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Summary

Responding to the ongoing and emerging global sustainability challenges is
crucial to promote a sustainable growth and development. Impacts and burdens of
human activities are exceeding the Earth’s carrying capacity, overstepping the safe
limits our planet sets for us, which may lead to abrupt or irreversible environmental
changes. At the same time, the unstoppable growth of the world population will
lead to increased demands as well as higher pressures on the environment. Without
taking actions, issues such as climate change, environmental degradation or
resources depletion may create unprecedented and perhaps irreversible situations

that pose a serious threat to future human well-being and the environment.

There is no doubt that a shift is needed for sustainability which calls for
effective solutions when facing problems contributing to the transition towards a
more sustainable development. Unfortunately, sustainability challenges often led to
very complex problems, where many interrelated aspects and several conflicting
stakeholder’s preferences have to be considered simultaneously, for which making
good decisions become extremely difficult. In this regard, research-based
information facing such problems may play an important role in decision and policy-
making support to formulate adequate strategies and policies to accelerate the
transition toward a sustainable future. This thesis is devoted to tackle different
sustainability issues by developing systematic mathematical programming tools
aiming at supporting the sustainable decision and policy-making which ultimately

will lead to the development of more efficient mechanisms to foster sustainability.

Against this background, there is a growing attention to the need for
structural transformations in the way societies interact with the natural

environment as the basis to reconnect the human development to sustained
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progress. In particular, this thesis focuses on two key transformations: the “food
security transformation”, through decoupling the intensification of food production
from unsustainable use of resources; and the “clean energy transformation”,
supporting the shift towards an environmentally friendly economy. Regarding the
former transformation, where agricultural sustainability has a key role to play, two
mathematical programming models were developed aiming to foster more
sustainable agricultural practises. With respect to the latter energy transformation,
two mathematical programming models are proposed, one to support transition-
makers to select and improve technologies, and, the other to promote the collective

actions so that forging ahead with an effective clean energy transition.

Four major contributions are made in this thesis. First, a multi-objective tool
is proposed to optimal allocate cropping areas considering simultaneously economic
and environmental criteria. Second, a multi-period model is proposed to determine
optimal cropping plans and subsidies to promote agricultural practices beneficial to
the climate and the environment. Third, a novel data envelopment analysis
methodology tailored to perform sustainability assessments is proposed, which
allows comparing systems (e.g. electricity technologies) and also provides targets
for improvement according to the extent to which they adhere to sustainability
principles. Fourth, an optimised cooperative approach is proposed to promote and

strengthen international cooperation in the fight against climate change.

In summary, this thesis provides sound systematic mathematical
programming tools to support decision and policy-making on the path to
sustainability, which are flexible and practical enough to contribute towards a more
sustainable agriculture and a more sustainable energy future. Although there will be
major sustainability challenges ahead, contributions such as those sought in this
thesis, although apparently insignificant, may bring major strides in the transition
towards a new era where the economy, society and the environment coexist as key

pillars of sustainable development.
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Resumen

Dar respuesta a los grandes desafios de sostenibilidad actuales, emergentes y
futuros constituye un gran reto que es necesario enfrentar con el fin de promover y
finalmente poder conseguir un crecimiento y desarrollo sostenible. La actividad
humana genera impactos ambientales que actualmente exceden la resiliencia de
nuestros ecosistemas y en ultimo término la capacidad de carga de la Tierra, es
decir, se estan violando los limites que nuestro planeta nos ha impuesto, lo cual
puede derivar en cambios ambientales bruscos o irrecuperables. Al mismo tiempo,
el imparable crecimiento de la poblacién mundial conlleva un aumento de Ia
demanda y por lo tanto una mayor presion sobre el medio ambiente. Si se producen
retrasos en la adopcion de las medidas adecuadas, problemas ambientales tales
como el cambio climatico, la degradacién del medio ambiente o el agotamiento de
los recursos pueden llevarnos a una situacion sin precedentes, y tal vez irreversible,
gue puede suponer una seria amenaza para el futuro bienestar del ser humano y el

medio ambiente.

No hay duda de que es imprescindible tomar decisiones drasticas y realizar
transformaciones que nos acerquen hacia una estado sostenible, lo cual requiere
dar soluciones eficaces cuando se aborden los problemas sostenibilidad existentes.
Desafortunadamente, los retos para alcanzar un desarrollo sostenible generalmente
llevan vinculados problemas de sostenibilidad muy complejos en los cuales se
deben considerar simultdneamente numerosos aspectos y preferencias de diversos
grupos de interés, por lo cual tomar las decisiones adecuadas es extremadamente
complicado. En este sentido, la informacién derivada de la investigacion cientifica,
en particular la dedicada al desarrollo de sistemas de apoyo para la toma de
decisiones, puede desempefiar un papel fundamental dando soporte a los

responsables de la formulacidon de estrategias y politicas orientadas a acelerar la
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transicion hacia un futuro sostenible. En esta tesis se han abordado distintos
problemas de sostenibilidad y se han desarrollado diferentes herramientas
sistemadticas de soporte a las decisiones basadas en modelos matematicos de
optimizacidon con el objetivo de facilitar el proceso de toma de decisiones y de

formulacidon de politicas sostenibles efectivas.

Con este contexto de fondo, cada vez se estd prestando mas atencién a la
necesidad de realizar transformaciones estructurales en la forma en que las
sociedades interactian entre si mismas y con el entorno natural cuyo objetivo es el
de volver a conectar el desarrollo humano con el progreso sostenible. En particular,
esta tesis se centra en contribuir a dos transformaciones estructurales consideradas
clave que son: “la transformacion hacia una seguridad alimentaria sostenible”
desacoplando la intensificacidn agricola del uso insostenible de los recursos; y la
"transformacién hacia un modelo energético sostenible", apoyando el cambio hacia
una economia respetuosa con el medio ambiente. Con respecto a la primera
transformacién, donde la agricultura juega un papel fundamental, se han
desarrollado dos modelos de programacion matematica cuyo objetivo es fomentar
practicas agricolas mas sostenibles. Con respecto a la transformacién energética
sostenible, se propone un nuevo método que permite seleccionar y establecer
mejoras en las tecnologias de acuerdo a criterios de sostenibilidad, y también se
propone un nuevo enfoque para incentivar una accién colectiva para avanzar de

manera efectiva en la transicion hacia una energia limpia.

Entrando mas en detalles, de esta tesis se derivan cuatro contribuciones
principales. En primer lugar, se propone una herramienta de optimizacidon
multiobjetivo que permite la asignacidn de areas de cultivo dptimas considerando
criterios econdmicos y ambientales simultdaneamente. En segundo lugar, se propone
un modelo de optimizacidn multiperiodo que permite determinar los planes de
cultivo y los subsidios dptimos para promover practicas agricolas beneficiosas para

el clima y el medio ambiente. En tercer lugar, se propone una nueva metodologia de
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anadlisis de la envolvente de datos adaptada para la realizacion de estudios de
evaluacion de la sostenibilidad que permite comparar sistemas entre si (por
ejemplo, tecnologias de electricidad) y que ademds proporciona mejoras
potenciales de acuerdo con el grado en que se adhieren a los principios de
sostenibilidad. En cuarto lugar, se propone un nuevo enfoque basado en la
optimizacién de acciones cooperativas con el objetivo de promover y fortalecer la

cooperacion internacional en la lucha efectiva contra el cambio climatico.

En resumen, esta tesis proporciona herramientas sélidas, practicas y flexibles
de apoyo a la toma de decisiones y a la formulacidn de politicas en el camino hacia
la sostenibilidad que pueden contribuir a conseguir una agricultura mas sostenible y
a movernos hacia un futuro energético mas respetuoso con el medio ambiente. A
pesar de los enormes desafios de sostenibilidad a los que nos enfrentamos,
contribuciones como las derivadas de esta tesis, aunque parezcan insignificantes,
pueden ayudar a realizar avances hacia una nueva era donde la economia, la

sociedad y el ambiente coexistan como pilares clave del desarrollo sostenible.
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I. Introduction

1.1  Background and motivation

Society today is facing a new era of great sustainability challenges. The
unstoppable population growth, rising demand pressures and the ecosystems and
climate crisis, call for actions that allow us to move towards a more sustainable
development. To that end, so as to achieve sustainable future, it is essential “to
meet the needs of the present without compromising the ability of future
generations to meet their own needs”(WCED, 1987), which involve the simultaneous
pursuit and balanced satisfaction of economic, environmental, and social goals
reflecting the three pillars of sustainability (Pope et al., 2004a; Todorov and
Marinova, 2011). There is no doubt that a shift is needed for sustainability which
requires taking actions and implementing new concrete decisions, initiatives,
strategies, projects, programs, plans and policies in line with such sustainability
principles. Unfortunately, this is far from being an easy task since encompassing the
three dimensions of sustainability leads to complex multi-stakeholders problems.
Prioritisation of efforts to address present and emerging sustainability problems
should become of paramount importance that would benefit both the environment
and the society by identifying proactive pathways towards sustainability. In this
context, research-based information facing such problems may play a major role in
decision and policy-making support to accelerate the effective shift toward a

sustainable development.

Impacts and burdens derived from human activities are overcoming the

resilience of the Earth system (i.e. capacity of buffer changes) putting our future at
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risk. In this regard, several scientists have identified nine Earth processes being
threatened due to an unsustainable use of natural resources (Rockstrom et al.,
2009; Steffen et al., 2015) which may be identified as the global environmental
challenges (Figure I-1) to be tackled which include: i) ecosystems and biodiversity
loss; ii) climate change; iii) ocean acidification; iv) land-use change; v) unsustainable
freshwater wuse; vi) perturbation of biogeochemical flows (nitrogen and
phosphorus); vii) alteration of atmospheric aerosols; viii) chemical pollution; and ix)
stratospheric ozone depletion. Responses, actions and efforts, both at global and
local scale, and engaging major groups in the society, need to be directed to these
sustainability challenges and new emerging ones, since in case that certain
thresholds were surpassed, the Earth systems may change potentially leading to an
irreversible situation threaten human well-being and the environment equilibrium

(Rockstrom et al., 2009; Steffen et al., 2015).

Ozone Ecosystems
depletion loss

Climate
/change

Chemical
pollution

4 ~—__Ocean

AtmosferM acidification

aerosols

Land-use

Biochemical change
flows
Freshwater

use

Figure I-1. Global environmental challenges to be addressed for sustainable development.
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All actors in the society bear some responsibility in the transition to
sustainable development; however, ultimately, all levels of governments and
legislative bodies play the key role by designing mechanisms and promoting
strategies to foster sustainability (e.g. long-term policies, programs, plans).
International institutions, national governments, local administrations and business
make silent decisions to such sustainability complex problems that will indeed
determine the future. However, making good decisions to such complex problems is
extremely difficult since there are large numbers of choices to make, very likely
affect different stakeholders with conflicting interests and very often involves
several objectives that show conflicting behaviours. These previous difficulties
constitute in turn the main motivation of the work presented in this thesis, arises
from the need of developing systematic aid tools to facilitate the decision and
policy-making process which ultimately will lead to the development of the efficient

mechanisms to secure an effective transition towards sustainability.

In particular, this thesis points to two key structural transformations needed
to reconnect the human development to sustained progress (Rockstrom et al.,

2013):

a) “food security transformation” (Godfray and Garnett, 2014; Godfray et al.,
2010; Tilman et al., 2011), through decoupling the intensification of food

production from unsustainable use of resources; and

b) “energy transformation” (Riahi et al., 2012; Tester et al., 2012; van Vuuren
et al.,, 2012), supporting the shift towards an environmentally friendly

economy.

The two transformations toward sustainability outlined here require great
efforts, detailed strategies/guidelines and, in the end, a continuous problem solving

which constitute the basis of the research work developed in this dissertation.
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There are multiple approaches to solve the emerging problems, however, in
order to find the best solution to them, mathematical programming appears as a
powerful tool that has been traditionally used to aid decision-making in many areas
of science and engineering (i.e. planning, resource allocation, decision-making,
etc...). Also named as mathematical optimisation, it allows modelling a given
problem by means of mathematical equations (simplification of the real problem)
which can be then solved to select the best alternative from a set of available
options to the decision maker (according to one or several criteria). Basically,
making a decision corresponds to find the best number to each decision variable
that represents the alternative so as the best solution (i.e. alternative) for the
problem is selected. In this dissertation, optimisation techniques constitute the
methodological basis to develop exact and systematic approaches which allow
finding the best-fit solutions when addressing some particular problems
contributing to a more sustainable food security and for a more sustainable energy

future (see problems in the thesis outline in Figure I-2).

This thesis is devoted to develop decision and policy support optimisation
models and methods for tacking complex problems in line with food security and
energy transformations contributing to the sustainability transition. The approach is
based on the development of mathematical models which represent complex
problems to optimise activities contributing to provide tailored solutions for
stakeholders and/or decision makers. Regarding the food transformation, giving
priority to the agriculture sector, we develop [1] a systematic method to optimal
allocate rainfed and irrigated crop production to enhanced food production while
simultaneously reducing the environmental impacts of water consumption. Also we
present [2] a model to optimise cropping plan decisions by meeting certain
environmental requirements which also may be used to determine the adequate
subsidy to spur the broad shift towards agricultural practises beneficial for the
climate and the environment. Regarding the energy transformation, focusing on the

electricity sector, we propose [3] a method to assess the level of sustainability of
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system and performed an assessment of different electricity generation
technologies, and we propose [4] an approach to enable a resilient collaborative
international response in negotiations on climate change mitigation based on
qguantifying the benefits of curbing CO, emissions in cooperation and distributing
them among the parties involved in a fair manner so as to spur an effective
collective action towards curbing carbon emissions. To this end, we develop a
model to optimise the electricity generation curbing the emissions in a cost
effective manner considering different level of cooperation among the parties

involved.

Figure -2 summarises the work developed in this thesis, highlighting the four

problems addressed and the mathematical programming techniques and

methodologies employed to solve each one of them.

Key sustainability structural transformations

|
‘{Q:ood securitytransformatiora [ Energy transformation J‘
J

Agriculture sector Energy sector

\ | Y

Optimal allocation of
rainfed and irrigated
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Identifying optimal
cropping plan
decisions and

subsidies [2]

\

Multi-objective
optimization
(LP)

Single-objective
optimization
(LP and NLP)

Assessment of
sustainability of
electricity generation
technologies [3]

Quantifying benefits
of curbing electricity
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cooperation [4]

Data envelopment
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Mixed-interger
linear programming
(MILP)

Figure I-2. Thesis roadmap. Green squares depict the key structural sustainability

transformations addressed; blue squares correspond to the particular problems tackled,
while red squares represent the main mathematical programming techniques used.

