which Defines
Boundaries and Scales

If we are integrating three components, what is the unifying identity (or macro-
scope) by which we perceive the system of systems? In practical situations, the
unifying identity is the question (or problem) that is being addressed: “how do we
manage a system in a certain context in which food, energy, and water are critical
components to achieve desirable outcomes?”’

The keyword and phrase in such a question are “context” and “desirable out-
comes.” The question will also define issues of spatial and temporal scale (defining
its boundaries and external factors) metrics, data, modeling, and computing.

The issue of defining or framing the question will be addressed in Chap. 12; its
relationship to metrics, data, modeling, and computing will be explored in Chaps.
13-16; and the application of science to practical questions addressed in Chap. 17.

2.6.3.2 Heterogeneous Parts Which Have Mutual Relationships

While in FEW systems, the parts include food, energy, and water elements; there are
usually other parts like population, economics, infrastructure, ecosystem services,
and biodiversity to include.

Interactions are both direct and indirect and usually operating in both directions,
so that we can think of elements of an integrated system having complex interac-
tions embodied in mutual relationships. Further, when one element changes, the
interactions with other parts of the system result in additional interactions on the
first element, that is, reciprocal relationships usually include feedback interactions.

Direct, or first-order, interactions are the influence on a system by another sys-
tem; for example, the demands on water by the energy system and on energy by the
water system. Many examples of this type of interaction were given above in our
consideration of water, food and energy systems separately.

Indirect interactions include the impacts of one element on another to which it is
not in direct contact. Rather the impact is mediated through other intermediate parts
of the system or factors external to the system. Here are three examples where there
is one step mediating the indirect interaction:

e Energy use of crops for biofuels makes demands on water because of the irriga-
tion needs of those crops.
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e Particular crops can alter ecosystem functioning and the change the percentage
of rainfall that accumulates in groundwater or flows in streams and leaves a cer-
tain area.

* Energy used to heat water can lead to emissions of greenhouse gases that alter
the climate, which in turn impacts the growth of food crops in a variety of
ways.

Where there is one step to mediating the interaction, we can call this a “second
order” interaction. If two steps are mediating an indirect interaction, we can have
“third order” interaction. If more steps are mediating the interaction, we have
“higher order” interactions. Each additional indirect step in an interaction makes a
system more complex to study.

Indirect interactions are frequently folded into direct bilateral interactions or a
two-way mutual relationship. For our three examples, this might be done in the fol-
lowing manner:

* The water demands of crops for biofuels are considered within the bilateral or
mutual relationship of agricultural water use.

e The impacts of particular crops on groundwater storage are regarded within the
bilateral relationship of land use/cover and water.

e The effects of water energy use on crops are considered within the reciprocal
relationship between climate and crops.

2.6.3.3 Structural Arrangements

The parts of an integrated system are usually grouped into a system of dynamic
“components” or “modules” based on strong interactions rooted in biophysical and
societal relationships (e.g., resource flows, a shared decision-making process, or a
robust economic relationship).

Parts usually reflect distributed control of a system, indicating opportunities or
change their operation and management. Parts can sometimes also be seen as the
units of coevolution.

In the most straightforward approach to this, we might think of food, energy, and
water components managed to achieve the desired outcome. However, in practice,
integrated systems are far more complicated.

Models describing structural arrangements must address the systems simultane-
ously and their mutual relationships consistently (both biophysical and societal.) An
integrated energy—water system model must recognize the direct interactions of the
demands on water by the energy system and on energy by the water system. It must
also acknowledge the indirect interactions mediated through the food system, land
use, climate, ecosystems, economics, and social changes.
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2.6.3.4 Emergence

The purpose of studying an integrated system of systems is to identify patterns and
find solutions to severe problems that “emerge” from understanding the complex
interactions between the parts of the subsystems.

2.6.4 System of Systems and Models

Given this evolution of individual food, energy, and water systems towards an inte-
grated analysis via a system-of-systems approach, one emerging area of challenge
is modeling tools to go along with this approach. Modeling of food, energy, and
water systems is the subject of ample literature, including textbooks. However,
when modeling these systems individually, typically the other two are assumed to
be unchanged or unimpacted. This simplifies the analysis and enables solutions to
problems in each of these systems to be found, and to some extent, these solutions
may work, at least under some constrained conditions that satisfy this assumption.
But in a more general sense, and particularly when these systems are intensely
stressed (e.g., by human activity such as urbanization, and expansion of services in
food, energy, and water sectors), it is intuitively easy to understand that these sys-
tems will interact and be dependent upon each other (nexus). This interacting cou-
pling is illustrated in Fig. 2.5. We explore this system of systems approach in more
detail from a modeling perspective in Chap. 15.

Water for energy generation

* Hydropower, biofuels, cooling

Energy used to transport/process water

* Groundwater pumping, desalination,
wastewater treatment

78\

Water for food production
* Irrigation of crops/livestock
Water quality degradation from food

Energy for food production
* Crop cultivation, harvesting,
transportation

f’ ’:du?;;" Energy produced from food
P L products or byproducts
Food production in fresh or saltwater .
* Corn ethanol, other biofuels
systems

* Electricity from methane digesters

Aquaculture

Fig. 2.5 Examples of modeling interactions and feedbacks among the FEWS nexus. (Source:
Fernando R. Miralles-Wilhelm)
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Key Points

Systems describe a whole composed of many interacting parts with a unifying
framework; boundaries in space and time; external forcing factors; structural
arrangements; functions; change and variability; and humans as both forcings
and participants in the system.

Complex systems have heterogeneous parts with complex interactions that make
them interdependent, coevolving, and subject to distributed control. The char-
acteristics of the whole system emerge from the interactions between the
components of the system giving rise to stability and changes that are often hard
to predict and sensitive to initial conditions.

Because complex systems are influenced by external factors such as human
actions, models of complex systems make projections based upon certain
assumptions rather than predictions about actual future outcomes.

Discussion Points and Exercises

1.

2.

(O8]

10.
11.

The FEW system is an excellent example of all four system-of-systems attri-
butes. Now that you have read this chapter, describe how this is so.

Discuss what makes a system complex, and why the FEW system IS or IS NOT
complex.

. Describe a food system as a process network.
. Describe heterogeneity in a FEW system at the local, regional, and national

levels.

. Describe hierarchy in an energy system.
. Describe three emergent properties in a: (a) food system; (b) energy system; (c)

water system; (d) FEW system

. Develop a Process Network of a (a) food system; (b) energy in transportation

system; (c) water system; (d) farm system including FEW components; (e)
household system including FEW components.

. Describe a Complex Adaptive System in: (a) the agricultural sector; (b) the elec-

tricity sector; (c) a urban FEWs context; (d) a rural FEW context.
For Exercises 9-17, consider modeling a system. Describe the following:

(a) The boundaries of the system;

(b) The main components;

(c) The structural arrangement of the components;

(d) The most significant functional interactions between components;

(e) External factors and their interactions with the system;

(f) The most significant (distributed) controls on the system including human
actions;

(g) Issues that might alter the stability of the system; and

(h) An emergent property of the system.

The water system for a city. Specify the location of the city and think about
geographic variation.

The water system for a farm growing an irrigated crop.

The food system of a landscape encompassing many farms or agricultural
communities.
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12. The food system of a facility that processes or converts food products.

13. The energy system of a building.

14. The energy system of a coal-fired power plant.

15. The integrated food, energy, and water systems of a house.

16. The integrated food, energy, and water systems of a college campus.

17. The potential differences between a food, energy, and water system in the USA,
India, Ghana, and an island country like Trinidad and Tobago.
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3.1 Introduction

In Chap. 1, we examined the reasons for focusing on food, energy, and water, three
critical consumables requiring extensive infrastructure, and a high-level policy. In
Chap. 2, we explored what this means on a global scale, especially for the billions
of people for whom access to these resources is severely limited and needs
improvement.

In this chapter, after analyzing the idea of food, energy, and water security, we
will look through the lens of demographics to see the complexities of engaging the
world’s population in our study of the nexus. Next, we will examine the concept of
development in countries and the human development of people within a country.
Based on these elements, we will explore efforts to guide policy and action on a
global level to meet the basic need for food, energy, and water through the
Millennium Development Goals (2000-2015), the Sustainable Energy for All initia-
tive (2012-2030), and the Sustainable Development Goals (2016-2030).

Aspects of this chapter foreshadow later chapters, such as international gover-
nance (Chap. 6) and the challenges of metrics, data, and modeling (Chaps. 13-16).
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3.2 Food, Energy, and Water Security

99 ¢

Security, including “food security,” “energy security” and “water security” refers to
the ability of people to have affordable, reliable, and high-quality access to their
basic FEW needs so they can live healthy and productive lives unconstrained by
existential resource limitations. Security implicates attributes of availability, access,
utilization, stability, sustainability, reliability, and resilience. Separate definitions
of these terms are as follows:

Food Security exists when “all people, at all times, have physical and economic
access to sufficient safe and nutritious food that meets their dietary needs and food
preferences for an active and healthy life” (FAO 1996).

Energy Security requires “the uninterrupted availability of energy sources at an
affordable price” (International Energy Agency).

Water Security is “the capacity of a population to safeguard sustainable access to
adequate quantities of acceptable quality water for sustaining livelihoods, human
well-being, and socio-economic development, for ensuring protection against
water-borne pollution and water-related disasters, and for preserving ecosystems in
a climate of peace and political stability” (UN Water).

What constitutes an individual’s “basic needs” for each consumable is related to
factors such as age, physical characteristics, level of activity, and their geographic
and community context. However, four common attributes can be identified.

1. Physical availability of the resource brings a focus on the following issues:

(a) Production of raw commodities (e.g., agricultural products, energy sources,
and untreated water) and processed products (e.g., food products, electricity
and fuels, and treated water).

(b) Stocks of commodities and products in locations controlled by the country
and available for distribution.

(c) Trade balance (imports—exports) of commodities and products.

(d) The infrastructure required to make products available (e.g., refrigeration,
electric grid, storage, pipes).

(e) Capacity of systems and infrastructures that produce and deliver the resource.

2. Physical, legal, and economic access to the resource which determines the abil-
ity of individuals to obtain the resource when it is available. Access brings a
focus on the following issues:

(a) Affordability (e.g., cost of products compared to incomes)

(b) Markets (e.g., socioeconomic arrangements which can limit access even if
the person has the money for the resource)

(c) Support programs that provide access to vulnerable populations and at times
of crisis (e.g., during an emergency, conflict, drought, flood, famine, or
severe heat/cold)

3. Utilization referring to the ability of a person to make use of the resource pro-
ductively. For example:
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(a) Utilizing food requires the ability of a person to be able to hygienically store,
preserve, refrigerate and prepare a variety of foods and consume them in a
manner that provides them with both sufficient energy for their age, gender,
weight and activity level, and to receive sufficient nutrition to develop
healthily and/or maintain appropriate body weight.

(b) Utilizing energy requires the ability to obtain energy services through the
use of machines, vehicles, devices such as clean cooking equipment.

(c) Utilizing water requires the capability to use it in a manner that prevents the
spread of waterborne diseases and to produce food, energy, and other goods
and services with the water. This includes such factors as having piping to
bring water to the user or the ability to keep the water clean, soap for hygiene,
and toilets, or other systems to remove waste.

It is important to recognize that utilization is not just about having the
necessary equipment but also about having the necessary knowledge and/or
culture to utilize a resource healthily and efficiently that maximizes its benefits.

4. Stability and Reliability refer to the short-term preservation of availability
under shocks and stresses. These bring a focus on the following issues:

(a) Vulnerability to disaster events such as droughts, storms, earthquakes, and
flooding.

(b) Political or military conflict.

(c) Economic instability such as loss of income and volatility of prices.

(d) Reliability of systems that produce and deliver the resource.

Sustainability refers to the long-term preservation of security as time passes.
Sustainability brings a focus on the following issues:

(a) Infrastructure deterioration.

(b) Climate change.

(c) Social capital and well-being.

(d) Efficiency of consumption and impact.

(e) Resource stock depletion or resource scarcity.
(f) Degrading ecosystem services.

5. Resilience thinking is beginning to replace and supersede sustainability thinking
because resilience emphasizes our ability to prevent, recover from, adapt to, and
thrive under both short term and long-term shocks and stresses. There are at least
four schools of thought about resilience in a FEW systems context:

(a) Emergency Management, emphasizing quick recovery of function after
disruptions.

(b) Engineering, emphasizing prevention of disruptions through redundancy,
buffering, armoring, and control.

(c) Ecological, emphasizing adaptation of structure and connections (especially
green infrastructure) to preserve function.
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(d) Reversibility, emphasizing the avoidance of overcommitment of variable
levels of available water to preserve adaptability and avoid stranding capital
in light of an uncertain future.

When one or more of these attributes are lacking for FEW systems, it is appropri-
ate to speak of food, energy, and water insecurity. There are, however, gradations of
insecurity. Many experience chronic insecurity of one or more of the three com-
modities, even as much of humanity is relatively secure in one, two, or all three
commodities at the moment. All of humanity is threatened with FEW insecurities on
long timescales due to sustainability problems. The differences and distinctions are
consequential.

1. Chronic insecurity exists when one or more of the attributes are persistently lack-
ing. Examples include the following:

(a) Natural resources or ecosystem services for food, energy, and water are
insufficient.

(b) Absent or degraded infrastructure prevents sufficient resources from reach-
ing a community.

(c) Systemic, long-term poverty, and other forms of social exclusion severely
limit access.

(d) Political and governance systems are structured in a manner that prevents
addressing solutions.

(e) People lack the equipment or knowledge to utilize a resource effectively.

2. Periodic/Seasonal insecurity exists when a repeating cycle in conditions exists,
which causes insecurity. This type of insecurity is, to some degree, predictable.
Examples include the following:

(a) Agricultural practices or crops result in insufficient food at certain times of
the year.

(b) Seasonal weather patterns like monsoons disrupt access to clean water.

(c) Seasonal employment leads to regular periods of economic hardship.

3. Temporary/Emergency insecurity exists when a triggering event causes short-
term and temporary insecurity. Examples include the following:

(a) Loss of electricity for much of the population of Puerto Rico following
Hurricane Maria in September 2017.

(b) Disruptions in food imports to Yemen due to civil conflict that began in
2015.

(c) Loss of drinking water supplies in the city of Flint, Michigan (USA) because
of lead contamination (2015) (see Sect. 18.4).

Appropriate solutions to insecurity depend on the context. Emergency aid
can provide temporary assistance to large populations in a crisis. However, many
populations experience chronic insecurity. This can be rooted in poverty, disability,
discrimination, a number of other issues. “Safety net” programs often exist to
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mitigate chronic challenges. In countries where large portions of the population
experience chronic insecurity, the concept of country-wide “development” is critical
(see Sect. 3.4 below).

All kinds of security problems can be helped using a resilience analysis frame-
work where we choose to proactively anticipate, sense, adapt, and respond to
stresses and shocks to get ahead of the problem. However, this can be challenging
when what could be seen as a short-term shock turns into longer chronic insecurity.
For example, the California drought that began in 2012 stretched into 2017. Tree
rings indicate that this region is subject to multi-decadal droughts. However, water
storage systems are built to withstand 2—3 year droughts, not multi-decadal droughts.

Even currently-secure communities are at risk of becoming insecure. Thus, much
effort on food, energy, and water security is risk-based—that is, devoted to identify-
ing and managing the most significant risks. In Chaps. 9-11 (Ecosystems,
Infrastructure, and Climate), we will explore issues of risk and vulnerability at dif-
ferent scales of time and space.

There are three primary responses to vulnerability:

1. Mitigation to reduce the drivers underlying the risk.

2. Adaptation to reduce the impact of a hazardous event or outcome.

3. Crises Response that helps populations endure an event or outcome without
long-term negative consequences.

The principles of system science (Chap. 2) can be applied to resource security,
and the attributes of boundaries of space and time, external factors, structural
arrangements, internal interactions, human actions, dynamic changes, and models
all take on particular applications to populations and their sources of food, energy,
and water.

In Chap. 4, we will explore how individuals, communities, and nations respond
and adapt to food, energy, and water insecurity. In Chap. 20, we will examine how
food, energy, and water insecurity can create conflict and tools for reducing or man-
aging these conflicts. In Sects. 3.4-3.7, and Chaps. 6 and 7, we will examine how
the international community attempts to address the issues of insecurity.

3.3 Population

3.3.1 Demography

We have already noted that an individual’s “basic needs” for each consumable is
related to many factors that are unique to that person. It is rarely possible to survey
the conditions and needs of every individual when determining the needs and preva-
lence of insecurity in a community or a country. Instead, data is gathered on a sam-
ple population. That data is then combined with a statistical profile of the total
population in a model to produce a quantitative indicator or metric of the condition
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being explored. We will look at various development metrics below, and explore
metrics generally in Chap. 13.

A statistical profile of a population includes all relevant characteristics of that
population and any vulnerable subpopulations like infants, both in the present and
in the future. This is the field of demography. The following list illustrates, in a
non-comprehensive way, some of the demographic factors that usually require
consideration:

1. Absolute population numbers: how many people there are.

2. The age distribution of the population. An individuals’ demand for critical con-
sumables changes over a human lifespan. It is, therefore, important to know the
population in different age groups and how they will likely evolve.

3. Fertility, reproductive health, public health, and mortality, which affect future
absolute population and age profile.

4. The wealth of a population which shapes both the ability to gain access to con-
sumables and the ability to invest in producing them for a population as a
whole.

5. Distribution of wealth which shapes which parts of a population consume
and how much and how different parts of the population engage in food,
energy, and water systems. It also reflects differentials in the capacity to
participate in or influence decisions related to the structure and governance
of systems.

6. Education, skill development, gender and social inequality, cultural and social
influences on consumption choices and the efficiency of use of the consum-
ables, and related factors that influence decision-making.

7. Location of populations concerning the availability of resources, ecosystem
functions, infrastructure requirements; vulnerability to disruptions in supplies
of commodities; and rural-urban context.

8. Migration of populations into and out of areas.

9. Political and institutional capacity which mediate the ability of a population to
produce or import, distribute, gain access to, and utilize food, energy, and water
resources stably.

10. Considerations of political- and income-inequality, culture, priorities, habits,
and values among the population.

As this list illustrates, demographic issues provide a statistical context for people
within societies while also adding a layer of diversity and complexity, particularly
if including them in modeling efforts.

The diversity of human societies is significant at all scales. While much of this
chapter will look at large aggregations of people within countries, it is important
to remember that significant diversity exists at the regional and local levels of
countries and between different socioeconomic groups within any given com-
munity. The most basic diversity criteria, gender, and age apply everywhere there
are people.
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3.3.2 Population and the Legacy of Malthus

Modern awareness of food security rose to prominence with the 1798 book “An
Essay on the Principle of Population” by Thomas Malthus (1766—1834). Malthus
asserted that when resources such as food were available, the human population
grew geometrically; that is, the population grew at some fixed rate, resulting in an
ever-larger absolute increase in population number each year. However, Malthus
also asserted that food production would only increase arithmetically, that is by
some constant amount each year.

Malthus concluded that “[t]he power of population is indefinitely greater than the
power in the earth to produce subsistence for man” and that “positive checks” to
population growth such as famine and starvation would operate as an inevitable
check on human population growth unless “negative checks” to population growth
such as practices to limit childbirth occurred.

While Malthus’ conclusions have been influential for over two centuries, they were
immediately controversial and contested, and have remained so. It is now clear that
population need not grow geometrically, or even at all, as demonstrated by such coun-
tries as Italy, Japan, and Russia, where populations are declining. Of course, some of the
reasons for low birth rates, such as modern contraception, were unknown to Malthus.

Further, food production has, during many periods of time, increased at rates far
more rapid than the linear arithmetic growth postulated by Malthus. In particular,
the widespread use of new crop varieties, irrigation, fertilizers, and other practices
in the second half of the twentieth century, known as the Green Revolution, has
resulted in waves of dramatic increases in food production.

While many of the assumptions upon which Malthus based his reasoning have
proven to be inaccurate, the core challenge of providing sufficient food and other
resources to a growing human population remains. Those who emphasize efforts to
limit population growth are grouped under the label “neo-Malthusian” while those
who emphasize the ability of humanity to find innovative solutions, especially mar-
ket and technological solutions, are grouped under the label “cornucopian.” Human
development requires, among other things, that we avoid a “Malthusian trap” that is,
a situation where food, energy or water cannot be provided in sufficient quantities
to feed a large human population made possible by prior success in expanding their
production, whether that be 10, 15, 20, or more billion people.

In 1972, the Club of Rome published a landmark model of the earth’s resource
consumption dynamics in its report, “The Limits to Growth.” This model describes
the Earth as an ecosystem with fixed sustainable resource carrying capacities, geo-
metrically growing populations, and resource demands, and resource “stockpiles,”
or buffers, that can be consumed when resource demands exceed carrying capaci-
ties. This model predicts overshoot, which is where large consumable buffers enable
the growth of population and consumption far past the sustainable carrying capac-
ity, followed by a collapse of population and consumption when the resource buf-
fers are degraded. The Earth’s human population and is ecological resources roughly
fit this model. In 2004, an update to the “The Limits to Growth,” concluded that the
1972 model’s predictions remained sound.
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In his 2005 book, “Collapse: How Societies Choose to Fail or Succeed,” Jared
Diamond provided a collection of historical examples of how many past human
societies had faced of resource constraints with catastrophic outcomes. These were
isolated and smaller regional societies prior to the creation of the globally connected
societies of the current time.

Ehrlich (Ehrlich 1968; Ehrlich and Ehrlich 2009) provides the most notable
modern interpretation of Malthus. Ehrlich (1968) famously predicted widespread
famine and violence due to the “Population Bomb” of the 1970s. A revisitation of
the “Population Bomb” in 2009 concludes that the predicted famines and resource
wars did occur, albeit at a lower intensity than expected due primarily to the Green
Revolution, to declining birthrates in the rich world, and to massive and unsustain-
able groundwater mining to support expanded irrigated agriculture in arid regions.
The same revision concludes that the worst Malthusian impacts have merely been
postponed, not avoided, because the global population will soon triple from the
1968 baseline, demand for land-intensive meat continues to rise, climate change
will erode yield and productivity gains, and groundwater will run out.

The laws of economics suggest that resource scarcity and rising real prices for
FEW commodities (along with other commodities) are harbingers of a Malthusian
crisis and an ecological and economic collapse. By contrast, successful develop-
ment policies and sustainable growth should yield steadily declining real prices for
commodities, as an accumulated wealth of infrastructure, policy, efficiencies, sup-
ply chains, and knowledge steadily reduces FEW scarcities and frees up those
resources for higher pursuits. The Simon-Ehrlich Wager in 1980 was a bet between
business professor Julian Simon and Paul Ehrlich, chancing whether the real price
of copper, chromium, nickel, tin, and tungsten (five nonrenewable mined metals,
not FEW resources) would rise or fall. Prices fell on all five commodities over the
next decade. More significantly, the market prices of food and energy have fallen in
the USA since 1980, both in real terms and as a share of the average household’s
living expenses. The price of water has remained relatively constant. However,
water is not a market good in most cases. Further, water infrastructure is aging and
requires significant investment in many locations. Is sustainable FEW development
occurring in the USA? Will it in the future?

Human conflict is thought to be a symptom of the Malthusian Trap, both because
it leads to resource scarcity relative to the human population and because growing
human populations are known to be politically and socially volatile. The median
age of a society’s population is an extremely effective predictor of civil war and
revolutionary political activity. A “youth bulge” in the demographics yields a high
likelihood of armed conflict, genocide, starvation, and collapse of democratic insti-
tutions, whereas demographically balanced populations (balanced age distribution
and stable population) are likely to experience peace, economic growth, and transi-
tions to stronger democratic institutions. Wealthier societies tend to transition
toward lower birthrates and balanced age demographics. Will large, volatile,
young, rapidly growing, low-development nations and regions increasingly
threaten the security and prosperity of their stable and wealthy neighbors—and
themselves—in the Twenty-first century? The present immigration crisis in Europe
and the USA suggests that this trend is already underway.
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Which predictions turn out to be true, time will tell, but in light of the cata-

strophic consequences of famine and resource wars, we had best focus serious
attention on this development challenge before it is too late. We have already spent
50 years of our lead time since the warning issued by The Population Bomb... is it
ticking? Development in the Twenty-first century takes on a new urgency because
we may be in a race to avoid the Malthusian Trap.

With a balanced view of the legacy of Malthus in mind, we can consider the

growth of the human population from 2.5 billion in 1950 to 7.4 billion in 2015, and
its projected growth to 9.8 billion in 2050 and 11.4 billion in 2100. Figure 3.1 shows
population aggregated in three categories:

More developed countries include the nations of Europe, Northern America,
Australia, New Zealand, and Japan.

Less developed countries are those in all regions of Africa, Asia (except Japan),
Latin America and the Caribbean plus Melanesia, Micronesia and Polynesia.
Least developed countries (LDCs) defined as “low-income countries confront-
ing severe structural impediments to sustainable development. They are highly
vulnerable to economic and environmental shocks and have low levels of human
assets.” In 2018, 47 nations were listed as LDCs: 33 in Africa, 9 in Asia, 4 in
Oceania, and one in Latin America and the Caribbean. Nations are evaluated
every 3 years and may be moved from the LDC list.

It is no less important for being well-known that the nations with the least capacity

to meet the food, energy, and water needs of their citizens also possess the highest
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Fig. 3.1 World population estimates (1950-2015) and medium-variant projection (2015-2080).
(Source: United Nations, Department of Economic and Social Affairs, Population Division, 2017.
World Population Prospects: The 2017 Revision. New York: United Nations)
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Fig. 3.2 The low, medium, and high variants (95% prediction intervals) for global population
projections. (Source: United Nations, Department of Economic and Social Affairs, Population
Division 2017. World Population Prospects: The 2017 Revision. New York: United Nations)

rates of population growth. In 1950, the more developed nations possessed 32% of
the global population; in 2015, 17% and are projected to have 12% of the global
population in 2080.

It is equally important to recognize that during the twentieth century, humans
gained considerable ability to control their fertility through the use of contraception,
later marriage, and in other ways. As a result, the rate of growth in population has
slowed throughout the world and has slowed more rapidly and dramatically than
expected in most countries. The full story of the demographic transition that the
world has been going through, voluntary and involuntary in some instances, is
beyond the scope of this book.

The future population of each country on the planet is subject to many factors.
Projections of populations range between the high and low variants (defined as 95%
levels of confidence) is very large (Fig. 3.2) with significant implications for the
human needs for food, energy, and water.

3.4 Development

Issues of food, energy, and water security, along with land distribution and eco-
nomic, and housing security, are embedded in the concept of “development” with its
meanings of maturing, growth, and progress. What constitutes development is
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subjective. Further, the deeper one explores the idea, the more difficult a simple
definition becomes.

The founding Charter of the United Nations (UN—see Sect. 6.2.2) committed
the organization to promote “higher standards of living, full employment, and con-
ditions of economic and social progress and development” (Article 55). The Charter
did not define ““social progress and development.”

Development is viewed as encompassing widely accepted ideas of what consti-
tutes progress in human societies at a particular time. The meaning of development
has evolved and continues to do so.

Early measures of “international development” focused on national averages
related to economics, such as the following:

1. Gross Domestic Product (GDP) and GDP per capita, based on the market value
of goods and services produced within a country’s geographic borders over a
specified period (typically 1 year).

2. Gross National Product (GNP) and GNP per capita, based on the market value
of goods and services produced (i.e., the “output”) by the citizens and corpora-
tions of a country regardless of where that activity takes place. For some coun-
tries, significant economic activity takes place within its borders by foreign
citizens and corporations. The value of that economic activity is counted toward
the host country under GDP and toward the home country of the citizen/corpora-
tion under GNP.

3. Gross National Income (GNI) and GNI per capita, is based on the sum of a
nation’s GDP (inside its geographic borders) and the net income it receives from
outside its geographic borders. GNI differs from GNP in that it focuses on
income rather than the economic outputs of production. Some organizations like
the World Bank prefer GNI to GNP because it better captures the financial wealth
within a country beacuse much of the economic value of production can move to
third countries regardless of the home country of the corporation that owns that
production.

Such measures, although useful, fail to capture many of the attributes that relate
to the condition and well-being of individuals within societies. From the 1960s
onwards, many explored and proposed alternatives to financial measures of devel-
opment. The Indian economist Amartya Sen (1933—) wrote many influential papers
on the concept of “Human Capabilities,” which promoted the ideas of development
being measured in terms of the conditions of human lives.

In 1990, the United Nations Development Programme (UNDP) began to produce
Human Development Reports, including measures of the average human conditions
within a society, such as:

* life expectancy at birth (years);

» expected years of schooling (years);

e mean years of schooling (years); and

e Gross National Income (GNI) per capita (measured in dollars adjusted for
“purchasing power parity”).
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Fig. 3.3 The human development index. (Source: UNDP, http://hdr.undp.org/sites/default/files/
hdr2016_technical_notes.pdf)

Table 3.1 Human development indices for 2017

Human development Number of countries
index range Category with this category
>0.800 Very high human development 59

0.700-0.799 High human development 53

0.550-0.699 Medium human development 39

<0.549 Low human development 38

Source: UNDP (2018) Human Development Report 2018 Human Development for Everyone,
United Nations Development Programme

These indices are aggregated into a Human Development Index (HDI)
(Fig. 3.3) on a scale of 0—1 and applied to countries as a measure of their level of
development.

The 2017 HDIs for 189 countries (contained in the Human Development Report
2018) are summarized in Table 3.1. The three countries with the highest HDI were
Norway (0.953), Switzerland (0.944), and Australia (0.939). The three countries
with the lowest HDI were South Sudan (0.388), Central African Republic (0.367),
and Niger (0.354).

Both financial metrics or the broader Human Development Index are problem-
atic measures of development because they only address specific attributes of the
conditions of people and omit many other factors that most would consider impor-
tant to the human condition or the world in which they live, including the concept
of sustainability or sustainable development.

The UNDP acknowledges that the HDI “simplifies and captures only part of
what human development entails. It does not reflect on inequalities, poverty, human
security, empowerment, etc.” Therefore, the UNDP has developed other “composite
indices,” including:

¢ Inequality-adjusted Human Development Index (IHDI), which modifies the
three main metrics within the HDI in accordance with the degree of inequity in
that index.


http://hdr.undp.org/sites/default/files/hdr2016_technical_notes.pdf
http://hdr.undp.org/sites/default/files/hdr2016_technical_notes.pdf
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Fig. 3.4 The multidimensional poverty index. (Source: UNDP, http://hdr.undp.org/sites/default/
files/hdr2016_technical_notes.pdf)

* Gender Development Index (GDI), which calculates separate HDIs for males
and females.

e Gender Inequality Index (GII), which utilizes metrics differentiated by gender
on health, empowerment, and labor.

* Multidimensional Poverty Index (MPI), which measures “overlapping depri-
vations suffered by individuals at the same time” in terms of health (nutrition and
child mortality), education (years of schooling and children enrolled) and
standards of living (cooking fuel, sanitation, drinking water, electricity, housing,
and assets) (Fig. 3.4).

While the Human Development Report presents data on a national level, such
country-level aggregation obscures essential differences within societies that the
geographic and socioeconomic variations that occur within countries, which the
composite indices only begin to illuminate.

There is a substantial body of literature that indicates that women’s literacy is an
especially important indicator of overall human development.

It should also be recognized that “development” is not a concept reserved for
less-developed countries. All nations are developing all the time. The relative impor-
tance of food, energy, and water in each country compared to other aspects of devel-
opment is different.

All countries are continually changing their demands for food, energy, and water,
and changing how they make them available, how their citizens obtain access to
them, how they are utilized, and how they address issues related to stability and
sustainability. Moreover, the balance struck in each country between its concerns
about food, energy, and water security and concerns about the consequences of that
security changes with time.

Broadly speaking, the least developed countries are concerned about achieving
basic levels of food, energy, and water security for their citizens, emphasizing
accessibility and reliability over other dimensions of security. Wealthier nations put
a greater emphasis on the quality, sustainability, and impact criteria. However,
situations like the exposure of high levels of lead in water pipes in Flint, Michigan,
and other US cities show the impact of failure to continue investing in infrastructure
in developed countries.


http://hdr.undp.org/sites/default/files/hdr2016_technical_notes.pdf
http://hdr.undp.org/sites/default/files/hdr2016_technical_notes.pdf
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3.5 Millennium Development Goals

3.5.1 Creation of the Millennium Development Goals
(2000-2015)

Over many decades the United Nations and its constituent organizations (see Sect.
6.2.2) have explored many aspects of development and environmental deterioration.
For many decades, such events produced speeches and grand goals, but limited fol-
low through and impact. In the 1990s, more effective work before and after UN
meetings, and the growing power of nongovernmental organizations (NGOs)
resulted in greater follow through.

In 1996, the Organization for Economic Cooperation and Development (OECD),
which brings wealthier, more developed countries together (then 24, now 35),
released a list of International Development Goals (IDGs) derived mainly from vari-
ous UN summits. While many OECD member countries did little to follow up on
the IDGs, they were advanced as the basis of a significant development agenda to be
adopted at the 2000 Millennium Assembly of the United Nations along with targets
and indicators (metrics) that would quantify progress.

In September 2000, a Millennium Declaration was adopted by the 189 members
of the UN General Assembly. The Declaration included language on development
goals somewhat different from the OECD’s IDGs.

In 2001, the two sets of goals were merged by a working group of individuals
from the UN, OECD, World Bank, and International Monetary Fund into a list of
eight formal Millennium Development Goals (MDGs) with targets and metrics
(called indicators) that had primarily been developed for the IDGs. The eight MDGs,
approved at a 2002 Finance for Development Conference with a target date of 2015,
were as follows:

. To eradicate extreme poverty and hunger

. To achieve universal primary education

. To promote gender equality and empower women
. To reduce child mortality

To improve maternal health

. To combat HIV/AIDS, malaria, and other diseases
To ensure environmental sustainability

. To develop a global partnership for development

Food, an explicit component of MDG 1, was given Target 1.B, to “halve, between
1990 and 2015, the proportion of people who suffer from hunger.” Two metrics
were ultimately adopted to measure progress toward this target:

1.8 Prevalence of underweight children under five years of age
1.9 Proportion of population below minimum level of dietary energy consumption

The two metrics for food address aspects of utilization: one broad (dietary energy
consumption) and one specific to a vulnerable population (underweight children
under 5 years of age).
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Water, included under MDG 7, was given Target 7.C, to “halve, by 2015, the
proportion of people without sustainable access to safe drinking water and basic
sanitation.” Two metrics were ultimately adopted to measure progress toward
this target:

7.8 Proportion of population using an improved drinking water source
7.9 Proportion of population using an improved sanitation facility

The two metrics for water are also utilization metrics (using an improved drinking
water source and using an improved sanitation facility).

3.5.2  Outcomes for Food and Water 2000-2015

Before assessing the impact of the Millennium Development Goals, we will look at
the four metrics over the period of 2000-2015.

3.5.2.1 Prevalence of Underweight Children Under 5 Years of Age

Figure 3.5 shows the prevalence of underweight children under 5 years of age, as
estimated by the World Health Organization (WHO) and the United Nations
Children’s Fund (UNICEF) based on data from national surveys.

Underweight is defined by the WHO as “less than two standard deviations below
the median weight for age groups in the international reference population.” WHO/
UNICEF estimates that the percentage of underweight children dropped from
20.9% (1.28 billion of 6.13 billion) to 14.4% (1.06 billion of 7.35 billion) between
2000 and 2015, a reduction of 31%.
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Fig. 3.5 Prevalence of underweight children under 5 years of age. (Source: WHO/UNICEF. World
Bank Indicator Code: SH.STA.MALN.ZS)
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3.5.2.2 The Proportion of Population Below Minimum Level of Dietary
Energy Consumption

While energy intake affects the ability of a person to maintain appropriate body
weight and their ability to perform work, it does not measure nutritional intake,
which has a significant impact on health. Children who do not receive healthy nutri-
tional diets have impaired growth and physical development, a phenomenon known
as “stunting.”

Figure 3.6 shows the “prevalence of undernourishment” as a percentage of the
population. Undernourishment is defined as people receiving dietary energy from
their usual food consumption that is below “minimum energy requirement norms”
for their age, gender, body weight, and level of activity. Such people are termed
“underfed.”

For the world as a whole, the proportion of undernourished people dropped from
14.8% (907 million) to 10.7% (786 million) between 2000 and 2015, a 28% drop.
LDCs saw a higher (32%) drop. Because of their substantial populations, China
(40% decrease) and India (a 16% increase) had a significant impact on global aver-
ages. It is also worth noting the persistence of about 2.7% prevalence of undernour-
ishment in high-income nations that was mostly unchanged during the period of the
Millennium Development Goals.

Although the trend had been good, the number of undernourished people
increased by at least 30 million in 2016. The FAO reports that “After a prolonged
decline, this recent increase could signal a reversal of trends. The food security situ-
ation has worsened in particular in parts of sub-Saharan Africa, South-Eastern Asia,
and Western Asia, and deteriorations have been observed most notably in situations
of conflict and conflict combined with droughts or floods” (FAO 2017).
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Fig.3.6 Prevalence of undernourishment (% of the population). (Source: UN Food and Agriculture
Organization. World Bank Indicator Code: SN.ITK.DEFC.ZS)
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3.5.2.3 The Proportion of the Population Using an Improved Drinking
Water Source

Improved drinking water sources are defined by the World Health Organization/
UNICEF Joint Monitoring Programme (JMP) to be “those which, by nature of their
design and construction, have the potential to deliver safe water.” However, the JMP
provides a more sophisticated metric in the form of a “drinking water ladder,” which
allows deeper insight:

» Surface Water/No Service: Drinking water directly from a river, dam, lake, pond,
stream, canal, or irrigation canal. This has a high risk of contamination.

e Unimproved: Drinking water from an unprotected dug well or unprotected
spring. This risks contamination.

e Limited: Drinking water from an improved source for which collection time
exceeds 30 min for a round trip, including queuing. This is safe but laborious and
interferes with other living activities and productivity.

* Basic: Drinking water from an improved source, provided collection time is not
more than 30 min for a round trip, including queuing. This satisfies the basic
human need.

» Safely Managed: Drinking water from an improved water source, which is located
on-premises, available when needed, and free from fecal and priority chemical
contamination. This maximizes a person’s chances of being healthy and productive
and is the typical practice in the wealthiest countries. Considering the costs of a
person being sick and spending their valuable time gathering water, and the eco-
nomic value of productive activities requiring access to water, this is usually the
most affordable type of water source—but it requires financial capital, professional
expertise, and political stability to provide this type of water access.

Additional JPM metrics for improved water sources include the following:

* Accessible on-premises
e Available when needed

e Free from contamination
* Piped

* Non-piped

Figure 3.7 shows the percentage of the world’s population without access to at
least basic improved sources of drinking water. The percentage of the world’s
population without access to at least basic improved sources of drinking water
dropped from 20.0% (1224 million) in 2000 to 11.5% (848 million) in 2015, a 42%
improvement. Note the significant difference between rural and urban populations.

3.5.2.4 The Proportion of the Population Using an Improved Sanitation
Facility

The Joint Monitoring Programme defines sanitation services as “the management of
excreta from the facilities used by individuals, through emptying and transport of
excreta for treatment and eventual discharge or reuse.” Improved sanitation facilities
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Fig. 3.7 Percentage of the world population without access to basic improved sources of drinking
water. (Source: World Health Organization/UNICEF Joint Monitoring Programme (JMP) for
Water Supply, Sanitation, and Hygiene. World Bank Indicator Codes: SH.H20.BASW.ZS, SH.
H20.BASW.RU.ZS [rural], and SH.H20.BASW.UR.ZS [urban])

are “those designed to hygienically separate excreta from human contact.” The JIMP
also has a “sanitation ladder” metrics:

e Open defecation: Disposal of human feces in fields, forests, bushes, open bodies
of water, beaches and other open spaces or with solid waste

e Unimproved: Use of pit latrines without a slab or platform, hanging latrines, or
bucket latrines

e Limited: Use of improved facilities shared between two or more households

* Basic: Use of improved facilities which are not shared with other households

e Safely Managed: Use of improved facilities which are not shared with other
households and where excreta are safely disposed in situ or transported and
treated off-site

Figure 3.8 shows that the percentage of the world’s population without access to
basic sanitation services dropped from 41.5% (2.54 billion) in 2000 to 31.9%
(2.35 billion) in 2015, a 23% improvement. Again, note the significant difference
between rural and urban populations.

3.5.2.5 Metrics, Data, and Models

The metrics used in the Millennium Development Goals did not address many
aspects of food, energy, and water security because of both the political desire to
have a small number of metrics and for the practical reason that the data underlying
many desirable metrics is limited on a global scale or inconsistently gathered in
different countries. The complexities associated with metrics, data, and modeling
and computation illustrated here are explored in later Chapters.
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Fig. 3.8 Percentage of the world population without access to basic sanitation services. (Source:
World Health Organization/UNICEF Joint Monitoring Programme (JMP) for Water Supply,
Sanitation, and Hygiene. World Bank Indicator Codes: SH.STA.BASS.ZS, SH.STA.BASS.RU.ZS
[rural] and SH.STA.BASS.UR.ZS [urban])

3.5.3 Impact of the Millennium Development Goals

While the halving or 50% reductions of the MDGs were not achieved for the four
metrics, significant progress was made between 2000 and 2015:

* 31% reduction in the prevalence of underweight children under 5 years of age

* 28% reduction in the proportion of population below minimum level of dietary
energy consumption

* 42% reduction in the proportion of the population using an improved drinking
water source

* 23% reduction in the proportion of the population using an improved sanitation
facility

How much did the process of setting the Millennium Development Goals and
follow up that happened afterward contribute to these achievements?