The PhD thesis is structured in five main chapters. Chapter | introduces the

sustainability challenging problems which motivate this thesis, the main objectives

and a general background of the mathematical programming techniques and
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environmental assessment methods employed. Then, a brief description of the
research works developed is presented, while at the end of the chapter the main
conclusions, future work and references are included. The next four chapters
(Chapters 1I-V) include a detailed description of the decision-aided tools developed
for each of the sustainability issues addressed. Particularly, Chapter Il includes a
multi-objective optimisation tool for allocating rainfed and irrigated agricultural
areas considering simultaneously both production and environmental criteria.
Chapter lll includes a multi-stage linear programming model for optimising cropping
plan decisions under sustainability conditions. Chapter IV presents an enhanced
data envelopment analysis for sustainability assessment and an application to
electricity technologies. Finally, Chapter V presents a mathematical model to fight

against climate change by optimising the electricity system.

1.2  General objectives

This thesis aims to bring a tiny contribution in the fight against world
challenging and emerging sustainability problems. To achieve this, the main goal is
to devise decision and policy-making support tools based on mathematical
programming optimisation tools to address problems related with food security and

energy shifts towards sustainability.

In order to achieve the overall goal, the following particular objectives have

to be accomplished:

= To develop a rigorous and systematic multi-objective optimisation tool for
allocating rainfed and irrigated cropping areas maximising the crop
production simultaneously with the minimisation of the environmental

impact on ecosystems and resources.

= To formulate a novel mathematical programming framework capable to
assist both policy makers in development of policies that encourage

sustainable practices and farmers’ cropping plans decisions in response to
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sustainable requirements.

= To develop an enhanced data envelopment analysis methodology tailored

for sustainability assessment attained by a system.

= To devise an approach to articulate negotiations on climate change
mitigation based on quantifying the benefits of cooperating and fair

sharing of gains.

= To illustrate the capabilities of the proposed tools and methodologies
through their application to real case studies in order to demonstrate how
they can support decision and policy makers to design effective strategies

towards sustainability.

1.3  Optimal sustainable decision making framework

Management science is the broad ability to solve a problem in order to
provide guidelines to make effective decisions. In essence, management science
tailored for sustainability constitutes the main goal of this thesis where
mathematical programming plays a key role in increasing the managerial
effectiveness. In particular, the aim is to develop mathematical programming
models and techniques to aid sustainable decision and policy makers thereby
effective solving of complex problems with measurable and quantifiable objectives

and with less subjectivity as possible.

Integrating sustainability requirements into such mathematical programming
models, and therefore into the decision-making process, is critical, since it requires
considering simultaneously economic growth, environmental protection and social
well-being criteria. This integrated approach requires the consideration and
satisfaction of the “Triple Bottom Line” aspects (Savitz and Weber, 2006) (Figure
I-3), that is, promoting the balanced integration of the three dimensions of
sustainable development so as the state of sustainability is based on understanding

the environment as basic need for the economy to meet the social requirements.
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Traditionally, optimisation efforts of decision-making problems were focused on
maximising an economic criterion, while in the last years other environmental
aspects have been incorporated into the models (Azapagic and Clift, 1999a;
Azapagic, 1999; Grossmann and Guillén-Gosalbez, 2010a) and the social aspects still

are seldom addressed (Cuthill, 2010; Murphy, 2012).

Social
equity

viable

BLE

Environmental

Economic
stewardship

prosperity

equitable |

Figure 1-3 “Tripple Botton Line” concept of sustainability encompassing economic,
environmental and social goals.

To develop a sustainable a decision or a policy-making tool is not an easy
task, since it has to provide an easy representation of the decision procedure, but at
the same time it requires a full characterisation of the problem under study. The
process of solving a decision-making problem is shown schematically in Figure I-4.
As can be observed, the general framework comprises three consecutive steps
moving from the real world problem to mathematical programming (i.e. model
formulation, algorithm and solution method), and finally the decision making
analysis. The procedure also includes feedback loops, where some decisions already

taken can be re-considered based in new analysis and information.
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Figure I-4 Methodological framework of the decision-making process.

The steps of the problem formulation are the following:

i. Problem definition: the first step consists of identifying of the real problem
and analysing and gathering all the information required. Here, the stakeholders®
concerns need to be included in order to clearly define and understand the
problem. This problem definition is key and its analysis is often extremely valuable

providing useful insight on how approach the problem.

ii. Mathematical programming: the next step consists of modelling the

problem by means of mathematical functions (mathematical model building)
containing the decision variables. Problems are usually complex and it is extremely
difficult to capture all the details involved. Therefore, models are usually
abstractions of the problem since they require simplifications, approximations and
assumptions of complex features difficult to handle with mathematics techniques.

Either way, the problem under study is represented by means of mathematical
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equations including the objective function/s and equality and/or inequality
constraints which impose bounds on the decision variables that allow predicting the
behaviour of a system. The nature of the optimisation problem is given by the
particular combination of parameters, variables and equations it embeds. There are
two modelling approaches namely deterministic and stochastic depending on
whether the model parameters are considered to be known or parameter are
assumed to be uncertain, respectively. Depending on the nature of the objective
function/s, constraints and decision variables embedded, the mathematical model
can be classified as linear programming (LP), nonlinear programming (NLP), mixed-
integer linear programming (MILP) or mixed integer nonlinear programming
(MINLP). Depending on the number of objective functions the problem is classified
as single-objective optimisation problem (SOO) when only one objective function is
considered and multi-objective optimisation (MOO) when more than one objective
are considered. Very often, decision makers face the need of considering
simultaneously multiple conflicting objectives in the decision process for which the
problem is formulated as a MOO. The latter MOO is very common in sustainability
assessment since economic, environmental and social objectives may be considered
simultaneously. Further details of the mathematical models and optimisation

techniques are provided in the ensuring Section 1.4.

For solving the model and to derive the solution, efficient algorithms and
software systems are available. Several modelling systems and solvers are
accessible (either open-sourced or commercial) to assist the computer
implementation of the optimisation-based modelling process. As examples,
common modelling systems are GAMS (Brooke et al., 1998) or AMPL (Fourer et al.,
1990) which can use solvers such as CPLEX (IBM, 2009) or BARON (Sahinidis, 1996)
devised for mixed-integer linear and nonlinear problems to global optimality,
respectively. Finally, as a result of the mathematical programming phase, one (or
several) optimal solution(s) is(are) provided which represent(s) the best

alternative(s) of the given problem.

10
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After deriving the optimal solution(s), it is very important to check its
practical feasibility by coming back to the real problem. To do so, validation is the
process to make sure that the solution is appropriate for the real problem and
sensitivity analysis check the robustness of the results when changes are performed

in the data.

iii. Decision-making analysis: optimal solutions derived from the

mathematical programming are then provided to the decision-makers. Usually the
solution of the model is not implemented in practical as is, but it provides useful
insights to decision and policy makers to combine it with their own knowledge
leading to an implementable solution. Often the solution is not feasible in practice
and it is necessary to implement modifications into the model several times.
Therefore the procedure becomes an iterative process where the decision—maker
plays a major role providing information (preferences) to build the model until a
satisfactory solution is achieved. Decision-makers’ preferences may be incorporated
a priori or a posteriori in the optimal search process depending on whether a unique
solution or a set of optimal solutions are desirable (Jaimes et al., 2009). Finally, the
most preferred solution obtained following the systematic analysis and modelling
approach (Figure 1-4) presented here, allows providing help and guidance for

decision and policy makers to make effective decisions leading to efficient solutions.

1.4  Mathematical programming: optimisation

Mathematical programming consists of building mathematical models that
describe complex real-world problem and algorithms to find the optimal solutions
to such problems that may be used to assist in taking effective decisions. In other
words, mathematical programming is the evaluation of a given problem aiming to
minimise or maximise a function by systematically identifying the best values for a
continuous or integer variables. Although mathematical programming started as a
methodology of academic interest, nowadays it has become a powerful tool broadly

applied in many areas of science and engineering both in private and public

11
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decision-making contexts.

The mathematical model for an optimisation problem describing the problem
addressed includes one objective function (or several) and constraints (either in the
form of equality or inequality) which are formulate via algebraic equations (linear or
nonlinear). Each feasible solution of the problem entails a choice of decision
variables that satisfies the set of constraints, however, only the optimal solution
(representing the optimal decision) is a feasible solution which optimises the
objective function. The objective function is the equation which measures the
quality of the solutions, that is, the value to be optimised given a set of constraints
and a particular set of variables. This is the goal of the optimisation. The objective
function can be an economic criteria (e.g. minimising the cost or maximising the
profit), an environmental criteria (e.g. minimising the environmental impact) or a
social criteria (e.g. maximising employment). The constraints are expressions which
impose bounds on the variables, that is, the variables can take certain values but
exclude others. The constraints can be equality or inequality equations that must be

met (e.g. demand satisfaction, resource limiting or operating requirements).

Next we explain in detail three mathematical programming techniques that
constitute the methodological basis of this thesis: single-objective optimisation

(500), multi-objective optimisation (MOO) and data envelopment analysis (DEA).

1.4.1  Single objective constrained optimisation problems
In mathematical programming, a generic single-objective optimisation
problem (SOOQ), is generally stated, in compact form (Grossmann et al., 2000), as

minimisation as shown in Eq. I-1:

SO0 min flx,y)
s.t. h(x,y)=0 Eq. I-1
g,y) <0
XERyEL

where f(x,y) represents the objective function to be minimised (-f(x,y) when the

12
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direction of the optimisation is maximisation); and x and y represent the vectors of
continuous and integer decision variables, respectively. Note that widely-used
binary variables (y € {0,1}) are a particular case of the more general integer ones.
The feasible set of solutions (sometimes referred as alternatives, search space or
solution space) is defined by the set of constraints imposing restrictions on variables
where h(x,y) represents equality constraints whereas g(x,y) refers to inequality

constraints.

A point (x,y) satisfying all constraints is a feasible point, that is, a feasible
solution to the problem. All feasible points constitute the feasible regions. The aim
of the optimisation is to satisfy the optimality criteria, that is, to select the best
point from the set of feasible solutions. A point (x*,y*) from the feasible region w is
deemed as local minimum if it is the smallest function value in some feasible
neighbourhood, that is, there exists a 6>0 such that f(x*,y*) < f(x,y)Vx,y €
{w:|x — x| < 6}. Often, in an optimisation problem, there can be many local
minima but only one global minimum. A point (x*,y*) is a global minimum when it is
the smallest function in all the feasible region, thatis, f (x*,y*) < f(x,y)Vx,y € w.

Figure |-5a illustrates the concept of local and global optimum.

There are several properties (e.g. convexity criteria) of the feasible region w
and objective function f which imply that any local optimum is a global optima. If fis
convex and the feasible region w is defined by the equality and inequality constraint
is convex, then any local optima will be a global optima. A region w in convex if and
only if for any two points x; and x,, their linear combination lies in w, that
is, x = ax; + (1 — a)x, € w Vae[0,1]. If h(x,y) is linear and g(x,y) is convex, then
the feasible region w is a convex region. A function f is convex if an only if for any
two points x; and x, the following is satisfied: f(ax; + (1 —a)x, ) < af(x;) +
(1 —a)f(x,) Vae[0,1]. Figure I-5 illustrates graphically the concept of optimality

(local and global optimum) and the convexity concept.

13
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Figure I-5 Graphical representation of (a) optimality and (b) convexity concepts.

Depending on the nature of the objective function and constraints (either
linear or nonlinear) and the type of the decision variables embedded (either
continuous or binary/integer), the mathematical model can be classified as linear
programming (LP), nonlinear programming (NLP), mixed integer linear programming
(MILP) or mixed integer nonlinear programming (MINLP). See Figure 1-6 for an

illustrative representation of these types of problems.

a) LP b) NLP
\
X, Xo
X4 \ X4
c) MILP d) MINLP
Xa

X4

Figure I-6 Graphical representation of the main types of optimisation problems in the
variables space (x; and x,). In subplot (a) and (b), grey area represents the feasible region
while in subplots (c) and (d) green points represent the feasible region of integer solutions.
Red points denote the hypothetical optimal solutions for each type of problem.
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A mathematical model takes the form of LP when all variables are continuous
variables and all algebraic equations are linear. A LP problem could be geometrically
represented in Figure |-6a where lines represent the linear equations (both h and g)
and the shadow grey area is the corresponding feasible region enclosed within the
equality and inequalities. The optimal solution of an LP is a vertex of the feasible
polytope that is optimal. The standard method to solve a LP is the simplex method
(Dantzig et al., 1955) which consists of performing successive checked along the
edges of the feasible region until the best vertex of the objective function is
reached. Many improvements and refinements have been developed over the last
decades given rise to current commercial optimisers suitable for LP such as CPLEX

(IBM, 2009), GUROBI (Optimiation, 2012) or LINDO (Schrage, 1995), among others.

When non-linear equations are present in any of the equations (either
objective function or constraints) and all variables are continuous the problem
becomes NLP and its feasible region becomes more sophisticated (Figure 1-6b). A
key characteristic of a NLP is whether it is convex or non-convex, as the latter might
give rise to multiple local optima (i.e. multimodality) where the standard gradient
methods may get trapped thereby offering no guarantee to reach the global optima
of the problem. If the NLP is convex (feasible region convex, inequality constraint
convex and equality constraints linear), then any local optima is a global optima.
BARON (Sahinidis, 1996) is a general non-linear optimiser capable of solving

nonconvex optimisation problems to global optimality.

A MILP is a special case of LP that includes both continuous and integer
variables (when all variables are restricted to be integer, they are labelled as integer
linear programming, ILP) (Figure |-6c). The standard procedures to solve a MILP are
cutting plane methods and the most common is the branch-and-bound algorithm
(Land and Doig, 2010). The latter consists of relaxing the original integer variables
imposing restrictions over them. The original MILP is divided into several LP sub

problems that are solved until all integrality restrictions are satisfied, where the
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solution found is an optimal solution of the original MILP. Common commercial
solvers that combine those strategies are CPLEX (IBM, 2009), GUROBI (Optimization,
2012) or XPRESS (Optimization, 2007), among others.

Finally, MINLP are problems that contains at least one non-linear equation
and both continuous and integer variables (Figure 1-6d). MINLP problem are hard to
solve, however several algorithms (e.g. modified branch-and-bound, outer
approximation) and commercial solvers have been developed to tackle with them
such as BARON (Sahinidis, 1996), DICOPT (Grossmann et al., 2002) or SBB (Bussieck

and Drud, 2001), among others.

In this thesis we address three LP problems ([1], [2] and[3]), one MILP ([4])

and one NLP ([2]) (see problems in Figure I-2 in section 1.1).

1.4.2  Multiobjective optimisation problems

Often, when facing a decision-making problem it may be interesting to
consider several criteria simultaneously. In mathematical programming, a generic
multi-objective optimisation problem (MOO) consists of the simultaneous
optimisation of multiple competing/conflicting criteria (objectives). A MOO is

generally stated in compact form as shown in Eq. I-2:

MO0 min F ={fi,..,f}
s.t.  h(x,y)=0 Eq. I-2

glx,y) <0
xXERYyEL

where F represents the vector of n objective functions equations ranging from f; to
f». The solution containing the individual minimum of all objectives is regarded as
the utopian point which is in general unattainable (ideal) due to the trade-off
existing between the objectives. The counterpart of this ideal point is the nadir
point which represents the worse value for all objectives. Instead of a single
solution (as in SO0O), MOO leads to a set of optimal solutions, called Pareto

solutions, with different trade-offs among the conflicting objectives and forming the
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Pareto frontier (Ehrgott, 2009). A solution is said to be Pareto optimal when it is
impossible to improve one of the objectives without worsening at least another
objective. In essence, a set of solution x is said to be Pareto optimal for a MOO, if

there is no other x in the feasible region such that f,(x) < f,(x*) for all

n€{l,..,n}
A min Objective 1 Nadir
. / point\
fy! 2
[ ] ] [ ]
¢ Feasible solutions
el (suboptimal)
N .
QO e ™ L] L
= 'S
o) . . . .
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[ ] ° * " @
fg* . ’
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—>
f e 2
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Figure I-7 . lllustration of Pareto optimal frontier of a bi-criteria problem obtainable by multi-
objective optimisation method.

Figure -7 illustrates the concept of Pareto multiobjective optimality for an
illustrative optimisation example considering two objectives that we aim to
minimise simultaneously (e.g. objective 1 and objective 2). Each solution of the
Pareto curve is represented by green points and represents a unique combination
of both objectives entailing a particular optimal solution. Any point lying above the
curve is sub-optimal since it can be improved in both objectives simultaneously.
Region below the curve contains unfeasible solutions, since there is no single point
showing better performance than the Pareto solutions simultaneously in both

indicators. The anchor points are also represented defined by optimal solutions
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considering one single criteria at a time, that is at (f5", f,-*) and (fi*, f5). Moreover,
the utopian point representing the optimal values for each objective function is
depicted located at (f7', f5), whereas the nadir point given by the worse values for

each objective is depicted located at (f*, f*).

There are several approaches to obtain the whole set of Pareto optimal
solutions in MOO problems. The most commonly used methods are the weighted
sum method, the epsilon constraint method and the normal boundary intersection
method. The weighted sum method consists of optimising the weighted sums of all
objectives exploring the space of possible weights (Ehrgott, 2006). The epsilon
constraint method consists of keeping one objective as a main objective function
while the rest are transferred to auxiliary constraints that imposed bounds on the
main objective (Ehrgott, 2006; Haimes, Y., Lasdon, L., Wismer, 1971). Normal
boundary intersection generates evenly distributed Pareto sets by intersecting the
feasible region with a normal to the convex combinations of the optimal solutions
for each objective individually in the direction of the utopian point (Das and Dennis,
1998). Without loss of generality, in this work we adopted the epsilon constraint
method since it presents several advantages as it is easy to implement, it is not
necessary to have the objectives in a common scale and allows exploring the whole
feasible region (control of optimal solutions distribution) (Kim and De Weck, 2006;

Mavrotas, 2009).

1.4.2.1 Epsilon constraint method

The epsilon constraint (EC) method consists of solving a set of SOO derived
from the original MOO, based on formulating an auxiliary model where one
objective is kept as a main objective whereas the remaining are transferred to
auxiliary constraints that impose bounds (g€) on them. In mathematical terms,
keeping f; as main objective function to be minimised, the problem can be state as

follows:
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EC min fi(x,y)
s.t. fox,y) <&k vn={2,..,N;b={1,..,B}
h(x,y) =0 Fa. I3

glx,y) <0
XERYVELZ

The auxiliary epsilon constraint model is solved for each value of epsilon
parameter (). The epsilon values for each instance are obtained previously by

optimising each objective individually and then dividing the interval defined by the
best and worst values for each objective ([fn,ﬁ] = [g, E]) into a set of subintervals

that will determine the number of optimal solutions obtained. Therefore, by
parametrical variation of the & values, the number of instances to solve the EC
problem (Eq. I-3) is defined by all possible combinations of epsilon parameters, that
is, B" instances. However, to simplify this process when many objectives need to be
considered, an alternative procedure considering only all bi-objective combinations

may be employed, which reduces the problem leading to (’;’)B iterations.

1.4.3 Data envelopment analysis

Data envelopment analysis (DEA) is a mathematical programming-based
technique for the efficiency assessment. In particular, DEA is a non-parametric LP
technique that allows quantifying the relative efficiency of a set of comparable
decision-making units (DMUs) each one transforming multiple inputs and into
multiple outputs (Charnes et al., 1978). DEA analyses each DMU individually by
solving an LP model and identifies those that exhibit best performance (i.e. the ones
deemed efficient, which form the ‘efficient frontier’). Furthermore, DEA measures
in turn the level of efficiency of the non-frontier units (inefficient units), identifies
sources of inefficiency, and provides specific guidelines on what changes are

required to turn inefficient units into efficient.

The original input-oriented DEA CCR model, first proposed by Charnes et al.,
(1978) based on Farrell’s work (Farrell, 1957), is a nonlinear program that measures

the efficiency of a DMU as the ratio of the weighted sum of their outputs and
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inputs. The aim of this model is to find the optimal weights so as the efficiency of
each DMU is maximised separately. In mathematical terms, let us consider a set of
[J| DMUs j (j=1,...,[J]) , each using [I] inputs x; (i=1,...,[I]) to produce [R/ outputs
Yy (r=1,...,[R[), the CCR model defined for each DMU j, the original DEA CCR model

is stated as follows (Eq. 1-4):

max 9] = Z uryr]-/z UiXij

reR i€l

Eq. -4
S.t. Zuryrj — Zvixi]- <0 VJ E]
reR i€l
u,v; =0 VreR, i€l

where 9]- represents the technical efficiency of the DMU; and u, and v; are free
variables denoting the weights (multipliers) given to each output r and input j,
respectively. Due to the flexibility in the weights, if a DMU; satisfies 6; = 1, it is
deemed efficient, and it is considered inefficient when 6; < 1. The latter implies
that the DMU under evaluation is always inferior to other alternatives, even for the
most favourable choice of weights (it is possible to reduce any of its inputs without

reducing any output).

The previous CCR model is input-oriented, that is, inefficient units are turned
efficient through a proportional reduction of inputs while keeping the output
constant. In contrast, it is possible to reformulate its equivalent output-oriented
model, where an inefficient unit would be turned efficient by increasing its outputs
while keeping its inputs constant. Moreover, the CCR model considers constant
returns to scale (CRS), as it assumes that DMUs operate at the same scale (i.e. their
outputs change proportionally when changes in the inputs are applied). Moreover,
the DEA model can also be formulated considering variable return to scale (VRS),
known as BCC DEA model (Banker et al., 1984). The choice between the orientation
(input or output) and the type of returns to scale depends on the application being

addressed; for further discussion on this topics, see Lozano et al. (2009).
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As mentioned previously, the original input-oriented CCR DEA model
(Charnes et al., 1978) (Eg. 1-4) is nonlinear and nonconvex, however, it can be
reformulated (from fractional to linear) into the following LP model (Eq. I-5), where

the denominator is set to one and the numerator is maximised:

max 0]/ = Zuryrj,

rerR

s.t. z VX =1 vj' €]J Eq. -5

i€l

Zuryrj — Z vixj; < 0 VjEe]

reR i€l
U, v; =0 VreR,i€]

where the subscript j denotes the specific DMU being assessed.

Moreover, for this primal LP problem it is possible to formulate a dual partner
problem (duality), which provides the same information as the primal model (Eq.
I-5) (i.e. efficiency scores) but calculates in turn targets for the inefficient DMUs so
as to become efficient. The LP DEA dual model (Eq. I-6) is formulated by assigning
one dual variable to each constraint in the primal model (Cooper et al., 2004) as

follows:

min Z=60—s< Sr++ZSi')

S.t. ZA]XIJ + Si_ = GOXiO Viel Eq -6
JjeJ

ZAerj_S;ZYro VreR

jeJ
2,857,520 Vj€J,i€l,r eR
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where € is a non-Archimedean infinitesimal value enforcing strict positivity on
variables, 8, is an unconstrained variable that measures the efficiency of the DMU,
under consideration and, therefore, it is lower than or equal to 1 (6, < 1). S;fand
S; denotes the slack variables representing the extra amount by which an input (or
output) should be reduced (or increased) to become strong efficient. Note that the
values of the slacks are all zero (S;tand S;=0) in the efficient units (6, = 1), and
strictly positive in the inefficient ones (6, < 1). A; represents the dual variable that
is the weight assigned to each efficient DMU (belonging to the reference set of an
inefficient unit) to form a composite non-existing efficient unit that could be used as
a benchmark to improve the particular inefficient unit. This hypothetical composite
unit is obtained by projecting radially the inefficient unit on the efficient frontier,
which is the piece-wise linear function connecting all the efficient DMUs (those with
an efficiency score of 1). The BCC dual model can be formulated by adding a
convexity constraint to Eq. I-6 which ensures Zje] Aj = 1. To illustrate the previous
DEA concepts, Figure I-8 provides a graphical representation of two DEA examples
considering one single input and one single output case, while Figure I-9 illustrates

an example of two inputs and one output.

Figure 1-8 provides an illustration of a single input and single output case.
Under the CRS assumption, DMU A presents the best efficiency (ratio between
output and input) thus A is considered as the referent set for the remaining DMUs.
The line connecting the origin and A represents the CRS efficiency frontier (green
line) and measures the efficiency of others by deviations from it. The efficiency of A
equals to one, while the efficiencies of the remaining DMUs are strictly lower that
one. Taking as example the inefficient DMU F, depending on the model orientation
followed, its relative efficiency is performed in two different ways: in the input-
oriented model (i.e. horizontal projection), the efficiency of F is performed as the
ratio between the segments p and qg; while in the output-oriented model the
inefficient of F is performed as the ratio of r and s (i.e. vertical projection).

Furthermore, in Figure I-8 it is also depicted the VRS efficiency frontier which is the

22



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS

Angel Galan Martin Chapter I Introduction

red line connecting FABC. From unit F to A constitutes the increasing returns to
scale portion of the frontier, while unit A is experiencing constant returns to scale
and from A to the right (segments AB and BC) make up the decreasing returns to
scale portion of the frontier. As seen, depending on whether a CRS or VRS
assumption is considered, the results of DEA are completely different since the
efficiency frontier varies as does the efficiency score of the inefficient DMUs. For
instance, unit B is deemed inefficient under CRS but efficient under VRS and the

hypothetical efficient unit for E under CRS would be “e” while under VRS is “e’”.

A "y
o/ S
o/ > ol EE——
,," N C
'l
O S oF
b e<--
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o ;
3
= A
3 df .e°
f4 [ + Radial projection
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0 - >
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Figure 1-8 Graphical representation of a DEA example of a single input and single output
using both CRS and VRS approaches.

Figure 1-9 provides an illustrative example of two inputs and one output. The
efficient DMUs are denoted by green diamonds and determine the efficient
frontier, which is the convex envelope depicted in green (ABC). Inefficient units are
represented by blue circles (D, E and F), while their hypothetical efficient units
obtained by means of the radial projections on the frontier are depicted by green
circles (d, e and f). As observed, A, B and C present lower input values for the same

output and are thus identified as efficient units (i.e. efficiency score equals to 1).
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The line connecting them determines the piece-wise linear efficient frontier. On the
other hand, D, E, F are deemed inefficient because their efficiency score Gj is lower
than 1 (they produce the same level of output with higher inputs). DEA also
guantifies the magnitude of inefficiency by referring to the efficient frontier. For
instance, the efficiency of technology E is obtained from the ratio between two
segments, the one that goes from zero to the intersecting point between the
efficient frontier and the radial projection (e); and the one that connects zero and E.
The efficiency score represents the extent to which all the inputs should be
proportionally reduced to reach the frontier. Point e (which represents the
hypothetical efficient unit for E) is generated by a linear combination of A and B,
which is the reference set (peer group), using linear weights equal to 4; and 4,,
respectively, which are provided by the DEA model. Similarly, all inefficient DMUs
can be projected onto the efficiency frontier, but in doing so we may sometimes
obtain weakly-efficient composite units, as it happens with unit d (weakly-efficient
unit for D), which shows a slack in the cost given by the distance dA. However, d
would remain inferior since technology A has the same input 1 but lower input 2.
Therefore, technology D presents a slack or excess in input 2, which implies extra
reduction equals to dA in order to become strongly efficient, thereby reaching point

d* with the same input 1 and output than unit A.

For further information about DEA models and extensions the reader is
referred to Cook and Seiford, (2009), Cooper et al., (2004) and Hosseinzadeh Lotfi et
al.,, (2013).
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Figure 1-9 Graphical representation of a DEA example considering two inputs and one
output.

1.4.4 Uncertainty: sensitivity analysis

Despite optimisation is well recognised as a powerful tool to aid decision and
policy making, the applicability of the results is in practise more complex, especially
because very often the mathematical models entail many sources of uncertainty
that need to be considered to ensure the quality of the solution and even its
practical feasibility. Most mathematical models are deterministic in nature, that is,
assume that all the parameters are perfectly known and show no variability thereby
neglecting the uncertainty involved. However, in order to get robust solutions and
make good decisions, uncertainties and variability need to be captured in the
outcome of the optimisation providing information about the robustness of the
solution (Grossmann, 2014). Therefore, accounting for parameter uncertainty is key
part of decision-making before using the results to make the best decision (Bilcke et

al., 2011).

There are two main approaches to address an optimisation problem under

uncertainty, namely preventive and reactive approaches. Preventive approaches
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consist of modelling optimisation problems by incorporating uncertainties into the
models and the main frameworks are stochastic mathematical programming and
fuzzy programming, being the former the most commonly used (Heyman and Sobel,
2003; Sahinidis, 2004). These approaches consider all the possible values for the
uncertain parameters and find the solution which best fits for all cases. However,
despite the advantage of considering uncertainty a priori of deriving the optimal
solution, these approaches are computationally more expensive and practitioners
have more difficulties assessing and interpreting the results since the objective
function is replaced by complex risk metrics (e.g. risk, worse case) (Guillén-Gosalbez
and Grossmann, 2010; Sabio et al., 2014). On the other hand, reactive approaches
are based on modifying the deterministic formulation to adjust it to modifications
or alternations taking place. The main reactive approaches are rolling-horizons,
multiparametric programming and sensitivity analysis. Rolling-horizons approach
consists of solving iteratively the deterministic problem by moving forward the
optimisation horizon (Kopanos and Pistikopoulos, 2014). Multiparametric
programming is based on sensitivity analysis and allows generating a complete map
of the optimal solutions in the space of the uncertain parameters. Finally, sensitivity
analysis, which is the simplest approach, is employed to provide the range of

solutions in the neighbourhood of the nominal value of the uncertain parameters.