While it is tempting to view the MDGs as a form of coordinated global public
policy facilitated by the United Nations system (see Sect. 6.2.2), and implemented
in a systematic way by national governments, aid agencies, NGOs and the UN sys-
tem itself, the reality is far more complicated.

The process of global policymaking has been likened to an ancient Greek mar-
ketplace (an “agora”) where individuals and organizations mix their politics, eco-
nomics, and culture in “a domain of relative disorder and uncertainty where
institutions are underdeveloped and political authority [is] unclear and dispersed
through multiple institutions and networks” (Stone 2008).

Significant efforts were made to confront all of the issues addressed by the MDGs
before 2000. How did the MDGs change those efforts? While many programs
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continued as before, many of the significant actors in development publicly com-
mitted to the MDGs as a shared vision and framework for their efforts. Funds were
raised using the MDG frameworks, and actions under the framework became targets
for efforts.

Some viewed the MDGs as leading the way in lifting billions out of poverty.
Jeffrey Sachs of Columbia University declared that the “Millennium Development
Goals (MDGs) mark a historical and effective method of global mobilization to
achieve a set of important social priorities worldwide.”

However, others were far more critical. William Easterly of New York University
noted that “[m]easuring social and economic progress is not at all as straightforward
as the discussion of the MDGs makes it seem. Setting targets in a particular way will
make some regions look better, and others look worse depending on a number of
choices that any target-setting exercise must make.”

It is challenging to provide a robust quantitative correlation between the MDGs
and the improvements in the four metrics that took place. One approach by John
McArthur and Krista Rasmussen of the Brookings Institution measured the rate of
improvement of MDG metrics before 2000 to the rate of improvement in the period
2000-2015. They found that most rates of progress accelerated after the adoption of
the MDGs, especially in low-income countries and sub-Saharan African countries,
while “middle-income countries typically registered larger cumulative gains but
less acceleration over the period.”

Further, “the greatest advances were in matters of life and death. At least
20.9 million and as many as 30.3 million additional lives were saved due to acceler-
ated rates of progress, with sub-Saharan Africa accounting for approximately two-
thirds of the total.” Note that this analysis was applied to all the MDGs, not just the
food and water metrics, and so other factors, like improvements in health services,
also played an essential role in declines in mortality rates.

However, showing a correlation between the MDGs and increases in rates of
improvements in different aspects of development is not the same as proving direct
causation. It is impossible to know how institutions and organizations would have
behaved had there been no MDGs.

From a public policy perspective, the Millennium Development Goals were per-
ceived as successfully mobilizing action on development issues, even they did not
specifically address energy. This naturally led to consideration of what would suc-
ceed them following 2015. Addressing energy and creating a more ambitious set of
“Sustainable Development Goals” became the focus of the third United Nations
Conference on Environment and Development held in 2012.

Significantly, the Millennium Development Goals did not address energy despite
the connection between energy and human well-being. In 2005, an unsuccessful
attempt was made to add energy targets to the MDGs. However, in 2010, the UN
General Assembly declared that 2012 would be the International Year of Sustainable
Energy for All.
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3.6 Sustainable Energy for All

The relationship between energy use and human well-being is well known and takes
a logarithmic form (see Fig. 3.9). Energy is essential for the provision of most mod-
ern human services provided at scale, including mobility; lighting; food production
and storage; water extraction, purification and delivery; sanitation; education; health
care; construction; and, of course, most forms of economic activity.

While energy was mostly an implicit, rather than explicit, part of the develop-
ment agendas of the international aid community, it has always been a very high
priority for national governments and international investment.

Following the first international energy crisis of late 1973, the OECD established
the International Energy Agency (IEA) to provide, among other things, comprehen-
sive statistics and analysis on a wide range of energy issues, including energy pov-
erty and development.

Energy poverty includes many issues in addition to the low levels of energy con-
sumption. In poor communities, the primary sources of energy are traditional forms
of biomass—wood, charcoal, leaves, agricultural residue, animal/human waste, and
urban waste. These forms of energy, while “renewable” have many problematic
issues, including:

e They often entail a significant burden on people (particularly women and chil-
dren) to collect and use, reducing the time available for other productive pur-
poses and education.

e Traditional biomass fuels (wood, charcoal, leaves, agricultural residue, animal/
human waste, and urban waste) are very inefficient ways of obtaining energy,
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Fig. 3.9 Human development index (HDI) as a function of energy use per capita of 125 countries
in 2015. (Source: UNDP 2016 for HDI data and World Bank (2018) for energy data, Indicator
Code: EG.USE.PCAP.KG.OE)
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typically only 10% of the potential energy is utilized for an energy service such
as cooking. Traditional biomass is considered renewable.

* They result in harmful levels of air pollution in homes. The WHO estimates that
3.8 million deaths occur each year as a result of exposure to dirty cookstoves and
the indoor use of unclean fuels.

* Gathering traditional biomass fuels on a large scale can have adverse environ-
mental consequences such as increasing deforestation, soil loss, and degrading
of ecosystem services.

Low-income countries typically obtain a large part of their energy from tradi-
tional biomass sources. Mid-income countries typically obtain most of their energy
from fossil fuels. In contrast, many high-income countries obtain a growing share of
their energy from modern renewable energy such as hydropower, wind, solar, and
modern biomass (Fig. 3.10)—along with (arguably) third-generation and newer
nuclear sources. For example, in 2017, the USA obtained 11% of its total primary
energy from renewable sources (EIA 2018).

In the 1980s, at the same time as the term “sustainable development” was becom-
ing popular, rising concern about climate change brought a new perspective and
tension to the challenge of providing energy security. The new question became
how to provide the energy services required to advance human development without
dramatically increasing emissions of greenhouse gases?

While initiatives to address energy security increased during the 1990s, the issue
finally came to the fore in 2010, when the UN General Assembly declared that 2012
would be the International Year of Sustainable Energy for All.

In 2012, the Sustainable Energy for All (SEforAll) initiative was launched with
a declaration that “Energy is the golden thread that connects economic growth,
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increased social equity, and an environment that allows the world to thrive.
Development is not possible without energy, and sustainable development is not
possible without sustainable energy.” SEforAll had three objectives to be achieved
by 2030:

* Ensuring universal access to modern forms of energy like electricity
* Doubling the share of renewable energy
* Doubling the rate of improvement in energy efficiency

These objectives were quickly subsumed within the 2015 Sustainable
Development Goals.

3.7 Sustainable Development Goals

The 2012 United Nations Conference on Environment and Development focused on
establishing a new round of development goals. A 3-year “Post-2015 Development
Agenda” process culminated in the adoption by the UN General Assembly in 2015
of a document “Transforming Our World: the 2030 Agenda for Sustainable
Development.”

Much bigger and bolder than the Millennium Development Goals, the 17
Sustainable Development Goals (SDGs) addressed: (1) poverty; (2) hunger; (3)
health and well-being; (4) education; (5) gender equality; (6) water and sanitation;
(7) energy; (8) work and economic growth; (9) industry, innovation and infrastruc-
ture; (10) reduced inequalities; (11) cities and communities; (12) consumption and
production; (13) climate change; (14) oceans, seas and marine life; (15) terrestrial
ecosystems, forests, desertification, land degradation and biodiversity; (16) peace,
justice and social institutions; and (17) cooperation, finance, data and monitoring
and other activities to achieve the goals.

As of summer 2018, the 17 SDG includes 169 targets and 243 indicators/metrics.

Here food, energy, and water are explicit in SDGs 2, 6, and 7 and arguably
implicit in many of the other goals. Within these three SDGs are specific objectives
with some additional strategies. Each includes a diverse set of objectives and
indicators.

3.7.1 SDG 2 Food

Sustainable Development Goal 2 aims to “end hunger, achieve food security and
improved nutrition and promote sustainable agriculture.” To achieve this goal, SDG
2 has the following targets and indicators/metrics:

Target 2.1. By 2030, end hunger and ensure access by all people, in particular, the
poor and people in vulnerable situations, including infants, to safe,
nutritious and sufficient food all year round.
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Metric 2.1.1: Prevalence of undernourishment. This is the same metric
as used in the MDGs and is shown in Fig. 3.6 above.

Metric 2.1.2: Prevalence of moderate or severe food insecurity in the
population, based on the Food Insecurity Experience Scale (FIES).
By 2030, end all forms of malnutrition, including achieving, by 2025,
the internationally agreed targets on stunting and wasting in children
under 5 years of age, and address the nutritional needs of adolescent
girls, pregnant and lactating women and older persons.

Metric 2.2.1: Prevalence of stunting (height for age <—2 standard devia-
tion from the median of the WHO Child Growth Standards) among chil-
dren under 5 years of age.

Metric 2.2.2: Prevalence of malnutrition (weight for height >+2 or <-2
standard deviation from the median of the WHO Child Growth
Standards) among children under 5 years of age, by type (wasting and
overweight). This is a variation on the metric used in the MDG and is
shown in Fig. 3.5 above with the addition of overweight.

By 2030, double the agricultural productivity and incomes of small-
scale food producers, in particular women, indigenous peoples, family
farmers, pastoralists, and fishers, including through secure and equal
access to land, other productive resources and inputs, knowledge, finan-
cial services, markets and opportunities for value addition and non-farm
employment.

Metric 2.3.1: Volume of production per labor unit by classes of farming/
pastoral/forestry enterprise size.

Metric 2.3.2: Average income of small-scale food producers, by sex and
indigenous status.

By 2030, ensure sustainable food production systems and implement
resilient agricultural practices that increase productivity and produc-
tion, that help maintain ecosystems, that strengthen capacity for adapta-
tion to climate change, extreme weather, drought, flooding, and other
disasters and that progressively improve land and soil quality.

Metric 2.4.1: Proportion of agricultural area underproductive and sus-
tainable agriculture.

By 2020, maintain the genetic diversity of seeds, cultivated plants and
farmed and domesticated animals and their related wild species, includ-
ing through soundly managed and diversified seed and plant banks at
the national, regional, and international levels, and promote access to
and fair and equitable sharing of benefits arising from the utilization of
genetic resources and associated traditional knowledge, as internation-
ally agreed.

Metric 2.5.1: Number of plant and animal genetic resources for food
and agriculture secured in either medium or long-term conservation
facilities.

Metric 2.5.2: Proportion of local breeds classified as being at risk, not-
at-risk, or at an unknown level of risk of extinction.
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Three additional targets address implementation issues: finance and trade and
markets:

Target 2.A Increase investment, including through enhanced international coopera-
tion, in rural infrastructure, agricultural research and extension services,
technology development, and plant and livestock gene banks in order to
enhance agricultural productive capacity in developing countries, in
particular, least developed countries.

Metric 2.A.1: The agriculture orientation index for government
expenditures.

Metric 2.A.2: Total official flows (official development assistance plus
other official flows) to the agriculture sector.

Target 2.B Target 2.B. Correct and prevent trade restrictions and distortions in
world agricultural markets, including through the parallel elimination
of all forms of agricultural export subsidies and all export measures
with equivalent effect, in accordance with the mandate of the Doha
Development Round of the World Trade Organization (see Sect. 6.2.3).
Metric 2.B.1: Producer Support Estimate.

Metric 2.B.2: Agricultural export subsidies.

Target 2.C Target 2.C. Adopt measures to ensure the proper functioning of Food
Commodity (agricultural) markets and their derivatives and facilitate
timely access to market information, including on food reserves, in
order to help limit extreme food price volatility.

Metric 2.C.1: Indicator of food price anomalies.

SDG 2 is a far cry from the hunger component of MDG 1. The two MGD food
metrics are replaced by 14, which move toward a food system perspective. Each of
the four attributes of food security (availability, access, utilization and stability, and
sustainability) have some metrics. Each year, the Food and Agricultural Organization
of the United Nations (FAO) leads an annual global review of the state of food secu-
rity, which provides some tracking of SDG 2.

3.7.2 SDG 6 Water

Sustainable Development Goal 6 aims to “ensure availability and sustainable man-
agement of water and sanitation for all.” To achieve this goal, SDG has the follow-
ing targets and indicators/metrics:

Target 6.1. By 2030, achieve universal and equitable access to safe and affordable
drinking water for all.
Metric 6.1.1: Proportion of population using safely managed drinking
water services. Note that this metric is the highest level of the JIMP
“drinking water ladder” described above (Sect. 3.5.2). Figure 3.7 shows
those without access to basic improved sources of drinking water. This
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was 11.5% of the world in 2015. 28.2% of the world did not have access
to safely managed drinking water in 2015.

By 2030, achieve access to adequate and equitable sanitation and
hygiene for all and end open defecation, paying special attention to the
needs of women and girls and those in vulnerable situations.

Metric 6.2.1: Proportion of population using safely managed sanitation
services, including a hand-washing facility with soap and water. Note
that this metric is the highest level of the JMP “sanitation ladder”
described above (Sect. 3.5.2). Figure 3.8 shows the percentage of the
world population without access to basic sanitation services. This was
32.0% of the world in 2015. 60.7% of the world did not have access to
safely managed sanitation services in 2015, and 12.1% of the world still
relied on open defecation.

By 2030, improve water quality by reducing pollution, eliminating
dumping and minimizing the release of hazardous chemicals and mate-
rials, halving the proportion of untreated wastewater and substantially
increasing recycling and safe reuse globally.

Metric 6.3.1: Proportion of wastewater safely treated.

Metric 6.3.2: Proportion of bodies of water with good ambient water
quality.

By 2030, substantially increase water-use efficiency across all sectors
and ensure sustainable withdrawals and supply of freshwater to address
water scarcity and substantially reduce the number of people suffering
from water scarcity.

Metric 6.4.1: Change in water-use efficiency over time.

Metric 6.4.2: Level of water stress: freshwater withdrawal as a propor-
tion of available freshwater resources.

By 2030, implement integrated water resources management at all lev-
els, including through transboundary cooperation as appropriate.
Metric 6.5.1: Degree of integrated water resources management imple-
mentation (0-100).

Metric 6.5.2: Proportion of transboundary basin area with an opera-
tional arrangement for water cooperation.

By 2020, protect and restore water-related ecosystems, including moun-
tains, forests, wetlands, rivers, aquifers, and lakes.

Metric 6.6.1: Change in the extent of water-related ecosystems over
time.

Two additional targets address implementation issues; one addressing develop-
ment assistance and one addressing community engagement:

Target 6.A

By 2030, expand international cooperation and capacity-building sup-
port to developing countries in water- and sanitation-related activities
and programs, including water harvesting, desalination, water effi-
ciency, wastewater treatment, recycling, and reuse technologies.

Metric 6.A.1: Amount of water- and sanitation-related official develop-
ment assistance that is part of a government-coordinated spending plan.
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Target 6.B Support and strengthen the participation of local communities in
improving water and sanitation management.
Metric 6.B.1: Proportion of local administrative units with established
and operational policies and procedures for participation of local com-
munities in water and sanitation management.

As with food, SDG 6 represents a dramatic expansion in targets and metrics. The
two MGD water and sanitation metrics are replaced by 11, which again move
toward a water system perspective and apply to the four attributes of water security
(availability, access, utilization and stability, and sustainability). Target 6.6 directly
addresses ecosystems and ecosystem services.

The WHO/UNICEF Joint Monitoring Programme (JMP) provides annual report-
ing on progress on SDG 6.

3.7.3 SDG 7 Energy

Sustainable Development Goal 7 draws directly on the Sustainable Energy for All
initiative with a goal to “ensure access to affordable, reliable, sustainable and mod-
ern energy for all.” Note the use of the term “modern energy,” which directly aims
at a transition away from tradition biomass fuels and the problems associated with
them. To achieve this goal, SDG adopts the same three targets as SEforAll with the
following indicators/metrics:

Target 7.1. By 2030, ensure universal access to affordable, reliable and modern
energy services.
Metric 7.1.1: Proportion of population with access to electricity (see
Fig. 3.11).
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Fig. 3.11 Percentage of the world population without access to electricity (Metric 7.1.1) and
without access to clean fuels and technologies for cooking (Metric 7.1.2). (Source: World Bank,
Indicator codes EG.ELC.ACCS.ZS [electricity] and EG.CFT.ACCS.ZS [cooking])
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Metric 7.1.2: Proportion of population with primary reliance on clean
fuels and technology (see Fig. 3.11).

Target 7.2. By 2030, increase substantially the share of renewable energy in the
global energy mix.
Metric 7.2.1: Renewable energy share in the total final energy consump-
tion (see Fig. 3.12).

Target 7.3. By 2030, double the global rate of improvement in energy efficiency.
Metric 7.3.1: Energy intensity measured in terms of primary energy and
GDP (see Fig. 3.13).
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Fig. 3.12 Renewable energy share in the total final world energy consumption. (Source: World
Bank (Indicator code EG.FEC.RNEW.ZS). Note that the declining trend before 2007 represents a
reduced share of energy from traditional biomass and greater use of fossil fuels. The increasing
trend after 2007 represents the acceleration in the deployment of modern renewables, mainly wind.
It is important to remember the SDG 7 calls for a reduction in the use of traditional biomass, and
therefore modern renewables must both replace traditional biomass and displace fossil fuels and
nuclear)
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Fig. 3.13 Energy intensity level of primary energy (MJ/$2011 PPP GDP). (Source: World Bank,
Indicator code EG.EGY.PRIM.PP.KD)
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Two additional targets address implementation issues; one addressing finance
and one addressing investment in infrastructure and technology:

Target 7.A By 2030, enhance international cooperation to facilitate access to
clean energy research and technology, including renewable energy,
energy efficiency and advanced and cleaner fossil-fuel technology,
and promote investment in energy infrastructure and clean energy
technology.

Metric 7.A.1 Mobilized amount of US dollars per year starting in 2020
accountable towards the $100 billion commitment.

Target 7.B By 2030, expand infrastructure and upgrade technology for supplying
modern and sustainable energy services for all in developing countries,
in particular, least developed countries, small island developing States,
and land-locked developing countries, in accordance with their respec-
tive programs of support.

Metric 7.B.1 Investments in energy efficiency as a percentage of GDP
and the amount of foreign direct investment in financial transfer for
infrastructure and technology to sustainable development services.

The World Bank leads a lead an annual review related to the SEforAll initiative
(see World Bank, 2017 Global Tracking Framework in Further Reading). The IEA,
IRENA, UN Statistics Division, World Bank, and WHO are the custodian agencies
for SDG 7 and put out a tracking report each year (see Further Reading).

3.7.4 Other SDGs

All SDG goals have some relevance to food, energy, and water.

e Achieving SDG 1 (poverty) and SDG 8 (work) will enable the poor of the world
to be able to afford more resources and address the access component of
security.

e Achieving SDG 3 (health and well-being) and SDG 11 (cities and settlements)
requires addressing hunger and nutrition, water and sanitation, and energy for
such services as refrigerating medicines. See Chap. 18 for FEW issues at the
city-scale relevant to SDG 11.

e Achieving SDG 4 (education) will result in less poverty and better utilization of
resources and services.

e Gender quality (SDG 5) and reduced inequality (SDG 10) will lower fertility
rates and allow women and others greater access to resources which can be uti-
lized more efficiently (resources for basic need are used more efficiently than
resources for needs beyond basic)

e SGD 12 (consumption and production) includes a strong focus on the efficient
use of resources (including waste reduction, reuse, and recycling), which will
lower the demand for energy and water.
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Specific to food, SDG 12 includes: Target 12.3 By 2030, halve per capita
global food waste at the retail and consumer levels and reduce food losses along
production and supply chains, including post-harvest losses. This is measured by
the Global Food Loss Index (Metric 12.3.1).

Specific to energy, SDG 12 includes Target 12.C. Rationalize inefficient
fossil-fuel subsidies that encourage wasteful consumption by removing market
distortions, in accordance with national circumstances, including by restructur-
ing taxation and phasing out those harmful subsidies, where they exist, to reflect
their environmental impacts, taking fully into account the specific needs and
conditions of developing countries and minimizing the possible adverse impacts
on their development in a manner that protects the poor and the affected com-
munities. Metric 12.C.1 measures the level of fossil-fuel subsidies per unit of
GDP (production and consumption) and as a proportion of total national expen-
diture on fossil fuel.

Specific to water, SDG 12 includes Target 12.4, which aims to reduce the
release of chemicals and wastes into air, water, and soil.

SDG 13 (climate) addresses the topic with a focus on supporting the ability of
poor and vulnerable countries to adapt, adopt effective policies, support educa-
tion, finance clean energy, and take other steps consistent with the United Nations
Framework Convention on Climate Change without encroaching on its primary
authority on climate change (Chap. 11).

SDG 14 (oceans, seas, and marine life) and SDG 15 (terrestrial ecosystems, for-
ests, desertification, land degradation, and biodiversity) address a variety of tra-
ditional environmental issues, many of which impact food, energy, and water.
For example, reducing pollution and the degradation of ecosystem functioning
has significant implications for food production on land and in fisheries.

Specific to food are the following:

(a) Target 14.2 addresses destructive and overfishing practices and calls for
science-based management plans to restore fish stocks to levels that can be
sustainably harvested. This is measured by the proportion of fish stocks
within biologically sustainable levels (Metric 14.4.1).

(b) Target 14.6 address subsidies which contribute to destructive overfishing
practices. This is measured by progress by countries in the degree of imple-
mentation of international instruments aiming to combat illegal, unreported
and unregulated fishing (Metrics 14.6.1).

(c) Target 14.7 addresses fisheries and Small Island Developing States, while
Target 14.B addresses access for small-scale artisanal fishers to marine
resources and markets.

(d) Targets 15.1-15.5 address freshwater ecosystems, forests, desertification,
mountain ecosystems, and biodiversity loss respectively. These targets and
related issues will be addressed in Chap. 9 (Ecosystems).

SDG 16 (peace, justice, and social institutions) and SDG 17 (cooperation,
finance, data and monitoring, and other activities to achieve the goals) address
the framework of societies and their interactions that will enable the SDG to be
successful.
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Key Points

Food, energy, and water security implicate four key attributes, including avail-
ability; access; utilization; and, stability and reliability.

A wide array of quantitative and qualitative factors are required to understand
food, energy, and water security and (more generally) human development.
Development is a general and subjective concept to describe the evolution of
aggregate human well-being.

Economic metrics such as GDP, GDP and GNI, and the Human Development
Index are useful but limited measures of development.

The Millennium Development Goals (2000-2015) provided a framework for
mobilizing development efforts in a small number of areas.

The Sustainable Development Goals (SDGs) (2016-2030) are a much larger
enterprise, including 17 goals, 169 targets, and 243 indicators/metrics. SDG 2
addresses food; SDG 6 addresses water and sanitation; and, SDG 7 addresses
energy. Many other SDGs have essential interlinkages to food, energy, and water.
SDGs and other goals have implications for FEW Nexus, but exactly in what
manner or magnitude are hard to outline in the current context. Much work still
is needed to identify Nexus connections to goals, develop Nexus-related goals
and benchmarks, and devise strategies and policies.

Discussion Points and Exercises

1

1

1.

0.

1.

Discuss how the attributes of complex systems such as heterogeneity, intercon-
nections, distributed natural and distributed human controls, hierarchy, emer-
gence, feedback, self-organized criticality, sensitivity to initial conditions,
adaption, and sentience map on to attributes of resource security.

Discuss the role of demographics in three countries—one LDC country, one
less developed non-LDC, and one high developed country.

. Discuss the strengths and weaknesses of the Human Development Index and

suggest an index of your own.
Discuss relationships between targets and metrics in SDG 2 (hunger) and SDG
6 (water and sanitation).

. Discuss relationships between targets and metrics in SDG 2 (hunger) and SDG

7 (energy).

. Discuss relationships between targets and metrics in SDG 6 (water and sanita-

tion) and SDG 7 (energy).

Map the metrics of SDG 2 on to the four attributes of food security. What addi-
tional metrics might provide a fuller understanding of food security?

Map the metrics of SDG 4 onto the four attributes of water security. What addi-
tional metrics might provide a fuller understanding of water security?

. Map the metrics of SDG 7 onto the four attributes of energy security. What

additional metrics might provide a fuller understanding of energy security?
Map the metrics of SDG 6 on to the attributes of a water system. What parts of
a water system are not represented in the indicators?

Using the World Bank’s World Development Indicators, graph prevalence of
undernourishment against GDP for countries where data is available (see
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Appendix D). Identify countries that have relatively high or low prevalence of
undernourishment compared to their relative GDP (i.e., relatively poor/wealthy
countries that have relatively low/high undernourishment.)

12. Using the World Bank’s World Development Indicators (see Appendix D),
graph percentage of population without access to basic improved sources of
drinking water against GDP for countries where data is available. Identify
countries that have relatively high or low use of improved sources of drinking
water compared to their relative GDP (i.e., relatively poor/wealthy countries
that have relatively high/low use of improved sources of drinking water.)

13. Using the World Bank’s World Development Indicators (see Appendix D),
graph percentage of population without access to electricity against GDP for
countries where data is available. Identify countries that have relatively high or
low access to electricity their relative GDP (i.e., relatively poor/wealthy coun-
tries that have relatively high/low access to electricity.)

14. Write and discuss an opinion on whether, and in what specific sense, your home
community, home country, or the world face a Malthusian trap in the twenty-
first century.
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Chapter 4 )
Human Behavior and Adaptation b

Mary Doidge, Elena Irwin, Nicole Sintov, and Robyn S. Wilson

4.1 Introduction

Human behavior plays an important role in food, energy, and water systems. The
complexity of these systems (see Chap. 2) means that studying components in isola-
tion will not allow for a complete understanding of system dynamics, and will
potentially lead to solutions that omit important elements. The coupled nature of
FEW systems means the human and natural systems are linked such that human
behavior impacts natural processes, and the outcomes of these natural processes
influence human behavior. Effectively managing FEW systems requires under-
standing how humans behave and interact with their natural and social environ-
ments, as well as understanding the environmental impacts of social changes (e.g.,
population growth and urbanization).
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Studying either the natural or human system in isolation omits important drivers
of change in FEW systems and how people respond and adapt to these changes.
This can potentially lead to an incomplete understanding of these integrated systems.

Researchers may approach the role of human behavior and adaptation within
FEW systems using different frameworks or methods, drawing from and incorpo-
rating many social science disciplines. Despite the variety of approaches, research-
ers in this context seek to address how human behavior impacts the natural
environment, and how individual, community, and political decisions impact these
systems.

In this chapter, we consider the role of human behavior and adaptation in FEW
systems. We discuss the importance of including more sophisticated models of
human behavior in the study of FEW systems and provide examples of how past
research has incorporated complexity in human behavior into models of these sys-
tems. We do so from the perspectives of psychology, economics, and decision sci-
ence—all social sciences with well-developed theories and models of human
behavior that are useful in informing models and policies. We present two case
studies as examples of how research can explicitly account for human behavior in
these systems. Finally, we discuss challenges in incorporating human behavior and
adaptation into models of these systems and identify future directions for work in
this field.

4.2 Consequences of Overlooking Complexities in Human
Behavior

The complexities of FEW systems are apparent throughout the chapters of this
book. Section 1.4 discusses the macroscope of the FEW nexus concepts and out-
lines several framings of this nexus. The complexity of the system presents many
challenges to studying it as a whole, often leading researchers to focus on a single
aspect of the system and omit other drivers of change within these systems. Many
models of FEW systems may neglect or simplify human behavior to the point that
it does not accurately represent how people behave in certain situations. Not
accounting for behavioral responses has led to mismanagement of resources rang-
ing from fisheries to forests to endangered species.

As an illustration of the complex feedbacks between human behavior and FEW
systems, the American Renewable Fuel Standard (RFS—see Sects. 9.2.1 and
9.3.1) demonstrates how a policy can cause people to alter their behavior, poten-
tially leading to changes in FEW systems beyond the stated goals of the policy.

The RFS requires the incorporation of renewable fuels, such as corn ethanol, in
commercial gasoline in an effort to reduce greenhouse gas emissions. One potential
outcome of this requirement is increased demand for domestically produced corn to
meet the demand for ethanol. An increase in demand for corn will likely impact
commodity markets nationally, potentially leading to increased food prices (see
Sect. 5.2.1). An increase in corn prices may provide an incentive for farmers to
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change their crop production and land allocation on their farms. These individual
decisions by farmers may impact water demand due to changing crop production
patterns and have downstream effects on water quality from farmers’ input use.
Farmers’ production decisions may also affect international commodity markets
through price responses to changes in production levels.

Thus, a decision at the national level may affect individual decisions, with con-
sequences for environmental quality and resource availability at multiple scales.
Neglecting any of these behavioral responses will lead to an incomplete understand-
ing of the potential effects of a policy such as the RFS on local, national, and inter-
national systems.

As the above example illustrates, ignoring human behavior can lead to inaccurate
models of FEW systems. Simplifying human behavior can lead to similar results.
Much of the work that incorporates human behavior and decision-making includes
assumptions about how people behave that may not fully reflect reality. Such
assumptions may facilitate modeling these systems and are often necessary to make
models tractable to understand how individual decision-making influences system-
level change and vice versa. However, simplifying how people respond to changes
in their social and natural environments can also lead to inaccurate conclusions
about how such changes can impact human and natural systems.

Economic models of individual decision-making are a common approach to rep-
resenting human behavior in integrated human-natural models of FEW systems.
Standard economic models assume that people are rational, using optimization rules
such as profit or utility maximization' to guide their behavior. Using simplified
models such as these in FEW system research has advantages for researchers: under
these frameworks, decision-making processes are fairly straightforward to model
with clean decision rules (i.e., make the decision that will maximize the individual’s
profit or utility). Models that can be easily quantified are more easily integrated into
models of the natural systems.

These models can incorporate some amount of individual or landscape heteroge-
neity—for example, differences in income can lead to differences in the demands
for food, energy or other goods and services embedded in FEW systems. Economic
models can indirectly account for interactions among individuals through changes
in prices that result from changes in demand and can account for non-market inter-
actions as well, e.g., pollution caused by individual activities that in turn induces
individual adaptations to the pollution. However, because the models rely on
quantifying equilibrium conditions to characterize such system feedbacks, they are

!'Utility maximization is a theoretical framework often used to model human behavior in econom-
ics. Utility maximization assumes people have a well-defined function that determines their utility
(called a utility function). In economics, this function has certain properties that make it easy to
model. For example, utility functions are assumed to be decreasing in the price of an object, so that
an individual experiences less utility if the price of that object increases. These functions and their
defined properties make them easy to incorporate into economic models, although some of the
assumptions they make may not be accurate in describing someone’s well-being, and the behav-
ioral predictions made by using such models have often found to be lacking in their ability to
model people’s actual behavior.
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limited in the variety and complexity of individual-level heterogeneity and interactions
that can be considered.”

In addition to being constrained in terms of the amount of heterogeneity that can
be considered, there are other potential limitations of simplifying human decision-
making. Optimization assumes that agents are maximizing or minimizing a known
objective, which may not reflect the underlying behavior. Assumptions of optimizing
behavior can be made more realistic by imposing constraints, e.g., by accounting for
uncertainty and then assuming a process by which individuals form expectations over
future unknown conditions or states of the world. However, this expectation formation
process is often assumed to be highly simplified and may not account for key pro-
cesses, such as learning over time or through interactions with others.

Furthermore, while profit and other economic factors often play an important
role in individuals’ decision-making processes, people consider other factors in
their decision-making process as well. For example, farmers may use their land in
such a way that takes the environmental consequences of their decisions into
account, even if their land use strategy is not the one that maximizes profit. Similarly,
people may choose gasoline-inefficient vehicles over smaller, more efficient vehi-
cles to signal status or other aspects of their identities, even when inefficient vehi-
cles are economically irrational choices.

As discussed in Sect. 1.3.1, the FEW system domain is subject to policy inter-
vention at all levels of government. Formal models of these coupled human and
natural systems often inform policy recommendations for FEW system manage-
ment. As a result, relying on inaccurate representations of human behavior may lead
to policies that fail to achieve their stated aims or policies that are not implemented
at all. For example, economic models of policies intended to mitigate the effects of
climate change often present the economic costs of strategies to address climate
change without accounting for the potential benefits of new technologies, such as
economic growth or increases in employment. Additionally, models designed to
inform global climate change policies have traditionally assumed a market discount
rate (see Sect. 5.3.3), the rate at which the market discounts future economic returns
(typically the prevailing interest rate), rather than a social discount rate, which
would reflect individuals’ sense of moral obligation and concern for future genera-
tions. The use of a market discount rate underweights future environmental costs
and can have substantially different implications for policy.

Furthermore, studies that predict policy impacts often do not consider distribu-
tional effects, such as whether and how the policy change may be felt by high-versus
low-income populations, or how people in urban centers and rural areas may be
differentially impacted (See Sects. 5.3.2 and 18.4 for case studies that illustrate
distributive effects in FEW policy at the city-scale).

Policies that have different distributional impacts may result in conflict as groups
compete for increasingly scarce resources such as water or land, triggering human

%See Irwin and Wrenn (2014) for a discussion of equilibrium-based and other modeling approaches,
including agent-based models, in the context of land use decision-making and land change
systems.
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migration among certain groups if resources are no longer available. For example,
migration among residents of rural Mexico to the USA has been shown to be affected
by the incidence of significant drought events. These drought events do not have the
same effect on the more affluent urban Mexican population (Hunter et al. 2013).

4.3 Towards More Realistic Models of Human Behavior
in the Study of FEW Systems

Decision science and its related disciplines have grown substantially since the early
1990s. This growing body of work has generated a better understanding of the
impacts of environmental changes on human behavior and adaptations and vice
versa. While many of these insights are generic across many different types of sys-
tems, some are particularly germane to human adaptations within FEW systems.
Here we highlight and discuss some of the key insights.

4.3.1 FEW System Dynamics

Studying human behavior and adaptation in FEW systems requires understanding
the changes in these systems to which people react. The nature of these changes,
including the time horizon over which these changes occur, will impact how people
respond. Changes in FEW systems can occur gradually, resulting in so-called
“press” events, which alter the system incrementally, or as sudden shocks or
“pulse” events. Gradual rising temperatures and sea levels, or gradual population
decline, are examples of press events. Pulse events, such as sudden weather events
like hurricanes or floods, or economic shocks like a sudden increase in food prices,
are likely to affect people and communities over a short period of time and are more
difficult to predict.

The ways in which people respond to gradual or sudden changes in their social
and natural environments are likely to differ. Press events are more gradual and
long-term in nature and are therefore likely to require adaptation strategies that are
incremental. Farmers may respond to gradually increasing temperatures by adjust-
ing their crop mix on a year-by-year basis, or altering when they plant and harvest
crops. Families may move inland in response to increased frequency and severity of
coastal flooding. In contrast, pulse events require people to respond more quickly,
such as evacuating an area due to an imminent hurricane threat.

Studying responses to press events may be challenging because of the gradual
nature of the changes. Pulse events provide their own challenges, as these events are
less frequent and may not provide researchers with enough data to draw conclusions
about how people adapt to rapid changes in their environments. It is vital to under-
stand how these changes will differentially impact affected populations, and how
people and communities are likely to adapt to their changing environment.
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4.3.2 Behavioral Heterogeneity

Recognizing that environmental and social changes may cause people to respond in
different ways is important in accurately accounting for human behavior and adap-
tation in FEW systems. Allowing for behavioral heterogeneity recognizes that
individuals may have different motivations for their actions and that how they react
to changes in their social or natural environments (e.g., due to policy changes, cli-
mate change, etc.) may also be different.

Models that incorporate behavioral heterogeneity can be complex, and may
therefore be more computationally difficult than those that model the behavior of a
single representative agent. However, methods have been developed that allow for
this heterogeneity in agents’ decision-making strategies, and that can incorporate
interactions between different agent types.

Models that incorporate types of individuals with different decision rules (beyond
those based on profit maximization), and interactions between individuals, allow for
behavioral heterogeneity within a population. These models demonstrate that allow-
ing for different decision rules and direct interaction between individuals has impli-
cations for environmental quality, such as resource depletion and pollution levels.
(See Jager et al. 2000 for a more detailed discussion of incorporating heterogeneity
in models of human behavior.)

van Duinen et al. (2015) provide an example of the potential implications of
introducing behavioral heterogeneity in FEW systems research. They use an agent-
based model (ABM) to study farmers’ adoption of irrigation systems in response to
increased drought risk. Behavioral heterogeneity and social interaction are intro-
duced into the model by including types of agents with different decision-making
strategies. Agents differ in what they consider when deciding whether to adopt irri-
gation technology and the degree to which they consider others’ adoption decisions.
The model simulates the effects of drought from climate change on regional agricul-
tural income, adaptation rate, water demand, and behavioral strategies. The results
show that allowing for decision-making heterogeneity and interactions between
farmers results in slower adoption than when farmers’ decision-making is based
purely on expected profit maximization. See Sect. 4.4.3 for more discussion of the
use of ABMs in FEW systems research.

4.3.3 Technology Adoption

Given the essential role that new technologies play in improving resource efficien-
cies and reducing environmental impacts of human consumption, technology adop-
tion can be a key component of human adaptation in FEW systems. However,
technology will be ineffective in improving FEW system sustainability without
widespread adoption. It is therefore critical to consider drivers of technology
adoption, such as consumer decision-making and the social impacts of technology
adoption, to reach a more complete understanding of the role that technology can
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Fig. 4.1 A simplified coupled human-natural systems illustrating how failing to consider human
responses and feedbacks in FEW systems predict the impact of technological innovations in
response to press and pulse events. (Source: Irwin et al. 2016a)

play in FEW systems. For example, adoption of solar panels by homeowners has
been shown to be partially driven by adoption by peers, where one additional solar
panel unit in a zip code increases the probability of another unit being adopted by
almost 1% (Bollinger and Gillingham 2012).

Figures 4.1 and 4.2 illustrate how explicitly accounting for human behavior and
adaptation in FEW systems can more accurately describe the role of technology in
addressing challenges in these coupled human and natural systems.

Fig. 4.1 shows how technological innovation may be modeled assuming that
technological innovation will directly lead to technology adoption. However, this
assumption may neglect important behavioral feedbacks within the system. In con-
trast, Fig. 4.2 shows the important feedback mechanisms between technological
innovation, technology adoption, and human adaptation. The figures also illustrate
how the pulse and press events may directly affect human adaptation, as well as the
indirect impacts of these events through technological innovations. When these
important feedback mechanisms are ignored or omitted, an incomplete understand-
ing of the system can emerge. This may lead to inaccurate predictions of how
changes within the system will impact other elements of the system.

The integration of natural subsystems (e.g., land, primary energy, and water
resources) and human subsystems (e.g., food production, power generation, and
water supply) in FEW systems offers opportunities to explore issues of human
behavior and adaptation in a predictive manner, using tools of data analytics and
modeling. These integrative tools that enable to explore patterns and forecasting in
how FEW systems interact and coevolve are explored in Chaps. 14 (Data) and 15
(Modeling).
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Fig. 4.2 A more holistic coupled human-natural systems framework, illustrating how the consid-
eration of human responses and adaptation to press-pulse events can mediate the relationship
between technological innovation and changes in FEW systems. (Source: Irwin et al. 2016a)

4.3.4 Behavioral Responses and Feedbacks

People can respond to changes in FEW systems or to new FEW policies with desir-
able changes in their behavior, such as reducing water consumption in response to a
water conservation policy. However, people may also alter their behavior in undesir-
able ways. Specifically, rebound and boomerang effects can occur (See Sect.
5.2.2), stemming from market signals or from socio-psychological processes.

Rebound effects are unintended responses to changes in the social system, such
as the introduction of new technology or policy, which results in a reduction or
reversal of the intended impact. The introduction of a new, more energy-efficient
technology may result in a decrease in household energy use and subsequent cost.
In response to these energy savings, the household may respond by using more
energy so that the energy reduction impact of the new technology is not as great as
initially projected. Similarly, the introduction of more efficient irrigation systems
has been found to result in an increase in water use (Pfeiffer & Lin 2014). Not
accounting for potential rebound effects may cause researchers to over-estimate the
impact of certain technological advances and assume environmental benefits that
may not materialize.

Boomerang effects describe the unexpected ways in which people may respond
to efforts intended to promote a particular behavioral change. Boomerang effects
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are observed when the promotion of a particular behavioral or attitudinal change has
an effect opposite of what was intended. For example, messaging aimed at increas-
ing people’s awareness about the potential impacts of climate change has been
found to decrease support for policies aimed at addressing climate change among
certain populations (Hart & Nisbet 2012). There are many potential mechanisms to
explain this effect, but the idea of psychological reactance is one such mechanism.
Reactance occurs when someone feels threatened by new information or the actions
of others, and so they choose to act out in ways to restore their sense of freedom or
autonomy (e.g., acting out of spite).

4.3.5 Behavioral Spillover

In addition to accounting for potential unanticipated behavioral responses to policy,
it is important to acknowledge the potential connections among FEW behaviors
themselves. Behavioral spillover occurs when engaging in a target behavior is
linked to the performance of another, seemingly unrelated behavior.

Spillover may be positive when an increase in one sustainable FEW behavior is
associated with an increase in another. For instance, restrictions on outdoor irriga-
tion may lead to a family reducing water used for irrigation as well as conserving
water in other household activities, like reducing shower times.

Spillover may also be negative, such as when a homeowner increases air condi-
tioning use after adopting water conservation measures, often as a result of moral
licensing or the idea that she has already done her part. Spillover can occur within
one given FEW domain, such as when engaging in one water conservation behavior
influences another water conservation behavior, or across FEW domains, such as
water conservation impacting energy conservation behavior.

Because spillover is defined as a causal process whereby the performance of one
behavior causes a subsequent behavior, spillover studies must establish temporal
order of behaviors to make a case for causality. The link between the target and
spillover behaviors is mediated by the spillover pathway—the psychosocial mecha-
nisms, such as moral licensing, that account for the relationship between seemingly
independent behaviors. The second case study below provides an example of behav-
ioral spillover.

4.3.6 Individual and Collective Decision-Making in FEW
Systems

Decisions made collectively, such as at the community level or through policies insti-
tuted by various levels of government, have the potential for significant environmen-
tal impact and for addressing the many resource problems within FEW systems.
These decisions are likely to be different from those made by individuals, and thus



110 M. Doidge et al.

the effects of these decisions on the broader food, energy, and water systems will also
differ. Both collective and individual decisions have implications for FEW systems.
As such, it is important to consider the different scales at which decision-making
takes place within these systems.

Communities are complex social systems, made up of individuals who may have
multiple motivations for their actions. Communities may also have common inter-
ests that differ from those of the individuals that make up the community. Systems
of governance often constrain the behavior of individuals within these groups and
also determine the actions that the community itself can take (e.g., the laws or poli-
cies that a government can enact).

Theories of community decision-making can be generally categorized into
those that assume that decisions are made pluralistically, with power and influence
diffuse across the community without a dominant actor, and those that assume that
decisions within communities are made by an elite group of individuals. Thus,
characteristics of individuals that determine their power, influence, and role in col-
lective decision-making, and the structures of the networks in which individuals
are embedded, are key attributes for understanding organizational dynamics and
decision-making.

The impact a community has on its environment and the decisions it makes about
FEW system management are affected by several characteristics, including the
community’s population and its economic resources. Urban centers may have access
to more resources and therefore may be better able to protect themselves from cli-
mate hazards (Chap. 11), but high population densities may also make adaptation
more complex (Chap. 18). Rural areas may be more vulnerable to changes in FEW
systems due to their closer links to industries that rely on the natural resources (i.e.,
agriculture, timber, fishing, etc.), and they may be less able to invest in infrastruc-
ture and development.

Participation and involvement of the individuals within the community can also
impact its ability to respond to FEW system challenges. For example, communities
with higher levels of community participation were better able to put policies in
place to limit tree mortality (Flint & Haynes 2006). In contrast, absentee land
ownership has been shown to impact the ability of local governments to respond to
threats to forestland (Bailey & Majumdar 2014).

4.3.7 Temporal Scales

There is often a temporal mismatch between ecological and social responses to
changes in FEW systems. (See Sect. 12.3.1 for a more comprehensive discussion of
temporal scales of FEW systems and Case Study 1 in this chapter for a practical
application of differing temporal scales in FEW systems.) Information and resources
available to make decisions over the long term are limited, and there are often trade-
offs between short-term costs and long-term gains. Interventions by individuals and



4 Human Behavior and Adaptation 111

communities to address potential threats like climate change or water quality may
have significant costs in the short term, but the benefits are not likely to occur until
well into the future. Research has shown that people are often less willing to incur
immediate costs for benefits that will occur in the medium or long term, especially
when there is some uncertainty about the benefits (Frederick et al. 2002). This mis-
match in temporal scales can often lead to negative impacts in FEW systems and
policies that fail to address them.

Wilson et al. (2016) present a decision framework for conservation and environ-
mental management for decisions made by individuals within an institution, such as
a governmental agency. This framework includes five elements: objectives of stake-
holders and the decision-maker; actions of the decision-maker (e.g., policy);
responses of the social and ecological systems; and learning by the decision-maker
(see Fig. 4.3). The elements of the framework have their own timescales, which may
differ from one element to another.

Mismatches in these time scales can occur both within and between individual
decision-makers within an organization, actors in the social (human) system, or the
ecological (natural) system. Not accounting for these temporal mismatches may
lead to incorrect predictions of potential interventions aimed at conservation and
management. These mismatches may require behavioral interventions to adjust the
timescales of human systems. Given it is not often possible to adjust the timescales
of the natural system, this may be the only clear way to obtain the desired outcomes.
For example, placing a tax on gasoline will increase its short-term cost, potentially
causing people to drive less often and decreasing carbon emissions from personal
transportation. Alternatively, desirable behaviors like the use of solar energy can be
subsidized to encourage uptake when market forces are ineffective in the immediate
term. The benefits of these behaviors (driving less and using solar energy) are likely
to occur in the long term, and interventions can be used to impose short-term costs
and benefits to more closely align with the short-sighted nature of human deci-
sion making.

Objectives (O) Actions (A) System Response Learning (L)
Stakeholder
objectives
¢ o~ Social system (S) Decision
Problem Framing L Decision maker maker
& Governance » Deglbs_g)(;i\rlr;asker —> actions I monitoring/ |
Structure ! (Policy) \ / learning

Ecological system (E)

T

Fig. 4.3 A decision framework for conservation and environmental management for decisions
made by individuals within an institution. (Source: Wilson et al. 2016)
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4.4 Data and Methods for Studying Human
Decision-Making and Behavior

Including models of human behavior and adaptation in the study of FEW systems
necessitates the collection of data beyond those required for studying the natural
systems in isolation. Data from the natural sciences, including data on climate,
soils, hydrology, and land cover, are needed to specify physical models of environ-
mental systems (i.e., the agricultural, energy, and hydrological systems). Likewise,
data on individuals and their decision-making processes are necessary to inform
models of human behavior and adaptation in FEW systems. The population of inter-
est, the context in which human behavior is being studied, and the scale at which
decisions are made, among others, are all important considerations in determining
the appropriate data collection and research approach. (See Chap. 14 for a more
comprehensive discussion on the types of data used in various FEW system research
and the integration of data on the physical and human systems.)

4.4.1 Primary Data Collection
4.4.1.1 Surveys

Data collected directly from people about their behavior and decision-making pro-
cesses can be informative about how they are likely to behave in particular settings
and scenarios. A common method of behavioral and decision-making data collec-
tion involves surveying individuals from the population of interest. Asking people
about their past behavior, or how they would react and what decisions they would
make in certain hypothetical situations, is one method of collecting these data to
inform models of human decision-making. Surveys can be tailored to the context of
interest, asking a sample of people from a population of interest how they make
decisions in different scenarios.

For example, to learn about how farmers are likely to respond to changing
climate conditions or if new policies were put in place, researchers may conduct
surveys that ask what crops they might plant, or how they might use their land if
certain changes were to occur. Researchers wanting to learn about likely technol-
ogy adoption may survey consumers about how much they would pay for new
energy-efficient appliances, or under what conditions they would use new
technologies.

Although surveys can be a valuable source of data and provide more detailed
information than secondary sources (see below), they are not without limitations.
For instance, when people are asked how they would behave in a particular scenario,
their response is hypothetical. They may report that they would take a particular
action, or pay a certain amount for new technology, but their behavior may differ
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when actually faced with that decision, resulting in a hypothetical bias. Similarly,
asking people about their past behavior may introduce memory recall issues, as
people are unlikely to remember their past decisions with perfect accuracy. Surveys
must be carefully designed to ensure that the information collected will adequately
address questions that researchers are attempting to answer. (See Krosnick 1999 for
a more in-depth discussion of survey design for the study of human behavior and
Rust and Golombok (2014) for an in-depth discussion of measurement or
psychometrics.)

4.4.1.2 Experiments

Conducting experiments is another way to address these potential response biases
and inform models of human behavior and decision-making. Experiments allow
researchers to reduce variation in external factors to isolate the effect of a particular
variable of interest, such as prices, information provided, or another experimental
treatment. Importantly, experimental designs allow researchers to draw causal con-
clusions. They often allow researchers to observe participants’ actual choices and
behavior, rather than relying on hypothetical choices or reporting past behaviors.
Experimental methods are varied and include experiments conducted in a controlled
laboratory setting as well as in a more natural setting (e.g., field experiments).

Laboratory experiments involve randomly assigning some participants to one
type of treatment (e.g., having participants set goals, or exposing them to a persua-
sive message), and others to a control group, in order to enable comparisons across
these groups. Often, participants are then asked to make choices, such as which
product they would purchase or whether or how they would dispose of waste. These
procedures are conducted in a controlled setting such as a computer lab, reducing
external variables that may provide alternate explanations for results, and allow
researchers to directly observe participants’ behavior rather than relying on partici-
pants to report on past or hypothetical behavior.

Similar to lab experiments, field experiments allow researchers to control varia-
tion to observe how participants make decisions. However, field experiments are
conducted in an environment that more closely resembles the decision-maker’s
natural choice setting. For example, researchers may alter the information presented
to supermarket customers about the conditions in which animals were raised and
observe whether they choose to purchase conventionally or organically grown
products.

Despite the advantages of conducting experiments, they also have some limita-
tions. As with surveys, it may be difficult to recreate the decision context of interest
exactly, and some hypothetical bias may still exist. Participants may be aware of the
fact that their behavior is being observed, and they may alter it to align with the
study objectives more closely. Additionally, sample sizes for experiments are often
significantly smaller than those for surveys, potentially limiting the scope of conclu-
sions that can be made from experimental evidence.
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4.4.2 Secondary Data

Data from secondary sources can be valuable in developing models of human
behavior and adaptation. Economic and demographic data collected from secondary
sources, such as data collected as part of a national census or from government
agencies like the USA Department of Agriculture (USDA), can be used to inform
and test models of human behavior and capture trends in how people respond to
changes in their social and natural environments. Often, secondary data can be
used to complement primary data collection such as surveys and experiments dis-
cussed above.

Using data from secondary sources has several advantages. These data are often
readily available at no or little cost to researchers. Data from these sources are often
collected from a population over a long time period, enabling researchers to analyze
trends in human behavior and adaptation. For example, census data can be used to
study population movements in response to increased flood risk in coastal areas
over time. The USDA collects yearly data on the crops produced in the USA, allow-
ing researchers to study how farmers’ crop mix and land use has changed over time.

Secondary data often has some advantages over primary data in that it is much
more readily available and can often be collected for an entire population, e.g., all
households living within a region. As we discuss below, larger numbers of observa-
tions enable statistical models with more power and a greater opportunity for iden-
tifying a significant relationship that may be a key parameter governing FEW
system dynamics.

While data from secondary sources is a valuable resource in studying how people
behave and adapt to changing environmental or economic conditions, users of these
data are limited by the data collection strategies of these agencies or organizations.
If answers to particular questions are needed, researchers may have to adapt their
research questions and approach to fit the data available to them or collect data from
the particular populations of interest themselves. Secondary data sources that con-
tain measures of psychological constructs, such as values, attitudes, and beliefs, are
also much more difficult to come by (as opposed to sociodemographic or economic
variables; see The World Values Survey (Inglehart et al. 2014), for an example).

4.4.3 Using Data in Decision-Making Models for FEW
Systems

Data on human behavior and adaptation are necessary to empirically specify the
underlying decision-making process or rules that are hypothesized to determine
behavioral outcomes. Once specified, these decision-making rules can be incorpo-
rated into FEW systems models to understand the implications of these decisions
for FEW systems and management of these systems. There are several ways in
which data may be used to specify these decision-making rules and the different
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ways in which these rules may be incorporated into FEW systems models. Here we
briefly summarize a handful of approaches for developing such models. This is not
intended as an in-depth or exhaustive review. For further details see, for example,
Irwin and Wrenn (2014) and Robinson et al. (2007).

Primary data can be used to estimate the key parameters of individual decisions.
Zhang et al. (2016) use survey data and discrete choice modeling to estimate the
parameters of farmers’ decisions to adopt a specific best management practice.
Alternatively, secondary data may be used to estimate a key decision-making
parameter. For example, data on vehicle purchases and registration can be used to
learn about how changes in gas prices affect consumer demand for fuel-efficient
vehicles.

Because of data limitations, it is often not possible to fully estimate the relevant
set of parameters for the population or context of interest. In these cases, descriptive
data analysis may be used to identify patterns among one group that can be applied
to different segments of a population. Alternatively, parameters that have already
been estimated in the literature may be used. For example, economic simulation
models commonly specify plausible demand and supply elasticity parameters based
on the estimates that have been reported in the literature.

Once the decision-making rule has been specified, simulation models can be
used to incorporate these decisions into FEW system models. Different types of
simulation models are possible, but two of the most common approaches are struc-
tural economic models and agent-based models. As Irwin and Wrenn (2014) discuss
in more detail, structural economic models are primarily focused on modeling con-
sumption and production decisions and price feedbacks for one or more key sectors
of the economy. While these models focus on economic outcomes, they may also
account for key environmental externalities, such as carbon emissions or natural
land degradation.

These models assume some kind of optimizing behavior (e.g., profit or utility
maximization or cost minimization) subject to resource and other constraints. They
have become increasingly sophisticated by incorporating multiple types of uncer-
tainty and environmental tipping points that can lead to large discontinuous
changes in the coupled human-natural system.? However, these models are compu-
tationally intensive, making it difficult to incorporate many sources of behavioral
heterogeneity.

Agent-based models offer an alternative that, because they do not rely solely on
optimization, are more flexible and do not require the same approach to “solving”
the model. Instead of assuming market equilibrium in which prices instantaneously
adjust to the cumulative actions of individuals, these models are ad hoc in their
treatment of the price mechanism, requiring them to specify alternative assumptions
about how buyers and sellers interact and how prices emerge from these interac-
tions. While this is often viewed as a limitation of these models, their advantage is

3See Irwin et al. (2016b) for more discussion of these and other dynamic coupled models of
human-natural systems.
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that they can incorporate much more heterogeneity in the model, including differ-
ences in individuals and their behaviors.

Researchers define decision rules for particular subsets of agents (individuals)
and the proportion of agent types within a population. With environmental and
social conditions specified, the model simulates how agents react to changes in their
environments and the effects of their actions on the system. Behavioral heterogene-
ity can be incorporated by introducing multiple decision-making strategies, allow-
ing for different responses by agents to changes in their environments. Interactions
between agents can also be modeled, allowing for agents’ behavior to be directly
impacted by the behaviors of other agents.

While the use of agent-based models to study behavior and adaptation in FEW
systems has allowed researchers to introduce different agent types with different
decision strategies, these models present additional challenges to researchers.
Because they are more flexible and allow for a greater variety of behaviors, the
amount and type of data needed to calibrate and verify these models is substantial
and may not always be available. In addition, the predicted outcomes of these mod-
els depend on the particular scenario, which may limit the generalizability of these
models and their usefulness for policy.

4.5 Case Studies: Key Adaptations and Their Implications
for FEW Systems

Two case studies are provided here as concrete examples of how accounting for
human behavior and adaptation can inform the study of FEW systems, and how
behavioral interventions can aid in FEW system management. The first case study
uses the example of eutrophication in the Great Lakes to demonstrate how behav-
ioral heterogeneity can influence the adoption of fertilizer management strategies.
The second examines behavioral spillover, showing how the adoption of one FEW-
related behavior can lead households to engage in other FEW behaviors.

4.5.1 Case Study 1: Incorporating Behavioral Heterogeneity
into FEW System Models and Policies in the Lake Erie
Watershed

Harmful algal blooms (HABs) in Lake Erie provide an important example of how
misalignment of temporal and spatial scales may contribute to problems in FEW
systems (See Sect. 8.2.3 for material on HABs, and Sect. 12.3 for a discussion on
the spatial and temporal scales of FEW systems), and how they can be addressed by
interventions aimed at altering human behavior within these systems. HABs in Lake
Erie are a particularly negative example of eutrophication. They can be harmful to
animal and human health, and toxins from the algae have entered into cities’ water
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systems, making the water undrinkable. Severe blooms also limit recreation activi-
ties on the lake (see Chap. 19).

HABs in Lake Erie are due in large part to increased phosphorus entering the
lake. These blooms have become more frequent and severe in recent years. This is
due to several factors, including more frequent and intense rainfall events that
release soil nutrients from surrounding agricultural land to streams and rivers that
flow into Lake Erie (Bosch et al. 2014; Michalak et al. 2013). Farmers’ application
and management of fertilizers containing phosphorus, therefore, play a significant
role in these HABs.

In many watersheds where downstream eutrophication is a problem, the focus of
the coupled human-natural system is on agency decision-makers, farmers, and the
interconnectedness between soil, nutrient management, water quality, and regional
climate patterns (Michalak 2013; Wilson et al. 2014). Agency decision-makers
grapple with the inherent conflict between annual economic goals (e.g., maximizing
crop production within a growing season) and long-term protection for both the
downstream ecological system and the regional economy. Individual farmers grap-
ple with a similar conflict between their short-term goals of maximizing profits and
personal and societal goals of protecting soil and water quality over larger time
scales (i.e., decades or possibly generations).

Such temporal mismatches can delay action while actors within the human sys-
tem struggle to deal with these difficult trade-offs. Even when individual and soci-
etal objectives are aligned across time, there might be delays between policy
implementation and individual compliance, especially where new capital-intensive
technologies or equipment are required, or new and unfamiliar nutrient manage-
ment practices are recommended. Further, farmers’ intentions to implement best
management practices (BMPs) such as injecting fertilizer beneath the surface of the
soil or using cover crops on their farms are not always translated into action, as
demonstrated by Fig. 4.4. The figure shows that a majority of farmers intend to and
use several recommended practices (soil testing and applying fertilizer at the right
time). However, other practices are used at much lower rates despite good intentions
to use the practice by a majority of motivated farmers (cover crops, subsurface
placement). Several recent surveys of farmers in the western Lake Erie basin pro-
vide some insight into the heterogeneity that exists in farmer land management
decisions, as well as to whether or not current policies are effectively leading to
behavioral change.

Several regulations and programs have been implemented in an effort to reduce
the loss of nutrients from agricultural land in the western Lake Erie basin. Farmers
in Ohio must now become certified fertilizer applicators to ensure that they under-
stand how best to minimize nutrient loss, and applying fertilizer on saturated or
frozen ground is now prohibited (Ohio Senate Bill 150, 2014). Despite these regula-
tory changes, HABs in the lake continue to occur. BMPs have been promoted
through both educational efforts and incentive-based programs. Despite the fact that
these BMPs show some promise in decreasing the harmful algal blooms in Lake
Erie (Scavia et al. 2017), uptake has been relatively low over time (Wilson
et al. 2019).
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Fig. 4.4 Farmers’ reported behavior on a representative field (average reported use from 2015 and
2017) and willingness to perform behaviors in the future (average intended future use from 2016
and 2018) for five practices aimed at reducing phosphorus loading into waterways from agricul-
tural fields. (Source: Wilson et al. 2019)

Researchers investigating farmers’ land management decisions have found that not
all farmers have the same motivations for adopting BMPs and that policies that
endeavor to target their behavior may not be taking this heterogeneity into account.
Characteristics, such as how effective farmers believe the BMPs to be, have been
found to impact their willingness to adopt certain recommended practices; however,
these perceptions do not impact all farmers in the same way. Wilson et al. (2014)
found that the perceived effectiveness of the practices is more likely to affect the deci-
sions of older farmers more concerned with their farm’s profitability. Similarly, work
by Zhang et al. (2016) found that farmers can be classified into different groups based
on their propensity to adopt certain BMPs and that these groups may have different
motivations for their land management decisions. For example, farmers who self-
identify as conservationists were more likely to adopt BMPs on their land than those
who identify primarily as agricultural producers. Farmers may also place differential
importance on the BMPs employed by other farmers in their area and therefore
respond differently to social pressure to engage in particular practices.

4.5.1.1 Practical Implications
Management of this complex system, where the goal is to produce food in an

economically viable manner while protecting critical ecosystem services, demon-
strates that understanding human behavior is critical. The work being done in this
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area highlights the importance of accounting for behavioral heterogeneity in FEW
management strategies. Different actors may have different motivations for the
decisions they make; programs and policies may, therefore, have to be tailored to
incorporate these different attitudes if they are to be successful in motivating behav-
ioral change.

Despite the millions of dollars being spent in the Great Lakes through a combi-
nation of incentive-based programs to offset BMP implementation costs and exten-
sive education and outreach,* adoption of conservation practices is largely static
over time, and water quality is not improving. It is clear that intervening more stra-
tegically to encourage more thoughtful trade-offs across time will be key to address-
ing this challenge. For example, many incentive-based programs that offset the
costs of cover crops do not last long enough for farmers to experience the ecologi-
cal, let alone economic benefits of cover crops. This leads to just as many farmers
dropping the practice as are adding the practice on an annual basis (Wilson et al.
2019). A more effective policy would be one that extends the payments for a mini-
mum of 5 years to ensure that the on-farm benefits can be realized (e.g., decreased
fertilizer inputs, improved yield), allowing farmers to continue the practice despite
the added cost.

4.5.2 Case Study 2: Behavioral Spillovers Among Household
FEW Consumption Behaviors

Households represent a fundamental nexus of FEW systems. More than 67% of
food calories are consumed at home (Lin and Guthrie 2012), more than 75% of
direct energy use is residential (Energy Information Administration 2018), and
more than 50% of water withdrawals go directly to households or create food and
thermoelectric power consumed by households (Dieter 2018).

As discussed in Sect. 4.3.2, there is the potential for spillover effects in FEW-
related household behaviors. Several community field experiments provide exam-
ples of spillover effects. For example, following a Welsh policy charging a plastic
shopping bag fee, Thomas et al. (2016) observed positive spillover from increased
use of reusable bags to sustainable transportation choices and home water and
energy conservation. Another study found that Australian residents reporting cur-
tailed water use were more likely to subsequently install water efficient appliances
(Lauren et al. 2016).

The current case study examines spillover among FEW behaviors as part of a
larger intervention project that encouraged composting through a curbside collec-
tion program. (For more details on this case study, see Sintov et al. 2017.) The pri-
mary objective of this study was to test whether adopting a new FEW management

* Approximately $32 million per year is spent in the Lake Erie basin by the federal government on
agricultural conservation.
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behavior—composting—would increase the performance of other household FEW
management behaviors. Participants were 284 adult residents of single-family
homes in Costa Mesa, California who were not already composting at baseline.

In an effort to divert waste from landfills, the Costa Mesa Sanitary District pro-
vided homes in its territory with 64-gallon organics carts, weekly collection ser-
vice, and informational flyers describing the types of food and yard waste to be
placed in the organics cart (see Fig. 4.5). Residents were asked to keep food and
yard waste intended for organics carts separate from landfill waste intended for
trash carts. Organic waste was then to be placed in the organics cart, which was to
be placed at the curb on collection day.

Study participants completed a baseline survey at recruitment and a follow-up
survey 6 months later. Change in composting was assessed by comparing follow-up
survey data to behavior at baseline. This provided for evaluation of the effect of
performing a new FEW behavior on subsequent FEW spillover behaviors.

The follow-up survey also assessed other household FEW management (spill-
over) behaviors, including two water behaviors (taking shorter showers, turning
water off while brushing teeth), five energy behaviors (unplugging devices not in
use, refraining from using heater when cold, walking or biking instead of driving,
encouraging others to save energy, turning lights off in unoccupied room), and
three food behaviors (planning out meals, assessing and using food at home before

shopping).

How the carts work:

S i PR I

(hor a total of two organics carts).
ok e
« On collection day, place your

(Le. parked cars, rees, eic.)

Fig. 4.5 Procedural information delivered as part of the intervention
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4.5.2.1 Results

At baseline, none of the 284 respondents were composting. By follow-up, approxi-
mately 72% of respondents had begun composting.

Beginning to compost was associated with significantly more energy and water
management spillover behaviors at follow-up. This significant positive spillover
was observed for both water and all five energy management behaviors. Effect sizes
were small, ranging from r = 0.15 for using the heater (less) to » = 0.26 for letting
water run (less). None of the three food spillover behaviors differed significantly
among those who began composting vs. those who did not.

4.5.2.2 Discussion

This study found that beginning to manage household FEW behaviors by compost-
ing can spill over to other FEW behaviors. Furthermore, across all water and energy
behaviors, results showed positive, rather than negative, spillover.

Although effect sizes were small, the positive spillover effect was relatively
robust across types of behaviors, ranging from taking shorter showers to walking/
biking to conserve gasoline, to encouraging others to save energy. Importantly,
these represent different quite behaviors that occur in unique contexts, suggesting
spillover is not limited to a particular setting or FEW domain.

Surprisingly, no significant spillover was observed among any of the food waste
management behaviors. Ceiling effects may have contributed to these null results,
particularly given that these behaviors were quite prevalent among those who did
not begin composting (see Fig. 4.6). Alternatively, preventing food waste often
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occurs temporally and spatially distant from the point at which food becomes waste,
whereas preventing energy and water waste occurs more proximally to the points at
which waste is recognized (e.g., leaving water running) and waste management acts
can occur.

4.5.2.3 Practical Implications

These findings suggest that local policies can have unintended yet desirable conse-
quences. Results suggest that municipalities should take into account target and
spillover behaviors when quantifying the impacts resulting from such programs.
This information can be used to understand how the pursuit of one goal, such as
landfill diversion, may support or impede the achievement of others, such as water
conservation. A better understanding of spillover can aid practitioners in designing
real-world interventions to improve FEW sustainability, illuminating opportunities
to maximize program benefits (i.e., positive spillover) and avoid unintended conse-
quences (i.e., negative spillover).

4.6 Conclusions

As discussed in this chapter, incorporating human behavior and adaptation in FEW
system research is important for our understanding of these complex systems.
Allowing for an accurate representation of human behavior requires drawing on
social science disciplines and data that may not otherwise be employed in research
of the natural systems alone. Researchers have made progress in incorporating more
sophisticated representations of behavior and adaptations in FEW system models by
drawing on various theoretical and empirical approaches of social sciences.
However, many challenges remain.

First, as there are many social sciences, there are many ways to model human
behavior. Different disciplines often approach human behavior and adaptation from
different perspectives. The approaches of different disciplines often vary in their
level of formalization, and therefore the ease with which they can be incorporated
into broader, integrated models of human-natural systems also varies. These frame-
works may also differ in their scope (e.g., narrow and detailed vs. broad and gen-
eral), and whether they allow for feedback within the systems, such as social
dynamics or learning from past experiences. The diversity of social sciences and
their theoretical approaches mean that there are many candidates for modeling
human behavior, and not always a clear-cut method for determining the most appro-
priate framework.

Second, incorporating behavioral heterogeneity presents both computational and
conceptual challenges for modeling. Accounting for multiple dimensions of hetero-
geneity quickly leads to models that are not analytically tractable and pushes the
limits of simulation-based models. In addition, models that seek to be more realistic
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can become overly detailed or specified, making it impossible to generalize and
draw policy implications for a larger population, e.g., a community or region.

Third, accounting for how individual decisions relate to higher-level decisions
made by communities or governments, and the proper scaling of models from an
individual level to a regional or global scale, is a continuing challenge. As human
agency varies across different scale levels, the ways that human agency and human
decision-making are represented should similarly depend on the scale of analysis.
In addition, behavioral interactions and feedbacks that occur across scales, such as
many of the rebound and spillover effects discussed earlier, greatly increase the
complexity of a model and thus may be difficult to incorporate.

By definition, models are simplifications of reality. Given the pace with which
advances in behavioral research are occurring, the above and other challenges to
incorporating behavioral realism into FEW system research are likely to be
addressed. Paradoxically, as we discover more about the anomalies and differences
of human behavior, determining the right amount of detail and which details to track
becomes harder, not easier. What is needed is to scale up our current level of under-
standing, making the focus of research more about determining the sources of het-
erogeneity that matter at an aggregate or systems level, which is the scale that is
relevant for policy. This is perhaps the greater challenge, as policymakers do not
require perfect models to develop well-informed policies. Hence, for research to be
policy relevant, researchers need to produce models that achieve these appropriate
levels of detail and accuracy.

Key Points

* Studying either the natural or human system in isolation omits important drivers
of change in FEW systems and how people respond and adapt to these changes.
This can potentially lead to an incomplete understanding of these integrated
systems.

* Relying on inaccurate representations of human behavior may lead to policies
that fail to achieve their stated aims or policies that are not implemented at all.

» Allowing for an accurate representation of human behavior requires drawing on
social science disciplines and data that may not otherwise be employed in
research of the natural systems alone, and often requires drawing on various
theoretical and empirical approaches of social sciences.

* Recognizing that environmental and social changes may cause people to respond
in different ways is important in accurately accounting for human behavior and
adaptation in FEW systems. Allowing for behavioral heterogeneity recognizes that
individuals may have different motivations for their actions and that how they react
to changes in their social or natural environments may also be different.

* People can respond to changes in FEW systems or to new FEW policies with
desirable changes in their behavior, or with undesirable changes (e.g., rebound or
boomerang effects). It is also important to consider potential connections among
FEW behaviors themselves (e.g., behavioral spillover).

e Including human behavior in the study of FEW systems requires collecting of
data on individuals and their decision-making processes to inform models of
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human behavior and adaptation in FEW systems. The population of interest, the
context in which human behavior is being studied, and the scale at which deci-
sions are made, among others, are all important considerations in determining
the appropriate data collection and research approach.

Researchers have made progress in representing human behavior and adaptations
in FEW system models, drawing on various theoretical and empirical approaches
of social sciences. However, challenges remain, including determining the most
appropriate social science framework, computational and conceptual challenges
for modeling, and the proper scaling of models from an individual level to a
regional or global scale, among others.

Discussion Points and Exercises

1.

2.

Why is it important to consider human behavior in the context of FEW systems?
What are the potential consequences of not considering human behavior?
Discuss the challenges of incorporating human behavior in the study of FEW
systems. How are researchers working to overcome these challenges?

. Provide an example of a technology whose impact may be overstated by using

the framework in Fig. 4.1 to model its adoption. How might the framework
presented in Fig. 4.2 help researchers more accurately predict the impact of the
technology you have chosen? What elements of the figures are important when
considering the impacts of new technologies on FEW systems?

. The EPA estimates that the average passenger vehicle emits 4.6 metric tons of

cartbon per year (https://www.epa.gov/greenvehicles/greenhouse-gas-emis-
sions-typical-passenger-vehicle). Suppose that electric vehicle manufacturers
want to estimate the potential impact of their cars on carbon emissions in the
USA. They use data on electric and plug-in vehicles from the EPA’s Alternative
Fuels Data Center (https://afdc.energy.gov/data/categories/afvs-and-hevs) to
predict electric vehicle sales 20 years from now, assuming similar sales growth
into the future. Using their prediction for the number of cars sold and the
amount of carbon used by the average vehicle, they report the estimated reduc-
tion in carbon from electric vehicles in 20 years. What factors might have been
overlooked in this estimate? Do you think this estimate is understated or over-
stated? What factors would you consider to provide a more accurate estimate of
the future potential impacts of electric vehicles on carbon emissions?

. What is the rationality assumption? Why might it lead to inaccurate depic-

tions of human behavior and adaptation in FEW systems?

. Provide examples of press and pulse events in FEW systems. Why is consider-

ing human behavior and adaptation to these events important in studying their
effects?

. What are some challenges of studying human behavior and adaptation to press

events? To pulse events? In your answer, please use specific examples of types
of press and pulse events.

. What is meant by the term “behavioral heterogeneity”? What challenges does

behavioral heterogeneity pose to the study of human behavior and adaption in
FEW systems? What are some ways that these challenges have been addressed?


https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle
https://www.epa.gov/greenvehicles/greenhouse-gas-emissions-typical-passenger-vehicle
https://afdc.energy.gov/data/categories/afvs-and-hevs
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9. How can rebound effects affect the impact of a new technology on FEW sys-
tems? Find examples from the literature.

10. What are spillover effects? Find examples in the literature of positive and nega-
tive behavioral spillover in FEW systems, and describe the impact of behavioral
spillover on these systems.

11. Discuss how timescale mismatches could contribute to negative consequences
within a FEW system, using examples not discussed in this chapter. What are
some ways that these mismatches have been addressed?

12. Looking at Fig. 4.3, how might the timescales of decision-makers and the social
and ecological systems differ? Provide an example of these different time scales
using a specific FEW system. Propose a policy instrument that could address
these timescale mismatches in your chosen FEW system.

13. Discuss the advantages and disadvantages of primary and secondary data to
study human behavior in different FEW system domains. Provide examples of
when primary data should be used, and others of when secondary data may be
more appropriate.

14. Suppose you want to study the impact of a new technology that increases the
efficiency of household water use. How might you design an experiment to test
the impact of the technology? What would your target population be? How
would you measure the impact of the new technology on water use? What chal-
lenges would you expect in running your experiment?

15. How could you use secondary data to study the adoption of electric vehicles?
What existing data sources could you use? Be specific.
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Chapter 5
Economics

Bruce A. McCarl and Yingqian Yang

5.1 Introduction

As the previous chapters have illustrated, the FEW sectors are often strongly linked.
Actions that seek to optimize outcomes for food, energy or water separately often
lead to less than optimal outcomes for the other sectors. Bazilian et al. (2011) con-
clude that treating the three areas of the FEW Nexus holistically “would lead to a
more optimal allocation of resources, improved economic efficiency, lower environ-
mental impacts, and better economic development conditions, in short, overall, opti-
mization of welfare.” Indeed, much Nexus work arises from an underlying
assumption that by better managing the resources overall societal benefits arising
from those resources can be increased.

Economics is frequently defined as the study of how people allocate scarce
resources when needs and wants of those resources are unlimited. Economics can
provide metrics which can be utilized when evaluating the benefits and costs arising
from potential actions.

Economics also permits one to look at not only total regional welfare but also at
the welfare of participants in the Nexus identifying who gains and who loses under
alternative scenarios. This provides a way to understand the incentives needed to
attain full cooperation in strategy implementation.
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In this chapter, we address economic aspects of the Nexus and broader issues
regarding the analysis of the Nexus. We will cover the following:

Concerns about incorporating market reactions and prices.
Behavioral reactions of individuals given nexus actions.
Non-market valuation.

Welfare analysis.

The value of water in alternative uses.

Economic influences on observed nexus strategies.

The transfer of results between studies.

Induced innovation.

Adding consideration of limits.

Designing incentives.

SO RE WD =
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In broader terms, we will cover externalities, income distribution and inequality
effects, dynamics, uncertainties and risk aversion, public—private roles, and cost—
benefit analysis. We will also use a case study as an example to illustrate economic
considerations concerning FEW Nexus metrics, data, and modeling which will be
explored in greater detail in Chaps. 13-16.

5.2 Economic Aspects of the Nexus

Here we discuss major economic issues when considering potential FEW Nexus
actions, which we will refer to as “projects.” Projects may refer to any type of activ-
ity designed and undertaken to achieve specific outcomes at the Nexus. In doing
this, we will both reveal theoretical concepts and ground them in practical FEW
Nexus domains to illustrate why consideration of these concepts is essential.

5.2.1 Incorporation of Demand and Supply Relations

A FEW project can both add extra supply to the market and alter input usage leading
to market price changes. In turn, such price changes can alter the revenue and cost
outcomes of the project. However, it is common for project evaluation to assume
prices of outputs, by-products, and inputs remain unchanged. Thus, price reactions
are essential considerations in Nexus project evaluation.

Bioenergy provides several illustrations of this effect. In 2005, the USA adopted
a Renewable Fuel Standard or “RFS” which requires the blending of renewable
biofuels into traditional hydrocarbon fuels. In practice, this primarily involves corn-
based ethanol blended with gasoline and biodiesel blended with diesel. Over time
the volumes required to be blended have increased, and both the price of the ethanol
and the price of corn have increased exhibiting a response along the supply curve.

In fact, corn prices in 2011 were triple those in 2005 (note other forces contrib-
uted as discussed in Abbott et al. 2011). In 2017, corn prices were still more than
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50% greater than 2005 levels. These significant price changes have a significant
impact on the economics of corn-based ethanol production.

In the bioenergy world, by-products are often advanced as valuable items that
can help support bioenergy production. However, one must be careful to consider
the price changes brought about by increased supply.

Consider one such by-product: glycerol arises as a by-product when producing
biodiesel. The expansion in biodiesel production resulted in additional glycerol pro-
duction so large (2.8 million tons) that it exceeded the market volume before the
expansion (2 million tons). As a result, the market saturated, and the price crashed.
Moreover, the crude glycerol by-product from biodiesel production contained toxic
elements and exhibited a substantial difference in color, decreasing its market value.
Consequently, the glycerol by-product became worth less than the cost of selling it
and now it is an item for disposal.

This example shows the need for considering by-product demand relations when
evaluating Nexus projects. Moreover, this is not always done, for example, Wooley
(1999) identified glycerol as a by-product contributing to profitability while
Ciriminna et al. (2014) identified glycerol as a disposal issue that costs money to
dispose of.

The anticipation of price changes requires broad industry level consider-
ation. For any single firm, the input use or by-product quantity is typically not
large enough to stimulate price changes. However, when many firms pursue the
same actions, then the quantities are large enough, and price changes occur.
Such a process is called the fallacy of composition by economists. The lesson
here is that industry trends also need to be considered when evaluating Nexus
projects.

Demand relationships are also key when Nexus actions cause product prices to
increase. For example, in an energy-only context, in the early 1970s, the state of
Washington Public Power Supply System (WPPSS) responded to a 7% annual
growth rate in electricity demand by initiating construction on five nuclear-
generating facilities. The cost of constructing nuclear power plants was deemed too
high to be covered by funds just raised by issuing bonds and WPPSS began to raise
electricity rates paid by customers. This led to a demand response in the form of
lowered electricity consumption. The needed revenue for the financing did not
materialize and contributed to the abandonment of four of the new plants and the
largest bond default in US history.

Collectively, one must incorporate product demand and input supply relations in
Nexus project evaluations. If this is not done, there is a high likelihood of a biased
evaluation and an unanticipated result.

5.2.2 The Rebound Effect

We noted in Sect. 4.3.4 that rebound effects are unintended responses to changes in
the social system, such as the introduction of new technology or policy, which
results in a reduction or reversal of the intended impact. For example, economists
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have noted in many cases that subsidizing conservation, like water conserving tech-
nology, can stimulate decision-makers to increase usage—the “Rebound Effect.”
However, Nexus projects are often analyzed under a strong assumption that the cur-
rent economic and technical characteristics will be unchanged. However, this may
not hold as increasing refrigerator efficiency and thus lowering the cost of say
refrigerating food may cause people to buy more refrigerators resulting in less to no
savings in energy.

As a specific example, several western US states subsidized water conserving
irrigation technologies, and assumed that only the equipment would change.
However, Pfeiffer and Lin (2014) analyzed such a case in Kansas and found this
lowered water costs to farmers and stimulated a higher production of irrigated crops,
including expansions onto previously unirrigated lands. The end result was increased
overall water use.

Thus, one needs to consider possible rebound effects when Nexus projects are
implemented to lower water or energy usage and costs.

5.2.3 Non-market Valuation

Nexus projects often alter abundance or characteristics of items that do not trade in
marketplaces such as ecosystem functions, air and water quality, recreational access,
climate, and other phenomena. Economic appraisals of the effects on these items
involve what economists called nonmarket valuation.

Valuing non-market items involves determining how much society would need to
be paid to live with the adverse effect (diminished air or water quality, lost recre-
ation, or climate change), or conversely, how much they would be willing to pay for
the more desirable outcome.

Placing a value on such items may make a project more or less desirable. For
example, replacing a coal-fired generating plant with a solar farm may not be cost-
efficient in some locations. However, the impact of the solar farm on reducing air
pollution and emissions of greenhouse gases may make the project more desirable.

Many techniques of non-market have been introduced. Techniques are usually
divided into two approaches: stated and revealed preference methods. Stated pref-
erence method measures individuals’ value for environment quality directly, by
asking them to state their preference for the environment. Revealed preference
method seeks to recover estimates of individuals’ will to pay for environment qual-
ity by observing their behavior in related markets (see the detailed discussion in the
estimated “cost of carbon” or, various revealed or, stated preference approaches).

As reviewed in Chap. 9 (Ecosystem), economic valuation reveals the trade-offs
within the Nexus and the impacts of various agricultural systems on the ecosystem
services. Estimating the valuation of an ecosystem involves estimating the way that
the ecosystem is involved with increasing production of market goods then estimat-
ing the marginal effect of a change in ecosystem services (i.e., altered water quantity
or quality as discussed in Hanley et al. 2002). These ecosystem services can involve
many diverse items such as changes in spawning habitat for commercial fish species
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or water yields or clean water. Other ecosystem services which could be valued simi-
larly include nutrient cycling and the provision of genetic resources. The value of the
ecosystem can then be indirectly inferred from the changes in the value of goods
produced due to changes in the supply of these services because of, say, a loss in the
area of the ecosystem.