In this thesis, all mathematical programming models developed are
deterministic in nature, that is, parameters are assumed to be known and show no
variability. However, some parameters fed into the models are inherently uncertain
which may lead to different decisions or management strategies when small
changes on the uncertain parameters are performed. To further investigate the
effect of the uncertainty, for simplicity in this thesis we perform sensitivity analysis
in order to determine the robustness of the models proposed and get more
insightful results. The information provided by the sensitivity analysis is extremely
valuable in making decisions since provides insights on: how robust the optimal

solution is and under what circumstances the solution would change and how much
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worse would be a decision ignoring the uncertainty. In case that the optimal
solution is robust (low sensitive to changes in parameters), it is reasonable to adopt
decisions based on the solution anyway, since it would be confidence. On the other
hand, if the optimal solution is not robust, the deterministic solution may not be
acceptable because it is risky but it helps to identify the most critical circumstances

and ultimately to identify a strategy that performs well in all circumstances.

The models developed in this thesis are small enough to be solved in a
reasonable computational time, so we employed the brute force approach for the
sensitivity analysis which consists of changing the initial parameter values and
solving the model repeatedly to understand how these uncertainties affect the
outcome of the optimisation. The optimisation model is solved iteratively for
different potential values of the uncertain parameters (i.e. scenarios), which can be
modelled based on known upper and lower bounds or by using probability
distributions (e.g. normal, triangular, and uniform). In any case, each parameter
value accounting for a different realisation of the uncertain parameter which
defines one scenario which are generated (discretized) by applying sampling
methods on the probability distributions (e.g. Monte Carlo or Geometric Brownian
Motion). More number of scenarios leads to better approximations but also to
larger CPU times. To determine the minimum number of scenarios to ensure a
specific confidence level of the results, the test proposed by Law and Kelton can be
employed (Law and Kelton, 2000). Finally, the set of optimal solutions, derived by
solving the set of scenarios (i.e. scenario tree), should be provided to improve the
decision and policy maker’s knowledge and understanding of the problem to finally
take the best decision (Figure I-10). In order to facilitate the interpretation of the
results from the sensitivity analysis, they can be provided visually by means of

scatter plots, box plots, cumulative distribution or heat maps among other plots.
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Figure 1-10. Sensitivity and uncertainty process tailored to decision-making.

1.4.5 Modelling frameworks

Several algebraic modelling languages (AMLs) have been developed aiming to
allow users to express a given problem via algebraic mathematical expressions such
as Matlab (Grant et al., 2008), AMPL (Fourer et al., 1990), AIMMS (Bisschop and
Roelofs, 2006) and GAMS (Brooke and D Meeraus, 1996). In this thesis we have
employed GAMS as modelling framework to implement the mathematical models
since it is the most used optimisation software in the Process System Engineering

(PSE) field and offers multiple solvers options to derive the solution of the model.

There are several optimisation algorithms implemented and available in
GAMS (subject to the proper license), each solver developed to tackle a specific
type of problem (i.e. LP, NLP, MILP, MINLP, etc). Without loss of generality, in this
thesis, we have employed CPLEX optimisation solver package (IBM, 2009) and
BARON solver (Sahinidis, 1996). CPLEX is capable of solving with high performance
linear, mixed integer and quadratic constrained programming problems while
BARON is devised for the global optimality of nonlinear and mixed-integer nonlinear

programs.
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1.5 Environmental impact assessment

The environmental dimension of the sustainability challenge is addressed in
this thesis by appending the environmental impact as a criterion in the optimisation
mathematical models either as an additional objective function or as constraints
(see section 1.3). So far, there is no general agreement on how to determine the
effects of a system on the environment. Environmental impact assessment has
traditionally constituted the methodological basis both in the scientific and political
spheres to systematically identify and evaluate the potential impacts that a system
may have on the environment. Among the wide range of environmental impact
assessment methodologies, Life Cycle Assessment (LCA) has become the
predominant methodology that is broadly applied both in private and public
environmental decision-making contexts (Azapagic and Clift, 1999a, 1999b;

Grossmann, 2004; Hellweg and Mila i Canals, 2014; Pieragostini et al., 2012).

1.5.1 Life cycle assessment

LCA is a methodology that aims at quantifying and assessing the inputs and
outputs and potential environmental impacts/burdens (on a wide range of
environmental issues such as climate change, land use, etc..) of products and
processes throughout its entire life cycle (Guinée, 2001; ISO, 2006). In practice, LCA
has been typically devised, both in the scientific and political spheres, to improve
product systems, to map key drivers of impact on corporate strategies, to provide
hotspot analysis of consumption life styles patterns and to pinpoint crucial areas
either of consumption or production at regional/country/international level

(Hellweg and Mila i Canals, 2014).

Integration of LCA and mathematical programming is worldwide recognised
as a powerful tool to aid sustainable decision-making that allows incorporating
environmental protection criteria into the decision process. Optimisation on
environmental models has been traditionally applied since the middle of 1990s

(Azapagic and Clift, 1995) in many areas of sciences and engineering The reader is
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referred to review applications on this topic to the article by Pieragostini et al.,
(2012). Their tailored combination to the common goal to guide practitioners
improving the environmental performance, allows providing useful insights for both
decision and policy makers resulted from the strengthen and complementarities of
the combined approach (Azapagic and Clift, 1999a, 1999b; Grossmann and Guillén-
Gosalbez, 2010b; Grossmann, 2004; Hellweg and Mila i Canals, 2014; Pieragostini et
al., 2012). Particularly, LCA allows quantitatively assessing the environmental
impact associated to goods and services along its entire life cycle, meanwhile
mathematical programming incorporates the former LCA burden and impact
guantitative data into the models that are solved identifying in a systematic way the
best alternatives (i.e. optimum) according to such as environmental criteria (or in
addition to others technical, economic or social criteria). In this context, accounting
for the environmental dimension in the sustainable decision-making optimisation
framework comprises two consecutive steps. First, an LCA study needs to be carried
out to determine the burdens and impacts along the entire life cycle that are then
treated as inputs (i.e. parameters) of the optimisation model in the second step. See
Figure I-11 for a general overview of the combined approach of mathematical

programming and LCA.
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Figure I-11 General overview of the optimisation and LCA combined approach.

As mentioned previously, performing an LCA study allows quantifying the
burdens and impacts that are then incorporated as parameters into the
mathematical programming models representing the problem addressed. Carrying
out a LCA study typically entails four phases: i) description of the goal and scope, ii)
inventory, iii) impact assessment, and iv) interpretation. Further details on the
principles and framework of LCA are given in the 15S0:14044 standards for LCA (ISO,
2006). Conducting the whole LCA study is a time expensive and hard task. To
facilitate this process commercial software and models have been developed such
as the two leading software used for LCA studies: SimaPro (Goedkoop et al., 2008;
Pre-sustainability, 2017) and GaBi (PE-international, 2017). However, even in the
case that such tools are employed, the process requires great efforts. To overcome
these limitations, several LCA databases are available and become an important
data source, being the most popular Ecoinvent (Frischknecht and Rebitzer, 2005).

Unfortunately most of software and databases are not open sources since setting
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up and maintaining them is economically expensive that limits its widespread

accessibility (Hellweg and Mila i Canals, 2014).

The four phases of a LCA study process are described next into details:

1. The first phase consists of the goal definition and scoping that determine

and guide the entire process. Many decisions need to be taken throughout this
stage that will determine the results of the study. At this stage, the goal and spatial
and temporal scope of the study are set and also the functional unit and system
boundaries are defined. Furthermore, it is required to choose between attributional
or consequential modelling approaches since it influences the next step (i.e. life
cycle inventory), system boundaries and other methodological choices (Finnveden
et al.,, 2009; Frischknecht and Stucki, 2010). So far attributional is the most
commonly used LCA approach, which assigns responsibilities for a set of impacts.
There are two methods to partition the environmental burdens among different
products of the same process, namely system expansion and allocation. The former
considers products and co-products as different alternatives to assign the
environmental burdens. System expansion is the recommended approach (ISO,
2006) and when system expansion is not possible, the allocation approach can be
applied by apportion the impacts according to weights (e.g. mass, economic or

energy allocation).

2. The second phase of the LCA process consists of the life cycle inventory

analysis (LCI) where all inputs and outputs of the system are compiled (measured,
estimated or sourced) and tracked along the life cycle. This stage usually requires an
iterative process with the scope and goal definition to refine boundaries and
allocations. The system is broken down into small units where all inputs and outputs
are usually compiled from different sources. Large amount of data need to be
accounted at these stage which ultimately leads to variability and uncertainty. The

process of the inventory can be mathematically expressed as follows (Eq. |-7):
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LCITOT = Z LCl;; Vi Eq. I-7
j

where LCITOT represent the total amount of a specific flow i which is computed as

the summation of all the flows i for all the system units j LCI; ;.

3. The third phase consists of the life cycle impact assessment (LCIA) where all

burdens are translated into impacts by multiplying by factors referring to
environmental impacts. Here, all emissions and resources previously collected in the
inventory are clustered into impact categories and converted into environmental
impacts using characterisation factors. Several LCIA methodologies are available
that differ in the impact categories covered, the impact indicators and the
geographical focus. We refer the reader to JRC (2011) that describes the indicators
and models employed providing general choice recommendations. After the
characterisation is performed, optional steps are normalisation and weighting.
Normalisation allows all impact indicators to be in a common metric and therefore
comparable while weighting is used to group different impact categories based on
subjective valuations (but agreed in the scientific community). The way to proceed
for the impact characterisation is summarise as follows. First, The LCl data are

transformed into impact referring to the midpoint categories by means of Eq. I-8.

I, = Z Cmi - LCITOT  vm Eq. -8
i

where C,,; denotes the characterisation factor that relates the flow i with the
midpoint impact category m. As a result I, represent the indicator for the midpoint
category m. Then, taking the midpoint category indicators can be aggregated into

the endpoint damage categories as stated in Eq. I-9:

I, = z Npe - Iy, Ve Eq. 1-9
m

where N,,, denotes the normalisation factors that relates the midpoint categories

m with the endpoint category e allowing aggregating them into the endpoint
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categories indicators e (I.). Finally, the endpoint category indicators can be

aggregated into a single final score (S) as follows Eq. 1-10 :

S=wae-le Eq. I-10
e

where the endpoint indicators I, are multiplied by weighting factors W, that allows
to convert them into same units (i.e. points) that can be summed given rise the

weighted impact score S.

Finally, along this impact conversion instrument the indicator resulted can be
chosen either at midpoint or endpoint level or as a weighted unique score. There is
no guideline about whether a midpoint or an endpoint output should be
considered. Midpoint approach provides impact information in several impact
categories, while endpoint approach provides impact information aggregated in
three areas of protection (i.e. ecosystem quality, human health and resource
depletion) that could be appealing for stakeholders who require lower level of
environmental impact detail. The choice between midpoint or endpoint categories
has to be taken according to the nature of the case study bearing in mind that the
higher the aggregation level the lower certainty and more information is lost,

however, in some cases it is more relevant for decision-makers.

4. The last phase of the LCA study consists of the interpretation of the results.

Here, conclusions of the study are drawn in order to provide recommendations for
the decision-making process. Results are very useful to pinpoint where efforts
should be made in order to minimise the environmental impact, however, no
targets and clear guidelines are provide to achieve the optimal reduction.
Moreover, very often the environmental decision problems becomes very complex
since it is necessary to compare several alternatives, considering various conflicting
objectives (i.e. different impact categories) in many different scenarios.
Furthermore, the interdisciplinary nature of the problems requires high number of

stakeholders that makes the decision-making very challenging. To overcome these
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limitations, LCA outcomes can be incorporated into mathematical programming
models that allow identifying in a systematic manner the best ones according to the
environmental principles. Once the burdens and impacts along the entire life cycle
are either quantified following the previous four phases or collected from an LCA
database, they are subsequently fed as parameters into the optimisation model
where the problem under study is modelled by means of mathematical equations

and solved in order to find the optimal solution.

1.6  Outline: problems addressed

The use of mathematical programming to address global sustainability
problems has a great potential and will be a major focus of research to aid decision
and policy makers towards making effective actions for a sustainable future. Below
a brief summary of the four problems addressed in this thesis (Figure 1-2) is shown

that will be then developed in details in the ensuring Chapters Il, 1ll, 0 and V.

1.6.1 Sustainable allocation of cropping areas (article 1)

Water scarcity is a major environmental problem worldwide with a large
impact on the degradation of ecosystems and depletion of resources (Nufiez et al.,
2013; Rijsberman, 2006; Rockstrom et al., 2009; Steffen et al., 2015). Particularly, in
arid and semiarid countries freshwater consumption causes significant
environmental impacts on natural resources and ecosystems that, at the end, will
affect human well-being and health. Most production systems create water
shortages which affect natural systems and, in particular, the agricultural sector
represents more than two-thirds of the global water use (FAO, 2014; Garrido et al.,
2010; Nuiez et al., 2013; UNEP, 2007). In this backdrop, appropriate strategies and
policies are needed in the agricultural sector in order to achieve a more sustainable
agricultural production system, thereby contributing to the required food security

transformation.

Previous research has concentrated on quantifying the environmental impact

of water consumption without proposing specific measures to solve/minimise the
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problem (Hoekstra et al., 2011; Pfister et al., 2009). However, to achieve a more
sustainable agricultural production, it is necessary to integrate these descriptive
metrics with tailored decision-making tools. Mathematical programming tools can
assist decision-making in this field. In particular, the combined use of multi-
objective optimisation with life cycle assessment principles is a well suited approach
to address environmental issues when production objectives must be optimised

without neglecting the environmental concerns.

This work presents a systematic multi-objective optimisation tool for
optimising rainfed and irrigated areas considering economic and environmental
criteria (A Galan-Martin et al., 2016). The reader is referred to chapter Il for further
detailed description on this work. The tool developed is based on a linear
programming model that integrates water footprint data and life cycle assessment
principles. The water footprint methodology is used to estimate the crop water
requirements for green, blue and grey water in a specific location, while the life
cycle assessment methodology determines the potential environmental impact on
ecosystems and resources. The solution of the multi-objective linear programming
model developed is given by a set of optimal Pareto alternatives, each showing a
unique combination of objectives values and entailing specific optimal rainfed and

irrigated cropping areas.

The capabilities of the proposed approach have been demonstrated through
its application to the real case study of wheat (Triticum aestivum L.) production in
Spain. Results show that significant reductions in the damage to ecosystems and
resources can be attained while still maintaining or even increasing the wheat
production by an adequate distribution of the rainfed and irrigated wheat areas in
the Spanish watersheds. Moreover, some of the Pareto solutions found, each one
entailing specific optimal crop areas in each watershed, improve the current
situation simultaneously in the two objectives considered. From the set of Pareto

solutions, decision and policy makers should select the best one according to their
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economic and environmental preferences and considering the views of the farmers
and stakeholders (social concerns). Therefore, these optimal solutions represent a
useful guide to define appropriate strategies and policies that will ensure a more
sustainable agriculture system, minimise the environmental damage and ensuring

food security

Figure I-12 shows a graphical summary of the main finding of article 1.
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Figure 1-12 Graphical abstract of article 1: Multi-objective optimisation of rainfed and
irrigated agricultural areas considering production and environmental criteria: A case study
of wheat production in Spain.

1.6.2  Sustainable cropping plan decisions and subsidies (Article 2)

The new European Union’s Common Agricultural Policy (CAP) covers the
period from 2015 to 2020 (European Commission, 2011). Significant novelties in the
payment scheme have been introduced which may potentially encourage farmers
to implement changes at the farm level by meeting certain environmental
requirements in return for new support payments. The mandatory requirements,
commonly known as ‘greening rules’, consist of crop diversification, maintenance of

permanent grassland and establishment of an ecological focus area which arise as
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key strategies to move towards a more sustainable agricultural production. Several
EU farms will fulfil these greening measures without having to make major changes.
However, very likely, many farmers will have to make land use decisions bearing in
mind the new greening rules which will in turn imply significant changes at the farm
level. In this context, decision support models based on mathematical
programming techniques may play an important role in order to aid farmers on the

farm management facing the new CAP reform.

This work presents a decision-support tool based on a multi-stage linear
programming model that identifies optimal cropping plan decisions under the new
Common Agricultural Policy (Galan-Martin et al., 2015). Furthermore, by slightly
modifying the mathematical formulation, the model proposed is capable of
identifying the effective subsidies to spur the broad applicability of the agricultural
practises beneficial both for the world’s climate and environment. In that sense, the
model aims at supporting both EU farmers and EU governments in response to the

new CAP reform. A detail description of this work is included in Chapter Ill.

The capabilities of the tool developed are illustrated through its application to
the Spanish payment regionalisation CAP model, which divides the territory in
several agricultural regions defined according with similarities on agronomic and
socio-economic characteristics. Without loss of generality, six rainfed crops were
considered (i.e. wheat, barley, rye, oat, dried peas and sunflower) with particular
selling prices, exploitation costs and yields determined based on historical data. The
model allows identifying the optimal cropping plans (i.e. crops to be grown and
their acreage each year during the reform horizon) that maximises the farmer’s net
return in each Spanish region by simultaneously meeting the sustainability
requirements. The results show that the optimal cropping plans during the policy
horizon vary greatly across regions as well as the farmer’s net economic return.
Additionally, the results suggest that several regions may not fulfill the CAP greening

rules because the economic incentive is too small to compensate farmers for the
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loss in profit they incur from the implementation of the greening requirements. In
consequence, the model is used to calculate the minimum subsidy value that would
make the implementation of greening rules economically appealing in all Spanish
agricultural regions, thereby acting as a mechanism to promote the shift towards
more sustainable agricultural practises. The tool proposed in this work may
contribute to the effective transition towards agricultural practises beneficial for the

world’s climate and environment.

Figure 1-13 shows a graphical representation of article 2.
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Figure I-13 Graphical abstract of article 2: Multi-stage linear programming model for
optimising cropping plan decisions under the new Common Agricultural Policy.

1.6.3 Data envelopment analysis for sustainability assessment (Article 3)

So far no general agreement has been reached on how to assess the level of
sustainability of a system (Azapagic and Perdan, 2000; Pope et al., 2004b). This task
is challenging, since in sustainability assessment economic, environmental and
social aspects need to be considered simultaneously. In this work we explore the
use of data envelopment analysis (DEA) (Charnes et al., 1978; Cook and Seiford,
2009), a tool widely used to measure the efficiency of comparable systems, to
assess the extent to which a system adheres to sustainability principles.
Unfortunately, the standard DEA approach shows two major limitations particularly

critical when it is applied for sustainability assessment: it makes no distinction
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between the units deemed efficient, and does not offer information regarding each
sustainability dimension and the results are very sensitive to the set of input and

output considered.

In this work, we proposed an enhanced DEA to overcome the limitations of
the standard DEA by integrating the latter with the concept of order of efficiency (A.
Galdn-Martin et al., 2016). A detailed description of this work is shown in Chapter
IV. In essence, the idea is to repeat the calculation for all the possible combinations
of inputs and outputs within each of the sustainability and providing sustainability
efficiency metrics. Our enhanced DEA approach presents the following advantages:
(i) it considers each sustainability dimension separately, thereby providing more
information; (ii) it can handle a large number of economic, environmental and social
criteria; (iii) it enables ranking of alternatives according to the extent to which they
adhere to defined sustainability principles; and (iv) it provides clear quantitative

targets for the inefficient systems to improve their sustainability.

The capabilities of the approach are illustrated through its application to the
assessment of electricity generation technologies in United Kingdom, which are
expected to play a major role in the future electricity mix. Several economic,
environmental and social indicators calculated following a life a cycle approach
were considered. The enhanced DEA allowed ranking the technologies according to
their sustainability level and provided as well targets for the least sustainable
technologies that would make them more sustainable. Our analysis revealed that
gas, nuclear and wind are the most sustainable technologies. Coal and solar
photovoltaic should improve their environmental and social performance in order
to increase their sustainability efficiency. Biomass, either with Miscanthus sp. or
wood pellets, is equitable but environmentally inefficient, while coal with carbon

capture and storage is a bearable technology but economically inefficient.

The enhanced DEA is a useful tool for decision and policy makers, as it allows

identifying the main sources of inefficiency, setting in turn targets for future
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attainment in order to move towards a more sustainable development. Figure I-14

shows a graphical summary of article 3.
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Figure |-14 Graphical abstract of article 3: Enhanced data envelopment analysis for
sustainability assessment: A novel methodology and application to electricity technologies.

1.6.4 Tackling climate change in cooperation (Article 4)

Climate change is one of the main challenges facing the world today which
has been in the international political agenda as a collective commitment since the
United Nations Framework Convention on Climate Change entered into force more
than twenty years ago (UNFCCC, 2017). Despite the efforts made so far, the current
impasse in climate change negotiations together with the recent withdrawal of U.S.
from the Paris Agreement call for new cooperative mechanisms to enable resilient
international response (EPA, 2015; Keohane and Victor, 2016; Sandler, 2004;
Schmidt, 2015). In this contribution we envision an approach to aid such
negotiations based on quantifying the benefits of interregional cooperation and
allocating them among the participants in a fair manner (Galan-Martin et al., 2017).
The approach is underpinned by advanced optimisation techniques that allow
identifying the most cost-effective solutions for meeting emission targets for

differing levels of cooperation among the parties involved. The reader is referred to
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Chapter V for a detailed description of this work.

To illustrate how our approach would work in practice we consider the U.S.
Clean Power Plan (EPA, 2015), a related act in the U.S. aiming to curb the electricity
carbon emissions but also being withdrawn, which was the very first step of U.S.
that seeks to curb CO, emissions by 35% from the power sector. To do so, the plan
stablishes state individual targets based on three building blocks: switching from
coal-powered to natural gas power plants, increasing the share of zero emitting
renewable energy generation and improving plant efficiency. To carry out our
analysis we have developed a mixed integer mathematical programming named
ERCOM (as an acronym for Emission Reduction Cooperation Model) which
determines the most cost-effective solution for meeting the electricity demand for
different levels of cooperation while not exceeding the total CO, emissions ceiling
imposed by the U.S. Clean Power Plan. Our approach is underpinned by robust
optimisation techniques that automate the screening of millions of alternatives for
differing levels of cooperation, ultimately identifying the most cost-effective

solutions for meeting emission targets.

The results of the analysis reveal that significant benefits can be attained for
low levels of cooperation since, with only half of states cooperating, the cost of
electricity generation could be reduced by USS41 billion per year, while
simultaneously cutting carbon emissions by 68% below 2012 levels. These economic
and environmental gains arise from sharing the emissions targets and trading
electricity thereby exploiting regional advantages. However, this collective gain of
cooperation, despite necessary, may be not sufficient, since it also entails an
asymmetric distribution of efforts where some states can be penalised when
moving towards the partnership. Therefore, efficient mechanisms need to be
developed to engage all states through the collective action. Fair sharing of
cooperation dividends may be used as a key driver to spur cooperation since the

global action to mitigate climate change becomes beneficial for all participants.
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We argue that the proposed approach may be used as starting point to break
the impasse in the climate change negotiations that could be used in greater future
international challenges. Even if global cooperation remains elusive, it is worth
trying since the mere cooperation of a few states leads to significant benefits both
for the U.S. economy and the climate. These findings call on U.S. to reconsider its
withdrawal from the Paris Agreement but also boost individual states to take
initiative even in the absence of federal action. Figure |-15 shows a graphical

summary of article 4.
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Figure 1-15 Graphical abstract of article 4: Time for global action: An optimised cooperative
approach towards effective climate change mitigation

1.7 General conclusions

This thesis has been devoted to develop mathematical programming models
and methods to support sustainable decision and policy making. Different
mathematical programming models have been developed to tackle some
sustainability challenges with emphasis on sustainable agricultural planning and
sustainable energy systems modelling. We next present a summary of the
knowledge derived from the study of the four problems addressed in this thesis.
Note that further discussions and particular conclusions can be found in each

corresponding chapter. The general conclusions are listed below:
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A systematic multi-objective optimisation tool to optimal allocating rainfed
and irrigated crop areas considering simultaneously both economic and
environmental criteria have been developed. The tool integrates life cycle
assessment principles and water footprint accounting with mathematical
programming techniques which allows identifying optimal allocations
patterns that simultaneously maximise the crop production and minimise
impact on environment. The tool is intended to support decision and policy
makers to promote a more sustainable agriculture.

A multi-stage mathematical programming model for crop planning facing
the new Common Agricultural Policy reform has been developed. The
applicability of the support-tool is twofold, since it may be used to support
farmers’ decisions facing the new greening measures but also to support
governments proposing an adequate subsidy to potentially engage all
farmers towards the sustainable agricultural practices.

An enhanced data envelopment analysis tailored to perform sustainability
assessments has been proposed. The method allows ranking systems
according to sustainability principles and also allows in turn pinpointing in a
systematic manner the main sources of inefficiency and set improvement
targets to become sustainable.

A novel approach to enable a resilient collaborative international response
in negotiations on climate change mitigation is proposed. This approach is
based on quantifying the benefits of curbing CO, emissions in cooperation
using rigorous optimisation tools and distributing them among the parties
involved in a fair manner so as to spur an effective collective action.

The capabilities of the decision and policy making support tools developed
in this thesis have been tested by applying them to real world case studies,
therefore demonstrating that they could actually be used in the real context

guiding us towards more sustainable decisions.
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1.8

New tools to reconnect the human development to sustained progress are
and will be needed. We have demonstrated that we have the tools to
develop new decision and policy making support mechanisms based on
optimisation models and methods that might make a key contribution

towards the sustainability transition.

Future work

A wide range of issues as well as potential improvements and new ideas have

been revealed in the course of this thesis that may be focus of further investigation.

Here we present some of the potential research lines to be explored in future work:

This thesis was devoted to two key structural transformations (sustainable
food security and sustainable energy transformation) contributing to the
much-needed transition towards sustainability. Particularly, the
optimisation tools developed make a contribution to tackle four out of the
nine global environmental challenges currently highlighted, namely,
ecosystem loss, climate change, land use change and freshwater use. In the
future further attention may be pay to other problems contributing to the
remaining global environmental challenges and others emerging ones (e.g.

biodiversity loss or chemical production).

Other key structural transformations towards sustainability to be tackled in
the future may be the “Urban sustainability transformation” since
urbanisation is increasing extremely rapidly in all developing countries.
Sustainable optimisation problems may be addressees related with

buildings, smart power grids or transportation.

So far traditional approaches to sustainability have been concentrated on
the production side (i.e. production-based approaches), that is, all the
responsibility and environmental burdens are allocated to producers.

However, it can be arguably unfair since consumers should also bear some
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responsibility about that. Consumers have a key role in the transition
towards sustainability. Adopting consumption-based approaches to address
problems may constitute a major focus of future research as towards
optimising and modifying consumption patterns (e.g. energy consumption
or diet). Initiatives supported by mathematical programming models to
promote more sustainable lifestyles may play a key role towards sustainable

development.

= Social indicators were almost neglected in our approach. Enlarge the scope
of the sustainability encompassing more social aspects together with the
economic and environmental criteria will be a major focus for future
research. Although it might probe challenging from the parameter gathering
perspective, there are some emerging methodologies recently proposed
(i.e. Social Life Cycle Assessment initiative) that may be used to include

social aspects.

=  Further work can be focused on the introduction of uncertainties into the
models in order to provide more robust solutions. Formulations can be
extended to other proactive and preventive approaches such as rolling

horizons or stochastic programming.

= Regarding the sustainable food security challenge, the formulation
presented in Chapter Il may be extended considering agricultural
production disturbances under climate change and considering the
unstoppable population growth, in line with initiatives such as “The
challenge of feeding 10 billion people” with minimum environmental impact

(Godfray et al., 2010; Priefer et al., 2013).

®" In order to provide more tailored information for decision and policy-
makers it may be interesting further extend the formulations incorporating

stakeholders’ preferences by means of a priori articulation methods such as
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bi-level optimisation. Furthermore, development of software tools
implementing the models developed herein would be crucial to widen their

applicability.
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2.1 Introduction
Unsustainable use of freshwater is a major issue that can potentially generate
unacceptable environmental changes at the global as well as local scales (Rockstrém
et al., 2009; Steffen et al., 2015). Freshwater resource availability is rapidly
decreasing and experts expect that more than two-thirds of the world’s population

will be affected by water scarcity over the next decades (Rijsberman, 2006).