5.2.4 Welfare

Economic welfare is a monetary measure of the gains (or losses) achieved by con-
sumers from having cheaper, more abundant (more expensive, scarcer) Nexus prod-
ucts and services. It also measures the gains to producers in the form of profits from
having more Nexus resources available or losses under the converse. Welfare esti-
mates the willingness to pay to avoid some negative force like pollution, or the
willingness to accept compensation in the face of a Nexus management practice
being adopted that worsens their well-being. The producer component is called pro-
ducers’ surplus. The consumer component is called consumers’ surplus.

Thus, the welfare effects of adopting a Nexus practice involve both producers
and consumers welfare. This is an important distinction because many Nexus type
studies only estimate the effect on producers without considering any consumer
effects. The consumer benefits arise from lower product prices or greater product
availability at a given price. For example, when considering climate change effects
on crop production one should not only consider changes in commodity prices and
producer revenue but also in the cost of consumer food purchases (see Adams et al.
1990 for an example).

In general, treatment of consumer effects means incorporating demand curves
and assumptions other than fixed prices for commodities. In particular, as more is
produced then, assuming that the market share is significant, this will cause prices
to go down giving consumers more for their money or the converse occurs with
prices going up.

Overall, it is useful to do a welfare analysis in conjunction with the evaluation of
a Nexus project on recognized groups of producers and consumers (i.e., farmers,
electricity producers, low-income consumers, urban dwellers, rural parties, over-
seas parties, etc.) as opposed to aggregate analysis. Such a welfare analysis is com-
monly called a benefit—cost analysis.

Benefit—-Cost Analysis

Benefit—cost analysis is founded on a branch of economics known as welfare
economics. That is, what are the benefits and costs arising when implement-
ing an action when the action affects welfare across elements of the economy?
Who benefits and who bears costs when a project is built and, considering
those who benefit and those who bear costs, are the benefits larger than the
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costs are the questions where benefit—cost analysis can be applied. The for-
mula below simply speaks of benefits and costs, that is,

B, -(1+s) =>C, -(1+s)",

where 7 is time, i is the ith individual, B;, are benefits to the ith individual in
period 7, and C;, are corresponding costs while s is the discount rate. Thus, the
first term is summation of benefits to individuals and the second term is the
summation of costs to individuals. The basic decision rule for judging whether
a project may be desirable occurs is when the results from the above formula
are greater than zero. The discount rate refers to the rate at which the value of
something in the future is reduced to obtain a value in the present. For exam-
ple, a discount rate of 10% means that something with a value of 100 a year
from now is valued at 90 today. Thus, future costs and benefits are discounted
to some reduced value today.

There is also one result that is often confusing for some that merits explanation.
Often actions that increase supply decrease producer welfare but benefit consumers,
while actions that reduce supply are beneficial to producers but not consumers. This
occurs since agriculture and energy both typically face an inelastic demand curve.
In economics, inelastic demand curve means when the percentage change in price
exceeds the change in quantity demanded, thus, for example, a 10% quantity
increase could cause commodity price to fall by say 20%. The more inelastic the
demand, the steeper the curve and the more price will react to a quantity change.
More supply typically lowers prices substantially reducing producers’ net incomes
but causing consumers to increase the amount of goods they buy, and causing the
consumer dollar to go farther.

5.2.5 Value of Water in Alternative Uses

Water has differential value in alternative uses, such as irrigation, cooling in power
plants, ecological support, human consumption, and direct use, pollution dilution,
hydroelectric power generation, and unconventional oil and gas production (frack-
ing). These differential values exist because of the high costs of moving water and
historical water allocation procedures (like prior appropriation which give certain
users water rights regardless of use value).

Consumers also derive value from water and actions that lower its costs as this
allows them to consume more water or divert money to buy other goods again caus-
ing the dollar to go farther.

Consistent methods of estimating and comparing water values are required when
examining the implications of Nexus projects. Approaches to value water are dis-
cussed in Young and Loomis (2014).
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Market-based methods (Colby 1989) include:

1. A comparable sales approach which involves a comparison of specific water,
one is trying to value with the prices and characteristics of similar water that has
been recently sold or leased;

2. A capitalization approach which involves taking the net present value of the
stream of income arising from the water;

3. Aland value differentials approach which assumes the value of water is capi-
talized into land values and involves a comparison of the values of agricultural
land with and without water access;

4. A replacement approach which involves the estimation of the replacement
cost when replacing the water with the lowest cost alternative water supply
source; and

5. An econometric estimate of water demand can be formed in some situations,
where trading data can be attained along with sufficient information on other
characteristics of the trade (i.e., is the water conveyed from a senior or junior
right? (senior or junior water right here means, for example, priority in water use
when scarcity arise with senior water rights having first priority.) Or, is the trans-
fer permanent or a lease? And what are the lease terms?).

5.2.6 Economic Influences on Observed Nexus Strategies

One way to identify possible Nexus strategies that might be undertaken in the future
in target region is to observe the impact of prior actions that addressed the Nexus
either in the target region or similar regions. In such a case, there is an inherent bias
in what can be observed that arises due to economic prices. In particular, the range
of prices that have been observed for both output and inputs restrict what Nexus
opportunities may have been chosen and thus can be observed. Let us look at theo-
retical and practical examples of this.

In setting up this example, we use the classical production possibilities curve as
in Fig. 5.1. The production possibilities curve is a graphical representation of the
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Fig. 5.1 (a) Optimal choice given a price. (b) Domain of strategies given a price range
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alternative combinations of goods an economy can produce showing how an expansion
of production of one good may cause contraction of production of another. The bold
black line in panels A and B gives a continuous set of energy-food production pos-
sibilities using different technologies. Each point on the curve represents a choice of
a technology or a particular resource allocation which results in a certain level of
food production (y-axis) and the corresponding level of energy production (x-axis).
Thus, lower energy production correlates to higher food production or vice-versa.

In panel A, the solid green line gives the ratio of the food price to the energy price
at a point in time. According to economic theory, the production technology chosen
will be the one where there is a tangency between the line giving the price ratio and
the production possibilities curve. This means production in our case will occur
where the green dashed line is tangent to the bold black line—at the green dot.

Now given this basic setup, consider panel B where we have a solid red line rep-
resenting the highest observed ratio of food price to energy price in recent history,
and the blue solid line representing the lowest ratio again in recent times. Then, in
this case, the only Nexus technologies we have observed fall between the red and
blue dotted points and those outside will not have been seen. This means for exam-
ple if the ratio of say ethanol to gasoline prices has been in one interval that we
would not have seen strategies appearing that allowed use of much more ethanol in
cars which would only happen if much lower relative prices appeared.

A second example can be cast in terms of inputs using the classical isoquant that
explains the relative use of two inputs given their prices as in Fig. 5.2. Therein,
assume the bold line in panel A gives a continuous set of possible quantities of
energy and water used across the set of possible technologies. Also, assume the
solid line gives the ratio of the energy price to the water price.

According to economic theory, given the input price, the production technology
chosen is the one at the point where there is a tangency between the line giving rela-
tive prices of energy and water and the isoquant, as occurs at the green point in panel
A. Now given this basic setup, consider panel B where we have a solid red line
representing the highest ratio of energy price to water price we have ever seen, and
a solid blue dotted line representing the lowest ratio. Then, in this case, the only
Nexus possibilities we have observed fall between the two-colored dots, and again
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there are a lot of unobserved possibilities that never got chosen because the prices
did not favor them. This means, for example, if the ratio of say natural gas generated
electricity to coal prices has been in one interval that we would not have seen strate-
gies appearing that used much more natural gas in electricity generation which
would only happen if much lower relative prices appeared.

However, Nexus actions or external forces can alter production possibilities, iso-
quants, and relative prices. Under such shifts, previously unattractive Nexus related
production or resource usage strategies can become desirable. Thus, not all possible
strategies will be observed and thus new never before seen strategies may arise.

As a consequence, identifying Nexus related strategies through surveys, inter-
views or other means will not generally describe the full set of possible strategies
that may arise in the future.

5.2.7 Can I Transfer Results from Other Assessments
into This One?

As discussed in Sect. 5.2.6 (Economic influences on observed nexus strategies),
there exists prior actions that address the Nexus either in the target region or similar
region. Frequently, results from other studies are used in a Nexus evaluation rather
that developing primary estimates. A big issue in such a setting raises what econo-
mists called “benefits transfer” which refers to the transfer of benefit estimates
from some other location into the differing project location. For example, Hansen
and Ribaudo (2008) provide dollar-per-ton estimates for 14 categories of soil con-
servation projects while Young and Loomis (2014) contain an estimate of the value
of water from various regions. However, using such numbers needs to be done with
caution. Brouwer (2000) argues that most transfers appear to result in substantial
transfer errors.

In covering benefits transfer, the Ecosystem Valuation website developed by
King and Mazzotta (2000) states “The more similar the sites and the recreational
experiences, the fewer biases will result” and then presents a discussion and cites
the benefits of such an action as:

1. Reductions in the cost of carrying out an appraisal;

2. Speed of attaining the information;

3. Ability to use the transferred estimate in constructing a rough estimate of the
value of a project to see if more effort on it is justified; and

4. Ability to use in making a gross estimate of the total item value (i.e., cost of
water or reduced erosion).

It also cites the limitations as:

1. The transfer may not be accurate, except for gross estimates unless the sites
share all characteristics;
2. Good estimates for the item at hand may not be available;
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Appropriate studies may not be published and are hard to access;

Reporting in the studies found may not give one enough information to allow
transferring the information with appropriate adjustments;

Quality of the other studies may be difficult to assess;

Extrapolation beyond what is covered in the initial study is questionable;

The accuracy of the transferred item is limited by that of the item itself; and
Estimates may be out of date.

&

PN

5.2.8 Induced Innovation

New technologies are likely to evolve as input or product prices change. This
involves induced innovation. The theory indicates that when the price of a particu-
lar input used in production increases or falls significantly relative to the price of
other inputs, society will innovate by developing technologies that reduce or
increases usage of that particular factor.

In a Nexus setting, an example is that when labor prices dramatically increase
due to scarcity, society will invent ways of substituting other factors for labor, like
going to the more capital-intensive harvesting practices. Similarly, if a fee is charged
for GHG emissions, this will induce industry and others to develop strategies that
produce goods with less emissions.

Induced innovation has also been observed in corn to ethanol conversions. In
particular, when processing corn into ethanol, a by-product called distillers dry
grains (DDGS) is produced. The rise in biofuel production resulted in a large
increase in DDGS production and a fall in price. DDGS were initially only used
in wet form (up to 70% moisture) and, due to transport costs, usage was limited to
cattle feeding near the refinery. Eventually, innovation was induced, which trans-
formed the wet DDGS into more valuable forms. Today high valued oil is extracted
from DDGS, and the remainder is mixed with low-value corn stalks for animal
feed. This product can now be processed into dry pellets, allowing long-distance

shipping.

5.2.9 Adding Consideration of Limits

All strategies have factors which can limit their adoption. Such limits involve the
following:

1. Financial capital availability, such as capital constraints and lending practices.

2. Human education and abilities, including sheer labor availability, labor skill,
leadership capabilities, and educational attainment.

3. Resources available, including regional land, water, equipment, and infrastructure
resources.
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4. Consistency with cultural practices, such as societal values, worldviews, cultural
norms and behaviors, perceptions of needs for action, and compatibility of
strategies with lifestyles.

5. Availability of technology.

6. Knowledge of new practices, such as knowledge and awareness of water-
conserving irrigation strategies as elaborated on in Chambwera et al. (2014).

Limits may be alleviated through educational programs, extension programs,
loan programs, grants, and other actions. They may also render some strategies
useless.

5.2.10 The Role of Incentives

It is rarely the case that a FEW Nexus action will make everyone better off (what
economists commonly call an action that is Pareto optimal, and others call a win-
win situation). Generally, at least one participant in Nexus or a group thereof will be
made worse off by the given action.

In judging action desirability, economists generally utilize the compensation
principle finding that the action is desirable if those gaining from the implementa-
tion have gains large enough to compensate those who lose (for discussion see Just
et al. 2008).

When an action is implemented, there is no guarantee that the compensation will
actually occur, that is, if consumers benefit from a production increase while pro-
ducers lose consumers generally do not compensate producers. However, if the indi-
viduals that would need to implement the Nexus action can choose whether or not
to implement, then some form of direct compensation would be needed to get the
Nexus action implemented. For example, suppose an action involves the construc-
tion of a reservoir in a valley containing a small number of farms, and that the pur-
pose of the reservoir is supplying water to a nearby town, but it takes water away
from the farmers. If the people who benefit from the reservoir, that is, the urban
population could in principle fully compensate the losers, that is, the farmers, and
farmers feel that they will be worse off as a result of the reservoir, then the reservoir
may not be built. However, if compensation is actually paid, then the farmers may
cooperate. Such a situation is common with water trades from agriculture to urban
interests where water markets are a way that farmers can be compensated.

Compensation in the form of incentives needs to stimulate target entities to adopt
costly practices which generally do not yield benefits to themselves even though
others receive gains. Steps can also be taken to make current practices undesirable
steering decision-makers to shift toward the Nexus action. Many different forms of
incentives or steering disincentives are possible, including:

1. The introduction of markets for Nexus items, like a water market, where cities
can buy the water from farmers who would lose if they lost access to the water,
but the price for the water could be high enough to compensate the farmers for
any losses.
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2. The introduction of subsidies for equipment that a group would need to use to
achieve the desired result, reducing the costs of the equipment directly or reduc-
ing the cost of money borrowed to buy the equipment. This might involve cities
subsidizing the cost of more water efficient cooling equipment for use in elec-
tricity generation.

3. The introduction of taxes on equipment crucial to the continuation of current
undesirable practices, such as one could tax conventional tillage equipment
when one is interested in higher water use efficiency, and lower greenhouse gas
emissions.

4. The use of technology standards which mandate an upgrade in technology to the
desirable actions such as the automobile café standards on vehicle miles per
gallon.

5. The imposition of some form of regulations such as banning appliances that do
not meet certain water or energy efficiency characteristics such as high water
shower heads.

6. The development of differentiated markets favoring products from Nexus imple-
menting parties, for example, opportunities to purchase electricity only from
renewable wind sources.

In implementing such incentives, one naturally needs to be careful about induc-
ing such things as the rebound effect as discussed above and also will need to be
flexible potentially increasing prices and decreasing prices to get the amount of
resource transferred that is desirable.

5.3 Broader Items

Some other economic concepts merit mention including externalities, income distri-
bution, dynamic concerns, uncertainty and risk aversion, public and private roles,
and cost—benefit analysis.

5.3.1 Externalities

Frequently, activities have positive or negative impacts that damage others for which
they are not held liable. Such a situation is called an externality by economists
where production or consumption of one of the Nexus items imposes negative
impacts on other parties.

Here we will generally deal with negative externalities where the impacts on the
other parties are adverse. Examples of such externalities commonly involve pollut-
ing emissions, as follows:

1. Where applications of nitrogen fertilizers on food crop impact local rivers and
aquifers but is not reflected in the costs of the fertilizer appliers or their resultant
crop product price.
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2. GHG emissions from fossil fuel-based power generation.
3. Pollutants entering aquifers associated with infiltration of produced fracking
water.

Non-market valuation is often applied to value externality effects as discussed
(see Chaps. 4 and 5).

A related concept is maladaptation where Nexus actions that meet the needs of
one sector increase the vulnerability of sectors elsewhere or in the future. This is an
important issue recognized in climate change adaptation literature (see Barnett and
O’Neill 2010). Examples of maladaptation include: diverting floodwaters away
from a city may result in flooding of other citizens along the path of diversion canal;
and extensive use of groundwater today depletes the resource so that it cannot be
used in the future.

In dealing with negative externalities economists often state that the externality
should be internalized. There are many ways of doing this including some of the
incentives below:

1. Assignment of property rights, such as allocating grazing use permits on federal
lands providing an incentive for those using land for grazing to avoid
overgrazing.

2. Instituting markets for rights to pollute (commonly called cap and trade. For
example, one can reduce GHG emissions below current levels by allocating
rights to emit but than allowing the purchase and sale of those rights).

3. Imposing performance standards like the use of denitrification inhibitors or the
institution of a Renewable Fuel Standard which requires certain volumes of
renewable fuel.

4. Providing subsidies for equipment that reduces the negative impact, for example,
lowering the cost of precision agriculture equipment to reduce nitrogen runoff,
or lowering existing subsidies to fossil fuel production to increase price and
lower consumption reducing air pollution and greenhouse gas emission
externalities.

In doing this, one must be careful about adopting strategies with minimum
implementation—transaction costs, as the magnitude of such costs, have caused
some schemes to fail (Stavins 1995; Tietenberg 2003).

Externalities are critical concepts in the Nexus arena. Hoff (2011) argues Nexus
thinking is concerned with addressing externalities across multiple sectors, decreas-
ing adverse effects of some sectoral actions on others with a focus on system effi-
ciency rather than on the productivity of individual sectors.

5.3.2 Income Distribution and Inequality Effects

The Nexus also needs to be contextualized within the debate around social justice.
Food/water poverty indicate the presence of a strong relationship between levels of
poverty and levels of resource consumption—with resource consumption and
resource availability decreasing as poverty indices increase.
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As discussed in Chap. 3, water security involves access to, water for human and
ecosystem uses; energy security involves access to clean, reliable and affordable
energy services for daily uses; food security involves physical and economic access
to sufficient, safe and nutritious food to meet dietary needs and food preferences for
an active and healthy life. The Bonn2011 conference specifically aimed to explore
“how a nexus approach can enhance water, energy, food security by increasing
efficiency, reducing trade-offs, building synergies and improving governance across
sectors” (Hoff 2011). Nexus decisions can alter food/water/energy availability and
prices, in turn, altering the welfare of groups outside the FEW production region or
domain under study including disadvantaged ones. Such potential effects increase
the importance of making informed and balanced choices not only on our natural
resources but also in working toward the achievement of Sustainable Development
Goals as discussed in Chap. 3.

Section 4.2 noted the importance of considering distributional effects, such as
whether and how the policy change may be felt by high- versus low-income popula-
tions, or how people in urban centers and rural areas may be differentially impacted.
Section 18.4 includes four case studies that illustrate distributional (distributive)
effects in FEW policies at the city-scale.

5.3.3 Incorporating Dynamic Concerns

Nexus interrelationships and demands for Nexus commodities are changing over
time. Therefore, decision-making processes need to be proactive and consider the
dynamic evolution of the FEW arenas. (See Sect. 4.3.1 for a discussion of FEW
system dynamics and human behavior.) For example:

. Growing populations alter FEW demands.

. Climate change alters water supplies plus regional FEW demands.

. Aquifer and fossil fuel reservoir depletion is ongoing.

. Evolving technology influences FEW supplies and demands.

. Regional FEW infrastructures and resource stocks/availabilities may be depreci-
ating or being depleted.

[, I SN OS T NS I

The incidence of growing populations and climate change forces economists to
consider how to balance current versus future resource allocation properly so as to
maximize society’s welfare over a long time horizon.

Economic effects at different points in time are not usually valued the same. The
promise of payment of a dollar today is more valuable than payment 10 years from
now since one could buy an interest-bearing bond returning say a dollar plus 25
cents interest by 10 years from now. Economists use the concept of a discount rate
to place economic effects across different times on an equal footing. This reduces
the future value by an accounting of the compound interest one would achieve by
that period from investing the same amount of money currently.
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Choice of the discount rate is crucial when making comparisons between decisions
or impacts at different times. The use of too high a discount rate will result in too
little value placed on avoiding damaging future events and too little investment in
technologies that enhance sustainability. Conversely, applying too low a discount
rate will result in too much investment in items that benefit the future at the expense
of the current.

Investment in climate change mitigation is a clear instance where the discount
rate causes different conclusions to be reached. Debate in the literature on discount-
ing has often focused on how to select the correct discount rate (Stern 2007;
W. D. Nordhaus 2007; Weitzman 2007; Zhuang et al. 2007). Regardless of the rate
chosen, it is important to remember that the discount rate is a critical determinant in
the outcome of an analysis, and for each project, a single rate must be applied to all
future benefits and costs. For example, Stern (2007) advocates more ambitious
greenhouse gas mitigation than Nordhaus does, and this is in part influenced by
Stern’s use of a much lower discount rate.

5.3.4 Uncertainty and Risk Aversion

Uncertainty adds complexity to Nexus systems. Uncertainty may be represented by
year-to-year variations in water supplies and commodity prices caused by drought
or floods plus an uncertain future for the rate of population growth, climate change
incidence, technological progress or aquifer/fossil fuel reservoir depletion.
Collectively, such uncertainties raise needs for stochastic modeling and scenario
analysis. Stochastic modeling involves considering multiple possible say water
availability situation and their probabilities. For example, in the South-Central
Texas EDSIMR model (see Sect. 5.4), shorter run uncertainty was addressed by
having nine levels water availability and their historical probabilities. For long run
uncertainly, the model was run under alternative scenarios involving population
growth and future climate change.

Broadly following Moschini and Hennessy (2001), the main sources of uncer-
tainty in the Nexus system as being from:

1. Production uncertainty which refers to the variation in levels of production like
crop yields where the amount and quality of output that will result from a given
bundle of inputs are typically not known with certainty.

2. Price uncertainty, where production decisions are made in advance of the time
when the final product becomes available, so that market price for the output is
typically unknown when these decisions have to be made.

3. Technology improvement uncertainty which acknowledges that increases in
production output and input usage efficiency are uncertain across all sectors.

4. Policy uncertainty where one is unsure of the persistence and enactment of eco-
nomic policies that significantly impact sectors like renewable energy subsidies
or requirements.
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Risk preferences and management have been widely addressed both analytically
and numerically in the economic literature. Many stakeholders such as farmers or
firms are typically risk-averse. The more significant the variability they experience
in their profits or service supply, the more willing they will be to adopt measures
that reduce risks.

In the face of climate variability, vulnerable farmers employ ex-ante (forecast-
based) strategies, to protect against the possibility of catastrophic loss in the event
of a climatic shock. Farmers’ precautionary strategies include the following:

1. Selection of a portfolio including less risky but less profitable crops.
2. Overuse of fertilizers.

3. Diversifying income sources.

4. Avoiding investment in production assets and technology.

Arguments have been made that if farmers can trade away part of the risks on their
farm at an acceptable cost, the expected utility of the farmer will increase and this
provides another incentive direction—development of risk sharing mechanisms like
insurance or crop share arrangements when Nexus practice adoption increases risk
exposure.

Although sharing risks can increase utility, individuals are not likely to share all
risks. Factors that may influence this decision include the following:

An individual’s degree of risk aversion.

The costs involved in risk sharing.

The relative size of a risk.

The correlation of the risk with other risks.
Other sources of indemnity.

An individual’s perception of the nature of risk.
An individual’s income and wealth.

Nk b=

5.3.5 Public—Private Goods, Incentives, and Roles

Some strategic responses to Nexus issues involve adaptation strategies that occur
autonomously by private individuals and through planned public actions.

McCarl (2015) presents a list of possible adaptation categories in a climate
change adaptation context with an indication of whether the actions will be public
or private. Individuals serving their personal interests take private actions. For
example, altering crop, livestock mix, or modifying irrigation practices are primar-
ily exercised by private individuals who manage the land. However, other strategies
are not feasible or desirable for implementation by individuals (called public goods)
which, in turn, bring in a public role. Public entities may alter policy, provide incen-
tives, provide information, develop certain classes of technology, or build infra-
structure. Examples of such public actions include:
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1. technology development on FEW components through research, for example,
developing ways to generate energy with less water, grow food with less irriga-
tion and energy and utilize less energy and water for municipal use;

2. building a more efficient public utility generation and distribution system or
reducing leaks in water distribution;

3. providing extension information on FEW situations, improving practices like
water conserving agricultural practices;

4. financing insurance coverage for cases where for example water is limited and
operations are curtailed; and

5. creating public goods that benefit many without excluding those who have not
financed implementation, for example, capital investment in reservoirs or canals.

In public cases, an individual does not capture all of the benefits and is likely to
choose not to pay for the investment. Thus, in cases where the Nexus action creates
a public good then broader involvement is needed to achieve implementation as
private actions will underinvest in such actions.

5.3.6 Cost-Benefit: Not Just Economics

Finally, let us deal with the broad issue of benefit—cost analysis inclusiveness. One
quite frequently hears people say that for a project to be justified it must have a ratio
greater than one of the benefits divided by costs. In fact, it is often a requirement that
a benefit—cost ratio is constructed for almost any considered project.

However, it is also important to note that the benefit—cost ratio will generally not
be all-inclusive relative to the items considered in making a decision. In particular,
there may well be many nonmarket impacts which cannot be quantified in dollars
and cents. Nexus project induced items such as reductions in the amount of erosion
getting into the water, or a reduced amount of air pollution emissions, or an altera-
tion in biodiversity in the region are difficult to represent in general and certainly in
monetary terms. In such cases, one may do both a benefit—cost and a simultaneous
environmental analysis and emphasize that both should be considered, not just the
cost—benefit ratio as could be implemented within the systems approach discussed
in Chap. 2.

5.4 FEW Nexus Metrics, Data, and Modeling

In this section, we use an ongoing Texas FEW Nexus case study to illustrate the
complexity and challenges regarding the economic considerations related to FEX
Nexus metrics, data, and modeling but also see the detailed discussion in
Chaps. 13-16.
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The Nexus model is named the Edwards Aquifer and River system Simulation
Model (EDSIMR). The model depicts regional dryland and irrigated farming, water
diversion/pumping, river flows, environmental indicators, aquifer elevation status,
thermal energy cooling, hydropower, and hydraulic fracturing. The model when
solved generates output on water prices, water use, and allocation, farming crop
mix, agricultural production, irrigation strategy, aquifer levels, spring flow discharge
into rivers, farm incomes, municipal and agricultural pumping, pumping lifts,
energy generation, and energy use, among other items.

A FEW Nexus model needs to be based on high-quality data. For the EDSIMR
analysis we needed to integrate data from:

1. Regional aquifer simulations that employed the groundwater model (GAM) to
simulate aquifer level, pump lift and spring flow discharge given alternative
amounts of pumping in the region;

2. Crop growth simulations using EPIC under different irrigation strategies and
climate conditions to develop estimates of dryland and irrigated crop yields
along with water use plus erosion and nutrient flows;

3. River flow and groundwater infiltration where we used SWAT to simulate levels
of aquifer recharge, net inflows at river locations, evaporation, reservoir opera-
tions, and water quality characteristics, given changes in agricultural production,
climate and the typical regional distribution of rainfall;

4. Econometric based urban water demand equations that show water demand as a
function of water price and climate conditions;

5. Engineering models of electrical power generation cooling with which we esti-
mated the alternative cooling methods and their implications for water use, cost
and power generation; and

6. Calculations of energy use and water loss associated with many water develop-
ment alternatives (reservoir construction, pipelines from distant locations,
desalination, aquifer storage, and recovery and conservation incentives among
others).

EDSIMR is formulated as a unifying component that includes modeling of riv-
ers, aquifers, agricultural water use, irrigated and dryland cropping, water project
development, energy generation, cooling water use, cooling water retrofits and non-
agricultural water use among other things. That model is used to look at a regional
welfare-maximizing allocation of water across urban, industrial, electrical generat-
ing and agricultural users coupled with an optimal choice among the water develop-
ment and power cooling alternatives. As shown in Fig. 5.3, the total project
encompasses data collection, model development, and feedback from stakeholders.

Key Points

* Nexus analyses can be biased if one neglects product demand and input supply
price-quantity relationships. For example, using US corn for biofuel was a sig-
nificant force behind corn price increases while the supply of the by-product
glycerol from biodiesel refining reduced glycerol prices. Also, demand quantity
projections may fall if prices are increased as expensively discovered by WPPSS
power suppliers.
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Fig. 5.3 Edwards aquifer and river system simulation model (EDSIMR) framework

Incentives to conserve can have perversely increased usage as demonstrated by
the rebound effect.

Projects may affect non-market items like water quality which may, if valued,
influence an appraisal.

Transferring evaluation estimates from elsewhere have both advantages and
drawbacks.

Water has a different value in different uses. This requires both quantification
and consideration when making decisions. The consideration of water movement
costs and water allocation patterns between users is a crucial consideration.
Techniques exist for estimating the value of water in alternative uses so one can
look at the implications of Nexus—based reallocations or new water development
activities.

When identifying strategies based on those currently employed, one must real-
ize this is biased by historical prices and that other strategies could be used if
prices change.

Economics provides welfare metrics that can be utilized when examining mak-
ing decisions about Nexus possibilities in a benefit—cost analysis. The welfare
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metrics can describe not only total welfare but also the welfare of participating
groups identifying who gains and who loses. One should be prepared for differ-
ent effects across producers and consumers when a practice alters prices of
commodities.

One can provide Nexus action adoption incentives by introducing markets, sub-
sidies, performance standards, or taxes to stimulate adoption by those who lose
in the interest of gains to others. Incentives are needed to attain full cooperation
especially to those who otherwise lose from strategy implementation.

Nexus actions can cause negative impacts or externalities on other parties that
need to be considered. Social justice is a concern when Nexus actions negatively
affect disadvantaged populations.

The Nexus arena is continually evolving given the influences of things like a
growing population and climate change, so we need to consider how to properly
balance current versus future resource allocation to maximize social welfare.
The discount rate is a key concept here.

Risk sharing mechanisms may be needed as Nexus adoption may alter risk and
influence stakeholder decisions to adopt.

Some Nexus actions will not be adopted by private individuals as they benefit the
public, not just the individual. In such cases, the public may need to get directly
involved in adoption.

Discussion Points and Exercises

1.

2.

Discuss why the rebound effect might occur if you are subsidizing lower cost
lawn irrigation practices in a growing municipality.

Discuss why not all nexus alternatives can be observed in usage in a setting.
Discuss the role of historical commodity and water prices along with induced
innovation.

. Discuss why incentives may be needed to implement FEW Nexus actions by

listing two to three examples.

. Discuss the consequences of changing to more water efficient cooling prac-

tices for power generators in a scarce water setting where the change makes
more water available for municipal use and reduces water purchases from
agriculture. Could power generators lose? What might happen to agricultural
producers? What would be the consequence of having this lower priced
water for municipalities? Would some form of compensation possibly be
needed and if so how could it be implemented as a way of resolving negative
effects?

. Discuss how reducing discount rates will affect the desirability of investments

with significant upfront costs and benefits occurring later.

. Suppose you are doing a study of changing cooling water alternatives and the

one being considered eliminates the need for a cooling pond that provides
spawning grounds for an endangered fish species and also reduces the dis-
charge of pollutants into a nearby river. Would there be any need for non-
market valuation in such a setting? Could benefits transfer be used and if so
what qualifications might you state on the resultant estimates?
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10.

11.

12.

13.

14.

15.

16.
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. In the San Antonio region, two 140+ mile long pipelines are being considered

to deliver water from one place to another. If you were appraising their FEW

consequences what types of effects would you consider?

Suppose you are evaluating a US case where to generate more energy: 5% of

US cropland and 5% of current grasslands will be diverted to producing energy

crops which use less fertilizer than existing crops but much more than pasture.

Conceptually, could this influence US and global commodity markets? What

about water use and water quality?

Suppose we have several Nexus water-related alternatives: build a 150-mile

pipeline, have agriculture shift to more water conserving crops, increase home

appliance water efficiency and change fracking techniques to use less water.

Who makes the decision to adopt the practice in each case and is a public role

needed to provide funds or disseminate information?

When you are examining issues regarding water what should you use, mean

water availability, drought availability, flood availability or the distribution of

water availability?

Suppose a pipeline is to be built that crosses private lands and some government

lands. Could any externalities be involved?

Suppose a consulting firm needs to appraise whether water could be transferred

from agriculture to cities. How would you estimate the value of water to both

parties?

Energy prices rose substantially between 2000 and 2011. During that period,

we saw smaller cars and more miles per gallon from new models. Prices have

now gone back down some, and larger cars are again selling. Which two eco-

nomic concepts above are relevant to these observations?

Why should one not only look at the cheapest cost water when making an urban

decision on water supply sources?

Why do we worry about policies that increase food prices? Who is affected by

food prices? Also, should we only worry about the average consumer?
ooB0ap

The formula for the elasticity of demand is Ap q , where p is commodi-

typrice and ¢ is quantity consumed, and Ag and Ap are changes in quantity and

price due to firm actions respectively. This formula can be manipulated to

express the change in product prices or the change in quantity sold as follows:

Ag=Ap/pxqg*e
Ap=Aql/g*ple

Assume p = g = 1 and answer the questions in the following two paragraphs:

How much would the sale price at which more production could be sold
change if they produced 10% more under an elasticity of —0.1 versus one of
—10? Does this mean FEW actions that expand production can do this more
safely if they face elastic demand (e < —1 (the —10 above)) or inelastic demand
(e > —1 (the —0.1 above))? How does this relate to the Washington Public Power
case described above?
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How much would the quantity they could sell change if their cost of produc-
tion increased by 10% under an elasticity of —0.1 versus one of —10? Does this
mean FEW actions that expand the price they need to charge to cover the cost of
production can be implemented more safely if they face elastic demand (e < —1
(the —10 above)) or inelastic demand (e > —1 (the —0.1 above))? How does this
relate to the glycerol case described above?
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Chapter 6 )
International Governance Check or

Antti Belinskij, Kaisa Huhta, Marko Keskinen, Outi Ratamiiki,
and Peter Saundry

6.1 Introduction

One of the criteria for considering the nexus of food, energy, and water systems are
that they are governance-heavy, as noted in Chap. 1. The word governance refers
here generally to the processes by which organizations and other groups of people
make and implement decisions, policies, and rules.

While governance has many definitions, it can generally be seen to consist of two
key elements, that is, actors and institutions. Actors include variety of organizations,
groups, and individuals that participate and/or have an interest in the governance
processes at different scales. They can thus include formal government-related
actors such as ministries, international actors such as the United Nations organiza-
tions as well as other actors such as private corporations, academia, and civil society
organizations. Institutions, on the other hand, can be generally defined as persistent
social arrangements that shape and regulate actors’ behavior and actions. Institutions
include both formal institutions (such as policies and laws) and informal institutions
(such as norms and traditions).
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This chapter focuses on a key formal institution, that is, international law, and
also discusses briefly some key actors related to international governance related to
food, energy, and water security. While formal laws created and enforced by formal
governmental actors (hard law) are an important governance tool, it is important to
note that many other governance processes and tools exist inside and outside of
these more formal government arrangements. Given the context of this book, this
chapter looks particularly at the interlinkages between food, energy, and water secu-
rity in international law. It examines how international treaties and customary
international law in respect of each of these sectors take into account the other two
sectors.

Much of international governance related to food, energy, and water is motivated
by the interlinked concepts of food, energy, and water security (see Sect. 3.2).
A nexus approach to food, energy, and water security aims to integrate the many
different aspects of management and governance of these resources across sectors
and scales (Hoff 2011). Such scales range from local to regional and even to a global
scale, and an increasing amount of literature looks at the nexus from perspectives of
local sociopolitical structures like cities (Chap. 18) and natural structures like water-
sheds (Chap. 19) which can encompass all or parts of several countries.

While policy and decision-making in relation to each sector should therefore
always consider the effects on the other two, international FEW governance has
traditionally taken place in separate food, energy, and water “silos.” Binding legal
instruments and concrete obligations (hard laws) directed at all three sectors are
scarce, typically provisions in one sector having only implicit connections to the
other two sectors. The importance of the nexus approach and cross-sectoral linkages
are more explicitly expressed in non-legally binding (soft law) instruments and
policy papers.

We argue that, while explicit interlinkages between food, energy, and water are
largely missing from international law, legal instruments leave much room for inter-
pretation to enhance the nexus approach. A nexus approach allows for the possibil-
ity of achieving synergies and enhancing trade-offs between the water, energy, and
food sectors. This is by no means easy and often leads to conflicting views on the
most sustainable and equitable uses of our limited natural resources. Integrated
FEW governance is thus also inherently political.

The structure of the chapter is as follows. Section 6.2 describes some critical ele-
ments of contemporary international FEW governance. Sections 6.3, 6.4, and 6.5
look at these elements from the perspective of each sector along with interlinkages.
Section 6.6 presents the conclusions, placing the analysis in a broader context. In
addition to the recommendations for further reading and the chapter references,
readers should explore treaties and declarations (Appendix C) and relevant case law
(included within a section at the end of the chapter).
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6.2 Key Elements of International Governance

Governance of our societies has its roots in small, localized groups of people who
had their own rules, customs and norms. Over time, larger governance structures at
higher scales emerged, creating more stable and formalized social arrangements
within areas where they were in effect: this ultimately also lead to the establishment
of different nations and their governance. While such larger social arrangements
helped to reduce conflicts between localized groups of people, they could remain
biased toward some groups and individuals. Further, such nation-wide governance
structures could not prevent conflicts between nations, with the two World Wars of
the first half of the twentieth century representing the most destructive examples.

As a result, considerable efforts have been made globally to establish interna-
tional institutions (namely, international norms of behavior, codified into rules and
laws) and related international organizations that seek to minimize the main sources
of conflict while maximizing the benefits of peaceful cooperation and exchange of
goods and services. The League of Nations (1920-1946) can be seen as the first
major effort for such a global governance initiative. Yet, its failure to achieve wide
acceptance, meaningful influence and, ultimately, to prevent World War II led to a
renewed effort to create both organizations and institutions that would be more suc-
cessful. Since the World War II, an extensive set of international arrangements have
reduced (though far from eliminated) conflict and facilitated rapid increase in pro-
duction of FEW commodities and their trade between nations (Chap. 7). While the
United Nations system created in 1945 is the most visible representation of interna-
tional governance, it is only a part of myriad treaties, institutions, and other arrange-
ments that seek to establish a generally accepted approach for international
governance.

6.2.1 Concepts of International Law

Governance encompasses more than formal laws created and enforced by formal
governments (hard law). This is also reflected to the core concepts of international
law. International law refers to the “rules and principles governing the relations and
dealings of nations with each other, as well as the relations between states and indi-
viduals, and relations between international organizations” (Legal Information
Institute). As such, international law recognizes:

1. International treaties, conventions and agreements which have legal binding
obligations which are considered “hard law” because there are specific or “hard”
consequences if breached.

2. Agreements without legally binding components to them which are considered
“soft law.” One example of soft law is the use of voluntary commitments called
Nationally Determined Contributions under the 2015 Paris Agreement on
Climate Change (see Sect. 11.3). In addition to non-legally binding treaties and
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conventions, there are many other examples of international soft law such as the
resolutions and declarations frequently adopted by the United Nations General
Assembly, and most “action plans,” “statements of intent,” “codes of conduct,”
and “guidelines.”

While soft law obligations are frequently criticized for have “no teeth,” they

have the advantages of:

(a) providing States greater flexibility in fulfilling commitments;

(b) being more readily agreed to by States; and

(c) creating goals to which governments may be held accountable to by domes-
tic political actors.

For example, it is unlikely that the USA would have accepted hard law
requirements under the Paris Agreement because of opposition within the legis-
lative branch of its national government. However, the US commitments had,
and have, clear political consequences.

Many international obligations are rooted in established or “customary” prac-
tices, referred to as customary international law. The International Law
Commission states that customary international law is “unwritten law deriving from
practice accepted as law. It remains an important source of public international law”
(ILC 2018). How customary law is understood and accepted differs between States.
Customary law is frequently referred to by courts, jurists, legal scholars, diplomats,
and governments as a source of international law. International treaties often seek to
codify customary law to bring about formal, clear, and broad agreement about
such law.

Both hard and soft international law are frequently (but not always) expressed in
international treaties. The 1980 Vienna Convention on the Law of Treaties defines a
treaty as “an international agreement concluded between States in written form and
governed by international law.”

Treaties that can be considered hard law typically include provisions on how a
State consents to be bound by the agreement; territorial scope of and reservations to
the agreement; how it enters into force; monitoring compliance and consequences
of non-compliance; allowing other States to join the agreement; and revoking or
modifying (amending) the agreement.

Many international agreements and declarations include non-binding (i.e., soft
law) normative statements and goals (that is desirable behaviors, practices, out-
comes and objectives) which, over time, can become customary law, and, ultimately,
hard law either domestically or internationally.

Note that it is customary to refer to independent countries as “Nation States” or
simply “States.” The use of the word “State” in this Chapter should not be confused
with sub-national regions in certain countries like Australia, Brazil, Mexico, and the
USA. States are considered “sovereign” in that their governing body of the State has
supreme, or ultimate, authority for political decision-making within the territory of
the State. There exists a diverse array of relationships between the governing bodies
of States and the people who are citizens of the State, some democratic in nature,
some not.
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The principle of sovereign equality asserts that every sovereign State has the
same legal rights as every other sovereign State. According to this principle, a State
has a sovereign right to use its territory but, at the same time, it must respect the
territorial integrity of other States and their “correlative rights” to resources shared
with other States, like transboundary groundwater resources.

International law is sometimes divided into public and private components, with
public international law referring to laws governing the relationship between
States, and private international law referring to laws governing individuals and
organizations (like corporations) when they move across borders and operate in
countries other than their home. Because many international treaties have a signifi-
cant impact on private international law and domestic law (laws internal to coun-
tries), it is important not to consider different areas of law to be entirely separate and
distinct.