In practise, agriculture is by far the largest consumer of freshwater worldwide

(FAO, 2014; UNEP, 2007). In particular, irrigated agriculture accounts for more than
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70% of freshwater withdrawals from rivers, lakes and aquifers (Garrido et al., 2010),
while rainfed agriculture is the largest consumer of water from precipitation (Liu et
al., 2009; Postel et al., 1996). Overall, water consumption in global crop production
is causing significant environmental impacts on natural resources, ecosystem quality
and human health (Nufiez et al.,, 2013) that cannot be ignored. In this backdrop,
future agriculture will face a great challenge: meeting the growing food demand
while simultaneously reducing freshwater consumption and the associated

environmental impact.

Hence, managing water resources in the agricultural sector in an efficient
manner becomes a critical issue to look at when moving towards a sustainable
economy (Ridoutt and Pfister, 2010). To manage water resources efficiently and
minimise the impact of water consumption, it is necessary to define appropriate
metrics and integrate them into tailored systematic decision-support tools.
Research efforts in this area have been devoted mainly to assess the environmental
impact of water consumption through descriptive metrics based on two main
approaches: water footprint (WF) and life cycle assessment (LCA) (Boulay et al.,
2015; Jefferies et al., 2012). In contrast, the literature on decision- support tools for

the sustainable management of water and crops in agriculture is still quite scarce.

The WF concept, which was originally introduced by Hoekstra (Hoekstra,
2003), is a descriptive indicator that quantifies the total volume of freshwater used
per unit of mass produced during the entire crop production growing period
(Hoekstra et al., 2011). On the other hand, LCA is a tool which measures the
environmental impact caused by products along their entire life cycle (Finnveden et
al., 2009). The impact of water consumption was traditionally neglected in LCA
studies (Mila i Canals et al., 2008), but several attempts have been recently made to
overcome this limitation (Berger and Finkbeiner, 2010). For instante, Mila i Canals et
al. (2008) introduced the concept of freshwater ecosystem impact as an indicator of

the effects of direct water consumption on ecosystem health, while Hospido et al.
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(2012) applied this indicator to estimate the impact of irrigated products in Spain.
Other authors employed both WF and LCA approaches to assess the potential
impacts of different crops, such as tea and margarine (Jefferies et al., 2012) as well
as tomatoes (Chapagain and Orr, 2009). These authors argue that classical LCA
could benefit from WF methods by integrating water assessment with other
environmental indicators. Recently, the WF concept has been combined with the
LCA approach to quantify the impact of water consumption on all of the stages in
the life cycle of a product (Pacetti et al., 2015; Pfister et al., 2009). Pfister et al.
(2009) developed a method based on the WaterGAP2 model (Alcamo et al., 2003)
that combines WF and LCA. This approach was later applied by Pfister and Bayer
(2013) to assess 160 crops worldwide. Moreover, Pacetti et al. ( 2015) analysed the
environmental performance of biogas production from energy crops through the

integration of WF and LCA.

The integration of WF and LCA enables a comprehensive assessment of the
environmental impact derived from water consumption. Despite its benefits, the
approaches mentioned above are still descriptive in nature. That is, they quantify
the environmental impact of water consumption, but offer no guidelines on how to
minimise such an impact. Obtaining “more crop and nature per drop”, that is,
maintaining or even increasing the productivity while minimising the environmental
impact is the paradigm to be achieved in agriculture (Aldaya et al., 2009). This goal
cannot be addressed using exclusively descriptive approaches. It is necessary to
resort to optimisation methods that can generate in a systematic manner a large
number of alternatives and identify the best ones among them. Despite their high
potential, however, the use of optimisation in the field of agriculture has been quite
scarce. The few approaches proposed so far based on optimisation have
concentrated primarily on optimising water resources (Singh, 2012a) and cropping
patterns (Singh, 2012b) according to economic criteria, thereby disregarding the

environmental impact of water use.
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Multi-objective optimisation (MOO) allows optimising systems according to
different criteria, including environmental and economic aspects (Azapagic, 1999).
In particular, MOO (Chankong and Haimes, 1983; Ehrgott, 2000) can treat
environmental concerns as decision-making objectives rather than as constraints
imposed on the system (Garcia et al., 2014; Grossmann and Guillén-Gosalbez, 2010;
Guillen-Gosalbez et al., 2007). MOO generates a set of alternatives (called Pareto
optimal solutions) which are non-dominated (none of the objectives in a Pareto
optimal point can be improved in value by any other feasible solution without
worsening at least another objective value). The analysis of these solutions provides
insight into the trade-off between objectives (Azapagic and Perdan, 2005; Branke et
al., 2008). In a seminar work, Azapagic and Clift (Azapagic and Clift, 1999; Azapagic,
1999) proposed to combine LCA and MOO into a single framework. This approach
has been applied in a plethora of engineering problems in order to automate the
search for more sustainable alternatives (Grossmann and Guillén-Gosalbez, 2010;

Pieragostini et al., 2012; Yue et al., 2016).

In the agricultural area, MOO has been successfully employed in the
management of resources in arid and semiarid areas. Along these lines, Xevi and
Khan (2005) applied MOO to optimise reservoir operations and water allocation for
irrigation, while Chen et al. (2013) used MOO to realise the optimum allocation of
multiple reservoirs in a basin. MOO has also been employed to analyse crop
planning problems, most of them focusing either on economic criteria (Dury et al.,
2011; Sarker and Ray, 2009; Zeng et al., 2010) or on environmental objectives
(Khoshnevisan et al., 2015). To the best of our knowledge, however, MOO and LCA
have never been integrated into a single unified framework in the context of

agriculture.

In this work we develop a tool to optimise the allocation of crops, an area
that offers large potential for enhancing food availability and reducing the

environmental impact of agriculture (Foley et al., 2011). A systematic MOO tool is
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presented which integrates a descriptive LCA-based methodology (that quantifies
the impact of water consumption) with an MOO optimisation model that identifies
optimal cropping patterns (i.e. optimal rainfed and irrigated agricultural areas in a
specific region of interest) that simultaneously maximise the productivity and
minimise the environmental impact of water consumption. The capabilities of the
proposed tool are illustrated through its application to a real case study based on

wheat production in Spain.

2.2 Model description and solution method

In this section we present the mathematical model for solving the rainfed and

irrigated cropping areas allocation problem, followed by the solution procedure.

2.1.1  Multi-objective linear programming model

The problem addressed in the paper is formulated in mathematical terms
using a linear programming model (LP) containing four sets of equations: objective
function equations, demand satisfaction constraints, capacity limitations constraints

and water demand constraints. These equations are described in detail next.

Obijective functions equations

The model seeks to minimise the environmental impact while simultaneously
maximising the amount of crop produced. This general goal is expressed through
the following three objective functions: maximise production (Eqg. 1l-1), minimise

damage to ecosystem quality (Eq. 1l-2), and minimise damage to resources (Eq. 1I-3).

The total crop production is calculated via Eq. II-1 as the summation of the
amount of crop produced in the rainfed and irrigated areas in each watershed j

(expressed in tons [t]).
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P . .]qDRY DRY
Production = Z[(Yleldj - Surface; ) Eq. 111
; .

+ (Yield]1RR . Surface}RR)]

DRY
J

where Surface and Surface]lRR are continuous variables that represent,
respectively, the rainfed and irrigated areas in each watershed j devoted to a given
crop (expressed in hectare [ha]). In the same equation, Yield?®" and Yield[** are
production rate parameters associated with the rainfed and irrigated areas within
each watershed j (i.e. the ratio between amount of crop produced per unit of land

area expressed in tons per hectare [t - ha™1]).

The environmental impact derived from water consumption is determined
mathematically via Eq. 1I-2 and Eqg. 1I-3, where EQ represents the damage to
ecosystem quality (quantified in square metres per year as land occupation
[m2year]), and RD represents the damage to resources depletion (expressed in

surplus of energy [M]] ).

EQ = Z [CF].EQ : CWRj] Eq. II-2
i

RD = Z[CF]-RD - CWR|] Eq.11-3
j

Here CFjEQ and CFJ-RD are parameters denoting, respectively, the
environmental damage in ecosystems and resources caused by water consumption;
and CWR; is a variable that represents the total crop water requirements in each
watershed j (expressed in cubic metre [m3]). CFjEQ and CFJ-RD are environmental
damage factors taken from Pfister et al. (2009), which in our case were calculated
following LCA principles, using a 0.5° grid cell resolution and aggregating the
watersheds by country. CF}EQ is the ecosystem quality damage factor that
represents the surface that suffers the environmental damage caused by water
consumption during one year (expressed in square metre-year per cubic

metre [m?year - m~3]) (note that this approach is similar to the concept of land use
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impact). CF]-RD is the characterization factor for freshwater depletion and represents

the surplus of energy needed to extract the same amount of water in the future
(expressed in mega joules per cubic metre [M] - m~3]). For further details on these

metrics, the reader is referred to (Pfister et al., 2009).

Demand satisfaction constraint

As already mentioned, the model seeks to maximise the crop production rate.
However, there is a minimum production that should be attained in order to ensure
that a minimum demand is met. This condition is enforced using the following

equation (Eq. 1l-4):

Production = Demand Eq. 1I-4

where Demand is a parameter (expressed in tons [t]) that represents the minimum

amount of crop that needs to be produced.

Capacity limitation constraints

To ensure that the solution found by the algorithm can be implemented in
practice, Eq. II-5 forces the optimal surfaces in each watershed j to be below the
AVA)

available surface in the watershed j (parameter Surface;

Surface?® + Surface/*® < SurfacefV4 v Eq. I-5

The available surface for one crop in each watershed j should be limited to
the current harvested areas dedicated to this crop (Eq. 1l-6). Hence, this constraint
ensures that the optimal areas are suitable and available for the crop growth, that
is, they meet the soil and climate conditions for the crop. Therefore, the available
surface is obtained as the summation of the current cultivated rainfed and irrigated

areas, denoted by parameters SR]-DRY and SR}RR, respectively. The reader should

DRY

not confuse these parameters with the continuous variables Surface; and

IRR
Surface;™".
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SurfacejAVA = SR}DRY + SR}RR vj Eq. -6

In addition, the rainfed and irrigated surfaces in each watershed j (denoted by
continuous variables Surface?® and Surfacej®) are constrained within lower

and upper bounds, as shown in Eq. II-7 and Eq. II-8.

SRP®Y < Surfacep™ < SRPRY  vj Eq. 1I-7

SR}RR < Surface}®® < SR%RR vj Eq. II-8

where SRJ-DRYand SRJ-DRY denote, respectively, the lower and upper bounds imposed

on the rainfed areas; and SR/®®and SR/RR! the corresponding bounds on the

irrigated areas. These bounds are calculated as a percentage change with respect to

the current areas cultivated in each watershed j.

Agricultural water demand constraints

The crop water requirements in each watershed are determined via Eq. II-9 as

the summation of its individual components (i.e. green, blue and grey water):

CWRJ — VV]GREEN + VV]BLUE + VV]GREY v] Eq 11-9

where WFREEN represents the total volume of green water (i.e. rainfall water)
consumed by the rainfed and irrigated surfaces in each watershed j (expressed in
cubic metre [m3]). W/PLVE represents the total volume of blue water (i.e. irrigation
water) consumed by the irrigated surfaces in each watershed j (expressed in cubic
metre [m®]). WY represents the total volume of grey water consumed (i.e. water
needed to assimilate the pollutants) in each watershed j (expressed in cubic

metre [m3]).
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The total green, blue and grey water consumed are calculated via Eq. II-10,

Eqg. 1I-11 and Eq. II-12.

WFREEN = CWUPREEN . [SurfaceP®" + Surfacel*®] vj  Eq.1-10
WPLUE = CWUPMUE - Surface[FR - vj Eq. 1I-11
WEREY = CWUSREY - [SurfaceP® + Surface[®™®| vj Eq. II-12

where CWUFREEN, cCWUPMYE and CWUSR*"are parameters which represent the
green, blue and grey water crop requirements in a specific watershed j (expressed
in cubic metre [m3 - ha™1]). As defined by Hoekstra et al., (2011), the CWUJ-GREEN
refers to the consumption of the green water resources that are available for the

crop in the soil (rainwater insofar as it does not become run-off), CW refers

UjBLUE
to the consumption of blue water resources (surface and groundwater
consumed/extracted for irrigation), and CWUjGREYrefers to the volume of
freshwater that is required to assimilate the load of pollutants (considering natural

background concentrations and existing ambient water quality standards).

The crop water requirements can be either determined based on
real/experimental data or estimated following the WF assessment method
proposed by Hoekstra et al. (2011) and implemented in the CROPWAT 8.0 software
developed by the Food and Agriculture Organisation (Allen Richard et al., 1998;

FAO, 2010). Note that for rainfed crop production, CWUJ-BLUE is zero (no irrigated
water), while for irrigated crop production, CWUJ-GREE’V is assumed to be equal to

the rainfed crop production (see details of the method in Appendix A).

2.1.2  Solution method: multi-objective optimisation
The overall problem can be formulated as a multi-objective linear

programming model that is expressed in compact form as follows:
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min F:{f11f21f3} i
s.t. Egs.4 — 12 Eq. II-13
X €ER

Where function f; is the production (Eq. II-1), f, is the damage to ecosystem
quality (Eq. 1I-2), and f; is the damage to resources depletion (Eq. 1I-3) (note that
minimising the negative of a function is equivalent to maximising the same
function). Continuous decision variables x represent the rainfed and irrigated
harvested areas in each watershed. We aim to minimise simultaneously the three

objective functions subject to the constraints imposed by Egs. 114-1112.

The multi-objective LP is solved using the epsilon-constraint method (Ehrgott,
2008), which is based on formulating an auxiliary model in which one obijective is
kept as main objective and the remaining ones are transferred to auxiliary
constraints that impose epsilon bounds (g) on their values. This method generates
single objective sub-problems by systematically varying the e-constraint bounds
imposed on the auxiliary objectives (Chankong and Haimes, 1983; Haimes et al.,
1971). Further details on this method can be found elsewhere (Ehrgott, 2008).

Therefore, the auxiliary single-objective models are expressed in compact form as

follows:
max f1(x)
s.t. fo(x) <€
fé(x) < g, Eq. II-14
Eqs. 4 — 12
x€ER

These models are solved for different epsilon values, thereby generating in
each run a different Pareto solution. Therefore, the solution of the multi-objective
problem is given by a set of Pareto alternatives that represent the optimal trade-off
between the objectives. These solutions cannot be improved in one of the
objectives without necessarily worsening at least another criterion. The set of
Pareto alternatives forms the Pareto set, which contains all the non-inferior or non-

dominated solutions.
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Figure 1I-1 illustrates the concept of Pareto optimality for a simple case with
two objectives (e.g. production and environmental impact). Points lying above the
curve are sub-optimal solutions that can be improved in both criteria
simultaneously. The region below the Pareto curve contains unfeasible solutions,
since there is no single point showing better performance than the Pareto solutions

simultaneously in both indicators.

max Production

L] ° . °

Feasible solutions
. (suboptimal)

Environmental impact
L J
®

o)
° g&l @
PAREKC)O .

o ¢ , Infeasible solutions

min Impact >

v

Production

Figure II-1 Pareto Front of a bi-criteria problem obtainable by the multi-objective
optimisation method.