6.2.2 The United Nations System

Following the creation of the United Nations (UN) in 1945, at the end of the second
World War, the organization quickly became the most significant body for facilitat-
ing and overseeing international cooperation and governance. However, it is essen-
tial to remember that the UN:

1. Is just one source of international governance.

2. Has little direct authority of member states; rather, it is best viewed as a “club”
where members discuss issues and establish arrangements to address those
issues; and whose coercive power only exists when members voluntary enforce
agreements individually, or cooperatively on others.

As of 2019, the UN recognizes 193 sovereign States as members and which are
represented in the United Nations General Assembly. Two States have observer sta-
tus, the Holy See and Palestine.

The General Assembly is one of six “principal organs” of the United Nations.
The others are the Economic and Social Council, the International Court of
Justice, the Security Council, the Trusteeship Council, and the UN Secretariat.
There are also a large number of agencies and organizations established by and
reporting to different parts of the UN such as the World Bank Group, International
Monetary Fund (see Sect. 6.2.3), the World Food Programme, the United Nations
Framework Convention on Climate Change, the International Law Commission,
and many more. All of these entities collectively are referred to as the United
Nations System.

In the United Nations system, the General Assembly adopts multilateral treaties,
the International Law Commission promotes the development of international law,
and the International Court of Justice, based in city of The Hague, Netherlands,
settles disputes between States.
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Article 38 of the governing Statute of the International Court of Justice brings

together many of the core concepts of international law by what types of laws it
applies:

1. The Court, whose function is to decide in accordance with international law such

disputes as are submitted to it, shall apply:

(a) international conventions, whether general or particular, establishing rules
expressly recognized by the contesting states;

(b) international custom, as evidence of a general practice accepted as law;

(c) the general principles of law recognized by civilized nations;

(d) subject to the provisions of Article 59, judicial decisions and the teachings of
the most highly qualified publicists of the various nations, as subsidiary
means for the determination of rules of law.

The International Court of Justice has occasionally been asked to address ques-

tions related to the food, energy, or water system (see, e.g., Sect. 6.3.1 below);
however, addressing the FEW nexus itself is something most courts have not yet
fully grappled with. More discussion of food, energy, or water has often occurred in
different pieces of the UN system (Fig. 6.1).

The UN system includes a number of sub-organizations, including, but not

limited to:

Food and Agriculture Organization of the United Nations (created in 1960)
“works in partnership with governments and other development actors at global,
regional and national levels to develop supportive policy and institutional envi-
ronments” to lead “international efforts to defeat hunger.”” (FAO) The FAO
includes work on fisheries and agriculture.

World Food Programme (1961) delivers food assistance in emergencies and
works with communities to improve nutrition and build resilience.

International Atomic Energy Agency was created to support the peaceful use of
atomic energy, including nuclear power.

United Nations Development Programme (1965) “works to eradicate poverty
and reduce inequalities through the sustainable development of nations”
(UNDP).

United National Environment Program (1972) seeks to set “the global environ-
mental agenda, promotes the coherent implementation of the environmental
dimension of sustainable development within the United Nations system, and
serves as an authoritative advocate for the global environment.” (UNEP).
United National Framework Convention on Climate Change (1992) facilitates
international negotiations on climate change (see Chap. 11).

UN-Energy coordinates the activities of many UN agencies and offices on
energy.

UN-Water coordinates the activities of many UN agencies and offices on water.
UN Human Rights Council promotes and protects human rights around the
world.
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In addition, the World Bank Group and International Monetary Fund (see Sect.
6.2.3) have significant impacts on the FEW nexus.

6.2.3 World Trade Organization and GATT

In Chap. 7, we explore the important role that trade plays in supporting food, energy,
and water security. Trade governance is therefore an important part of international
governance related to FEW systems.

The modern approach to regulating international trade was profound shaped by the
same process that led to the creation of the United Nations system following World
War II which included a belief that the way in which had nations managed their trade
and currencies during the interwar years were a significant factor in making the Great
Depression as harmful and long-lasting as it was, and created conditions that help lead
to the second global war within a quarter century of the first. In particular, trade
barriers such as tariffs, import quotas, and subsidies were viewed as exacerbating
economic and social instability.

At the famous 1944 Bretton Woods conference, proposals were endorsed to
create three international organizations to facilitate economic growth:

1. The International Monetary Fund (IMF) to promote financial stability by having
countries cooperate in how they managed their currency exchange rates and
financial flows; and to support nations which face problems in their payments of
international debts, thereby avoiding broader international financial crises.

2. The International Bank for Reconstruction and Development, to provide debt-
financing and aid reconstruction following the war. This Bank subsequently
became one of five institutions within the World Bank Group (WBG). The World
Bank expansion included additional components primarily aimed at supporting
development in low-income countries, including the:

(a) International Finance Corporation (1956) to work with the private sector;

(b) International Development Association (1960) to provide interest-free loans
or grants;

(c) International Centre for Settlement of Investment Disputes (1965); and

(d) Multilateral Investment Guarantee Agency (1988) to provide insurance for
investments.

Data aggregated and disseminated by the World Bank has been used through-
out this book.

3. The International Trade Organization (ITO) to establish rules for international
trade that would reduce barrier to international trade. Because the ITO was
viewed as a threat to domestic policy-making in the USA, the treaty to establish
it failed to be ratified in that country. However, a weaker General Agreement on
Tariffs and Trade or “GATT” was endorsed and has provided the most signifi-
cant framework for regulating international trade.
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Following the original 1947 legal agreement between 23 countries, GATT was
revised seven times in “rounds” of international negotiations in 1949, 1951,
1955-1956, 1960-1962, 1962-1967, 1973-1979, and 1986-1994 (called the
“Uruguay Round”). Each round of GATT negotiations addressed a wide array of
issues, further reduced tariffs, and included more countries.

In 1995, GATT was subsumed within the World Trade Organization which
became, in practice, a club for the GATT signatories. As of 2019, the 164 mem-
ber governments of the WTO represent 98% of world trade. The WTO facilitates
member fulfillment of pledges and conflict resolution, as well as ongoing nego-
tiations (the “Doha Round” began in 2001 and is ongoing).

When the United Nations was established in 1945, the IMF and World Bank
became agencies of the UN. The World Trade Organization is not an agency
of the UN.

At the core of the GATT/WTO arrangement is that all members commit to treat-
ing imports from all other members equally. That is, every member must subject
every other member to the same trade conditions. This is referred to as “most
favored nation” treatment because every GATT/WTO member should be allowed to
trade under the same conditions as the most favorable conditions of any member.
Further, members should have access to other markets on a reciprocal basis. Finally,
members are required to be transparent about their trade restrictions.

Membership in the WTO does not preclude countries being involved in other
trade agreements such as the European Union and the North American Free Trade
Agreement (NAFTA) provided that they do not conflict with their GATT/WTO
commitments.

GATT and WTO have significant impacts on food, and more recently energy.
Each of these is addressed below.

6.2.3.1 Food

From the outset, agriculture has been treated differently to other products under the
GATT/WTO. Because food insecurity (see Sect. 3.2) has often been associated with
social instability, nations have long treated agriculture differently to other areas of
their economy. Nations have used tariffs, import quotas, and subsidies to achieve
stable food prices and to mitigate large swings in crop prices harmful to domestic
farmers. In addition, many countries have used the same tools to support rural econ-
omies impacted the movement of capital and people to industrialized urban cen-
ters—a social policy goal.

The importance of food and agricultural policies, especially in the USA, resulted
in major exceptions to the application of GATT to agricultural and fishery products.
In particular, the use of subsidies and import restrictions were allowed under GATT
in most circumstances. The effect of such exemption led to subsidized agriculture in
wealthier countries and frequently to large surpluses of certain crops. These sur-
pluses were then exported with the help of export subsidies simultaneously providing
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cheap food to developing nations and economically damaging the agriculture sector
by lowering the cost of domestically produced products. The USA and the European
Union (because of its Common Agricultural Policy “CAP”) were the chief users of
such policies and GATT exemptions and were the most common litigants in GATT
disputes.

While GATT negotiations attempted to address the exceptions for agriculture
throughout its first forty years, it was not until the Uruguay Round (1986—1994) that
serious changes were advanced by a group of agricultural exporting nations known
as the Cairns Group. This effort, ultimately led to the adoption of the Agreement
on Agriculture (1995). We will return to the Agreement on Agriculture in Sect. 6.5.

Since 2001, the WTO has been facilitating the Doha Development Round of
trade negotiations with a focus on the needs of developing nations. In 2008, negotia-
tions stalled over disagreement between developed nations and large developing
nations about agricultural subsidies.

While there may be sufficient food for the global population, there remains tre-
mendous inequity where some populations struggle with obesity while others starve.
Thus, world trade in food supplies has a long way to go to facilitate food security
for all.

6.2.3.2 Energy

Energy was not a priority in early GATT negotiations. This was likely connected to
the fact that energy trading was dominated by a combination of a small number of
large multinational corporations and state-owned corporations.

Following the first oil crisis of 1973, the member nations of the Organisation for
Economic Co-operation and Development (OECD) established the International
Energy Agency (IEA) to provide data and analysis to help them coordinate a collec-
tive response to such crisis. Today the IEA “examines the full spectrum of energy
issues including oil, gas and coal supply and demand, renewable energy technolo-
gies, electricity markets, energy efficiency, access to energy, demand side manage-
ment and much more. Through its work, the IEA advocates policies that will
enhance the reliability, affordability and sustainability of energy in its 30 member
countries and beyond.” (IEA).

Following the political transitions in Eastern Europe (1989-1991) that marked
the end of the Cold War, the significance of the energy resources of those countries
to those in Western Europe resulted in the adoption of the European Energy Charter
(1991) which provided a political framework for developing a treaty. An Energy
Charter Treaty (ECT) was adopted in 1994 and entered into force in 1998. A subse-
quent International Energy Charter was adopted in 2015 by 64 states to provide the
framework process to develop a larger treaty. The Treaty addresses:

 the protection of foreign investments;
* non-discrimination in trading conditions (based on WTO rules);
e ensuring stable movements of energy across international borders;
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 dispute resolution;
* advancing energy efficiency; and
* minimizing negative environmental impacts.

We will return to the Energy Charter in Sect. 6.4 and recognize its importance to
energy trading in Sect. 7.4, and its role in Energy arbitrations in Chap. 20.

6.2.4 Human Rights

Before addressing international law with respect to food, energy, and water, we will
explore a foundational issue for many laws, that of human rights.

Over the past several centuries, the concept of “rights” has developed both as a
human construct and as a social technology. The difference is manifested in the
distinction between the U.S. Declaration of Independence (““all men are endowed by
their creator with certain unalienable rights”) versus the Bill of Rights in the US
Constitution that enumerates the rights which citizens enjoy under the federal
government.

The difference continues to be a source of tension as activist advocate a “right to
food” or a “right to water” or a “right to energy,” and politicians debate how to
embody such a right in laws or public programs.

6.2.4.1 Food

Food has been explicitly recognized as a human right in various ways (Kent 2005;

Mechlem 2004). Article 25 of the Universal Declaration of Human Rights adopted

by the United Nations General Assembly in 1948 includes the following language:
Everyone has the right to a standard of living adequate for the health and well-being of
himself and of his family, including food, clothing, housing and medical care and necessary

social services, and the right to security in the event of unemployment, sickness, disability,
widowhood, old age or other lack of livelihood in circumstances beyond his control.

These rights were expanded in Article 11 of 1966 International Covenant on the
Economic, Social and Cultural Rights (ICESCR) which entered into force in 1976:

1. The States Parties to the present Covenant recognize the right of everyone to an
adequate standard of living for himself and his family, including adequate food,
clothing and housing, and to the continuous improvement of living conditions.
The States Parties will take appropriate steps to ensure the realization of this
right, recognizing to this effect the essential importance of international coopera-
tion based on free consent.

2. The States Parties to the present Covenant, recognizing the fundamental right of
everyone to be free from hunger, shall take, individually and through interna-
tional cooperation, the measures, including specific programs, which are needed:
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(a) Toimprove methods of production, conservation, and distribution of food by
making full use of technical and scientific knowledge, by disseminating
knowledge of the principles of nutrition and by developing or reforming
agrarian systems in such a way as to achieve the most efficient development
and utilization of natural resources;

(b) Taking into account the problems of both food-importing and food-exporting
countries, to ensure an equitable distribution of world food supplies in rela-
tion to need.

Further, the World Conference on Human Rights declared that “human rights
derive from the dignity and worth inherent in the human person.”

While these statements provide an important foundation for international FEW
governance, it is important to note that energy and water were not explicitly recog-
nized, and that no enforceable obligations are included (i.e., they constitute soft law).

In the 1990s, it was observed that the increase in global food production per
person made possible by the Green Revolution had not reduced the total number of
people without adequate food supplies. Amartya Sen (see Sect. 3.4) and others
argued that the problem was a result of poor governance associated with social
injustice, and failures in governments and other important institutions. The 1996
World Summit of Food Security prosed that tools be created to allow people to force
their governments to take concrete steps to enforce the right to food.

In 1999, the UN Committee on Economic, Social and Cultural Rights (CESCR),
a group of experts that monitored implementation of the Covenant by countries that
were parties to the Covenant issued statement on what the right entailed. They stated,

States have a core obligation to take the necessary action to mitigate and alleviate hunger as
provided for in paragraph 2 of article 11, even in times of natural or other disasters...

Every State is obliged to ensure for everyone under its jurisdiction access to the mini-
mum essential food which is sufficient, nutritionally adequate and safe, to ensure their
freedom from hunger...

The right to adequate food, like any other human right, imposes three types or levels of
obligations on States parties: the obligations to respect, to protect and to fulfil. In turn, the
obligation to fulfil incorporates both an obligation to facilitate and an obligation to provide.
The obligation to respect existing access to adequate food requires States parties not to take
any measures that result in preventing such access. The obligation to protect requires mea-
sures by the State to ensure that enterprises or individuals do not deprive individuals of their
access to adequate food. The obligation to fulfil (facilitate) means the State must proac-
tively engage in activities intended to strengthen people’s access to and utilization of
resources and means to ensure their livelihood, including food security. Finally, whenever
an individual or group is unable, for reasons beyond their control, to enjoy the right to
adequate food by the means at their disposal, States have the obligation to fulfil (provide)
that right directly. This obligation also applies for persons who are victims of natural or
other disasters.

The obligations to respect, protect, and fulfill form the core obligations of gov-
ernments. These obligations were elaborated upon in a 2004 FAO document titled
Voluntary Guidelines to support the Progressive Realization of the Right to Adequate
Food in the Context of National Food Security (also called “Right to Food
Guidelines”, Food and Agricultural Organization 2005).
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Civil society organizations have used these statements of government obligations
to press for actions in courts. In one notable case, in 2001, responding concerns that
the state government of Rajasthan in a northern Indian was not using stockpiles of
food reserves to address shortages and high prices, several civil society organiza-
tions petitioned the Supreme Court of India to issue directives to the national and
state governments of how they should address problems of malnutrition. The
Supreme Court of India issued several ordinances in response to the case.

6.2.4.2 Water

In 2002, The UN Committee on Economic, Social and Cultural Rights (CESCR)
issued a statement on the right to water, based upon Article 11 and 12 of the
International Covenant on the Economic, Social and Cultural Rights (ICESCR), as
well as other treaties. Article 12 of ICESCR addresses “the right of everyone to the
enjoyment of the highest attainable standard of physical and mental health.”
CESCR stated,

Water is a limited natural resource and a public good fundamental for life and health. The
human right to water is indispensable for leading a life in human dignity. It is a prerequisite
for the realization of other human rights. The Committee has been confronted continually
with the widespread denial of the right to water in developing as well as developed
countries. ..

The human right to water entitles everyone to sufficient, safe, acceptable, physically acces-
sible and affordable water for personal and domestic uses. An adequate amount of safe
water is necessary to prevent death from dehydration, to reduce the risk of water-related
disease and to provide for consumption, cooking, personal and domestic hygienic
requirements. ..

The right to water contains both freedoms and entitlements. The freedoms include the right
to maintain access to existing water supplies necessary for the right to water, and the right
to be free from interference, such as the right to be free from arbitrary disconnections or
contamination of water supplies. By contrast, the entitlements include the right to a system
of water supply and management that provides equality of opportunity for people to enjoy
the right to water.

CESCR also stated that “[w]hile the adequacy of water required for the right to
water may vary according to different conditions, the following factors apply in all
circumstances:” availability, quality, and accessibility. Accessibility includes physi-
cal accessibility, economic accessibility, non-discrimination, and information
accessibility. Here we see many of the elements of water security discussed in
Sect. 3.4.

As with the right to food, the obligations to respect, protect, and fulfill form the
core obligations of governments. CESCR goes further is asserting an international
obligation:

To comply with their international obligations in relation to the right to water, States parties
have to respect the enjoyment of the right in other countries. International cooperation
requires States parties to refrain from actions that interfere, directly or indirectly, with the
enjoyment of the right to water in other countries. Any activities undertaken within the State
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party’s jurisdiction should not deprive another country of the ability to realize the right to
water for persons in its jurisdiction

This includes remaining from using water “as an instrument of political and eco-
nomic pressure” such as preventing the supply of water reaching another country;
or, allowing communities of citizens from violating the water rights of their coun-
terparts in other countries.

Finally, CESCR also connected the right to water to the right to food:

The Committee notes the importance of ensuring sustainable access to water resources for
agriculture to realize the right to adequate food. Attention should be given to ensuring that
disadvantaged and marginalized farmers, including women farmers, have equitable access
to water and water management systems, including sustainable rain harvesting and irriga-
tion technology.

In addition, food and water are very closely linked with each other in human
rights law. For example, the 1979 Convention on the Elimination of all Forms of
Discrimination against Women (Article 14) calls on parties to ensure that women
have equal access to “adequate and healthy living conditions” where adequate living
conditions also include electricity.

Finally, there is a growing movement under human rights law to give rivers them-
selves the status of “legal persons.” For example, New Zealand’s parliament passed
an act giving the Whanganui River and ecosystem legal standing, guaranteeing its
“health and well-being.” Also building of human rights law, Ecuador enshrined in
its constitution the rights of nature. A court in India ruled that the Ganges and
Yamuna rivers have the “status of a legal person, with all the corresponding rights,
duties and liabilities... in order to preserve and conserve them.”

6.2.4.3 Energy

While discussion of the right to energy is in its infancy compared to that of the right
to food or the right to water, a growing body of literature addresses the concepts of
energy poverty, energy justice, and access to energy as a precondition for ensuring
socio-economic human rights.

The connection between access to energy and human rights was first acknowl-
edged in the World Commission on Environment and Development report in 1987
(Brundtland report), which stated that energy services are a crucial input to the pri-
mary development challenge of providing, for example, adequate food and water.
Among other things, energy enables cooking, piped water and sewerage facilities,
and fuels agriculture.

Although there is no explicit mention of energy in the global human rights trea-
ties, it has been strongly argued that access to energy is a fundamental precondition
for the fulfillment of human rights obligations (Bradbrook et al. 2008).

Regulating energy is a matter of reconciling mutually conflicting interests of
security, affordability, and sustainability. The food—energy—water nexus in interna-
tional energy law can be seen as an aspect of global sustainability efforts. However,
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pursuing sustainability as an objective becomes challenging when it conflicts with
the objectives of energy security or the affordability of energy. This is acknowl-
edged in the ECT, for example, which states that contracting parties should strive to
minimize environmentally harmful impacts but should do so economically effi-
ciently and take safety into account (Article 19(1) of the ECT). Interruptions in
energy supply are considered politically unacceptable and, as a result, governments
are unlikely to allow interruptions in the interest of pursuing sustainability objectives.

6.3 International Water Law

International water law applies to the uses and protection of international freshwater
resources.

Approximately half of the earth’s surface, containing about 40 percent of the
world’s population (3.1 Billion), is contained within 263 transboundary lake and
river basins. There are hundreds of transboundary groundwater aquifers. International
waters constitute an estimated 60% of global freshwater flow and have a great
impact on economic development, poverty reduction, and the attainment of the
Sustainable Development Goals (see Sect. 3.7).

Early international water agreements concentrated primarily on the regulation of
navigation and fishing. However, today, international water law mainly relates to
water uses such as hydropower production and irrigation.

6.3.1 Two Conventions

International water law was codified by the 1966 International Law Association
(ILA) non-binding Helsinki Rules on the Uses of the Waters of International
Rivers (ILA 1967).

Currently, there are two global water conventions in force:

1. The 1992 Convention on the Protection and Use of Transboundary Watercourses
and International Lakes (ECE Water Convention or ECEWC). This Convention
was established as a regional convention under the auspices of the United Nations
Economic Commission for Europe (UNECE) and went into effect in 1996. It
was amended from a regional convention to a global convention in 2013.

2. The 1997 Convention on the Law of the Non-Navigational Uses of International
Watercourses (United Nations Watercourses Convention or “UNWC”) which
entered into force in 2014.

In addition, States have concluded hundreds of bilateral and multilateral water
agreements dating back centuries, although many transboundary water bodies
remain outside the scope of these agreements. The provisions of the two global
water conventions are compatible and mostly complementary (McCaffrey 2014).
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Despite the global scope of their application, the Water Convention and the
Watercourses Convention have major gaps in their geographical coverage. The for-
mer has only 43 and the latter 36 parties as of mid-2018. However, it is often con-
sidered that the conventions provide authoritative terms of reference for customary
international water law (McCaffrey 2001).

6.3.2 Principles of International Water Law

Three principles, largely based on the principle of limited territorial sovereignty,
provide the substantive and procedural basis of international water law:

6.3.2.1 The Principle of Equitable and Reasonable Utilization

The principle of equitable and reasonable utilization requires States to utilize and
develop an international watercourse in an equitable and reasonable manner to
attain optimal and sustainable utilization thereof and benefits therefrom. For that
purpose, States have to take into account all relevant factors and circumstances such
as factors of a natural character, the social and economic needs of the States con-
cerned, and the effects of its water use on other States and reach a conclusion on the
basis of the whole.

The principle of equitable and reasonable utilization is embodied in Article 2(2)
(c) of the ECE Water Convention and Article 5 of the UN Watercourses Convention.
Article 6 of the Watercourses Convention recognizes this principle and

“requires taking into account all relevant factors and circumstances, including:

(a) Geographic, hydrographic, hydrological, climatic, ecological and other factors of a natu-
ral character;

(b) The social and economic needs of the watercourse states concerned;

(c) The population dependent on the watercourse in each watercourse state;

(d) The effects of the use or uses of the watercourses in one watercourse State on other water-
course states;

(e) Existing and potential uses of the watercourse;

(f) Conservation, protection, development and economy of use of the water resources of the
watercourse and the costs of measures taken to that effect;

(g) The availability of alternatives, of comparable value, to a particular planned or existing

”»

use.

In 1997, the International Court of Justice (ICJ) referred to the principle of equi-
table and reasonable utilization in its resolution of a dispute concerning a stretch of the
Danube River which defines the border between Hungary and Slovakia. Under the
1977 Budapest Treaty, Hungary and Czechoslovakia agreed to jointly build two dams
on the river, near Gabcikovo, Slovakia and Nagymaros, Hungary, to provide flood
control and hydroelectric power. The Treaty was inherited by of the Slovak Republic
following the 1993 dissolution of Czechoslovakia. When Hungary withdrew from the
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agreement because of environmental concerns, the Slovak Republic decided to pro-
ceed independently with a modified project. The 1JC ruled that:
“The Court considers that Czechoslovakia, by unilaterally assuming control of a shared
resource, and thereby depriving Hungary of its right to an equitable and reasonable share of
the natural resources of the Danube—with the continuing effects of the diversion of these

waters on the ecology of the riparian area of the Szigetkoz—failed to respect the propor-
tionality which is required by international law.” (ICJ 1997).

6.3.2.2 The No-Harm Rule

According to the no-harm rule, States must take all appropriate measures to prevent
the causing of significant harm to other watercourse States (Article 2 of the ECE
Water Convention and Article 5 of the UN Watercourses Convention). The no-harm
rule provides an obligation of conduct (take all appropriate measures), not an obli-
gation to reach a fixed result. For example, a State may need to take legislative
measures or prevent illegal activities in its territory to fulfill its obligation. The no-
harm rule requires a level of care expected from a reasonable government and must
be balanced with the degree of risk of transboundary harm (UNECE 2013).

6.3.2.3 Principle of Cooperation

Last but definitely not least, the principle of cooperation aims to enhance coopera-
tion between watercourse States to attain the substantive objectives of the principle
of equitable and reasonable utilization and the no-harm rule. According to the water
conventions, States sharing international waters have to cooperate on the basis of
sovereign equality. In order to cooperate, States need bilateral and multilateral
agreements and joint bodies or other arrangements. In concrete, cooperation may
include joint monitoring and action programs, alarm procedures and the exchange
of information on existing and planned uses.

Both the ECE Water Convention and the UN Watercourses Convention require
cooperation between States that share international water resources and provide
guidance toward for that cooperation (Articles 2 and 9 of the ECE Water Convention
and Articles 7 and 8 of the UN Watercourses Convention). While the UN
Watercourses Convention provides a general obligation to cooperate, the Water
Convention is more detailed and demanding in this respect.

In 2006, Argentina instituted proceeding before the International Court of Justice
against Uruguay for violating a 1975 treaty between the countries concerning the
Uruguay River which constitutes the boundary between the two countries. Under
the Statute of the River Uruguay, the two nations agreed to coordinate with each
other on activities impacting the river. Article 60 of the Statute stated that any
disagreement which could not be resolved through direct negotiations could be
referred to the ICJ. Argentina asserted that Uruguay had unilaterally approved the
building of two pulp mills on the river in 2003 and 2005 without appropriate notifi-
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cation and consultation. The dispute between to two countries escalated with public
protests by Argentinian citizens blockading a bridge across the river connecting the
two countries. One of the two pulp mills was canceled. In its 2010 ruling in the case
of Pulp Mills on the River Uruguay (Argentina v. Uruguay), the ICJ declared that
Uruguay has not notified the Commission established under the Statute to monitor
the river. In addition, the Court ruled that general international law requires an envi-
ronmental impact assessment when there is a risk that an industrial project may
cause a significant adverse impact in a transboundary context (MclIntyre 2011).
However, the Court concluded that Uruguay had appropriately studied pollution
issues, that they were not sufficient to violate the Statute between the two countries,
and the second pulp mill could continue to operate.

6.3.3 Interlinkages to Energy and Food

Neither the ECE Water Convention nor the UN Watercourses Convention explicitly
mentions energy or food.

However, international water law and various bilateral and multilateral water
agreements aim to balance the uses of international water resources between differ-
ent States and different interests such as hydropower production and irrigation for
agriculture. As a result, the FEW-ecosystem nexus has been one of the main areas
of focus within the ECE Water Convention regime for many years.

The UN Watercourses Convention provides a non-exhaustive list of factors rele-
vant to the application of the principle of equitable and reasonable utilization. These
factors encapsulate many interests related to the nexus approach, such as the social
and economic needs of watercourse States, the population dependent on the water-
course, the existing and potential uses of the water, as well as the availability of
alternatives to a planned or existing use.

In determining what constitutes a reasonable and equitable use between States
sharing an international watercourse, all relevant factors must be considered. For
example, the production of hydropower might endanger agricultural uses relevant to
the social and economic needs of other watercourse States, and alternative energy
sources may be viable.

The UN Watercourses Convention does not provide for any specific order of
priority between different uses of international waters. However, conflict between
different water uses must be resolved with particular regard being given to the
requirements of vital human needs (Article 10). Vital human needs include drinking
water and water for food production (ILC 1994).

The no-harm rule requires that States take all appropriate measures to prevent
causing significant harm such as pollution or thermal consequences from energy
production to other watercourse States (ILC 1994). This rule must be applied in
tandem with the principle of equitable and reasonable utilization and requires dili-
gence on the part of a State to conduct itself in a way that is generally considered
appropriate and proportional, taking into account the case-specific risks of trans-
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boundary impacts. Although the no-harm rule involves flexible and broadly defined
phrases such as “significant harm” and “all appropriate measures” (UNECE 2013),
it directs decision-makers to consider how water uses affect food energy and water
security in other watercourse States.

All in all, the substantive basis of international water law—comprising the prin-
ciple of equitable and reasonable utilization and the no-harm rule—leaves wide
discretion to watercourse States to decide on the reconciliation of water uses. From
the perspective of the nexus approach, this is both an advantage and a disadvantage.
On the one hand, a wide discretion offers the possibility to integrate the energy and
food sectors in the decision-making processes of international water law. The UN
Watercourses Convention encourages this integration by listing various factors rel-
evant to equitable and reasonable utilization. On the other hand, wide discretion and
flexible concepts also make it possible to concentrate only on the water sector
despite its obvious interlinkages with energy and food.

Climate variability and climate change (Chap. 11) further underline the need for
the nexus approach in the management of international watercourses (UNECE
2015, p. 2). (See also Chap. 20 on managing conflict). The Paris Agreement—which
enhances the implementation of the UN Framework Convention on Climate
Change—aims, for example, to increase the ability to adapt to climate change, in
which water management plays a pivotal role (Article 2 of the Paris Agreement). In
this regard, watercourse States need to find common ground to reconcile their dif-
ferent sectoral and development priorities.

Joint river basin commissions and other joint bodies for cooperation in the man-
agement of international waters may well provide a platform for the implementation
of the nexus approach between neighboring countries (see Sect. 8.1.1, and the case
studies of Chap. 19).

In order to support the implementation of the nexus approach in international
water cooperation, the UNECE has developed procedural footsteps for the nexus
assessment in transboundary basins. They consist of:

1. the identification of basin conditions and its socioeconomic context as well as
the key sectors and stakeholders;

. an analysis of the key sectors;

. the identification of intersectoral issues;

. nexus dialogue; and

. the identification of synergies across the sectors and countries.

[ I SIS I S

The nexus assessment is well in line with the principle of cooperation under
international water law, which obligates States to cooperate on the basis of sover-
eign equality, territorial integrity, mutual benefit, and good faith and with the help
of joint bodies or other joint mechanisms. The two global water conventions also
include specific provisions on knowledge mobilization between watercourse States,
such as the requirements on the exchange of data on the condition of an interna-
tional watercourse and information on issues covered by international water law.

All in all, States should consider the intersectoral implications of water uses in
transboundary water cooperation in order to implement the nexus approach. The
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challenge is, however, how to reconcile water uses between the food, energy, and
water sectors and in line with the principle of equitable and reasonable utilization to
achieve benefits, capitalize synergies and address trade-offs. This requires close col-
laboration between watercourse States as well as the identification of community
interests and the mutual benefits of cooperation. Watercourse States should be able
to negotiate and enter into mutual gain agreements in order to develop joint oppor-
tunities in the management of international watercourses (Grzybowski et al. 2010).
The nexus assessment methodology contained in the UNECE presents a promising
path to support States in achieving the objectives of the nexus approach within the
context of international water law.

6.4 International Energy Law

6.4.1 Main Characteristics

Energy law address a variety of issues, including resources. Regulating markets and
energy efficiency as well as on ensuring security of supply, i.e., the uninterrupted
availability of affordable energy. The importance of resources is captured in one
definition of energy law as the ‘allocation of rights and duties concerning the exploi-
tation of all energy resources between individuals, between individuals and the gov-
ernment, between governments and between States’ (Bradbrook 1996, p. 194).

The sovereignty over and the exploitation of energy resources has traditionally
been a national matter and subject to strong national protection. The permanent
sovereignty over natural resources was established by United Nations General
Assembly Resolution 1803 (XVII) in 1962 (Declaration on Permanent Sovereignty
over Natural Resources). Furthermore, issues such as energy security and energy
efficiency have commonly been regulated nationally and subjected to strong national
control. Therefore, the traditional legal approach to energy has also been national or
subnational, not international.

In parallel with the national development of energy law, the growing internation-
alization of trade in energy (see Sect. 7.4) has resulted in the internationalization of
energy law and growing international energy governance. This body of legal norms
is not, however, a clearly distinguishable area of law but a rather fragmented array
of customary, regional, national and international rules that borrow well-established
concepts from international investment law, international trade law, and interna-
tional environmental law and contract law, just to name a few sources (Talus 2014).

A limited number of sector-specific international legal instruments directly
address energy, of which the Energy Charter Treaty (ECT) is globally the most
well-known. As noted above (see Sect. 6.2.3), the ECT is a multilateral trade treaty,
the purpose of which is to promote long-term cooperation in the energy sector
(Article 2 of ECT). In common with the vast majority of contemporary energy trade,
it relies on open and competitive markets to ensure the objectives of energy security,
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sustainable development, and sovereignty over energy resources (Article 3 and 6).
The ECT not only introduces well-established rules of international investment law
such as non-discrimination and the protection of foreign investment to the energy
sector but also provides for a system of dispute resolution. The increasing body of
case law generated through this dispute resolution system is a significant source of
international energy law along with the ECT itself.

In addition to the ECT, there are international treaties that address specific issues
within the energy sector. Safety and liability in the nuclear energy sector have been
addressed through numerous international legal instruments and institutions like the
International Atomic Energy Agency. The International Convention for the
Prevention of Pollution from Ships (MARPOL) includes significant provisions on
the design and operation of oil tankers. Furthermore, the international climate
regime directly addresses energy efficiency, the promotion of renewable energy
sources and the progressive reduction of public subsidies to greenhouse-gas-
emitting sectors, for example.

Alongside these sector-specific legal instruments, there is a body of international
law, referred to as lex petrolea which can be understood as both the application of
international law to the petroleum sector and as sector-specific international rules
adapted to the specificities of the petroleum industry (Martin 2012).

In addition to the international law that specifically addresses the energy sector,
international investment law and trade law have also proved to have global signifi-
cance in the energy sector. The application of WTO law to the energy sector, in
particular, has attracted a great deal of academic attention. Overall, the share of
energy-related disputes in international arbitration is significant, which indicates the
economic importance of trade and investment in the energy sector (see Chap. 20 for
more on arbitration).

In addition to the multilateral investment treaties, there is an abundance of bilat-
eral investment treaties that apply to energy.

As demonstrated in the discussion above, it is clear that there is no single inter-
national legislative instrument or a clear body of international law that could be
categorized as constituting international energy law. However, there is firstly a frag-
mented body of international law that addresses specific issues in the energy sector,
and secondly a large body of private and public international law that is applicable
to and has particular relevance in the energy sector, albeit it does not necessarily
directly address energy issues.

Many of the energy-specific legal instruments currently in force aim to balance
the oft-conflicting interests of securing the availability of energy on affordable and
equitable terms without compromising sustainability (Wyman 2015). However, the
number of provisions that address issues of sustainability within these legal instru-
ments is not abundant, irrespective of whether the instruments in question relate to
investment, exploration, production, trade or the transmission of energy. Against
this background, it is perhaps not surprising that the existing texts of international
energy law contain almost no explicit legal references to the food—energy—water
nexus. Nevertheless, it is possible to identify legal linkages with water and food in
international energy law, as discussed below.
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6.4.2 Interlinkages to Water and Food

The prima facie absence of references to the water—energy—food nexus in interna-
tional energy law does not by any means indicate that its substantive interconnec-
tions with the water and food sectors are sparse. Extracting, refining, and processing
fossil fuels require large amounts of water, and as governments look further afield
to find new reserves of oil and gas, questions arise on such issues such as how to
project the Arctic should energy resources be developed there (see Sect. 6.4.2.2).

Global trends in the energy markets give rise to new connections between
energy activities and the water and food sectors. For example, the potential
impacts of hydraulic fracturing on groundwater have been the subject of heated
global debate.

In Sect. 6.2.4, we noted the role of human rights with respect to energy. Two
additional areas of international law further illustrate how legal obligations can be
imposed on energy governance with impact on water and food.

6.4.2.1 Environmental Law

Environmental provisions included in international legal instruments concerning
energy are the connecting legal element between energy, food, and water. For exam-
ple, Article 19 of the ECT imposes an obligation on the parties to strive to minimize
harmful environmental impacts, either within or outside of their territory, that are
caused by operations within their energy cycle. ECT refers to the energy cycle as
“the entire energy chain, including activities related to prospecting for, exploration,
production, conversion, storage, transport, distribution and consumption of the vari-
ous forms of energy, and the treatment and disposal of wastes, as well as the decom-
missioning, cessation or closure of these activities” (Article 19(3)(a)).

Environmental impacts are defined as any effects on the environment caused by
a given activity, including human health and safety, soil and water as well as interac-
tions among different environmental factors (Article 19(3)(a)).

Furthermore, Article 5 of the Energy Efficiency Protocol to the ECT specifies
that the parties are under an obligation to formulate strategies and policy aims for
improving energy efficiency and thereby reducing environmental impacts of the
energy cycle. Although the formulation ‘strive to minimize harmful environmen-
tal impacts’ imposes no concrete obligation to include considerations in respect of
water or agriculture, Article 19, nevertheless, enables contracting parties to take
into account the potential adverse effects of energy cycles on the water and food
sectors.

Similar provisions can also be found in general trade agreements. The GATT/
WTO allows exemptions from the fundamental rules of the agreement in the interests
of human, animal or plant protection. These exemptions can be invoked under certain
terms to conserve exhaustible natural resources or to prevent critical shortages in
foodstuffs (Articles XI and XX of the GATT).
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6.4.2.2 International Climate Regime

The international climate regime addresses climate change and its impacts and,
therefore, is the overarching legal discipline that connects the effects of increasing
global energy consumption—and associated greenhouse gas emissions—to the
availability of and access to food and water. The United Nations Framework
Convention on Climate Change (UNFCCC) entered into force on 21 March 1994
(see Chap. 11).

Global warming is leading to loss of Arctic sea ice. As a result, new shipping
channels are opening up, resulting in more opportunities for fishing and navigation.
In addition, opportunities are opening up for oil and gas drilling. However, given the
challenging conditions, concerns are mounting about how to address hazards of
more people, more ships, and more industrial activity in the region. Recent rescue
operations of grounded ships off both the coasts of Alaska and Norway highlighted
the challenging of even rescuing people, let alone cleaning up an oil spill. The risk
of an oil spill is to local areas but also to global fishing stocks.

The global move towards the decarbonization of the energy sector raises new
issues in connection with the nexus, such as ensuring a balance between biofuels,
food production and water use or between sufficient hydropower production and the
protection of surrounding ecosystems. For example, following the approval of two
small hydropower plants on the Schwartz Sulm River in Austria, the European
Commission filed a case with the European Court of Justice. The Commission
argued that the projects violated Austria’s obligations under the EU Water
Framework Directive to “prevent deterioration of the status of all bodies of surface
water.” In 2016, the Court ruled that sufficient environmental study had taken place
to fulfill the obligations of the Directive (see C-346/14 European Commission v
Republic of Austria 2016).

This connection between climate, energy and food was most recently addressed
in the Paris Agreement, which entered into force in late 2016, but the matter had
already been acknowledged in the 1994 United Nations Framework Convention on
Climate Change. Article 2 of the Paris Agreement, for example, aims to strengthen
the global response to climate change by, among other things, increasing the ability
to adapt to climate change, foster climate resilience and low greenhouse gas emis-
sions development in a manner that does not threaten food production (Article 4 of
the UNFCCCO).

6.5 International Food Law

6.5.1 Main Characteristics

Food is one of the most heavily regulated social and economic sectors. Much of this
regulation falls under the areas of international trade law and human rights law (see
Sect. 6.2.4 above). Food production, especially livestock farming, is a very intensive
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business from the point of view of land-use, water, and energy. For example, direct
and indirect emissions from livestock sector globally are responsible for approxi-
mately 14.5% of greenhouse gas emissions measured in CO2 equivalent (Gerber
et al. 2013). Agriculture, including irrigation, livestock watering and cleaning, and
aquaculture, accounts for 69 percent of the world’s water withdrawal, and is the
largest user of water (Food and Agricultural Organization 2016a, b), and accounts
for approximately 70% of total water withdrawal and about 90% of virtual water
(the water that was consumed in the production of a good or service—see Sect. 7.5)
flows globally relate to trade in agricultural products (Chico et al. 2014). Yet, at the
same time, the UN has identified a dietary change towards meat-based diets as a
global trend with diffuse economic and political implications. These issues make
food law a highly topical area of international law.

Most legal structures related to food on an international level are the creations of
the United Nations (see Sect. 6.2.2) and the WTO (see Sect. 6.2.3). Food falls under
the mandate of several UN organizations such as: the World Food Programme
(WFP); the UN Food and Agricultural Organization (FAO); and the World Health
Organization (WHO).

Legal tools created by these organizations include the 2001 FAO International
Treaty on Plant Genetic Resources for Food and Agriculture (International Seed
Treaty). The Treaty is approved under the provisions of Article XIV of the FAO
Constitution. Its objectives are the conservation and sustainable use of all plant
genetic resources for food and agriculture and the fair and equitable sharing of the
benefits arising out of their use, in harmony with the Convention on Biological
Diversity, for sustainable agriculture and food security.

In addition, the 2005 WHO International Health Regulations aim to prevent the
international spread of diseases, including foodborne diseases.

WTO law has three major areas: trade in goods, trade in services, and intellectual
property rights. From the perspective of food law, the agreements on trade in goods
are most significant. The following four WTO agreements are especially relevant to
food law:

(a) The General Agreement on Tariffs and Trade (GATT);

(b) The Agreement on the Application of Sanitary and Phytosanitary Measures
(SPS);

(c) The Technical Barriers to Trade Agreement (TBT); and

(d) The Agreement on Agriculture (AoA).

In addition, the Agreement on Trade-Related Aspects of Intellectual Property
Rights (TRIPs) governs food trade by regulating geographical indicators, e.g., to
prevent misleading consumers about the origin of goods.

While the GATT/WTO aims to liberalize international trade in goods by setting
equal treatment of all trading partners as the main rule, it also recognizes exceptions
(Articles XX and XXI). On several occasions, countries have blocked trade in food,
citing human health concerns. Concerns have been raised that national authorities
are too eager to invoke such exceptions with negative impact on international trade.
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The WTO’s SPS and TBT agreements are important tools with which to harmonize
these oft-conflicting interests.

The SPS agreement specifies the exceptions listed in the GATT. It enables WTO
members to adopt measures to protect the health of humans, animals, and plants.
However, these measures have to be based on a scientific risk assessment. The SPS
agreement refers to three international standard-setting organizations (the “Three
sisters”) for food, plant protection, and animal health. The Codex Alimentarius
(Food Code) is the most important international point of reference for food safety
standards. The Codex Alimentarius was established by the FAO and the WHO in
1963, and it currently consists of standards, guidelines, codes of practice and advi-
sory texts, which are non-binding in nature.

The TBT agreement complements the SPS. It aims to ensure that technical regu-
lations, standards, and conformity assessment procedures are non-discriminatory in
nature and do not create unnecessary obstacles to trade. It further specifies the WTO
members’ right to take measures to protect consumers and other public interests but
also requires that these protective measures are transparent and non-discriminatory.
With regard to food, the requirements related to packaging and labeling are the most
relevant in the TBT agreement.

As noted above, agriculture received significant exemptions under GATT due to
its connections with national food security. The Agreement on Agriculture (AoA)
was established in 1995 to boost fair competition and to reduce distortion in agricul-
tural trade. The agreement contains provisions for the granting of preferential treat-
ment to producers in developing countries to promote their access to international
markets.

All in all, even though food is regulated through various agreements and two
quite separate legal domains in trade law and human rights law, it is commonly
observed that there is no incompatibility between the different provisions of inter-
national food law. On the contrary, international trade law includes various provi-
sions aimed at ensuring human health that also enhance the right to food and food
security. However, there are various policy-driven problems in the food sector in
relation to unjust trade practices that may endanger food security (van der
Meulen 2010).

6.5.2 Interlinkages to Water and Energy

As is the case for international water and energy law, the food—energy—water nexus
is not explicitly addressed in international food law. However, all the treaties in the
area recognize the need to protect natural resources or the environment, which
allows for the consideration of energy and water issues in relation to food.

As noted above, the GATT provides possibilities for WTO members to be
exempted from its rules (Article XX). These exemptions include measures neces-
sary to protect human, animal or plant life or health (paragraph b) or to conserve
exhaustible natural resources (paragraph g). However, the exemptions cannot create
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unjustifiable discrimination between countries or disguised restrictions on interna-
tional trade. The protection of human, plant, and animal health or the environment
is also acknowledged in the TBT and SPS Agreements as well as in the AoA. The
WTO Committee on Trade and Environment (CTE) has a mandate to contribute to
identifying and understanding the relationship between trade and the environment
in order to promote sustainable development. However, the CTE has been widely
criticized in terms of the level of success it has achieved.

When observed from the perspective of food law, much of the food—energy—
water nexus is about the connection between trade and the environment, which is a
highly contested topic. It also goes beyond the food—energy—water nexus per se,
since the international food trade has also been linked with severe threats to biodi-
versity, habitats, and species (see Chap. 9).

The fact that WTO law is not designed to address issues relating to the produc-
tion of products due to the principle of mutual recognition is a major source of dis-
pute in WTO law. In fact, so-called PPM (processing and production measures)
rules prohibit member States from restricting trade based on the ways in which
goods have been produced (Falkner and Jaspers 2012). Yet, in many cases, the envi-
ronmental concerns associated with certain products arise from the methods used in
their processing and production, for instance through the intensive use of water and
energy (Esty 2001). The 2003 EC-Biotech case, in which the USA, Canada, and
Argentina brought WTO proceedings against the EU’s restrictions on the marketing
of genetically modified organisms offers a good example of such concerns (though
not specifically focused water or energy law).

Even though there are shortcomings in how water and energy issues are inte-
grated into international trade law, it has been shown that WTO jurisdiction is grad-
ually moving towards a more generous interpretation of environmental
exemptions (Falkner and Jaspers 2012).

In this context, one of the most frequently cited cases is the 1998 Shrimp-Turtle
case in which the WTO Appellate Body discussed the meaning of conservation of
exhaustible natural resources. The Appellate Body recognized that textually, Article
XX(g) of the GATT is not limited to the conservation of “mineral” or “non-living”
natural resources but also extends to “living” natural resources and thus applies also
to “renewable” natural resources, such as animals (including fish). The Appellate
Body also referred in its ruling to the preamble of the WTO Marrakesh Agreement,
which explicitly acknowledges the objective of sustainable development.

In addition to the trade-environment nexus discussed above, the question of
whether water is food is another interesting issue associated with the water-food
nexus. Water is included in the definition of food in the Codex Alimentarius, for
example. Accordingly, food means any substance, whether processed, semi-
processed or raw, which is intended for human consumption, and includes, for
example, drink.

Food and water are closely related in the Convention on the Rights of the Child,
under which the Parties must combat disease and malnutrition, through, inter alia,
the provision of adequate nutritious foods and clean drinking-water, taking into
consideration the dangers and risks of environmental pollution (Article 24).
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Overall, the above-mentioned linkages between food law and the clauses on
human health and environmental protection in the trade agreements enable interpre-
tations that support the food—energy—water nexus. Furthermore, references to sus-
tainable development in the preambles of these treaties allow their interpretations to
evolve as required by growing societal needs, offering further opportunity to take
the nexus approach into account.

6.6 Integrating Food, Energy, and Water Law

When comparing international food, energy, and water law, water law provides the
most practical point of entry for the nexus approach. There are two reasons for this.

First, it is in the essence of international water law to allocate international water
resources between different interests such as energy production, agriculture, and
vital human needs, whereas international energy and food law are much more frag-
mented areas of law in which balancing international trade against national protec-
tionism plays a key role.

Second, international water law requires transboundary cooperation between
States sharing international water resources, while international energy and food
law do not have a similar emphasis on transboundary cooperation from the point of
view of the sustainable management of resources.

In terms of the nexus, one interesting way to find common legal ground would be
to look at nexus integration in a clearly defined geographical area such as a region
including countries sharing the same transboundary river basin. While the discus-
sion about transboundary cooperation in such contexts often focuses on water flows,
the countries involved are also very commonly linked by transboundary flows of
energy and food (e.g., Keskinen et al. 2016), and related international and regional
laws and regulations. This also means that while international water cooperation
may provide a starting-point for the food—energy—water nexus, watercourse States
should understand the community of their interests within and beyond international
water law. This would provide an opportunity for cross-sectoral bilateral and multi-
lateral agreements to enhance regional water, energy, and food security and
sustainable development in the long term (see Sadoff and Grey 2002; Grzybowski
et al. 2010; Belinskij 2015).

Finally, human rights law seems to provide a point of connection between all
three sectors. While this chapter does not analyze the human rights system in detail,
it can be concluded that human rights law supports the conclusion that water, energy,
and food should be first allocated to meet vital human needs. Both the nexus
approach and human rights law can, therefore, be seen to share common ground:
both aim to address fundamental aspects of human life on this planet: sustainability
and equity. It can even be argued that one cannot exist without the other: human
rights law helps to address the politics inherent to management of the nexus, while
the nexus brings important aspects of sustainability and resource scarcity to the
discussion of human rights.
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At the same time, it is important to remember that the nexus still lacks the inter-
nationally recognized status that is enjoyed, for instance, by Integrated Water
Resources Management. In order to change this, the nexus should be more clearly
implemented in international treaty regimes, agreements, and processes. While the
ECE Water Convention regime has led the way in this respect and transboundary
water agreements can provide such a context at a regional level, it appears that on a
global scale the Sustainable Development Goals (see Sect. 3.7) provide a common
platform for advancing both the cross-sectoral role of law and the objectives of the
nexus. The 2030 Agenda for Sustainable Development emphasizes the importance
of international law and regional cooperation for sustainable development and—
despite its sectoral structure—includes several interlinked goals relating to water,
energy, and food (UN 2017).

Key Points

* Governance can be understood as a process by which organizations and other
groups of people make and implement decisions, policies, and rules. International
governance for FEW consists of key actors (such as the United Nations organiza-
tions and WTO) and key institutions (such as international laws and treaties) that
together form the general framework for FEW governance.

* International law does not include many explicit interlinkages between the water,
energy, and food sectors. Instead, the food—energy—water nexus consists of a
fragmented body of provisions in different sectors, in different areas of law and
with different legal functions.

* While different legal provisions in international water, energy, and food law
often have only implicit connections to other two sectors, the importance of the
nexus approach and cross-sectoral linkages are more explicitly expressed in soft
law instruments and policy papers. In this regard, perhaps the best example is the
United Nations Economic Commission for Europe guidance on the nexus assess-
ment in transboundary basins.

* International law on water differs in scope and scale from that on energy and
food. International water cooperation may provide a starting-point for the food—
energy—water nexus but watercourse Stated should understand the community of
their interests within and beyond international water law.

* The human rights regime can be seen as a common element connecting all three
themes and providing a general frame in a similar manner to that of the nexus.

Discussion Points and Exercises
1. Which of the following are hard international laws and which soft international
laws?

(a) Agreement on Agriculture.

(b) Convention on the Law of the Non-Navigational Uses of International
Watercourses.

(c) Convention on the Protection and Use of Transboundary Watercourses and
International Lakes.

(d) Energy Charter Treaty.



6 International Governance 181

10.

11.

12.
13.
14.
15.

(e) General Assembly resolution on 28 July 2010: The Human Right to Water
and Sanitation, GA/10967.

(f) FAO International Treaty on Plant Genetic Resources for Food and
Agriculture.

(g) United Nations Framework Convention on Climate Change.

(h) Describe examples of customary international law as applied to (a) food;
(b) energy; (c) water; and (d) two or more of food, energy, and water.

Discuss the strengths and weaknesses of the UN System to integrating food,
energy, and water concerns.

Describe how the human rights obligations of respect, protect, and fulfill dis-
cussed in the context of food and water might be applied to energy.

. Describe the trade-offs and challenges of applying the human rights obligations

of respect, protect, and fulfill to food, energy, and water simultaneously.
Describe an example of international law related to shared resources in the
area of (a) food; (b) energy; (c) water; and (d) two or more of food, energy,
and water.

. Describe one or more examples of the principle of equitable and reasonable

utilization in the area of food, energy, and water.

. Describe one or more examples of the no-harm rule in the area of food, energy,

and water.

. Describe one or more examples of the principle of cooperation in the area of

food, energy, and water.

. Discuss the competing principles and trade-offs of the ICJ decision in the

Gabcikovo-Nagymaros case.

Discuss the competing principles and trade-offs of the ICJ decision in the Pulp
Mills case.

Discuss the competing principles and trade-offs of the EU Court of Justice
decision in the Schwartz Sulm River case.

Discuss the challenges of international food governance.

Discuss the challenges of international energy governance.

Discuss the challenges of international water governance.

Discuss the challenges of integrating international FEW governance.
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Chapter 7
Trade

Peter Saundry and Benjamin L. Ruddell

7.1 Introduction

Trade is a key feature of the FEW Nexus. The D’Odorico and Scanlon framings
described in Sect. 1.4 emphasize the importance of focusing on problems and
solutions at the nexus, as a strategy for making sense of complex FEW systems.
Typically, the practical goals are straightforward—decrease demands for FEW
commodities, increase supplies, increase storage buffers, increase transportation
and trade capacity and connectivity, and do so in the presence of climate change,
population growth, growing wealth and consumption, and dietary changes. Trade is
a powerful tool in achieving practical goals in FEW systems.

In Chap. 2, we noted the importance of inputs and outputs in system science.
Trade is one of the major classes of system inputs and outputs. Imports and exports
of commodities through trade (the buying or selling of goods and services) are
frequently important inputs and outputs in FEW systems.

In Chap. 3, we noted that food, energy, and water security require four attributes:
availability, access, utilization, and reliability (see Sect. 3.2). Trade can facilitate all
four attributes.

0. Trade makes commodities physically available at locations where local supplies
do not meet demand.
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1. For many reasons, commodities can be produced at a lower price in locations far
from demand centers, and can be produced or stored far from a local shock that
has disrupted local supply, and thus trade can lower the cost of a product and
increase its accessibility.

2. Trade can support utilization (the ability of a person to make use of the resource
productively) through the import of equipment such as refrigeration, cookers,
vehicles, water treatment, waste management, and expertise (human services),
and by allowing producers in low-population and resource-rich areas to more
fully utilize available land and energy resources to produce goods for export.

3. Trade allows for the stable and reliable provision of commodities that are sub-
ject to variability because of growing seasons, disruption because of natural
disasters, and other factors.

Trade is a broad concept that generally refers to buying and selling of goods and
services, but in this chapter, as is conventional in the academic economics literature,
trade refers specifically to the exchange between nations, but more generally to
trade between regions (Chap. 5).

Trade is one of the main adaptive behaviors by which humanity has historically
responded to local resource scarcity, and to shocks and stresses. Trade has been a
major tool used by humanity to raise its productivity and standard of living
(Chap. 4). FEW trade policy tends to balance self-sufficiency objectives against the
need to access less expensive commodities or access commodities during local
shocks like drought or severe winter weather.

In general, trade increases resilience to disruptions in food, energy, and water
supplies by increasing a region’s ability to access diverse suppliers in times of need.
It is unheard of in the modern global world for a region or nation to suffer severe
food, energy, or water supply shocks if that nation is wealthy and well-connected to
global suppliers via trade. However, it remains tragically routine for severe food
energy and water supply shocks to impact traditional peoples and economies that
lack access to the global trade network (e.g., famine in the Horn of Africa).

The net benefits of trade to FEW resilience are strongly positive, global produc-
ers of acommodity are generally diversified, mitigating major disruptions. However,
trade shocks can be and have been, used as a geopolitical weapon when the
international trade markets are overly dependent on a small number of exporters.
This was powerfully illustrated by the 1973 disruptions in oil world petroleum
supplies by certain members of the Organization of Petroleum Exporting Countries
(OPEC, more below).

Trade is an ancient institution that has for millennia moved geographically rare
goods like salt, obsidian, metal tools, spices, and gems thousands of miles. Every
historical civilization engaged in trade across long distances. Trade was arguably
the primary motivating force behind the exploration of the Earth. However, in the
past 100 years, trade has accelerated exponentially in both absolute and relative
terms. Five historical turning points that notably accelerated trade include:

1. The medieval Islamic Expansion and subsequent Crusades which connected the
Old World from Europe to China (632—-1291),
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2. The Columbian Exchange between the Old World and New World in the century
following the opening of the Americas by the Spanish in 1492 (Mann 2011),

3. The creation of the International Monetary Fund and the World Bank as part of
the United Nations system (1945) to promote economic stability and development
(see Sect. 6.2.3),

4. The launch of the internet by the USA (1983), and

5. The Pax Americana following the collapse of the USSR and the lifting of the Iron
Curtain, including the founding of the World Trade Organization (1991 and 1995).

Globalization is the trend toward a dramatically increased exchange between
cultures and nations. Today, except for a few exceptions like North Korea, every
global culture and nation on Earth is strongly connected via trade and communica-
tion (Baldwin 2016).

Nations have widely differing trade policies that reflect a blend of openness ver-
sus protectionism (e.g., producer subsidies, price controls, quotas, and tariffs).
Neoliberal economics argues that free and open trade enriches all parties and
maximizes resilience (Wolf 2004). However, there are real-world consequences of
globalization, including a loss of local social and political control and the “race to
the bottom,” which occurs when a nation with low social or environmental stan-
dards undercuts a more responsible and healthy nation on price (Sassen 1999).

Trade and globalization of trade have created stark winners and losers among
nations and demographic segments, and have arguably benefitted high-skilled
specialist labor and also those with mobile capital, that is, banks and the “rich,” to
the detriment of most “ordinary” laborers. Globalization has dramatically benefitted
“developing” countries that have adopted an export-oriented manufacturing strategy,
including notably the petro-states of the Middle East and the “Asian Tiger”
economies like Japan, South Korea, and especially China.

Those involved in exporting industries expand their enterprise and increase their
revenue. However, those involve in those same industries at the site of import, see
the price for their products lowered by the presence of cheap imports. For example,
exports of many grain crops by US farmers increases their income. However, any
producer of that same crop in a country importing it from the USA sees its revenue
decline. As a result, each nation, when setting up trade relations, balances the
benefits of low prices to its citizens against any negative impacts on domestic
industries. For example, countries balance the benefits of lower-cost food products
for their citizens against negative economic impacts on their farmers. For better or
worse, globalization has created a world where a region’s economic growth—and
economic collapse—benefit and harm everyone around the world.

In prior centuries, the colonial trade model of “mercantilism” was perfected by
nations including the Netherlands and England for the purpose of extracting natural
resources, monopolizing valuable trade routes, and enriching the home country
through lending and value-added manufacturing monopolies. More recently, cartels
like the Organization of Petroleum Exporting Countries (OPEC) have attempted to
manipulate trade to their members’ advantage by forming oligarchies and
monopolies to control the supply of rare goods or services. One of the original and
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most important functions of the US government was to create a single-currency
open trading block, and this strategy of open trading blocks has been replicated to
some extent via the North American Free Trade Agreement (NAFTA) and the
European Union (EU).

In the twenty-first century, the World Trade Organization (WTO) creates a
framework for open trade between nations, and this framework has encouraged
ever-increasing globalization and trade. The modern international trade system was
engineered by Europe, and then especially the USA, following World War 1 and 2.
The primary motivation for this liberalization of international trade was the
promotion of international peace and security by engineering global prosperity and
economic interdependency. You are less likely to go to war with a country when
their economy is tightly integrated with your own and when there is a high level of
communication, travel, and cultural exchange between the countries.

The US Dollar and the U.S. Federal Reserve System are central to the interna-
tional trade regime because most international trade is priced in US Dollars, even
trade between countries outside of North America and Europe. This U.S. central
bank, therefore, remains the key financial institution for trade and for economic
stability worldwide, because it sets the supply and price of the Dollar. The internet
has become the key cultural and communication institution for trade and globaliza-
tion. The internet was founded by and is partly controlled by the US government
and by US companies, but the internet is not a strictly national institution.

We will explore international laws in greater detail in Chap. 6, including how
they affect trade issues. In Chap. 8, we will examine laws and policies in the USA,
and note how they affect domestic and international trade. Finally, it is important to
restate that food, energy, and water systems impact many things that do not trade in
marketplaces. These include ecosystem functions (see Chap. 9), air and water
quality, recreational access, climate, and other phenomena. Nonmarket valuation
was introduced in Sect. 5.2.3 and is revisited in Chap. 9.

In the following sections, we will briefly review some conceptual fundamentals
of trade, then we will discuss the specifics of trade in food, energy, and water, along
with “virtual” trade, trade regulations, and the role of trade in the FEW Nexus
framing. In the coming sections of this chapter, we will explore how these factors
and others that impact trade in food, energy, and water separately and together. We
will introduce some international policies and organizations important to FEW
trading in this chapter.

7.2 Rationale for Trade

There are many reasons why trade occurs between two locations. The most common
reason is that one location has some kind of comparative advantage in the produc-
tion of a product, which allows it to provide that product for sale/trade at a lower cost
than another location. For trade to occur, the comparative advantage must be sufficient
to overcome both transportation costs and any barriers to trade like a tariff.
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There are many reasons for a comparative advantage to exist, including:

. Natural resources. Many places do not have sufficient natural resources to pro-
vide food, energy, and water for their populations. Within countries, cities and
large urban areas must bring FEW resources from their surrounding areas and
other areas inside and outside their home country to make sufficient FEW com-
modities available to their resident populations. Rural areas are often able to
produce more FEW resources than their people require. Chapter 18 explores
some of the complex FEW relationships of cities. Countries may have an
abundance of arable land or in one or more minerals, while other countries have
limitations on one or more such resources.

. Product Preferences. Even when locations can produce their own FEW
resources, populations may have preferences different from those that they can
provide for themselves. For example, an area may produce more than enough
grains but demand more meat, while another location may produce wind power
but demand oil. A difference in preferences may be rooted in cultural differences
that shape dietary choices or in aspirations such as lower carbon emissions.

. Capital goods. This term refers to the machinery, infrastructure, communica-
tions systems, and other physical assets of a location that facilitate its ability to
produce products. Farm equipment, power plants and electric grid infrastructure,
water treatment and waste management plants, and all physical systems that
enable them to operate are examples of capital goods that affect a location’s abil-
ity to produce food, energy, and water commodities. A location with limited
capital good is limited in its ability to utilize natural resources.

. Human resources, such as the skills and abilities of a workforce, has tradition-
ally been a major factor in their ability to produce diverse products. These are
often a reflection of investment in education, skill development, and dissemina-
tion of new ideas and skills. However, increasing education standards throughout
the world, combined with the mobility of many skilled workers, has reduced the
very major differences within countries and between countries that have existed
historically.

. Technological capacity combines capital goods with natural and human into the
ability to produce specific outputs (goods and services) and is influenced by
additional factors such as economics and government policies.

. Economies of Scale result in a lower unit price for a commodity. This can occur
in two quite different ways:

First, within a single process, the output of many goods can be achieved with-
out requiring an equivalent increase in inputs, because of increasing the efficiency
of use of one or more input or by spreading fixed costs (e.g., the cost of a piece of
equipment) over a larger amount of production. For example, historically, larger
power plants have been able to produce electricity more efficiently than a smaller
power plant. As a result, one large power plant could generate electricity at a
lower cost than two smaller power plants of equivalent capacity.

The second way that economies of scale can occur is through the amalgama-
tion of industries that are supportive of each other. For example, a petrochemical
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industry can, in part, produce critical inputs to agriculture like fertilizers and
insecticides. Thus, in a region with both a petrochemical industry and agriculture
can have more efficient food production. Efficiencies through amalgamation
mean that larger economies with industries that are supportive of each other and
closely linked geographically or economically realize greater efficiencies.

Large economies with large domestic demand often experience both kinds of
economies of scale. This is sometimes referred to as “large country advantage.”
However, smaller countries that closely connect their economies in free trade
zones like the European Union can also experience such advantages. For
economies of scale, production tends to become concentrated in that location at
the expense of other locations.

7. Government Policies can dramatically influence the production and trade in
many ways. As noted already, national governments often seek to ensure FEW
security for its citizens. Domestically, policies can stimulate production to shape
consumption. Internationally, policies usually involve diplomacy and trade
arrangements, or sometimes the ownership of resources in other countries, to
guarantee supplies. While nations can and have resorted to a military conflict to
address food, energy, and water crises, trade is preferable.

While these seven factors are important within countries, there is a profound dif-
ference between domestic trade and international trade. Domestic trade is subject to
largely uniform policies, although significant regional policy differences do some-
times occur. Further, the movement of people, natural resources, and capital within
countries occur a lot more easily and rapidly, that across national borders.

While the past century has seen a significant convergence in the trade policies of
different countries, facilitated by many multilateral treaties and organizations,
profound differences domestic policies and other attributes of different sovereign
countries, results in significant challenges to the free movement food, energy, and
water cross national boundaries.

7.3 International Food Trade

The importance of food trade to food security is recognized in Sustainable
Development Goal 2.B (see Sect. 3.7.1), which aims to “correct and prevent trade
restrictions and distortions in world agricultural markets” through the World Trade
Organization (WTO) (see Sect. 6.2.3). In addition, the Food and Agricultural
Organization of the United Nations (FAO) supports developing nations in achieving
trade agreements that improve their food security.

In the 50 years ending in 2017, the value of international trade in food in current
dollars rose 40-fold (Fig. 7.1). This dramatic rise is the result of growth in agricultural
production and the global population, as well as shifts in diets throughout the world
away from locally grown food stuffs to diets that reflect the global diversity of
food crops.
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Fig. 7.1 Global food imports. (Source: World Bank Data Bank (Indicator codes TM.VAL.MRCH.
WL.CD [Merchandise imports in current US$]))

The international food trade is essential for global food security in most nations
and regions. “Just three crops—maize, wheat and rice—account for around 60% of
global food energy intake. A fourth crop, soybean, is the world’s largest source of
animal protein feed, accounting for 65% of global protein feed supply. Each year,
the world’s transport system moves enough maize, wheat, rice, and soybean to feed
approximately 2.8 billion people. Meanwhile, the 180 million tonnes of fertilizers
applied to farmland annually play a vital role in helping us grow enough wheat, rice
and maize to sustain our expanding populations.” (Bailey and Wellesley 2017)

Nearly all countries are both importers and exporters of food (Table 7.1).
However, the importance of food imports to a nation’s food security is dependent on
several factors. Wealthy countries have the financial ability to purchase foods as a
matter of preference rather than need. This is reflected in the fact that the members
of the European Union (collectively) and the USA are the top two importers and
exporters of food by value and account for half of all such trade.

FEW systems that address countries and subregions must acknowledge flows of
food into and out of the system boundaries—flows that are increasing with time and
changing structurally in terms of food types and locations, as illustrated in Fig. 7.2.
Note that North America and Europe are net exporters (exports-imports) of food.

Imports are also a reflection of population. The past two decades have seen a rise
in both imports and exports from large emerging economies such as Brazil, China,
India, and Indonesia. The growing wealth of China, in particular, saw its share of
food imports rise from 2.3% of global imports in 2000 to 8.2% in 2016 whiles its
share of food exports increased from 3.0% to 4.2%. These changes reflect part of the
overall advances in human development achieved (see Sects. 3.4 and 3.5).
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Table 7.1 Top importers and exporters of food by economic value 2016

Top importers of food Top exporters of food
1 European Union 39.1% European Union 41.1%
2 USA 10.1% USA 11.0%
3 China 8.2% Brazil 5.7%
4 Japan 4.2% China 4.2%
5 Canada 2.7% Canada 2.4%
6 Mexico 2.0% Argentina 2.8%
7 China 1.9% Australia 2.5%
8 India 1.9% Indonesia 2.4%
9 Republic of Korea 1.9% Mexico 2.3%
10 Russian Federation 1.9% India 2.2%

Other 26.1% Other 23.4%

Source: Food and Agriculture Organization of the United Nations, The State of Agricultural
Commodity Markets (2018)
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Fig. 7.2 Net exports (exports—imports) of aggregate agricultural (crops and livestock) products.
(Source: Food and Agriculture Organization of the United Nations, FAOSTAT)

The connections between the most important factors related to trade in food are
illustrated in a model developed by the International Food Policy Research Institute
(IFPRI) known as the International Model for Policy Analysis of Agricultural
commodities and Trade or “IMPACT.” We look at IMPACT here to both gain insight
into food trade and to introduce some basic elements of modeling, a topic that will
be addressed in depth in Chap. 15.

IMPACT was developed in the 1990 “to address a lack of long-term vision and
consensus among policymakers and researchers about the actions necessary to feed
the world in the future, reduce poverty, and protect the natural resource base.
Over time, this economic model has been expanded and improved, and IMPACT
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Fig. 7.3 The international model for policy analysis of agricultural commodities and trade
(IMPACT). (Source: Rosegrant et al. 2012)

is now a system of linked models around a core multimarket economic model of
global production, trade, demand, and prices for agricultural commodities.”
(Robinson et al. 2015)

IMPACT (Fig. 7.3) is a set of mathematical relations between different parts of a
food system connecting inputs (e.g., population, diet, production, prices, etc.) to
outputs (e.g., demand, exports, imports, etc.) (Robinson et al. 2015).

IMPACT is a macro-scale model (see Sect. 12.3) that covers 159 countries, 154
water basins, and 320 food production units based on 62 agricultural commodities.
The agricultural commodities are staple crops (e.g., wheat, corn, rice, barley, maize,
sugar, fruits, and vegetables) and animal products (e.g., fish, meat, and dairy
products).

When considering IMPACT, it is important to remember the difference between
projections and predictions (see Sect. 1.5.3). Models provide projections (or esti-
mates) or what will happen under specified scenarios, defined by a set of assump-
tions about a system such as its key inputs, conditions, and functioning.
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The dependency of a country on food trade is thus rooted in demand and supply
factors. Demand factors include population, income, and food habits. Supply factors
include arable land available, crop choices, yield, and efficiency of food distribution
and preservation. Crop yields are, in turn, dependent on such factors as soil qualities,
crop choices, labor and nutrient input, crop irrigation, irrigation capital availability,
and other factors (see Sect. 2.3).

Trade depends on more than supply and demand in a particular country.
Commodity prices and the ability of a country to purchase commodities are critical.
High prices on world markets can result in food exports for cash, even in the
presence of high domestic need. Conversely, low world prices without tariff barriers
result in higher imports of the more affordable and desirable (within a domestic
market) food stuffs.

Common metrics (see Data Sets below) that form part of such consideration
include:

e arable land per capita;

» food productivity per capita;

* net imports per capita;

* net imports as a percentage of Gross Domestic Product; and
» food imports as a percentage of merchandise imports.

Metrics of impacts and outcomes include the prevalence of undernourishment
and the prevalence of moderate or severe food insecurity, included within Sustainable
Development Goal 2 (see Sect. 3.7.1).

7.4 International Energy Trade

The importance of energy security to nations is reflected in policies to support the
production of energy sources that exist domestically and policies to minimize
reliance on energy sources from other countries that might be disrupted. The 1973
oil crisis mentioned above was the first of a number of “oil shocks” in the 1970s and
1980s that had huge impacts on economies throughout the world (Huang et al. 1996;
Lutz 2008). In response, many nations implemented significant policies to reduce
their vulnerability to OPEC-led disruptions to oil flows.

According to the Energy Information Administration, the USA is 88% energy
self-sufficient, compared with Japan at 8%, China at 80%, or Russia and Canada at
100% (IEA 2018, Fig. 7.4).

However, for purposes of trade, it is the differences between the production and
consumption of specific energy sources that are critical. The USA, for example, has
traditionally consumed more oil and gas than it produced, and was a major importer
of both commodities. However, in recent years, the USA has become an exporter of
natural gas and will, in the 2020s, be a net export of petroleum too.

If a nation can substitute one energy source for another, the implications of a
shortage in the initial fuel are significantly mitigated.
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Fig. 7.4 Energy self-sufficiency in 2016 (IEA 2018)

The two largest uses of primary energy are as fuel for the generation of electric-
ity and as fuel for transportation. While nearly all primary energy sources can be
converted into electricity, transportation fuels are dominated (over 95%) by
petroleum-based fuels. The near-monopoly of petroleum-based fuels for
transportation means that it is impossible to mitigate significant shortages, except
through reduced consumption. Thus, petroleum is considered a strategic commodity
for nearly all societies, and its trade significant to energy security. However, there
may be a significant transition to electrification of transportation during the coming
decades. If that occurs, petroleum will lose much of its strategic importance.

Figure 7.5 shows primary energy consumption by modern fuel source.
Consumption of traditional forms of biomass such as wood, charcoal, peat, and
animal waste are not included. Prior to the industrial revolution, almost everyone on
the planet received nearly all of their energy from traditional biomass. Today
traditional biomass still accounts for an estimated 8% of primary energy
consumption.

In 2017, fossil fuels accounted for 85% of primary energy consumption (oil
34%, coal 28%, and natural gas 23%), renewables accounted for 11% (hydropower
7%, others 4%), while nuclear power provided 4%. The climate change consequences
of such dominance of fossil fuels are explored in Chap. 11.

The non-transportation energy use of countries is strongly influenced by the
sources of energy that are domestically available. China, India, and Indonesia all
produce and consume large amounts of coal. However, Indonesia also produces
large amounts of oil and natural gas, which are reflected in high levels of use and
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Fig. 7.5 Total primary energy consumption by modern fuel source, 1967-2017. (Source: BP
Statistical Review of World Energy 2018)

limited use of other sources. In response to the oil crisis of 1973, nations such as
Japan, France, Germany, and the USA all expanded their use of nuclear power to
reduce their dependence on petroleum imports. Countries with large natural
hydropower capacity, such as Brazil and Canada, have developed them, and they
reflect a high share of their energy use.

Petroleum and natural gas are naturally created in the same manner are found in
closely associated locations. Production of crude oil and natural gas usually includes
some level of production of the other. In 2018, 28% of US petroleum field production
was in the form of Natural Gas Liquids.

Production of petroleum and natural gas is dominated by a relatively small num-
ber of countries (Fig. 7.6). Three countries accounted for 39% of crude oil produc-
tion in 2017 (USA 14%, Saudi Arabia 13%, and the Russian Federation 12%).
Three-quarters of crude oil production occurred in just 13 countries, and 39 coun-
tries accounted for 98% of production. The USA (20%) and the Russian Federation
(17%) account for 37% of global natural gas production. Three-quarters of natural
gas production occurred in 13 countries, and 41 countries accounted for 98% of
production.

Table 7.2 summarizes global trade in petroleum and natural gas in 2017. A criti-
cal point to understand about oil trading is that crude oil is a blend of hydrocar-
bons and, therefore, a range of products. Fuels for automobiles, large trucks,
aircraft, and ships are all derived from different hydrocarbons contained in crude
oil. Each source of crude oil has a unique blend of hydrocarbons. Therefore, even
when a country produces as much crude oil as it consumes, it will be still be
involved in trading—exporting the hydrocarbons that it has a surfeit of and import-
ing those in which it has a deficit. Further, some trading is associated with refining
capacity. For example, the USA has significant excess capacity to refine heavy
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Table 7.2 Share of global trade in petroleum and natural gas for select countries and regions.
(Source: BP Statistical Review of World Energy 2018)

Petroleum (Crude + Products) Natural gas (Pipeline + LNG)

Exports Imports Exports Imports
UsS 8% 15% 7% 7%
Canada 6% 2% 7% 2%
Europe 5% 21% 18% 43%
Russian Federation 13% 0% 20% 2%
Middle East 36% 2% 14% 3%
China 2% 15% 0% 8%
India 2% 7% 0% 2%
Japan 0% 6% 10% 0%
Rest of World 32% 32% 33% 24%

crude oil (that is crude oil with a blend that includes a high proportion of long
“heavy” hydrocarbons) and therefore imports some crude oil simply to refine and
export finished petroleum products.

The term “petrostate” refers to countries like Saudi Arabia whose economies are
dominated by oil exports and which are extremely vulnerable to changes in oil price
and oil demand on the international market. The Organization of Petroleum
Exporting Countries (OPEC) attempts to facilitate coordination of petroleum poli-
cies of 14 countries, many of whom are considered petrostates.

The USA has experienced a dramatic increase in production of both petroleum
and natural gas since 2007 as a result of developments in hydraulic fracturing,
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which has allowed the production of ‘“unconventional” resources that were
previously inaccessible. These are commonly referred to as “tight oil” and “shale
gas.” The scale of this development has moved the US importer of oil (60% of
consumption in 2006) and natural gas (16% of consumption in 2007) to become a
net exporter of gas in 2017 and (soon to be) petroleum (expected in 2020-2022).
Unconventional production of oil and gas is being deployed worldwide.

Coal deposits are more widely distributed in the world, leading producers of with
some notable exceptions, different from leading producers of oil and gas. Further,
because coal is primarily used for electricity generation, which can also be generated
from other primary energy sources, it is not as critical to the energy security modern
economies as petroleum.

Petroleum and natural gas can be moved efficiently over large land distances
(and shallow seas) by pipeline. Coal is primarily moved overland by rail or river
barge. Electricity can be moved efficiently over several hundred miles using
about-ground, High Voltage Alternating Current (HVAC) transmission lines.
Longer distances require more costly High Voltage Direct Current (HVDC) trans-
mission lines.

Moving energy across seas and oceans typically requires ships. Because oil has
a high energy density (by mass and volume) and requires no treatment before or
after movement by ship, it is a relatively easy commodity to move. As a result,
transportation costs are relatively low, and oil prices are very similar in all major
markets around the world—moving up or down in unison.

In contrast, coal has a lower energy density (approximately 24 MJ/kg compared
to approximately 45 MJ/kg for oil) and, therefore, higher transportation costs per
unit of energy. Thus, islands that require energy to be shipped to them generally
utilize petroleum to a large extent (e.g., for electricity generation and heating as well
as transportation) than other locations.

Natural gas has a very low energy density and requires liquefaction before being
shipped. Thus, transportation of liquefied natural gas (LNG) has a high transportation
cost compared to oil and markets in different parts of the world typically have
notable differences in prices.

The movement of all energy sources requires significant infrastructure.

Energy is also “embedded” in the trade of other products. That is, energy is used
to produce products that are then traded to other countries. The location of the
energy used to produce a product is separated from the location of the final use or
consumption of the product. This increases energy use (and) in the country produc-
ing the product (known as “on-shoring”) and decreases the energy use in that coun-
try receiving and using/consuming the product (“off-shoring”). Energy-intensive
industries include bulk chemicals, refining, mining, agriculture, and iron, steel, and
aluminum production. Embedded energy is analogous to virtual water trade, as
discussed in the next section.

An important aspect of embedded energy is that any emissions of greenhouse
gases or other pollutants associated with the traded products are also on-shored or
off-shored.
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The Energy Charter Treaty (see Sect. 6.2.3) began as a framework for Western
Europe to respond to the changes in eastern Europe following the end of the Cold
War, before being expanded. An Energy Charter Treaty was adopted in 1994 and
went into force in 1998. A subsequent International Energy Charter was adopted in
2015 by 64 states to provide the framework process to develop a larger treaty. The
ECT includes provisions on non-discrimination in trading conditions (based on
WTO rules); ensures stable movements of energy across international borders; and
plays a significant role in trade dispute resolution.

7.5 International Water Trade (and Virtual Water Trade)

Water is not formally traded in any significant volume between nations at the pres-
ent time, with only limited exceptions, such as bottled water and beverages. This is
because water is too heavy and is priced so low that water tankers and water pipelines
are not yet economically feasible. The fact that water infrastructure tends to be both
very expensive and also nationally financed likewise discourages the construction
of the transboundary water infrastructures that would convey traded water.

On the other hand, transboundary rivers and other fresh waters that cross or
straddle national boundaries are incredibly important for many nations’ water sup-
plies. Transboundary waters are shared, not traded, although an implicit water trade
of asortexists in the treaties and de-facto agreements between nations. Transboundary
waters are common among the world’s nations, owing to the tendency of rivers to
disrespect political boundaries, with roughly 263 transboundary river basins and
300 transboundary aquifers in the world, involving nearly all of the world’s nations
(UNEP 2016). Few of these transboundary water flows have a cooperative manage-
ment framework (see Sects. 6.3, 8.1.1, and the case studies of Chap. 19).

A notable cooperative management framework is the Great Lakes Compact
(see Sects. 8.1.1 and 19.2.3) between the USA and Canada (and their States and
Provinces) governing the Great Lakes, one of the world’s great fresh waters. The
GLC explicitly allows a preapproved list of water transfers, and also allows bottled
water exports as long as small containers are used. Bottled water could be considered
trade, although it is not a large trade in terms of volume, mass, or value. The GLC
regulates any activities that create cumulative impacts on the Great Lakes water
resources, and prohibits diversions and transfers that are not explicitly approved by
the parties to the compact. The GLC is a very conservative cooperative management
framework in the sense that it is legally binding and that it is comprehensive in the
protections it guarantees.

Another notable cooperative management framework is the Colorado River
Compact (CRC, U.S. Congress 1921) between the USA and Mexico, governing the
sharing of the water supply on one of the world’s most important arid region rivers.
This is a complicated agreement that divides the waters of the Colorado River
between the less fully developed and populous Upper Basin States (Colorado,
Utah, Wyoming, New Mexico, and portions of Arizona), the more fully developed
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and populous Lower Basin States (California, most of Arizona, and Nevada), and
Mexico. Nearly all of the Colorado River’s water originates in the snowcapped
peaks of Wyoming and Colorado, but far-downstream California and Arizona were
the first to exploit its waters on a large scale. The CRC’s rules ensure that water is
shared equitably according to strict pre-negotiated rules, especially during times of
drought. Pre-negotiated diversions are explicitly allowed, such as the large diversions
of river water to Denver, Phoenix, Tucson, Las Vegas, and Los Angeles, and their
surrounding agricultural operations. Water is not traded or sold in this compact, but
the compact does ensure that downstream users far from the original source of the
water—especially California, Arizona, and (internationally) Mexico—receive water.

Oil and grain are easy to move and trade and are valuable enough to make this
trade profitable. On the other hand, water is relatively massive and voluminous, and
its price is very low (usually zero), so water is not normally traded in quantity. Hard-
to-trade Resources (like water) may be traded “virtually” by trading goods that
require a lot of that resource to produce. This is analogous to the concept of
embedded energy discussed above.