Each solution of the Pareto curve is optimal and represents a unique
combination of both objectives entailing a particular rainfed and irrigated area in
each watershed. Decision and policy-makers will select a solution from the Pareto

set that will reflect, in the best manner possible, the stakeholders’ preferences.

2.3 Case study
The capabilities of the approach presented are demonstrated through its
application to a real case study based on wheat (Triticum aestivum L.) production in
Spain. Note that this crop is used for illustrative purposes. Our model is indeed

general enough to assess any other crop in any other region.

We focus on wheat production because it is one of the most widely used
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cultivated grain cereals with a major role in feeding people and livestock.
Furthermore, we select the Spanish territory because it is the driest country in
Europe, with a high climate variability along its territory located in one climate

change hotspot (Giorgi, 2006).

Wheat dominates the Spanish cropping system and it is one of the crops most
critically affected by water scarcity and climate change (Karrou and Oweis, 2012;
Ortiz et al., 2008). Agronomic practises differ largely along the Spanish territory
owing to the different climate, topography, soil and social conditions (Rharrabti et
al., 2003). In Spain, rainfed wheat land has traditionally occupied more than 85% of
the total wheat arable land, while irrigated land produces more than 20% of the
nation’s wheat grain. Further details on historical wheat production data over Spain
can be found in the Agriculture Statistics of Spanish Ministry of Agriculture, Food

and Environment (MAGRAMA, 2014).

Considering as base case the spatial location of the wheat harvested in Spain
for 2011, the goal is to apply the proposed approach to optimise wheat rainfed and
irrigated cropping areas along the Spanish territory. The region of interest (i.e. the
whole area of Spain) is divided into a number of watersheds (regarded as
autonomous regions of environmental management and economic development).
Figure II-2 shows the 16 Spanish watersheds considered in this study, 15 in the

Peninsula and one in the Balearic Islands.
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Il Galicia Costa (1)

[l Mifo-Sil (2)

[l Cantabrico occidental (3)
[[T]Cantabrico oriental (4)

Il Ebro (5)

Il C. Internas de Catalufia (6)
[ Duero (7)

-Tajo (8)
‘ Wicar (9)

Il Guadiana (10)

Il Tinto, Odiel y Piedras (11)
Il Guadalquivir (12)

[ Guadalete y Barbate (13)
I C. Mediterrénea andaluza (14)
[JSegura (15)

[ islas Baleares (16)

Figure 11-2 Study area divided into 16 watersheds.

Two areas of environmental protection are considered: ecosystem quality and
resources. We consider the environmental characterisation factors estimated by
Pfister et al. (2009) based on the Eco-Indicator-99 LCA method (Goedkoop and
Spriensma, 2001) (for further details on these metrics refer to (Pfister et al., 2009)).
The characterisation factors for each Spanish watershed are shown in Table II-1.
Higher values of the characterisation factors imply greater levels of vulnerability in
the watershed concerning the effects of water consumption.

Table 11-1 Characterisation environmental factors for ecosystem quality and resources
depletion specific for each watershed (Pfister et al., 2009).

Ecosystem quality Resource depletion
Watershed
(m’year-m?) (MJm?)
Galicia Costa 0.115 0.000
Mifio-Sil 0.107 0.000
Cantdbrico Occidental 0.159 0.000
Cantdbrico Oriental 0.121 0.000
Ebro 0.270 0.000
Cuencas internas de Catalufia 0.314 2.605
Duero 0.271 0.000
Tajo 0.348 0.000
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Jucar 0.545 0.000
Guadiana 0.638 0.000
Tinto, Odiel y Piedras 0.240 0.000
Guadalquivir 0.496 2.978
Guadalete y Barbate 0.112 0.000
Cuenca Mediterranea Andaluza 0.398 3.301
Segura 0.574 9.651
Islas Baleares 0.276 0.000

The current wheat rainfed and irrigated surface and yield parameters
corresponding to each watershed (Table II-2) were estimated using historical data
regionalised at the province level sourced from the Agricultural Statistics Yearbooks
of the Spanish Ministry of Agriculture, Food and Environment for the year 2011
(MAGRAMA, 2014). The province data were aggregated at the watershed level using

conversion factors, as shown in Egs.ll-15 to 1I-18.

SRPRY = X4 [CSRY - fei] Vi Eq. II-15

SRIRR = 3, [CSIRR - £ii] Vi Eq. II-16

Yield}DRY _ z[YPl?RY . CSPRY ,fk’j]/SR})RY v Eq. I1-17
k

Yield[®® = ¥, [YPRR - CSIFR - fio ;] /SRIFR v Eq. II-18

where SRP®"and SR{*®denote the estimated rainfed and irrigated surfaces
corresponding to each watershed j; CSPRY and CSiRR are the real crop harvested
surfaces under rainfed and irrigated conditions in province k; and fj ; represents
the fraction of province k in the watershed j (i.e. area of province k belonging to the
watershed j divided by the total area of province k). YieldJDRY and Yield}RR denote

the production rate parameter for each watershed j; while YPPRY and YPIRR are
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rainfed and irrigated crop yield in province k.

We also assume that the wheat demand to be satisfied is equal to 6,888,147
tonnes which corresponds to the total wheat production in Spain for 2011

(MAGRAMA, 2014).

Due to the lack of real data, the wheat water requirements in each watershed
(i.e. green, blue and grey denoted by CWUjGREEN, CWU]-BLUE and CWUjGREY,
respectively) were estimated using the framework proposed by Hoekstra et al.
(2011) and the CROPWAT 8.0 software developed by the Food and Agriculture
Organisation (Allen Richard et al., 1998; FAO, 2010). The wheat water requirements
were first estimated for 67 meteorological stations spread across all watersheds,
and then aggregated at the watershed level. Climate data for each meteorological
station (temperature, precipitation, humidity, sunshine hours and wind speed)
correspond to the average value for the period 1981-2010 (AEMET, 2014) (see
details on this method and the estimation in Appendix 2.9). We assume that the
theoretical wheat water use (Table II-3) may be overestimated since farmers may

not irrigate at the optimum level.

Table 1I-4 shows the parameters regionalised at the watershed level fed into
the model: wheat surface and yield for rainfed and irrigated areas and wheat water
requirement for green, blue and grey water. Note that we assume that the rainfed
and irrigated yields can be attained with the theoretical water requirements that

are estimated. For rainfed areas, CW is zero (no irrigated water); while for

BLUE
Uj

irrigated areas, CWUjGREEN is equal to the rainfed production, and CWU]BLUE is the
theoretical irrigation needed to achieve the irrigated yield (Yield}RR) assuming that

farmers irrigate at the optimum level.
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Table 11-4 Wheat yield (t-ha'l), available surface (ha) and water use (ma-ha'l) for green, blue
and grey water in each watershed.

Rainfed Irrigated Crop Water Use
Watershed

Yield Surface Yield | Surface Green Blue Grey
Galicia Costa 5.94 2847.70 - - 3781.75 | 2495.25 | 285.00
Mifio-Sil 2.51 | 17548.65 | 5.65 | 5302.26 | 3320.25 | 4237.75 | 285.00
Cantabrico

2.26 1732.64 5.65 362.91 4037.67 | 1682.67 | 285.00
Occidental
Cantabrico

4.67 15040.09 | 5.34 | 1884.29 | 4478.00 | 1423.50 | 285.00
Oriental
Ebro 3.27 | 453705.38 | 4.84 | 96464.47 | 2620.38 | 6098.25 | 285.00
Cuencas

internas de | 3.88 | 39787.44 | 4.98 | 6734.49 | 3014.00 | 4823.00 | 285.00

Catalufia

Duero 3.80 | 536016.96 | 5.24 | 66792.57 | 2305.78 | 6331.89 | 285.00
Tajo 2.89 | 144233.87 | 4.81 | 12320.69 | 2049.63 | 7874.00 | 285.00
JUcar 2.72 | 57607.40 | 5.58 | 14621.28 | 2103.50 | 6968.00 | 285.00
Guadiana 2.45 | 140166.92 | 4.10 | 12869.88 | 1885.00 | 8416.50 | 285.00

Tinto, Odiel vy
3.41 6247.32 | 4.68 362.00 | 1800.00 | 8178.00 | 285.00
Piedras

Guadalquivir 2.62 | 203516.31 | 4.29 | 33060.84 | 1921.75 | 7965.75 | 285.00

Guadalete Y
2.89 | 45809.96 | 4.02 | 4956.49 | 1824.50 | 6789.50 | 285.00
Barbate

Cuenca
Mediterranea 2.46 | 33023.85 | 4.22 | 3668.76 | 1345.50 | 8037.50 | 285.00

Andaluza

Segura 2.21 | 25152.56 | 5.17 | 10756.00 | 1538.67 | 8189.67 | 285.00

Islas Baleares 3.40 3612.00 | 5.10 | 446.00 | 1934.00 | 6531.33 | 285.00
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All the parameters employed in the model are assumed to be deterministic,
that is, we assume nominal values for them. However, the crop yield and water
requirements highly depend on soil conditions, climate and agronomic practises;
while the LCA calculations are also affected by several uncertainty sources,
particularly concerning the environmental characterisation factors. As will be later
discussed during the article, to deal with these uncertainties we carry out a

sensitivity analysis.

It is assumed that the rainfed and irrigated surfaces cannot be altered by
more than 20% from their current values (base case). These lower and upper
bounds on the variables can be easily modified, and we can even considering
replacing crops by others requiring similar conditions. It is also assumed that the
water employed in the base case (i.e. for the real wheat harvested rainfed and
irrigated areas in 2011 in Spain), corresponds to the theoretical water requirements

shown in Table II-4.

2.4 Results and discussion
The LP model was implemented in the General Algebraic Modelling System
(GAMS) (Brooke et al., 1998) software version 24.2.1 and solved with the CPLEX
12.6.1.0 solver using an AMD A8-5500 APU with Raedon 3.20 Ghz and 8.0 GB RAM.
The model features 55 continuous variables and 42 equations. The solution time
varied depending on the instance being solved, but was always within the range 0.5

to 1.3 CPU seconds in the aforementioned computer.

2.4.1 3-Dimensional objective space

We first generated the Pareto set for the original problem containing three
objective functions, that is, maximising the production while simultaneously
minimising the damage to ecosystems quality and to resources. Figure lI-3 shows
the set of 3D Pareto points (depicted in blue colour) produced by running 100
iterations of the epsilon constraint method (Ehrgott, 2009). In each of the iterations,

production is maximised as a single objective, while the damage to ecosystem
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quality and resources are transferred to auxiliary constraints. To generate the ¢-
constraint bounds imposed on the environmental functions, we first calculated the
individual optimum for each objective. Then, we defined the range within which
each objective function should fall. Next, we divided this interval into 9 equal
intervals, thereby generating 10 e-constraint bounds for each environmental
objective function. Finally, the LP model was recursively solved for each possible

combination of the e-constraint values (i.e. 100 possible combinations).
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Figure 1I-3 Pareto set of solutions for the three-criteria multi-objective optimisation problem
(3-Dimensional visualisation).

Each point in the 3D Pareto set represents an optimal alternative achieving a
unique combination of objectives values (entailing specific rainfed and irrigated
surface areas in each watershed). Therefore, each optimal alternative involves
replacing (to a certain extent) rainfed by irrigated surfaces or vice-versa in each
watershed (compared to the base case). Additionally, Figure 1I-3 depicts the

extreme solutions (in green colour), as well as the base case (in red colour).
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The assessment of the 3D Pareto optimal solutions and their comparison with
the base case are challenging. To get further insight into the inherent trade-offs
between objectives, the solutions are represented in Figure Il-4 in the form of a
parallel coordinates plot in which each 3D solution is equivalent to a polyline. Each
polyline intersects in a specific position the three vertical axes representing the
objective functions (production, damage to ecosystem quality and damage to
resource depletion). The position where a solution crosses a vertical axis indicates
its value in this specific objective. The values were normalised by subtracting the
minimum from each element (or by subtracting the value from the maximum,
depending on whether the objective is maximised or minimised), and then dividing
by the difference maximum-minimum, so that a value of 1 represents the best value

for the objective.

1.0
- Base case
0.8 = « = Max Production
= = Min damage to EQ
- === Min damage to RD
. === Solution 1
——— Solution 2
Solution 3
0.4 Solution 4
=== Solution 5
) 7/ A B . B Rest solutions
0.0 =
Production Ecosystem Resource
Quality Depletion

Figure II-4 Parallel coordinates plot of the 3D Pareto set of solutions: extreme solutions for
each objective (green polylines), solutions 1 to 5 that improve the base case in the three
objectives (dashed polylines), other solutions that improve the base case in at least one
objective (dotted polylines), and base case (solid red polyline).

As observed in Figure II-4, the base case (red polyline) is clearly suboptimal,

as there are at least 5 Pareto solutions (depicted by dashed coloured polylines) that

are better simultaneously in the three objectives. Regarding the extreme solutions,
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the minimisation of the damage to ecosystem quality leads to a solution showing
better performance than the base case in the three objectives. Maximising the
production worsens the environmental objectives, while minimising the damage to
resource improves the production yield and worsens the damage to ecosystem
quality (with respect to the base case). Additionally, Figure lI-4 shows the remaining
3D solutions (depicted by doted black polylines) that are better than the base case

in at least in one objective.

The interpretation of the 3D plot (Figure 1I-3) and subsequent selection of a
preferred Pareto solution are not straightforward. Additionally, the visualisation of
a large set of solutions in the parallel coordinates plot (Figure II-4) may be unclear
given the dense nature of the cloud of Pareto points. To facilitate this task and get
further insight into inherent trade-offs between pairs of objectives, we projected
the Pareto points onto 2D plots. Furthermore, we generated a set of optimal Pareto
solutions for subspaces of two objectives and compared them with the points
resulting from solving the problem in the original space of three objectives. Note
that the solutions generated for the 2D cases are guaranteed to be optimal in the

3D space, while the converse is not true.