Virtual Water is the water that was consumed in the production of a good or
service. For instance, a lot of virtual water is traded via grain exports, because grain
is easy to produce in massive quantities in arid regions if you have irrigation water.
Irrigated agriculture accounts for approximately 70% of total water withdrawal, and
about 90% of virtual water flows globally relate to trade in agricultural products.

Nations with large populations and scarce water and farmland tend to be virtual
water importers, and nations with small populations, lots of water, and abundant
farmland tend to be virtual water exporters. Interestingly, the USA is among the
largest net virtual water exporters due to its massive bulk grain exports (Fig. 7.7).
This virtual water trade is so large and important that the study of this trade has

Fig. 7.7 Net virtual water imports in the period 1997-2001; green is a net exporter, and red is a
net importer (Fig. 4.5 from Chapagain and Hoekstra 2004). Green nations tend to be rich in
agricultural capacity; red nations tend to be populous, rich, and/or relatively poor in agricultural
capacity



7 Trade 203

spawned a niche academic subdiscipline (Allan 2003; Chapagain and Hoekstra
2004; Konar et al. 2011).

Energy use, greenhouse gas emissions, minerals, land use, photosynthetic capac-
ity, and other goods and materials are likewise “embedded” virtually in every inter-
national trade (Bruckner et al. 2012). The field of life cycle analysis generally, and
“footprint” analysis specifically, is concerned with measuring these embedded vir-
tual flows. Because a great deal of energy and water use is embedded in nearly every
kind of good or service, it is generally true that nations with limited domestic energy
or water resources rely heavily on trade in virtual energy or water resources as sub-
stitutes for scarce local resources. This virtual trade reflects the comparative advan-
tages of energy-rich and water-rich nations, especially in the production of
energy-or-water-intensive bulk grains and raw materials. The comparative advantage
driving virtual trade is real, although it tends to be modest (Debaere 2014).

7.6 Modeling Trade in FEW Systems

In addition to IMPACT, which focuses on the trading of agricultural commodities,
there are other modeling tools and approaches to analyze FEW systems, including
trade at the local, regional, and global scales. In Chap. 15, we discuss modeling
approaches that include the trade of food (directly and virtually through land and
water) and energy at various scales. In one of these approaches, referred to as
Integrated Assessment Modeling (see Sect. 15.2.4), trade of food and energy com-
modities is explicitly included in the calculations of supply and demand of land,
extractive, and water resources that need to be considered in improved accounting
efforts of FEW.

Another approach worth mentioning is Multi-Region Input/Output (MRIO).
MRIO analysis is a widely used modeling approach, which enables analysts to
explore the entire supply chain and the associated (“embodied”) emissions or natu-
ral resource use. At its core, it is an accounting procedure relying on regional eco-
nomic input—output (IO) tables and interregional trade matrices, depicting the flows
of money to and from each sector within and between the interlinked economies and
thus revealing each sector’s entire supply chain. The MRIO modeling approach has
been frequently used in water and land footprint and virtual land/water studies by
utilizing the IO ability to quantify direct and indirect (upstream supply chain) land
and water consumption for sectorial production at regional, national, or global scales.

The integration of trade modeling with modeling of FEW systems remains an
important area of research and innovation. Given the intensity of the exchanges of
FEW brought by trade, this is likely to remain an important area of activity in the
years ahead.

Key Points

* Trade is an ancient institution, but globalization has dramatically accelerated trade.

* Nations trade to buy goods and services that are not available locally or that are
available at lower prices from other nations.
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Nations trade to sell goods and services in greater quantity than could be sold
locally.

Differences in the prices of food and energy commodities reflect a combination of
policy-driven distortions (like subsidies) and genuine comparative advantages.
Because it is unlikely for human or natural shocks to simultaneously impact the
entire group of global producers of a commodity, global trade markets increase
FEW resilience.

Grain and Petroleum products are among the most-traded commaodities by volume.
Trade policy tends to balance FEW self-sufficiency objectives against the need to
access less expensive commodities or access commodities during local shocks
like drought or severe winter weather.

Hard-to-trade Resources (like water) may be traded “virtually” by trading goods
that require a lot of that resource to produce; for instance, a lot of virtual water is
traded via grain.

FEW trade shocks have been used as a geopolitical weapon during the global era.
Nations have widely differing trade policies that reflect a blend of openness ver-
sus protectionism (e.g., tariffs).

Neoliberal economics argues that free and open trade enriches all parties and
maximizes resilience, but there are real-world limitations to this philosophy.
Cartels like the Oil and Petroleum Exporting Countries (OPEC) attempt to
manipulate trade to their members’ advantage.

Discussion Points and Exercises

1.

2.

10.
11.

Is trade in food and energy a good thing, or a bad thing? Why or why not, or in
what cases?

List, in descending order, the top ten food and energy importing and exporting
nations in the world, in a recent year of record (four lists, 40 total nations).

. Is your nation is self-sufficient in terms of food, energy, and/or water? Is your

nation a net importer, exporter, or neutral?

Has there ever been an event where your nation’s food, energy, or water supply
was unexpectedly interrupted? What happened; what was the impact? How did
your leaders respond?

Consider the Oil Shocks of the 1970s and 1980s. What changes did your nation
make to its FEW policies as a result of those shocks?

What characteristics, policies, and/or production advantages do the world’s
major FEW exporting nations share?

. What characteristics, policies, and/or needs to the world’s major FEW import-

ing countries share?

Why do you think some countries like the USA pursue a policy of overproduc-
ing food and energy commodities, despite the costs of this policy?

Are there any countries that specialize specifically in food or energy production
and export? What are the risks involved in being heavily concentrated in this
type of export, or in depending heavily on that exporter?

Should trade in food and energy be totally free? Why or why not?

Can you think of an example where water is traded directly (not virtually)?
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Chapter 8
US Governance

Beth Kinne and Darrin Magee

8.1 Introduction

In Chap. 1, we noted that high-level decision-making and policy in many countries
tend to treat food, energy, and water (the “three great consumables”) as strategically
important separately, but not in an integrated fashion. Failure to address the critical
interlinkages between food, energy, and water systems leads to conflicts among
users and producers whose primary interests lie in one of the “Three Great
Consumables.”

Creating legal, social and economic structures to promote responsible stewardship
of the Three Great Consumables at all geographic scales—from the individual and
community to the nation and the entire globe—is challenging. Chapter 3 explored
how international law grapples with nexus challenges. Policies at different levels of
government need to address specific nexus problems and relationships that arise with
particular geographic configurations. Chapter 12 provides definitions of three particu-
lar scales of interest to nexus analyses and policies: micro-, meso-, and macro-.

Chapter 1 frames the nexus issue and explicitly identifies policy as one of the
critical criteria for improving the way we manage nexus resources. This chapter
examines US law and policy at the FEW nexus. Most laws regulating nexus
resources are primarily directed at protecting or promoting the development of one
resource sector, including the related human health and safety impacts. Nevertheless,
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laws primarily governing one or another nexus resource can require intentional
consideration of environmental impacts, which often include impacts on nexus
resources.

In this chapter, we provide an overview of US law vis-a-vis international law and
in light of the US federalist system, which gives individual states greater leeway than
is found in the sub-national jurisdictions of many other countries. We then examine
key laws at the national, state, and local levels that address one or more FEW compo-
nents. This chapter demonstrates that attention to FEW impacts is currently rather
fragmented in the USA. In order to change this, state and federal regulatory agencies
in the USA must develop procedures that require the integrated assessment of nexus
impacts across all three FEW sectors for every action taken on one of those sectors.

There is a pressing need for information and quantitative tools to support integrated
planning of FEW resource development and use, in an effort to avoid unwanted and
unsustainable scenarios in coming years. Although the FEW nexus is fairly evident,
these three sectors have historically been regulated and managed separately; and
despite growing concern over these trends, decision makers often remain ill-informed
about their drivers and ill-equipped to deal with possible outcomes. Such quantitative
tools (data and models) that can support more effective governance of FEW systems
are explored in further details in Chaps. 14 and 15, respectively. At the heart of this
discussion lies the question of the role science plays in informing policy, and the
responsibility policymakers have to consider scientific expertise when formulating
laws and policies. We return to that question in the final chapter of this textbook.

8.1.1 Framing International and US Governance at the Nexus

The relationship between the US and international governance is a two-way, itera-
tive one. In some cases, domestic law shapes international norms, while in other
cases, the reverse is true. For example, the Oil Pollution Act of 1990 passed in the
aftermath of the Exxon Valdez oil spill required double hulls for new vessels carry-
ing oil in US waters. This motivated the adoption of an equivalent requirement
internationally under the 1992 MARPOL Convention.

Once the US Senate approves international treaties and the President ratifies
them, those treaties become domestic law.! However, from a practical perspective,
implementation in the domestic sphere often requires the creation of new laws and
regulations consistent with treaty obligations.

Examples of international agreements that impact the food—energy—water nexus
in the USA include:

1. The Great Lakes-St. Lawrence River Basin Sustainable Water Resources
Agreement between eight states and two Canadian provinces to regulate

'Tt is common to speak of Congress “ratifying” a treaty, but it is the president who ratifies the treaty
only after two-thirds of the Senate has provided “advice and consent.”
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diversions from the Great Lakes basin. The agreement was approved by legisla-
tion in all states and a Joint Resolution of US Congress in 2008.

2. The Colorado River “Law of the River,” a collection of over a dozen treaties,
interstate compacts, federal acts of legislation, and court cases that govern rights
to the water in the Colorado River Basin as it is shared among the seven basin
states and Mexico.

3. Trade agreements such as the 1993 North American Free Trade Agreement
(NAFTA) and the agreements underpinning the World Trade Organization
(WTO), which are adopted by acts of legislation rather than ratified as
international treaties.

4. The 1992 United Nations Framework Convention on Climate Change
(UNFCCC), which was ratified after a two-thirds vote of the US Senate in 1992.

In many cases, international and domestic laws covering natural resources such
as energy, water, and food share the same goals: conservation, long-term planning,
facilitation of resource development and trade, or promotion of human health and
safety. The concurrent need to protect interstate relationships, national sovereignty,
and the priorities of key powerful industries, results in the use of different mecha-
nisms to achieve similar goals (Hall 2007). Many of the principles applied in inter-
national disputes—the geographical locus of the action that caused the dispute or
contractual agreements to submit to the jurisdiction of a particular sovereign, for
example—are also relevant to adjudicating disputes among US states, which retain
a degree of sovereignty vis-a-vis the federal government.

The USA’s interests in international law at the food, energy, water nexus relate
most directly to relationships between the USA, Canada, and Mexico, due to
geographical connectivity, in addition to other key agricultural trading partners such
as the European Union. Concerning water, the USA enjoys the privilege of being
Mexico’s upstream neighbor. Therefore, the Colorado River Compact failed to
incorporate Mexico’s interests for the first 23 years, treating this vital river as
something to be shared only among seven US states. Only in 1944, long after the
river’s annual flow had been over-allocated, was Mexico recognized as a party to the
Compact. In contrast, the USA is the downstream neighbor on about half the streams
along the US-Canadian border, providing an incentive for the USA to promote
equitable apportionments of water resources across this—and arguably other—
international boundaries.

According to the U.S. Department of Agriculture, Canada, Mexico, and the
European Union are the largest suppliers of foreign agricultural products to the
USA. At the same time, Canada has consistently remained one of the top two
importers of food from the USA. NAFTA frames the international relationships
among the USA, Mexico, and Canada with respect to water, food, and energy to
some degree. Reforms to NAFTA could enhance or inhibit (or prohibit) domestic
policies promoting the development of low-carbon energy sources, economically
sustainable food production, and environmental rules and regulations that protect
water. The direction of such changes will depend on the degree to which decision-
makers recognize the importance of FEW interconnectivity.
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8.1.2 Federalism and the Food—Energy—Water Nexus

Within the USA, the federalist structure creates shared authority between the fed-
eral government and the states, resulting in a varied landscape of natural resource
regulation. While federal environmental and other laws may preempt or constrain
state and local regulations in some cases, but state and local (municipal) govern-
ments retain authority over many FEW resources through water resource alloca-
tion and land use decisions, resulting in a great variation of regulation of FEW
resources.

At the federal level, the National Environmental Policy Act (NEPA) provides
for consideration of significant environmental impacts of regulations and projects
that are created, funded, or permitted by federal government agencies. State analogs
to NEPA require a similar assessment of state-level laws and projects found likely to
have significant environmental impacts. At the municipal level, various local land-
use laws provide a mechanism for protecting water resources, promoting food pro-
duction, and governing impacts of energy infrastructure and production. These laws
often reflect local social and economic priorities as well as place-specific environ-
mental sensitivities, but the resulting mosaic of regulations that are inconsistent from
state to state and municipality to municipality creates some unwanted effects, such as
hot spots for pollution or resource development.

The federal regulatory system rarely explicitly addresses the food—water—energy
nexus, despite extensive research showing strong interconnection among the three
sectors. Most decisions impacting water pollution, energy production, and
agriculture are made by specialized administrative agencies such as the
Environmental Protection Agency (EPA), the Federal Energy Regulatory
Commission (FERC), and the U.S. Department of Agriculture (USDA), and in some
cases the Food and Drug Administration (FDA). Agency actions are subject to
judicial review under limited circumstances, and such legal challenges form a
substantial body of precedent—that is, past court decisions that guide and constrain
courts in future cases—in the field of administrative, environmental, and natural
resource law.

Legal precedent grants federal agencies discretion to make their best expert judg-
ment when they are acting within the scope of the authority granted by Congress.
Where conflicts arise between laws at different scales, agency rulings sometimes
seek to mitigate them. For example, after a 2004 case found that back-pumping
water into the Florida Everglades required a National Pollutant Elimination
Discharge System (NPDES) permit, the EPA issued a Water Transfer Rule in 2008.
This rule explicitly stated that discharge permits would not be required for transfers
of water from one navigable water body to another, and all navigable waters would
be treated as one, the “unitary waters” theory. This rule prevents disruption of water
law in western states, which manage water resources by extensive transfers of water
from one watershed to another, avoiding conflict between the NPDES system and
state water rights systems. However, it risks allowing lesser quality water to be
transferred to bodies of higher quality water.
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For practical reasons, many federal environmental statutes, such as the Clean Air
Act (CAA) and the Clean Water Act (CWA), delegate implementation to the states.
Upon EPA’s approval of a state implementation plan, the state enjoys primacy with
respect to the federal law and is in charge of implementing federal standards.
Granting states primacy has two significant impacts: within the parameters of
approved plans, states can devise funding and management strategies appropriate
for their own natural resources; and the federal government is largely removed from
making specific decisions and funding their implementation.

Under the doctrine of preemption, states may not regulate in ways that contra-
dict federal law, though often they may pass regulations that are stricter than the
floors set by federal laws. Similarly, when states choose to regulate in a certain
arena, such as unconventional oil and gas development, local governments in that
state may be prohibited from enacting local regulations that conflict with state law.
A thorough treatment of the doctrine of preemption is beyond the scope of this
chapter, but it plays a critical role in the interaction among federal, state, and local
agencies on issues such as energy resource development, water resource protection,
and regulation of production and transportation of food.

The federal government has not been completely silent on nexus issues. Recent
energy developments, in particular, have catalyzed concern about impacts on water
and food. During the Obama Administration (2009-2017), which coincided with
the boom in unconventional shale gas development through hydraulic fracturing
(“fracking”), the Government Accountability Office (GAO) published several
reports aimed squarely at the energy—water nexus, motivated partly by the fracking
revolution and its water impacts (See Further Reading). However, the majority of
regulation of fracking remains within the purview of the States, particularly after
industry first challenged federal rules governing fracking on federal and Indian
lands finalized in 2015, and then saw those rules rescinded by the Trump
Administration in 2017.

Existing environmental laws mitigate some of the hazards from the erosion, brine,
radioactive cuttings, and fugitive emissions of greenhouse gases that result from
unconventional oil and gas development but not all. Those laws often fail to address
the various stages of resource development and production comprehensively. For
instance, while the wastes associated with exploration, development or production of
crude oil, natural gas, or geothermal energy are themselves exempt from regulation
under the Resource Conservation and Recovery Act (RCRA), the landfills where
those rock and dirt cuttings from drilling are routinely disposed of are subject to
RCRA. Similarly, the leachate from landfills containing similar wastes is transferred
to municipal wastewater treatment plants that discharge into rivers and lakes, even
though direct discharges from unconventional oil and gas production facilities to
municipal wastewater treatment facilities are prohibited. The effluent from waste-
water treatment plants is, however, is subject to CWA discharge permits.
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Produced water—water that comes back out of the wellbore after fracking—is
often injected into abandoned oil and gas wells as a means of disposal. Deep well
injection of wastes is typically regulated by the Safe Drinking Water Act’s
Underground Injection Control (UIC) regulations. However, under what is
commonly referred to as the “Halliburton Loophole,” encoded in the Energy Policy
Act of 2005% wastes resulting from oil and gas exploration and production are
exempt from UIC requirements “unless such requirements are essential to assuring
that underground sources of drinking water will not be endangered by such
injection.”

Other key exceptions include exemptions from CWA stormwater permitting
requirements for oil and gas exploration and production, processing and transmission
facilities These exemptions from federal law, however, do not preclude state law
from requiring stormwater permits for construction activities associated with oil
and gas development. This is just one example of how the regulatory landscape for
FEW resources is complex and multi-scalar.

8.1.3 Private Property Rights and FEW Resource Regulation

There is a tradition of strong private property rights in US jurisprudence. Water law,
for example, has historically favored individuals who harness and divert water away
from natural channels to private uses, even if doing so harms the ecological health of
watersheds. Similarly, conventional oil and gas law is based on the rule of capture—
the party who removes oil or gas from the ground gains a property right in that
resource. With respect to food or any other vegetable matter, the farmer who owns the
land the crop is grown on owns the crop unless a contract stipulates otherwise.
However, regulations to protect the public interest routinely impinge on individual
property rights and alter market forces. Governments can regulate the location and
manner of energy exploration and production, and the placement and operation of a
larger infrastructure for transmission of oil gas and electricity, for example.

Federal and state financial assistance and insurance programs help stabilize agri-
cultural markets. But the production of food and energy is still largely under the
control of individuals and corporations, and production rates respond to price
signals in the market, which can result in industry trends that are not conducive to
the long-term sustainability of FEW resources. According to the USDA, 90-99% of
crops grown in southwestern US states (based on 2012 market value) depended on
irrigation.® However, data from the U.S. Geologic Survey (USGS) shows that total

2Critics named the loophole after a Wellfield Services company that benefited from it. Richard
(Dick) Cheney, US vice-president at the time of the 2005 Act, had previously served as CEO of
Halliburton.

3See USDA, National Agricultural Statistics Service (NASS), 2012 United States Census of
Agriculture, AC 12-A-51, Washington, DC, May 2014, http://www.agcensus.usda.gov/
Publications/2012/Full_Report/Volume_1,_Chapter_1_US/usv1.pdf.otal.
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US water use, and use in all sectors except agricultural, declined between 2005 and
2015, while agricultural use increased only slightly.* This increase is largely due to
the increased reliance on irrigation in US states east of the Mississippi River.

8.2 The U.S. Regulatory Framework by FEW Sector

The following sections outline some important regulatory frameworks at the federal
level for the water, energy, and food sectors. The list is by no means exhaustive and
focuses on critical regulations designed primarily to regulate one sector but which
turn out to have significant impacts on other sectors at the food—energy—water
nexus. It may be helpful here to recall the discussion on the micro, meso, and macro
scales of nexus effects and policies in Chap. 12.

8.2.1 Water

In Sect. 2.5, we introduced the concept of water systems at various scales. Similarly,
some US laws and policies also are based on hydrologic units such as the watershed
or catchment basin; some are based on political, jurisdictional boundaries such as
states, counties, towns, and cities; and still, others are based on “hydro-economic
units” such as irrigation districts. The term, hydro-economic unit is often used in
modeling. In this text, it denotes a group of people who share, for a distinct economic
purpose, water that is in one or more hydrological units.

Water governance in the USA is complicated by the division between water
quantity laws and water quality laws and the historical lack of recognition of the
intimate hydrological connection between surface water and groundwater flows.
Water quantity law prioritizes obtaining maximum utility from water resources,
promoting multiple users and beneficial uses of any given water body. Water quality
law, meanwhile, focuses on preventing degradation and improving impaired waters,
goals arguably more subjective and difficult to measure. The two regulatory systems
are sometimes at odds with one another. For example, maximizing use of water
quantity in a stream can degrade its quality.

Water quantity regulation is critical to food and energy production; conversely,
production of food and energy substantially impacts water resources. Of all
freshwater withdrawals in the USA in 2010, irrigation and thermoelectric power
generation accounted for 36% and 40%, respectively, both of which are much larger
than the 14% used for public water supplies (Maupin et al. 2014). This contrasts
with the global average, where irrigation comprises about 70% of water usage
(Black 2016). These decreases may be attributed to increased efficiency in irrigation

“See USDA, NASS, Quick Stats, http://quickstats.nass.usda.gov/.


http://quickstats.nass.usda.gov/

216 B. Kinne and D. Magee

technologies, improvements in power plant cooling technologies, and advances in
industrial wastewater recycling. Also, it is important to note that some withdrawals
are a poor proxy for water use; much of the water withdrawn for agricultural use is
consumptive, whereas much of that withdrawn for power plant cooling is not.

Water quantity law is state law and varies considerably among states. Those with abun-
dant fresh water tend to have less regimented systems governing water rights, while those
with more limited supplies tend to have elaborate water rights regimes. Two predominant
models have shaped state water quantity law: riparian rights and prior appropriation rights,
although over time many states have adopted modifications and combinations of the two.

A pure riparian rights doctrine grants use rights in water to landowners whose prop-
erty abuts a water body such as a river or a lake. In times of shortage, all users participate
in reducing use. This doctrine originated in England and was transplanted to the USA
where the "reasonable use" overlay, sometimes called the "American Rule" was estab-
lished, restricting riparian users from making unreasonable use of the water.

“Reasonable use” is, of course, a slippery term, and the determination of reason-
able use is multifaceted. It includes consideration of the suitability of the water body
for a particular use, such as drinking water, irrigation, fish propagation, or naviga-
tion, along with the social and economic values of that use, and the extent to which
that use causes harm to others.

The appropriative rights doctrine was introduced in the arider western states
where cultivating crops required regular irrigation. One who diverts water from a
stream and puts that water to beneficial use establishes a water use right. The right
is usually limited in scope by purpose (e.g., irrigation of a precise number of acres),
the total amount of water or flow rate, and sometimes by the time of year.

Priority in time trumps proximity in space; an established right is protected
against any other user who might assert the use of the water at some later time.
Water rights with earlier appropriation dates are more valuable than rights with later
dates, because in times of shortage, later (more “junior”) appropriations are curtailed
first. Early (“senior”) water rights, particularly non-consumptive water rights for
hydroelectric plants, can have significant impacts on downstream users. For
example, the 1902 water right for the relatively small (15 MW) Shoshone power
plant on the upper Colorado River creates substantial, reliable downstream flows,
protecting rights of municipal and agricultural users lower on the river.

Watersheds frequently span two or more states, creating the need for interstate com-
pacts or other instruments governing water sharing. These agreements usually focus on
three areas: water apportionment, pollution control, and flood control (see Chap. 19).5

For example, the Mississippi River watershed, one of the largest in the world,
drains about 40% of the land mass in the continental USA and includes 31 states and
two Canadian provinces. Therefore, the watershed is impacted by the laws and regu-
lations of all 33 state/provincial jurisdictions and two national governments. In addi-
tion, the Mississippi is subject to two basin-specific interstate compacts governing
water pollution: The Louisiana-Mississippi Tangipahoa River Waterway Compact
and the Mississippi River Interstate Pollution Phase-out Compact.

SAn exception to the three focal areas noted above is the Atlantic Salmon Compact of 1983
(Public Law 98-138) which focuses on restoration of the Atlantic salmon fishery in the
Connecticut River Basin.
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Interstate organizations governing water attempt to bridge the gap between the
hydrological system and the political systems that impact it. Those organizations
can take several forms. The most formal is the commission, which is governed by a
compact to which the federal government is a party. Examples include:

(a) The Delaware River Basin Commission (1961), which includes the states of
Delaware, New Jersey, Pennsylvania, and New York as well as the Army Corps
of Engineers as the federal representative;

(b) The Susquehanna River Basin Commission, (1970), which includes the states
of Maryland, Pennsylvania and New York and a representative from the federal
government;

(c) The Upper Colorado River Basin Commission (1948), which includes the states
of Colorado, Wyoming, Utah, and New Mexico, and an appointee from the
federal government.

One important interstate water organization not governed by a compact to which
the federal government is a party is the Upper Mississippi Basin Association (UMBA).
While the UMBA includes no formal representative from the federal government,
representatives from the U.S. Army Corps of Engineers, the Departments of
Agriculture, Transportation, and Interior, and the EPA all serve in advisory, non-vot-
ing capacities to inform the governance of the river basin. These institutions all have
their own particular missions and priorities that may differ for the river.

Advancing scientific understanding of hydrological connections, therefore, cre-
ates challenges for water rights and water pollution law. The interpretation of the
federal—state jurisdictional boundary is challenged, as seen in the heated negotia-
tions over the legality and practical implications of the Clean Water Rule of 2015.
The debate over the extent of federal jurisdiction over water resources maps the
alternate interpretations by U.S. Supreme Court Justice Scalia and Justice Stevens
in the 2006 Rapanos v. the United States 547 U.S. 715 case. Justice Scalia found
that federal jurisdiction applied to “relatively permanent, standing or flowing bodies
of water,” but not “occasional,” “intermittent,” or “ephemeral” flows, and that a
“hydrological connection” between an intermittent body of water and a navigable
body of water was insufficient to confer federal jurisdiction on the former, and a
“continuous surface connection” with navigable waters was required to confer
federal jurisdiction over any non-navigable body of water.

The Obama Administration promulgated the Clean Water Rule of 2015, some-
times referred to as the WOTUS Rule (Waters of the USA). The Clean Water Rule of
2015 followed Justice Kennedy’s reasoning in Rapanos, in which Kennedy found that
federal jurisdiction reached any water body that had a ““significant nexus” to navigable
waters or seas. The rule effectively expanded federal jurisdiction over water, particu-
larly over wetlands, and spurred litigation around the country in attempts to define the
boundary between state and federal control in this area. The Trump Administration
stayed the application of the rule for 2 years, effectively reinstating the 1986 interpre-
tation, which followed Scalia’s opinion in Rapanos. That stay was vacated (canceled)
by a federal judge in August 2018, impacting its interpretation in 26 states, but not in
the 24 states where other litigation over the rule is, as of January 2019, still pending.
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In the following paragraphs, we discuss the role of the Clean Water Act and the
Safe Drinking Water Act in regulating surface water and groundwater resources.

8.2.1.1 The Clean Water Act

The Clean Water Act (CWA) is the primary water regulation mechanism that also
affects the energy sector. The CWA governs surface water quality but is largely
silent on groundwater. The CWA has been interpreted by courts to govern quantity
indirectly, in that minimum in-stream flows have been found to be a valid water
quality criterion. In-stream flow requirements impact permitting of removal of
water from river systems for a variety of uses, from hydroelectric power plants to
municipal and irrigation withdrawals.

At the federal level, the EPA is charged with enforcing the provisions of the
CWA, which it does by issuing pollutant discharge permits for point-source pol-
luters through the National Pollution Discharge Elimination System (NPDES).
In keeping with the architecture of the federal system, the CWA also provides an
avenue for states to assume primacy for drafting and enforcing regulations in
compliance with the CWA.

Primacy is based on the notion that state regulators, rather than federal ones, are
more familiar with local conditions and therefore better able to adapt federal laws to
those conditions while implementing enforcement regimes. In states like California,
where the linkages between water services and energy use are clear and significant,
primacy has enabled state regulators to tailor programs serving local needs for water
and energy conservation. However, shifting the enforcement authority to state
regulators also shifts the costs of enforcement to state budgets. Asserting primacy
may also expose state regulators to more direct pressure from users wishing to skirt
or soften those regulations.

Most states have applied for and been delegated primacy with respect to the
CWA, many in the years immediately following the Act’s initial passage in 1972. As
of January 2019, the only states not authorized to administer the program were
Idaho, Massachusetts, New Hampshire, and New Mexico, although Idaho began
transitioning to state administration of the system in 2018 and expects to take
complete control by 2021. The EPA also remained the jurisdictional authority for
the District of Columbia, Puerto Rico, and US territories in the Pacific.

The CWA encompasses both pollutant discharges and thermal discharges.
The justification for linking thermal and pollutant discharges is straightforward:
increases in water temperature can reduce the ability of a water body to hold
dissolved oxygen, which in turn can affect the water body’s suitability for aquatic
life or its ability to promote bacterial decomposition of organic matter. According to
the USGS, over 40% of all US water withdrawals in 2015 were used for thermoelec-
tric power; most of those withdrawals were from surface sources.

Figure 8.1 shows the geographic breakdown of water withdrawals used for ther-
moelectric power. The CWA’s recognition of the synergistic effects between thermal
pollutants and other contaminants provides critical leverage for increasing water
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Fig. 8.1 Map of water withdrawals for thermoelectric power. (Source: U.S. Geological Survey,
https://water.usgs.gov/watuse/wupt.html)

quality standards over time, but limitations in enforcement, along with the com-
plexities in understanding how different pollutants and polluters interact, can
impede such improvements.

One final point on the Clean Water Act bears mention: its emphasis on point-
source pollution means that regulation for drinking water supplies in urban areas
polluted by point sources subject to NPDES permits is far tighter than regulation for
water users near farms, where non-point sources prevail. Regulation of non-point
sources of pollution falls to the states, creating a “de facto fifty-state experiment in
regulation—or rather, non-regulation —” of non-point source pollution (Craig and
Roberts 2015, p. 2). Agricultural operations are a major contributor. Craig and
Roberts note relatively few cases where states have found political support for regu-
lating non-point source pollution: the fate of salmon in the Pacific Northwest, the
"blue-baby syndrome" resulting from nitrates, and the degradation of the Chesapeake
Bay, for example. More recently, health impacts of harmful algal (cyanobacteria)
blooms have garnered political attention in watersheds throughout the country
(see Sect. 5.2.3).

8.2.1.2 Safe Drinking Water Act
The Safe Drinking Water Act (SDWA), enacted in 1974 and amended in 1996, was

created to protect both surface and subsurface drinking water sources. According to
Pollans (2016), almost one-third of the pollutants regulated by the SDWA enter
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waterways through non-point source pollution. As with the CWA, the EPA shares
enforcement responsibilities with state and local agencies. Also like the CWA, the
SDWA largely fails to prevent the negative impacts of agriculture on water resource
integrity. Groundwater quality thus falls under the purview of the SDWA and the
act’s sole source aquifer provisions. Groundwater quantities, meanwhile, may be
subject to federal reserved water rights or regulated at the state level through
adjudicated wells, as discussed in Sect. 5.3 below, or may be virtually unregulated.

Pollans explains that SDWA standards governing public drinking supplies shift
the burden of clean water to public utilities by requiring municipalities to pay for
cleaning water after it has been polluted or to invest in watershed conservation
measures to prevent pollution in the first place. One of the most significant economic
incentives for municipalities is the filtration avoidance provision of the SDWA,
which allows municipalities with heavily protected watersheds, such as New York
City, to avoid the significant costs of filtering their drinking water. Yet, the law does
not mandate protection of watersheds, nor provide other mechanisms to attain it.

In contrast, SDWA groundwater protection plans are somewhat more structured.
Section 1424(e) of the SDWA specifies protective measures for aquifers qualifying
as sole source aquifers (SSA), or those which provide 50% or more of the drinking
water in a service area and for which there are no alternatives. SSA designation
prevents federal financial support for any project within the aquifer recharge zone
that could contaminate the aquifer but does not prevent all contamination.

8.2.2 Energy

As described in Chap. 2, Energy and water are intimately connected. Their use
converges at three critical junctures where efficiency policies can make significant
sustainability gains. First, pumping and treating water for drinking, and removing
contaminants from wastewater, require significant energy. The California Energy
Commission (n.d.) estimates that 30% of non-power plant use of natural gas goes
to meet water services directly. Similarly, one study of major municipalities in
southern California tied roughly one-fifth of electricity use to “water-related ser-
vices” (Stokes and Horvath 2009). Even in the simplest and most straightforward
of cases, energy costs can account for 30-50% of a wastewater treatment
plant’s budget.

When technologies such as reverse osmosis, currently the dominant technology
in desalination plants, are employed, energy (and financial) costs increase even
further. The Yuma Desalting Plant on the lower Colorado River in Arizona, designed
to reduce the concentrations of salts and farm chemicals in the river before it passes
into Mexico, is a prime example; since its completion in 1992, it has operated only
intermittently due to costs related to energy and brine (i.e., concentrated saltwater
waste) disposal. While higher-than-average precipitation in the US Southwest
during the first decade of the twenty-first century made it geopolitically and hydro-
logically feasible to idle the plant, such wet conditions were anomalous, and the
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costs of water treatment to meet treaty obligations will likely only rise in the
coming years.

The second critical confluence of water and energy resource use occurs in the
conversion of primary energy sources such as coal, natural gas, and uranium into
electricity. Conventional thermal power plants burn fossil fuels to create high-
temperature, high-pressure steam that then spins turbines, which in turn spin
generators to produce electricity. Nuclear plants derive their heat source from the
fissioning of uranium nuclei, but otherwise, their process is essentially the same as
conventional thermal-electric plants. In both cases, water is used in two ways. First,
some circulates in the steam loop, where it is alternately heated to steam and
condensed back to water in a non-consumptive process; the water in the steam loop
is almost entirely reused. Second, water is drawn into the plant on a continual basis
for cooling, to provide the cold sink necessary for re-condensing the steam after it
has flowed across the turbine-generator assembly and done its work. After absorbing
the steam’s excess heat, the cooling water—now significantly warmed—is
discharged to the environment, usually into the same body of water from which it
was first withdrawn. It is precisely this type of thermal discharge that falls under
the purview of Section 316 of the CWA, as discussed above.

As Fig. 8.2 shows, water use for thermoelectric power generation from 2005 to
2015 declined. This is largely due to more efficient cooling mechanisms and the fact
that gas-fired plants, which comprise the majority of new thermal power additions,
require less cooling. However, it remains to be seen whether that trend will continue.

Not all scholars view the water-energy nexus as a useful concept for developing
strategies that simultaneously address water and energy demand growth. Ackerman
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and Fisher (2013) argue that the economics of carbon reduction will likely be much
more effective drivers of change, at carbon prices plausible by 2100, than will the
economics of water savings. That is, policies that push the electricity sector to
reduce carbon emissions by putting a price on carbon will become effective at car-
bon prices one can reasonably expect to see in the near future. Similar policies
aimed at reducing water usage, they argue, would only become effective at water
prices far higher than one could reasonably expect in the coming century, even in
the desert southwest. For them, “‘water-energy nexus’...might be better understood
as two distinct problems that intersect, quite asymmetrically, with energy planning,
and call for quite different responses.” They conclude that “the [US west’s] water
crisis...does not originate in, and cannot be solved in, the electricity sector.”

Berkman (2015) echoes this perspective, noting that “alarmist” or “crisis” stud-
ies (his terms) focusing solely on the electricity sector's share of water withdrawals
fail to account for the fact that “as much as 96% of water withdrawn by power plants
is returned to the water supply,” or non-consumptive. In a review of the water plan-
ning documents of four states that have faced persistent water resource uncertainty,
he finds that “electricity generation demand is not a primary source of concern, but
that infrastructure (reservoirs and conveyance), conservation (especially agriculture)
and regional cooperation are of primary concern.”

Biofuels development is one area where consideration of the food—energy—water
nexus is particularly relevant. Promoters of biofuels recognize that meeting growing
global energy demands will require developing significant reserves of oil and gas,
which, while available and increasingly technologically feasible, will exacerbate
climate change. Increasing biofuels production, they argue, could mitigate climate
damage while decreasing US dependence on oil-exporting countries, not all of
which are supportive of US political goals. According to the Energy Information
Administration, US net petroleum imports totaled 25% of total US consumption in
2016 and 20% in 2017. Just over a decade prior, at the time the USA adopted
Renewable Fuel Standards (RFS), oil imports represented 60% of American’s
petroleum use.

Amendments to section 211 of the Clean Water Act introduced by the Energy
Policy Act of 2005 and the Energy Independence and Security Act of 2007
require the EPA to set annual Renewable Fuel Percentage Standards with the
purpose of “driving the market to overcome constraints in renewable fuel infrastruc-
ture” (Federal Register 2016).

Biofuels are classified as first-, second-, and third-generation, depending on the
source material and the technologies used to create the fuel. First-generation
biofuels are made from crops that otherwise could be used as human or animal feed,
such as soy and corn, and oilseed crops. Second-generation biofuels are made from
the waste vegetable matter from crops primarily grown for other purposes, non-food
crops (switchgrass), or municipal waste or food processing waste. Third generation
biofuels (such as algae-derived fuel) have the least impact on food production
because they do not compete with food crops or occupy land used to grow food crops.

From a nexus perspective, the production of biofuels can occupy land and
resources that might otherwise be used for food production, and conversion of land
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to agriculture typically increases water use and pollution. First-generation biofuels
make up over 99% of the biofuels feedstock, and expansion of demand for them in
the USA resulted in food price volatility in 2008 and 2010-2011 (Wise and Cole
2015). Corn prices reported by the USDA oscillated from a high of $7.60 per bushel
in August 2012 to a low of $3.15 per bushel in November 2017.6In 2018, the USDA
recorded that 38% of US corn production volume was used for ethanol production,
up from 14% in 2007 when demand first began increasing to meet the RFS.’
However, in 2018 the amount of corn dedicated to ethanol production declined for
the first time since 2012. In 2015, the Department estimated that the RFS and similar
targets in other countries with aggressive biofuel goals could result in some
3242 million additional acres of land devoted to first-generation biofuel production
worldwide. Not surprisingly, biofuels mandates can impact domestic production
practices, as farmers respond to price signals in the commodities markets and plant
more crops for use as biofuels feedstocks.

A second reason biofuels remain controversial is that their ability to reduce
greenhouse gas emissions is questionable, especially with current technology.
Energy balance, a common metric for measuring the energy benefits of biofuels,
compares the total energy needed to produce one unit of fuel to the total energy
output of that unit of fuel. As Saundry (2019) noted recently, the energy balance of
corn ethanol, while somewhat better now than 20 years ago, is not impressive. The
fossil fuels used to produce, harvest, and transport corn cancels out much of the
energy savings resulting from the ethanol. Biofuels produced from waste materials
such as sugar cane waste (bagasse), might improve the energy and economic bal-
ance, but true breakthroughs remain elusive.

One of the most obvious connections between water, food, and energy is dams.
Dams are constructed for hydropower, irrigation, water supply, flood control, aqua-
culture, navigation, and recreation. Hydropower, regulated mainly by the Federal
Energy Regulatory Commission, is technically a non-consumptive water use, but can
nevertheless displace water resources in time and space, altering the natural flow
regime of a river. Reservoirs created by dams often flood fertile valleys, removing
those lands from cultivation. But the water held by them may be used to propagate
fish or irrigate crops, thereby improving agricultural production in other ways.

Thermal power plants tell a different story. While the water intensity—how much
water it takes to produce a kilowatt-hour of electricity—of US thermal power plants
has declined in recent years, nearly one-third of recent thermal capacity additions
(new power plants) requiring cooling has occurred in Texas and California, two dry
western states. The decline in water intensity is motivated not so much by forward-
looking nexus thinking as by economic and pollution control dynamics that make
older, less efficient power plants less economically competitive. Thermal discharges
from most of these plants, some 1100 in total, are covered by the EPA’s Steam

©See USDA, Prices Received for Corn by Month at https://www.nass.usda.gov/Charts_and_Maps/
graphics/data/pricecn.txt 11/29/2018.

’See USDA, World Agricultural Supply and Demand Estimates, WASDE 584 (2018) p 12, U.S.
corn and grain supply and use, https://www.usda.gov/oce/commodity/wasde/latest.pdf.
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Electric Power Generating Effluent Guidelines and Standards, enacted in 1974 and
most recently revised in 2015.

Assessing the nexus impacts of new development in any FEW sector requires a
sound understanding of the initial baseline conditions of all three sectors prior to
development. Several GAO reports since 2010 have cited a simple lack of
comprehensive data on the water impacts of energy development, making effective
regulation all the more problematic. Others highlight the lack of coordinated policy-
making among different agencies. The Energy Policy Act does not specifically refer
to the nexus per se but does contain clear guidance that the DOE should research
and develop linked water and energy resource needs. In addition, the Act directed
the DOE to coordinate work with other relevant federal agencies including but not
limited to the EPA, the Interior Department, the Army Corps of Engineers, the
Commerce Department, and the Defense Department. The Act also includes
provisions governing energy impacts on water, for example, targeting leaking tanks
that risk contaminating groundwater. As the GAO reports show, much work remains
to be done to meet the coordination goals in the Energy Policy Act.

8.2.3 Food

In Chap. 2, we noted that “food systems integrate all of the inputs, processes, con-
versions, infrastructure, outputs, uses, wastes, allocations, and impacts of food.”
The relationship between food systems and water is complex: water use for food
production can be consumptive (water integrated into the product, for example) or
non-consumptive (water used in washing, or return flows from irrigation). Saundry
points out that our twenty-first-century food system is global in nature, which makes
it difficult to draw boundaries around systems for analysis, let alone regulation. Not
surprisingly, the global nature of the food system brings certain difficulties in terms
of law and policy.

Food law and policy scholars note a need to “view food and agriculture as part of
an integrated system,” and to broaden food and agriculture law to account for other
priorities such as public health, the environment, and economic development
(Beyranevand and Leib 2017). Food regulation implicates the nexus in four key areas:
food production, processing, transportation, and disposal. All these require energy and
water inputs. Poor management of food production and waste can also pollute water
resources through nutrient runoff. Therefore, increases in efficiency that reduces food
use and waste overall can reduce negative impacts on energy and water resources.
Food waste, such as manure, grain stalks, vegetable clippings, and even post-con-
sumer waste, can also be a source of energy if the legal and physical infrastructure
permits collection and anaerobic processing of the waste to produce methane.

According to the Food and Agricultural Law Program at the University of
Arkansas, the USA wastes 96 billion pounds of food annually.® A significant

8See “Food Recovery: A Legal Guide” at http://law.uark.edu/documents/2013/06/Legal-Guide-
To-Food-Recovery.pdf.
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fraction of that—some 38 million tons in 2014, according to the EPA—gets land-
filled. In landfills, that waste produces methane when it decomposes anaerobically.
If not captured and burned as fuel, the methane is released into the atmosphere,
where it has a global warming potential over a 100-year timescale more than 20
times as powerful as that of carbon dioxide. Composting food waste in high-oxygen
conditions drastically reduces methane production. Processing it in specially
designed anaerobic facilities called digesters, on the other hand, allows for the
capture and potential beneficial reuse of that methane.

In addition to water and climate impacts, food waste has social justice impacts.
In 2015, the U.S. EPA initiated a Food Recovery Challenge (FRC) as part of its
Sustainable Materials Management Program. The FRC includes a “Food Loss and
Waste Reduction Goal” that aims to cut food waste to half of 2010 levels by 2030.
As part of the strategy, the EPA developed a Food Recovery Hierarchy, which
prioritizes tactics for food waste reduction in the following order:

* source reduction (not producing surplus food);

* redirecting unused food to feed hungry people;
 diverting food not used by people to feed animals;
 industrial uses of food waste;

e composting; and

e (as a last resort) landfilling.

The EPA’s food recovery hierarchy mirrors the prioritization seen in RCRA,
which applies to both hazardous and household wastes. RCRA Subtitle C
incentivizes producers of hazardous wastes to minimize waste creation by reducing
or substituting raw materials or changing manufacturing processes (source
reduction); followed by recycling or repurposing waste materials, followed by
disposal after appropriate treatment. Under the Food Recovery Challenge (FRC) the
concept of source reduction seen in RCRA becomes reducing over-consumption/
over-production of food; repurposing becomes distribution to other users or animals
and composting/digestion, and landfilling is a last resort.

Hamilton (2013) describes the current era in food policy beginning in the mid-
1990s as the “post-industrial food democracy period,” characterized by new, often
smaller, agricultural businesses as well as animal welfare and environmental sustain-
ability movements, and the use of ballot initiatives to achieve food-related goals at
the state and local levels. But the lack of a national food strategy results in counter-
productive initiatives and conflicting or disconnected laws and policies implemented
by state and federal agencies. A 2016 GAO report to the U.S. Senate pointed out such
inefficiencies, noting that in addition to federal agencies governing food, some 3000
non-federal agencies also do (Government Accountability Office 2016) .°

One such inconsistency arises between the federal Farm Bill, authorized by
Congress every 5 years, and the U.S. Dietary Guidelines, published by the
Department of Health and Human Services. The Farm Bill prioritizes funding of
commodity crops such as corn, soy, and wheat and cotton over specialty crops

?See Government Accountability Office (2016)
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(fruits and vegetables). That prioritization, however, led to a situation in 2005 where
US farmers were, by a USDA estimate, some 15 million acres short of producing
sufficient specialty crops to meet the recommended ratio of fruits and vegetables to
grains and starches given in the dietary guidelines.!”

In 2011, The Food Safety Modernization Act (FSMA) shifted the focus of regula-
tory efforts to the prevention of foodborne illness by addressing multiple steps in the
production and supply chain. It directs the FDA to balance environmental concerns
with food safety concerns by standards enacted by environmental and conservation
agencies when making rules under the Act. However, as Pollans (2016) notes, this
approach is ineffective at minimizing negative environmental impacts of farming
practices, including those on water, because it “puts the onus of considering environ-
mental effects on the regulatory agency (FDA) despite the fact that the structure of the
regulatory scheme shifts substantial regulatory authority to private parties.”

Some laws meant to promote and protect domestic agriculture can create
adverse impacts on water resources. Right-to-farm laws, originally intended to
protect farmers from nuisance suits—for smells or dust, for example—by neigh-
bors, have sometimes been applied in manners that effectively given farmers, as
Hamilton (2013) argues, a “right to commit nuisance.” Hamilton also notes that
many farming activities, such as the installation of drain tile in poorly drained
fields, are virtually unregulated, even though they have significant impacts on local
hydrology.

8.2.4 Food-Energy—Water Nexus Approaches

Food-energy—water Nexus approaches can be seen in a limited number of federal
initiatives. One example is the U.S. EPA’s NetZero program, designed to reduce the
use of energy and water and eliminate solid waste production in military and non-
military facilities with the goals of “protecting human health and the environment
while generating societal and economic benefits.” To promote a better understanding
of the interconnections between FEW resources, a collaboration between the
USDA’s National Institute of Food and Agriculture and the National Science
Foundation is funding new research into FEW nexus projects.

8.2.5 Microorganisms in the Spotlight at the FEW Nexus

One significant, visible, and dangerous linkage between food production, energy,
and water quality is the phenomenon of Harmful Algal Blooms (HABs), an unfor-
tunate misnomer since the blooms are actually composed of cyanobacteria. A key

10See Buzby and Wells (2007)
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catalyst in HABs events appears to be nutrient loading (e.g., nitrogen and phospho-
rus) of water bodies from over-application of nitrogenous fertilizer (mainly manure)
to fields, which then washes into lakes and streams during precipitation events.
Other factors include increasing temperatures and still water. In areas where climate
change is resulting in warmer temperatures and intensification of weather events,
conditions favoring cyanobacteria blooms and the cyanotoxins they produce will
likely increase, resulting in the need to carefully assess how to reduce nutrient load-
ing from non-point sources in the watershed (Paerl et al. 2016). Cyanotoxins pro-
duced by extreme HABs events can be difficult for drinking water treatment plants
to remove, and exposure via skin contact, inhalation, or drinking can even result in
renal failure and death, making them of significant political interest.

The Finger Lakes region of Western New York, home to roughly 21% of the
state’s agricultural land, is a prime example of this type of food—water nexus impact.
There, farm runoff contributes to water quality degradation in the lakes, which,
together with the region’s pastoral scenery and vibrant wine and culinary scene,
drive roughly $3 billion in tourism income annually. Figure 8.3 shows a drone photo
of a HAB on a lake in upstate New York, taken in the summer of 2017. HABs are
particularly troubling because it is difficult to know when the algae start to produce
toxins or when the toxins have dissipated. HABs can threaten the health of boaters,
swimmers, and municipal water customers, as well as the economies of communities
near water bodies where they occur.

Fig. 8.3 Drone photo of a HAB occurrence in September 2017 on a lake in upstate New York. The
intake for the municipal water system lies not far from the breakwater; the clear wake was caused
by a boat carrying divers to inspect the intake pipe. (Photo credit: Tim Schneider, Cayuga County
Water Inspector, reproduced here with permission)
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Watershed associations address this issue by promoting integrated management
across FEW sectors and municipal boundaries, through education, volunteer coor-
dination, and data collection efforts that inform watershed decision-making.
Voluntary initiatives can be particularly successful when linked to regulatory targets
or mandates. In the case of impaired waters, Section 303 of the Clean Water Act
requires states to establish a Total Maximum Daily Load (TMDL) for given pollut-
ants such as nutrients, mercury, for waters that do not meet state regulatory stan-
dards. States attempt to bring the impaired water body back into compliance with
CWA water quality standards through a two-prong approach: reducing loading by
permitted point-source polluters by decreasing allowances in National Pollutant
Discharge Elimination System (NPDES) permits (a stick approach), and imple-
menting a variety of voluntary, often grant-funded, non-point source pollution miti-
gation strategies (a carrot approach).

Agricultural policies and incentives to improve soil quality also impact the
nexus. Healthy soil sequesters carbon and holds water available for plants. One
USDA study found that cover crops, which can reduce topsoil loss and improve the
soil’s water retention capacity, were used on only 1% of US cropland in 2013. The
Natural Resources Defense Council (NRDC) estimates that increasing by 1% the
organic matter on merely half the acreage used in the USA to grow soy and corn—
the two largest crops grown in the USA by acreage—could result in the retention of
approximately a trillion gallons of water. As a result, the NRDC recommends incen-
tives such as discounts on crop insurance to promote cover crop use.

8.3 Nexus Regulations at the State and Local Levels

8.3.1 Water

In the absence of any applicable over-arching federal framework such as the
Endangered Species Act or interstate compacts, the burden for ensuring in-stream
flows remain within the specified acceptable minimum, and maximum levels fall
mostly to individual states. Therefore, the degree to which state regulatory agencies
value and legally recognize the maintenance of minimum in-stream flows or
environmental flows as much as withdrawals or impoundments for economic
purposes such as irrigation or hydropower matters greatly. Some western states such
as Oregon, Washington, Texas, and Colorado have made significant strides in this
arena, mainly through water trusts that allow in-stream water rights to be held by
state entities, countering the norm of private use rights and prioritization of non-
ecosystem uses.

As explained in Sect. 8.2.1, energy and agricultural production practices can pol-
lute or deplete water resources. Innovative methods to prevent these negative
impacts are often seen at the state and local level.

For example, in Pennsylvania, the boom in shale gas development between 2007
and 2015 resulted in the construction of thousands of natural gas drilling pad sites,
access roads, and freshwater and produced-water holding ponds, both on private
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and public lands. After some significant pollution incidents, the state increased reg-
ulation of unconventional gas development, making Pennsylvania’s regulations
some of the strictest in the country. In some areas, such as the Tioga State Forest,
gas well development occurred on lands previously mined for coal and suffering
from acid coal mine drainage. Southwestern Oil and Gas partnered with the Tioga
County Concerned Citizens Committee to install limestone channels in the Tioga
State Forest to mitigate acidification caused by historical deep coal mining activi-
ties, restoring parts of the Tioga River and Fall River to trout-bearing status.
Requiring environmental restoration or mitigation for natural gas development per-
mits does not negate the risks of development, but it can reduce the overall burden
on the environment.

On the other side of the country, California, no stranger to water scarcity, is
breaking new ground with its Sustainable Groundwater Management Act,
established in 2014. Where the federal CWA is essentially silent on groundwater
resources, California’s state action created local Groundwater Sustainability
Agencies throughout the state that are charged with avoiding ‘“‘significant and
unreasonable” reductions in quality and quantity of the state’s groundwater
resources. In addition to exploring the role of markets and big data as tools for
improving groundwater management, a coalition of southern California actors is
exploring groundwater net metering schemes, where a framework similar to that
successfully utilized in the residential solar photovoltaic sector would reward
landowners for efforts they undertake to recharge groundwater aquifers. Agricultural
management is also largely state and local. Compliance with State Pollutant
Discharge System Permits for point-source pollution and implementation of best
agricultural practices to minimize non-point source pollution reduces negative
impacts on water resources from food production.

Research has shown that avoiding over-application and choosing appropriate
timing of fertilizers, as well as maintaining vegetated riparian buffers around
streams, can significantly reduce agricultural nutrient loading. Sediment traps in
drainage ditches, which allow for the pooling of water and settling of suspended
sediment during heavy precipitation events, can also be effective. County-level Soil
and Water Conservation Districts provide critical educational programs for farmers
and individualized technical assistance in creating manure management plans and
runoff reduction strategies.

In the Finger Lakes region of New York, the tourist industry is built on clean
lakes, bucolic scenery, and more recently, wineries, breweries, and local foods.
While farms benefit from the climate-moderating effect of the lakes, they typically
do not draw water from the lakes (relying on groundwater wells instead) and are not
impacted by the water quality in the lakes the way lakefront owners are. Harmful
algal blooms threaten the health of the lakes, and mitigation will likely depend on
significantly increasing the participation of upland farmers in the management of
the watershed as a whole, and the willingness of lakefront property owners and
municipalities dependent on the lakes to contribute financially too expensive mea-
sures to reduce nutrient loading from farms. The conundrum created by temporal,
geographical, and economic separation between nonpoint source pollution and its
most salient impacts challenges to water resource management throughout the USA,
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from watersheds as small as a Finger Lake to those as large as the Chesapeake Bay.
Though legislation aimed at addressing nutrient runoff and HABs issue in New York
has not yet been framed specifically using the language of the nexus, successful
mitigation strategies will require mobilization of a variety of actors—state and local
officials, farmers, lakefront property owners, academics, and extension agents—
able to recognize and address the problem as a food, energy, and water problem
simultaneously.

Watershed managers can help coordinate planning throughout the watershed,
engaging critical stakeholders including farmers, landowners, industries, and
municipalities. These professionals can spearhead diverse initiatives such as reduc-
ing stormwater flows, updating municipal codes to promote watershed-friendly
practices, and seeking funding for development and implementation of formal
watershed management plans. Particularly in areas where there is no dominant
municipal user in a watershed, money, and incentives to promote the reduction in
pollution, watershed managers can be critical to improving water quality and miti-
gating negative impacts of energy and food production activities.

8.3.2 Energy

Thermoelectric power plants fueled by coal, natural gas, biomass, or uranium pro-
vide roughly 80% of US electricity. As Peer and Sanders point out, many new ther-
mal power plants rely on groundwater for cooling, a situation that risks stressing
underground aquifers. To the extent, those new power plants fueled by natural gas
instead of coal, the cooling water required for each kilowatt-hour (kWh) of electricity
generated will be lower. Unfortunately, much of the new thermoelectric power plant
capacity is being developed in states whose freshwater resources are already under
stress, like Texas and California.

Although demand for cooling water may be peaking, efficiencies in water use
could be offset by increased demand for water in carbon capture and sequestra-
tion (CCS) technologies. This would be especially true if a price or tax on carbon
emissions pushed plant operators to implement CCS rather than close coal-fired
plants. Moreover, as power plants rely increasingly on groundwater resources for
cooling water, state regulators in dry states may look to the Safe Drinking Water Act
for grounds to limit those withdrawals. Scarcer water supplies and tighter policies
may well spur continued advances in alternative cooling strategies for thermoelectric
power plants in the coming decades (Peer and Sanders 2018, p. 620).

Vermont’s Farm to Plate Strategic Plan, for instance, addresses the role of agri-
cultural land in providing opportunities for increasing energy efficiency and provid-
ing space for renewable energy installations. Such space may turn out to be a vital
ingredient to the success of the state’s renewable energy future. Vermont’s compre-
hensive energy plan calls for 90% renewable energy across all sectors by 2050, not
including the resurrection of the storied Vermont Yankee nuclear power plant, which
was shut down in 2014.
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8.3.3 Food

Models for more comprehensive food regulation include several statewide initia-
tives which, while focused on strengthening the economic viability of the farming
industry and reducing health care costs related to a poor-quality diet, include
references to energy—agriculture or water—agriculture linkages.

New York’s Farm to School program, in which 43% of New York school districts
participated in 2016, promotes the use of farm produce by local school districts,
potentially reducing the carbon impact of food distribution. However, the NYS
Department of Agriculture and Markets states the goals of the legislation are to
“strengthen local agriculture, improve student health, and increase local food
systems awareness,” without mention of reducing energy consumption or impacts
on water resources. Next door, the Massachusetts Local Food Action Plan places a
similar priority on increasing ‘“production, sales, and consumption of
Massachusetts-grown foods” and creating agriculture-related jobs, but also
acknowledges the importance of protecting water resources and the environment
more broadly.

8.4 Human Rights as a Guiding Principle?

In Sect. 6.2.4, we noted that the notion of human rights with respect to food, energy,
and water has begun to emerge in international discussion and, more concretely,
through treaties under the United Nations system. Some countries have included
one or more of the FEW rights (especially food, secondarily water) in their
constitutions or national laws, and many governmental programs attempt to
implement one or more of the FEW rights for all citizens or all inhabitants. In the
USA, access to FEW resources at the most basic level is not assured. But a growing
number of federal, state, and local programs attest to the increasingly strong political
drive to support affordable access to these necessities.

Both federal and state programs implement a limited entitlement for food,
although adversarial politics can lead to threats to reduce or eliminate funding for
these programs. While there is no federal assistance program for routine water
access in the USA, both FEMA and state programs provide bottled water universally
in emergencies, and some states (e.g., California) have begun to develop programs
that guarantee residential water to all residents.

The Federally funded, state-administered Low Income Energy Assistance
Program defrays costs of heating and cooling for low income families, and some
states and cities. (e.g., Pennsylvania and New York) have their own programs that
provide financial assistance with utility bills, and on-bill financing for energy-saving
upgrades. These are not always the result of government largesse, however; one
such program in New York, for instance, depends on the generosity of customers
voluntarily adding a dollar or two to their bill payments in order to assist others who
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are unable to cover their own energy expenses. Finally, nonprofit organizations,
such as the Salvation Army and religious institutions, have long provided funds to
low-income individuals for basic commodities such as food and utilities on a request
or application basis, filling gaps left by government programs.

While a universal human right to FEW resources remains elusive for now, grow-
ing awareness in some academic and policy circles points to the problems that arise
in the absence of such rights, and may help pave the way to a more hopeful and
stable future. One example is the growing prevalence of international conferences
and publications centered on energy poverty. A concept hardly used a decade ago,
energy poverty has become a common theme among social scientists concerned
with energy and energy access. Similarly, the relatively new notion of food deserts,
at least as applied in countries that otherwise enjoy relatively high degrees of
development (as measured by GDP, for example), such as the USA, suggests a
growing awareness among scholars, activists, and decision-makers that not everyone
has similar access to affordable, nutritious food. The nearly universal outrage over
the Flint, Michigan water crisis and nationwide concern of harmful algal blooms
portend changes in the way we think about water management.

It is telling, perhaps—damning, even—that these three concepts reflecting gov-
ernments’ failure to guarantee a human right to FEW resources are gaining political
traction now that it is clear they apply in more-developed countries, not just in some
remote “Third World,” where they have long existed. Clearly, national and interna-
tional governing structures need to make giant strides toward improving human
well-being around the world, including access to reliable and affordable FEW
resources.

Key Points

e Inthe USA, most laws that address food, energy, or water are directed at protect-
ing or promoting the development of one resource or the other.

e US laws generally do not target the interactions among critical consumable
resources like water, energy, and food.

* In some cases, laws devoted to energy development or conservation, optimizing
food production and safety, or efficient use and conservation of water require
intentional considerations of the impact on the other nexus resources. However
current legal structures requiring a given law regulating energy, or food, or water
to explicitly analyze and address the implications for the other resources are ad
hoc, rather than systematic.

* At the federal level, the National Environmental Policy Act (NEPA) provides a
mechanism for consideration of the environmental and social externalities of
federal actions, and state analogs to NEPA similarly constrain state actions.

* Municipalities may implement local land-use laws that have significant impacts
on food, water or energy—such as zoning laws and "Right to Farm" laws.

e State and local governments can play a significant role in raising awareness and
educating the public about the FEW nexus, thereby increasing support for local
laws that recognize connections among FEW resources.
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Discussion Points and Exercises

1.

10.

Give three important examples of the food—energy—water nexus discussed in
this chapter. Next, write one or two paragraphs describing a facility in or near
your hometown that highlights the food—water—energy nexus.

. Briefly explain the link between thermal discharges and water quality. Then use

the Internet to identify four to five plant or animal species that may be
particularly affected by thermal discharges.

. Provide three examples of mechanisms designed to reduce negative nexus impacts

resulting from the production or use of one or more of the “three great consum-
ables” at the local or regional level. Briefly explain each mechanism works.

. Identify four key areas where food policy implicates the FEW nexus and give

one or two concrete examples for each area. Then suggest at least two areas
where food policy could reduce energy or water intensity in food production.

. Why does the development of biofuels represent an especially important area

where the FEW nexus should be considered?

Use the Internet to find data on two biofuels crops in the USA, including total
acreage planted, and irrigation water required. Then graph those data using a
spreadsheet program like Excel or Google Sheets. Be sure to provide a
meaningful title for your graph, and to include units on the graph’s axes.

. Plan a meal you can make for yourself that includes at a minimum a vegetable,

a protein, and a grain or starch. Make a list of the ingredients. Go to the local
supermarket and find all the ingredients you would need (you do not actually
have to purchase them, just look at them.) Using the labels, determine as
accurately as you can where each ingredient was grown or processed. Then, use
a mapping program like Google Maps or Google Earth to make a map of where
each ingredient originated.

Using your results from Question 7, calculate the distance between the origin
of each ingredient (as best you can figure) and your home or campus. Add up
the mileage for all the ingredients, then do a rough calculation to estimate the
petroleum used to truck or ship your meal. Refer to a reliable source such as the
Energy Information Administration (www.eia.gov) for data on fuel consumption
of various vehicles (train, truck, and ship).

Much of the USA’s long-distance shipment of food grains occurs by rail, which
is far more efficient than a truck. CSX, one of the country’s major rail shippers,
claims it can move one ton of freight 500 miles using only one gallon of diesel
fuel. Do some “back-of-the-envelope” calculations to compare that per-ton
efficiency to the efficiency of an 18-wheeler truck carrying 15 tons of freight.
Use EIA or a similarly reliable source to determine fuel consumption (mpg) for
the trucks (you will likely find this data called “average fleet fuel economy” or
similar. Be sure to calculate your calculated value has the same units so that it
can be compared directly to the train’s efficiency.

How much virtual water does the USA export annually? Virtual water is a con-
cept designed to account for the water needed to produce certain goods, usually
foods. A tomato grown in a Canadian hothouse and sold in California, for
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instance, means that no water was used in water-scarce California to produce
that tomato, while all the benefits of consuming it (including its embodied
water) accrue to someone in California rather than Canada. Use government
data to ascertain how many soybeans the US exports in a year, and how much
water each unit of soybeans takes to produce (soybeans’ “water intensity”). Use
a spreadsheet program to chart the change in soybean exports and their
associated “virtual water” amounts over the past 10 years.

11. Using what you understand about the interdependence among food, energy, and
water, create a poster or a comic strip that will communicate these connections
to people in your community. You may use images from the Internet (with
proper citation), or you might wish to sketch them by hand.

12. Using the same two biofuels crops you used in Question 3, research the prior
land use on the majority of the acreage is now growing those biofuels. What
consequences might change the land use to cropping biofuels have for food and
water resources in those areas? Remember, all farmland is not created equal;
whereas some areas might require significant inputs of water and fertilizer, oth-
ers might be far more fertile naturally. Therefore, be sure to specify your
assumptions about where each croup was grown and the type of farmland most
prevalent there.

13. The debate over who should regulate natural resources is intimately tied to the
struggle between states’ rights and federal authority. For each resource—Food,
Water, and Energy—discuss at least two benefits of allowing states to regulate
the development of the resource and two benefits of allowing the federal
government to regulate the development of the resource. If you can, find some
examples from recent public debates over oil and gas development, water use,
or food production to illustrate your points.

14. The debate over hydraulic fracturing and, to a lesser extent, gas pipelines has
been quite heated in states such as Colorado, New York, Pennsylvania, and
West Virginia. Some have characterized it as a “rural versus urban” debate,
where urban dwellers were largely against leasing rural lands to gas drilling and
rural people, particularly farmers living on very slim margins, were in favor of
being allowed to lease their lands to oil and gas companies. Pick one of the four
states listed above and research the food, energy, and water implications of
allowing the development of unconventional shale gas through hydraulic
fracturing in that state. Use peer-reviewed or government agency sources. Write
a 300-word summary of your findings.
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Chapter 9
Ecosystems and Ecosystem Services

Nathanial Matthews, Wei Zhang, Andrew Reid Bell,
and Lara Treemore-Spears

9.1 Introduction

This chapter identifies core principles of ecology and environmental science appli-
cable to the nexus and discusses the tightly coupled socio-ecological systems that
establish ecosystems services (ES) within the nexus. The chapter begins by outlin-
ing key ecological principles and their interdependencies, demonstrating how eco-
system services are provided related to food, energy, and water. It then illustrates
how ecosystems and ecosystem services are valued with respect to the nexus. Next,
it outlines the relationship of ecosystem services to the Sustainable Development
Goals (SDGs) (see Sect. 3.7) before concluding with a case study examining the
importance of ecosystem services in erosion control services and conservation
agriculture.

As is outlined in other Chapters, population growth (Sect. 3.3), a degraded natu-
ral resource base, and climate change (Chap. 11) have intensified, and are projected
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to further intensify pressure on the world's food, energy, and water systems and the
environment (Ringler et al. 2016).

Ecosystems underpin the functionality and health of the food—energy—water
nexus. Although the environment and ecosystems are not explicit within many defi-
nitions of the nexus, without functioning ecosystems and healthy stock and flow of
ecosystem services our global water and food systems and our energy provision
would be immeasurably impacted.

The United Nations Convention on Biological Diversity (CBD 1992) defines an
ecosystem as “a dynamic complex of plant, animal and microorganism communi-
ties and their non-living environment interacting as a functional unit.” For the pur-
pose of this chapter we use Walker et al. (2006) definition of ecosystem services as
“the combined actions of the species in an ecosystem that perform functions of
value to society.” This definition highlights links between ecosystems and people
with an emphasis on the system that is key to the delivery of services.

Ecosystem services are the benefits that humankind derives from ecosystems,
and can be usefully grouped into four broad categories:

e provisioning, such as the production of food and water;

* regulating, such as the control of climate and disease;

e supporting, such as nutrient cycles and crop pollination; and
e cultural, such as spiritual and recreational benefits.

In addition to these classifications, Walker et al. (2006) include a classification
for habitat services that comprise the maintenance of the life cycles of individual
species and their genetic diversity, through habitat quality and quantity, e.g., natural
vegetation type, structure and distribution that supports a sufficiently diverse gene-
pool to sustain a species; adequate reproductive rates for an animal species to be
able to be used as food; habitat which serves to support pollinator or pest control
agents that are beneficial to agricultural systems. Habitats at the nexus primarily
protect and maintain stocks, flows and interrelationships of biologically diverse
plant and animal species, which underpin and ensure the resilience of many of the
provisioning, regulating and cultural services provided by ecosystems.

There are many nexus interlinkages, dependencies, and trade-offs within ecosys-
tem services. Food, water and some types of energy themselves can be both provi-
sioning and supporting services depending on how they are used.

Despite the importance of ecosystem services to our health and well-being and
economies, they are often significantly undervalued in our current economic, politi-
cal, and social systems.

Freshwater ecosystems, for example, including lakes, ponds, rivers, streams,
springs, and wetlands are important habitats for diverse species and provide provi-
sioning, supporting, regulating and cultural ecosystem services that underpin the
health, livelihoods, and well-being of billions of people (Matthews 2016). Despite
their importance and their links to food, energy, and water, freshwater ecosystems
are some of the most heavily altered ecosystems on earth, and these alterations have
had significant negative impacts on their health and functionality (ecosystem health
and ecosystem integrity) (Carpenter et al. 2011).
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In our food systems, ecosystems services are vital to the functioning of our entire
agricultural system. Food supply, fresh water and clean air are all examples of pro-
visioning services. Soil biota and soil organic matter (SOM), nutrient cycling, and
crop pollination are key supporting services that play critical roles in driving eco-
logical processes that lead to ecosystem goods and services, upon which human
civilization is predicated (Lavelle 1997). Soil health also plays an important role in
regard to mitigating climate change and combatting land degradation for agricul-
tural production. Regulating services control water and air quality, climate and pest
populations, while cultural ecosystem services can be seen in the exchange and
development of seeds, spiritual values, and food culture.

In our waterways, freshwater ecosystems including lakes, ponds, rivers, streams,
springs, and wetlands are home to approximately 126,000 species. In addition to
being an important home for biodiversity, these aquatic ecosystems provide provi-
sioning, supporting, regulating and cultural ecosystem services that underpin the
health, livelihoods, and well-being of billions of people (Aylward et al. 2005). Food
supply chains, for example, account for 92% of the world’s freshwater consumption
and about 20% of the energy (Allan and Matthews 2016). Healthy functioning
freshwater ecosystems not only underpin our food systems and are deeply con-
nected to our energy systems they also provide us with the majority of our drinking
water. Freshwater is a provisioning service providing water for domestic use, power
generation, irrigation, and transportation. Inland waterways, including rivers, wet-
lands, and lakes also depend on the hydrological cycle and freshwater. These water
bodies provide recreational and cultural values and also support inland fisheries,
which are a critical livelihood and nutrition source for millions of people.

Some energy systems are also dependent on other ecosystem services.
Approximately 10% of the world's energy consumption is supplied by ecosystem
services such as fuelwood and plant material, and this rises to up to 40% of the
energy consumption in developing countries (World Energy Council 2016). The
food—energy—water nexus and ecosystem services are deeply interlinked, but they
are currently under significant stress.

The shift to the Anthropocene, the current geological age during which human
activity has been and continues to be the dominant influence on climate and the
environment, has resulted in a rising population, changing food habits, increased
consumption and waste, and climate change that have all increased the threats to
and demands on ecosystems and ecosystem services (Vorosmarty et al. 2010).

9.1.1 Ecological Concepts that Frame the Nexus

The complexity of food, energy, and water systems as discussed in Chap. 2—and
the complex interactions of ecological processes with social systems—makes it
challenging to provide a brief summary of the underlying environmental processes
that are the most applicable to the nexus. The purpose of discussing the processes
themselves in Sect. 9.2 therefore will be to highlight the areas of natural science in
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which it may be necessary to have a working knowledge to understand a nexus
problem, and for which it may require mastery and new research to solve. This dis-
cussion of ecosystem concepts and mechanisms in Sect. 9.2 is organized into the
following categories:

* Hydrological and biogeochemical cycles
* Energy flow

e Land and soil

* Biota

Core natural science concepts within these overarching topics that will be dis-
cussed include variability, disturbance, storage, weathering, resilience, ecosys-
tem diversity, carrying capacity, adaptation, feedback loops, and trophic,
pathogenic, and toxicant interactions. There are of course many other important
concepts and interactions to understand in ecological systems but the intention here
is to build somewhat upon the basics learned in introductory natural sciences courses
toward nexus scientific understanding.

Because the water cycle is discussed at length in Sect. 2.5, and Chap. 11 addresses
climate change, this chapter focuses more attention on other dynamics. To the extent
that natural ecological systems can be viewed as part of natural infrastructure, the
concepts outlined in Chap. 10 also may be adapted for understanding ecosystems,
particularly interdependency, cascading failures, robustness, buffering,
and others.

9.1.2 Socio-ecological Systems: A Framing for Ecosystems
in the Nexus?

Socio-ecological systems are an approach or framing that starts with the premise
that humans and nature are deeply integrated and that they should be understood as
one integrated system. As has been outlined above, this is evidenced by the fact that
all ecosystems are shaped by people, and all people need ecosystems. This is espe-
cially true in our highly globalized and heavily populated world.

Ecosystems are prototypical complex adaptive systems (see Sect. 2.2) in that
they are composed of many diverse entities that interact within networks. Complex
adaptive systems demonstrate specific characteristics that are important for framing
and understanding the criticality of ecosystems at the nexus and for finding solu-
tions that best manage nexus interactions and cross-sectoral trade-offs for decision
makers. These include:

e Sudden transitions and tipping-points. Complex systems show non-linear
dynamics. They may suddenly move from a high degree of stability to
instability.

e Limited predictability. The unpredictable behavior of complex adaptive sys-
tems makes them difficult to predict, and therefore, history cannot be a predictor
of future events and results in a great deal of uncertainty.
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* Large events. Relatively small changes may lead to large effects. This is the case
if a complex system is close to a tipping point

e Self-organization. Complex adaptive systems operate without central control.
However, they are often characterized by a certain order. They, as it were, orga-
nize themselves from the bottom-up.

Using socio-ecological systems to frame the FEW nexus helps us to understand
the deep interactions between human and natural systems. For example, the loss of
supporting services in food due to climate change in Syria (60% farm loss and 80%
livestock abandonment) has been identified as a key destabilizing factor that initi-
ated the war and caused mass migration into Europe. Although these interdependen-
cies and trade-offs were not clear before, they demonstrate the role ecosystems and
the nexus play within complex adaptive systems.

Continuing to undervalue our ecosystems and ignore the complex interactions,
trade-offs, and interdependencies across the nexus will amplify risks to human
development (Chap. 3) and ultimately undermine prosperity. Section 9.3 outlines
how ecosystems and ecosystems services can be valued and undervalued within
the nexus.

9.2 Ecosystem Concepts and Mechanisms Relating
to the Nexus

9.2.1 Hydrological and Biogeochemical Cycles
9.2.1.1 Water Cycle and Atmospheric Processes

Despite the global connectedness of the water cycle as discussed in Sect. 2.5, sub-
stantial variability in hydrologic and atmospheric conditions exist in space and
time across the earth’s surface, associated with factors such as landform, climate,
elevation, soil, and season. Because of the dependency of life on the presence
water, the resulting variety in the amount of water and its chemical characteris-
tics—based on its interactions with the surrounding geology and biogeochemical
cycles—provides the conditions for the formation of many different ecosystems
and associated ecological niches to support the organisms that are associated with
those ecosystems.

As discussed in Chap. 11, rapid climate change due to anthropogenic influence
is a problem for organisms that have evolved slowly over time to be adapted to a
specific ecosystem because they may be less able to change on the timeframe
required to cope with conditions that quickly become wetter or drier on a long-
term basis.

To the extent that food systems depend on organisms that rely for some of their
support upon neighboring ecosystems that are associated with a particular moisture
regime—such as pollinator insects that cause flowering plants to produce seed or
fruit and parasitoids that control crop pest insects—the water cycle has both direct
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and indirect effects on food production. Changes in wind velocity and timing due to
climate change may also affect seed production for wind-pollinated plants that
produce cereal grains.

9.2.1.2 Biogeochemical Cycles

Biogeochemical cycles in ecosystems influence the availability of the nutrients
organisms require to live, grow, and reproduce. In nexus studies the phosphorus,
nitrogen, carbon, and sulfur cycles are most commonly of interest; other chemical
elements are important in smaller amounts dependent on the ecosystem. These
cycles are driven by both biotic and abiotic factors.

Nutrients in ecosystems cycle repeatedly move through various states and forms,
with the potential to return to the same or other consumers in the food web. For
example, the carbon exhaled by animals as CO, may be stored in plant leaves that
are consumed by those animals; or the plant leaves may fall off and decompose,
making the component nutrients available for uptake by the roots of that plant or
other organisms. The biological unavailability of atmospheric nitrogen (N,) to
plants and animals illustrates the importance of this biological decomposition activ-
ity in the nitrogen cycle; it is the activity of microorganisms that break down organic
matter in the soil that provides much of the nitrogen (nitrate NO;~ and ammonium
NH,") available to plant and animal life. As more research occurs into the role of
microbial processes in biogeochemical cycles, we are finding that soil microbes also
influence storage of other nutrients such as carbon and phosphorus that are appli-
cable for agricultural crop growth and sustainability.

The sulfur cycle is of interest in nexus studies because sulfur is an essential ele-
ment for the formation of plant and animal proteins and it is also a by-product of
fossil fuel consumption, in addition to being produced naturally, such as in volcanic
eruptions. The atmospheric reaction of sulfur emissions (as sulfur dioxide SO, and
hydrogen sulfide H,S) with air and water may result in acid deposition (as sulfuric
acid, the primary component of acid rain H,SO,) that pollutes land and water, in
some cases making inland lakes devoid of fish and other aquatic life. Conversely,
sulfur deposited on land through the biogeochemical cycle (as sulfate SO,*~) may
support agricultural production, when it occurs at less-than-toxic concentrations. As
with nitrate, sulfate does not bind readily to mineral soil that typically is composed
of negatively charged anions; this means that positively charged particles in soils
such as organic materials are essential for nutrient retention.

9.2.1.3 Energy Flow

Primary energy originates from the sun and flows through ecosystems, with various
ecosystem components storing energy. For example: through photosynthesis, plants
convert sunlight and nutrients into sugars and complex molecules that are stored as
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plant tissues which may then be consumed at higher trophic levels (such as by an
aphid that is a pest on food crops; which may then be consumed by a lacewing
insect larvae that is a predator and control on insect pests; which may then be con-
sumed by a bird). Energy flow is often described as “one-way”—as opposed to
cyclical nutrient recapture—because energy either changes form or is converted to
heat such that it is not re-consumed by its previous consumers.

Energy flow and storage efficiency in an ecosystem depends on the living organ-
isms and other components that are present; only a fraction of the energy stored at
one trophic level is typically transferred to the next higher level. For example,
organisms such as birds and mammals are inefficient relative to insects at storing
energy, because they must spend much of the energy they consume on maintaining
their body temperature. This principle can be utilized to increase human food sup-
ply sustainability, for example, by substituting insect protein for other animal
protein.

The flow of energy into living tissues that then die and decompose can concen-
trate the release of energy into the decomposition process itself—or into energy
stored as fossil fuels formed through geologic pressure exerted on decaying plant
and animal matter.

9.2.2 Land and Soil
9.2.2.1 Formation and Weathering Processes

Soil is a layer of relatively loose minerals that have been weathered from the earth’s
crust and have undergone a variety of other physical, chemical and biological pro-
cesses over a period of time making them suitable to support plant growth.
Geological variations across the earth’s crust contribute to different chemical com-
position in the associated soil that is formed through surficial processes such as the
hydrologic cycle, erosion, and sedimentation. Weathering of rock via either
mechanical or chemical processes results in the loosening or transformation of
materials that may then be eroded, transported, and deposited in other locations and
in other forms, and may make raw minerals available for use by organisms—these
are the parent materials from which soils are then formed through biological and
other processes.

Soil texture is important to an understanding of the agricultural potential of land,
and a region’s human and animal carrying capacity. Typically described by the
relative amounts of sand, silt, and clay particles, soil texture originates from the
rock the soil develops from. For example, granite contains sand-sized particles of
quartz—which do not readily weather—and feldspar which weathers into fine-
grained clay particles. The resulting clays are significant for supporting life because
their layer-like structure with many negatively charged anionic adsorption sites pro-
vides a structure that can retain essential cations of calcium, magnesium, potassium,
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iron, and aluminum, while the sand in a soil originating from weathered granite
supports a texture that allows the soil to drain. The erosion, transport, and deposi-
tion of weathered granite bedrock from the Canadian Shield to the Midwestern
USA by glaciers 10,000-25,000 years ago is one of the reasons there is a high con-
centration of fertile well-drained soils there.

In contrast to recently glaciated soils, highly weathered surface soils—which
may have been in place for hundreds of thousands of years—typically have lost
many nutrients and their structure and chemistry have changed due to the weather-
ing process. These changes follow predictable chemical patterns based on parent
materials and climate, with the oldest soils containing only relatively resistant pri-
mary minerals like quartz, silicate clays, and aluminum and iron oxide clays—the
latter of which may be observed as a pronounced reddish soil color. In warm cli-
mates with high rainfall such as the southeastern USA the weathering-induced loss
of nutrient adsorption sites on the soil’s clay particles may allow substantially more
fertilizer to be lost from the root zone than would occur on a Midwestern US soil
(the associated nitrogen loss to groundwater supplies can have significant human
health effects). In warm dry climates like the southwestern USA where evaporation
often exceeds precipitation, areas with a high groundwater table may experience the
concentration of salts and calcium carbonate in a concrete-like layer at the soil sur-
face that discourages plant growth. Both the history of the soil’s formation and the
current climate therefore have considerable influence on the vegetation that can be
supported on the land.

Landscapes containing older soils may also contain newer soil formations due to
the activity of volcanoes, wind, and flooding, resulting in specific characteristics
depending on landscape features, geologic characteristics, climate, and the amount
of time soil formation processes have been at work. For example, volcanic ash is a
unique material in its light weight and ability to hold water and be compacted; erup-
tions may deposit it widely across the landscape or concentrate it thickly in lower
areas, changing the growing characteristics in those areas. Silt, clay and fine sand
particles also may be transported long distances by wind and the resulting soil,
termed loess, typically has high potential for fertility under the right climatic condi-
tions due to the nutrient-holding capacity associated with its fine particles. Transport
of fine particles via the sedimentation process is one of the reasons for the richness
of soils formed in the alluvium of river floodplains.

The biogeochemical cycle and other soil formation processes work together to
form different soil structures—also called pedoliths or peds—over geologic time-
frames, starting with unconsolidated deposits or parent materials. In the case of
loess, its chemical compo