2.4.2  2-Dimensional Objectives Spaces

The 2D Pareto points were obtained by solving three different bi-criteria LPs,
in each of which we minimise each objective against one of the others (resource
depletion vs production, ecosystems quality vs production and resource depletion vs
ecosystem quality). More precisely, we ran 10 iterations of the epsilon constraint
method for each such problem, generating 10 optimal solutions for each 2D space
problem. Figure II-5, Figure 1I-6 and Figure 1lI-7 show the projections onto the
subspaces resource depletion vs production, ecosystem quality vs production and
ecosystems quality vs resource depletion, respectively. The following points are
plotted in the figures: the original set of 3D Pareto optimal solutions projected onto

the corresponding 2D subspace (unfilled blue points), the optimal points generated
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in the 2D subspace itself (filled blue points) and the base case (red colour point). As
observed in Figure II-5 and Figure 1I-6, there is a clear trade-off between each
environmental impact and the production rate (an improvement in the latter
implies worsening the former). Furthermore, the base case (depicted in red) is sub-

optimal in the space of either pair of two objectives.
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Figure 1I-5 Set of Pareto optimal solutions for the bi-criteria problem resource depletion vs
production.

As can be observed in Figure II-5, there are six optimal solutions in the space
resource depletion vs production (the first ones starting from the left-hand side of
the Pareto set) showing lower damage to resources and higher production rates
than the base case (i.e. dominating the base case solution). Additionally, the slope
of the Pareto curve is small in the first three points and then increases significantly
thereafter, implying that larger improvements in production can be attained by
increasing marginally the damage to resources depletion (making such solutions

appealing for decision-makers).

On the other hand, the slope of the Pareto set in Figure II-6 (trade-off
between ecosystems quality and production) is almost constant. Again, from point 1

to 3 (starting from the left-hand side of the Pareto set), it is possible to improve the
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base case simultaneously in both objectives.
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Figure 11-6 Set of Pareto optimal solutions for the bi-criteria problem damage to ecosystems
quality vs production.

Finally, we analysed the trade-off between both environmental objectives
(damage to ecosystem quality vs resource depletion) (see Figure 11-7). As observed in
Figure 1I-7, there is a clear trade-off between both impacts, as an improvement in
one criterion is only possible by worsening the other one, that is, reductions in the
minimum damage to ecosystem quality are only possible by increasing the

minimum damage to resources.
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Figure 11-7 Set of Pareto optimal solutions for the bi-criteria problem damage to ecosystems
quality vs resource depletion.

Remarkably, the base case (depicted in red in Figure II-7) is sub-optimal in the
2D subspace damage to ecosystems quality vs resource depletion, as it can be
improved simultaneously in both objectives by some points lying in the Pareto
front. As observed, all the Pareto solutions generated in the space damage to
ecosystems quality vs resource depletion show less damage to resources than the
base case, and there are six solutions which are also better in terms of damage to
ecosystems quality. Starting from the top solution, the slope of the curve decreases
sharply, so reductions in damage to ecosystem quality can be attained by increasing
the damage to resources depletion marginally, while from point 8 the slope shows a
low rate of decrease. Point 8 is identified as a “knee point”, in which the slope of
the curve changes significantly, and it may be particularly appealing for decision and

policy makers.
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2.4.3 Optimal rainfed and irrigated cropping areas

Any Pareto point could be chosen by decision and policy-makers as they all
represent optimal alternatives achieving a unique combination of objectives values
implying a particular rainfed and irrigated area in each watershed. The selection of
the most preferred Pareto solution should be made by an expert panel considering
the farmers’ and other stakeholders’ preferences. A priori and posteriori
approaches are available for multi-criteria decision-making (further information on
this topic can be found in Figueira et al., (2005)). In this work, we provide the set of
optimal alternatives without giving any weight/priority to the objectives (i.e. no

ranking of Pareto points is provided), so we avoid subjective value judgements.

For illustrative purposes, Figure II-8 shows the surface changes that need to
be implemented (with respect to the base case) in the extreme solutions and in the
knee point solution identified in Figure II-7. Each watershed is coloured according to
the change in hectares assigned to the rainfed and irrigated surfaces (yellow colour
for rainfed and blue colour for irrigated). Light and dark shades indicate low and
high changes, respectively. Note that changes with respect to the base case imply
that rainfed areas are replaced by irrigated surfaces or vice-versa, that is, only
changes between rainfed and irrigated areas are allowed (Galicia watershed
remains unchanged in all of the solutions, since wheat is only grown under rainfed

conditions).
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a) MAXIMUM PRODUCTION b) MINIMUM DAMAGE TO ECOSYSTEM QUALITY

¢) MINIMUN DAMAGE TO RESOURCE DEPLETION d) KNEE POINT

Figure 1l1-8 Optimal changes between rainfed and irrigated areas in each watershed
corresponding to the following solutions: (a) maximum production, (b) minimum damage to
ecosystem quality, (c) minimum damage to resource depletion and (d) knee point solution
identified contrasting ecosystems quality vs resource depletion.

As observed in Figure II-8a, the model maximises the production by
increasing the irrigated areas in all of the watersheds, that is, the solution replaces
rainfed areas by irrigated ones, since yields are higher in irrigated areas compared
to non-irrigated areas that usually suffer water deficiencies. Compared to the base
case, the maximum production solution increases the production by 1.1% (92328 t),
but this leads to a significant worsening of the environmental objectives, especially
in resource depletion (the impact increases by 7.8% in resource depletion and by

4.5% in ecosystem quality).

Figure [I-8b shows the optimal changes in the minimum damage to

ecosystems quality solution. A clear difference between the northern and the
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southern Spanish watersheds is observed. More precisely, in most of the southern
watersheds, with high vulnerability to suffer ecosystem damage due to water
consumption, the irrigated areas are replaced by rainfed exploitation. The
production deficit generated by implementing this plan is offset by replacing rainfed
areas by irrigation systems in the northern watershed as well as in Duero, Ebro,
Guadalete and Barbate, and Balearic Islands. Comparing to the base case, the
minimum damage to ecosystem quality solution preserves 3263 ha from
degradation every year and reduces the amount of water consumed by 1.1 % (in
turn, this solution also reduces the damage to resource depletion by 7.9% while

maintaining the production).

Figure II-8c represents the optimal changes corresponding to the minimum
damage to resource depletion solution. As can be observed in the map (Figure
11-8c), the irrigated areas are reduced in Cuencas internas de Catalufia, Guadalquivir,
Cuenca Mediterrdnea Andaluza and Segura watersheds, as these regions show the
highest vulnerability to resources depletion (see Table II-1). In order to offset the
significant production loss taking place when these changes are implemented, the
model replaces in the other watersheds rainfed areas by irrigated ones. Compared
to the base case, the minimum damage to resource depletion solution decreases by
572 million MJ the energy required to extract water resources in the future
(reduction of 12.5%), worsening the impact in ecosystem quality by 2.0% and

increasing the production by 0.7%.

Finally, Figure 11-8d shows the optimal changes that should be implemented
in the knee solution identified in Figure 1I-7 (trade-off between ecosystems quality
and resource depletion). Two clear patterns are identified in the northern and
southern Spanish watersheds. More precisely, in many southern watersheds (with
high vulnerability in ecosystem damage and resource depletion), the irrigated areas
are replaced by rainfed exploitation. However, this reduction of irrigated areas

(with higher yields than rainfed ones) generates a production deficit, which is offset
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by replacing rainfed areas by irrigation systems in other watersheds, including
Duero, Ebro, Guadalete and Barbate, Segura and Balearic Islands. Compared to base
case, the knee point solution allows decreasing the damage to ecosystem quality
and the damage to resource depletion by 0.9% and 10.7% respectively, while the

production is maintained at the same level as in the base case.

2.4.4  Sensitivity analysis

A sensitivity analysis was carried out to investigate the robustness of the
deterministic model considering two uncertain parameters: blue water
requirements and crop yield. The irrigation requirements may be overestimated in
the model, as farmers may not irrigate at the optimum level. On the other hand, the
crop yield may be affected by several factors, including weather variations, climate
change, soil responses, management practises or pests. Furthermore, we have
investigated how the optimal solution changes for different lower and upper

bounds imposed on the surfaces.

The results of the sensitivity analysis are summarised in the form of heat
maps (Figure II-9 and Figure 11-10), which show how the extreme solutions (those
obtained in the scalar optimisation of each separate objective) change when the
irrigation requirements and crop yields are modified. Each heat map cell is coloured
according to the percentage change in the objective function with respect to the
nominal case. Red colours indicate worse values, while green colours indicate better
values. The x-axis corresponds to different bounds on variables from 0% (no change
allowed) to 100% (all rainfed areas can be substituted by irrigated or vice versa).
Note that we consider that each uncertain parameter is modified simultaneously in
all of the watersheds to the same proportion. The base case (BC) and the nominal

case (NC) are also shown to facilitate comparisons.

Changing the irrigation water requirements from 100% to 40% for a fixed
yield: as observed in Figure 1I-9, when maintaining the irrigation as in the nominal

case (100% case, as shown in the vertical axis) and changing the bounds on the
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areas from 20% to 100% (horizontal axis), the production can increase by 5% at
most (Figure 11-9a, cell 1.05), the damage to ecosystems can decrease by no more
than 6% (Figure 11-9b, cell 0.94) and the damage to resources can drop by as much
as 58% (Figure 11-9c, cell 0.42). On the other hand, when the dose of irrigation is
reduced to 40% of its value in the nominal case (vertical axis) and bounds on areas
are fixed to 20% (as in the nominal case), the maximum production remains
constant, while the damage to ecosystems and the damage to resources can be
reduced by as much as 16% (Figure 1I-9b, cell 0.84) and 22% (Figure 1I-9¢c, cell 0.78),

respectively, compared to the nominal case.
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Figure 11-9 Sensitivity analysis of the extreme optimal solutions to changes in the irrigation
parameter. BC stands for base case and NC for nominal case. The value of each cell
represents the percentage change with respect the nominal case.

Changing the yields from 103% to 97% for fixed irrigation requirements: as
seen in Figure II-10, when maintaining the yield equal as in the nominal case and
changing the bound on areas from 20% to 100%, the production can increase by 5%
at most (Figure 11-10a, cell 1.05), the damage to ecosystems quality can decrease by
6% (Figure 11-10b, cell 0.94) and the damage to resources can decrease by no more
than 58% (Figure 1I-10c, cell 0.42). On the other hand, when the wheat yield is
increased by 3% (103% with respect to the nominal case) while maintaining the
bounds fixed to 20% (like in the nominal case), the crop production increases in the
same proportion (Figure 1l-10a, cell 1.03), the damage to ecosystems can be
reduced by 7% (Figure 11-10b, cell 0.93), and the damage to resources can decrease

by 8% (Figure 11-10c, cell 0.92). When the yield is decreased by 3% and the bounds
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on the areas are the same as in the nominal case, then the problem renders

infeasible (non-coloured cells appearing in the heat map indicate infeasible

solutions), since the demand satisfaction constraint is violated. This is because the

demand is kept as in the nominal case and even increasing the irrigated areas until

they hit their upper bound is not sufficient to offset the decrease in production.
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Figure 11-10 Sensitivity analysis of the extreme optimal solutions to changes in the crop yield
parameter. BC stands for base case and NC for nominal case. The value of each cell
represents the percentage change with respect the nominal case.

The changes in the optimal areas are summarised in Figure 1I-11 and Figure

11-12 in the form of radar charts in which each axis corresponds to a watershed (see

watersheds codes in Figure 1l-2) and the ring with value 1 represents the nominal

case.
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Figure 1I-11 Sensitivity analysis of the optimal rainfed and irrigated areas to changes in the

irrigation.
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Changes in the irrigation requirements: as seen in Figure II-11, when the
irrigation is reduced to 40% and the bounds fixed to 20% (like in the nominal case),
the optimal rainfed and irrigated areas remain the same as in the nominal case in
the three objectives regardless of the dose of irrigation. When the production is
maximised (Figure 1l-11a), the irrigated areas are increased in all of the watersheds
until they hit the bound imposed (20% of change); and when the damage to
ecosystems (Figure 1l-11b) and the damage to resources (Figure 1l-11c) are
minimised, the optimal areas are allocated based on the vulnerability of watersheds
to the water consumption (i.e. based on the environmental characterisation factors
specific for each watershed), which remains the same. Therefore, these changes

have no impact on the optimal areas.
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Figure 11-12 Sensitivity analysis of the optimal rainfed and irrigated areas to changes in the
yield.

Changes in the yield: Figure 11-12 shows how the optimal areas change for a
3% increment in the yield maintaining the bounds as in the nominal case. When the
production is maximised, the optimal cropping areas remain the same regardless of
the value of the yield (Figure 1l-12a), since irrigated areas (which present higher
yield) are increased until they hit their upper bound. When the damage to
ecosystems quality is minimised (Figure 1I-12b), the optimal rainfed and irrigated

areas vary greatly in many of the watersheds comparing with the nominal case
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(from 8% increase in rainfed area in Ebro, to 33% reduction in irrigated areas in
Ebro, Guadalete y Barbarte and Islas Baleares). On the other hand, when the
damage to resources is minimised (Figure II-12c), the irrigated optimal areas remain
the same as in the nominal case in all of the watersheds, while the rainfed areas are

decreased in Cuenca Mediterrdnea, Guadalquivir and Cuencas internas de Catalufia.

2.5 Conclusions

An optimised allocation of rainfed and irrigated cropping areas is identified as
a potential pathway to reduce the environmental impact of water consumption in
the transition towards a more sustainable agricultural production system. To
address this problem, we have developed a novel systematic decision-support tool
that integrates WF and LCA principles with mathematical programming techniques.
The task of identifying optimal rainfed and irrigated areas in a watershed was
mathematically formulated as a multi-objective linear programming problem that
seeks to optimise simultaneously the production and environmental impact of

water Consumption.

The capabilities of our approach were tested through its application to a case
study based on wheat production in Spain. Results show that significant reductions
in environmental impact can be attained by properly allocating the rainfed and
irrigated cropping areas while still maintaining or even increasing the current
production. We found that some of the optimal solutions identified by the
optimisation algorithm represent win-win scenarios that improve the base case
(current scenario identified as sub-optimal) simultaneously in all of the objectives
(i.e. production targets and environmental impacts). Unlike rules of thumb or
heuristics, our approach avoids sub-optimal solutions by guaranteeing convergence
to the global optimum. The analysis indicates that the systematic tool presented
here, which combines MOO with LCA and WF, can be potentially employed for
optimally allocating rainfed and irrigated crops in order to reduce the

environmental impact of water consumption in agriculture while enhancing food
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availability.

Concerning the robustness of the model, the sensitivity analysis performed
shows that: (i) water requirements have a significant impact on the environmental
objectives (changes in blue water requirements from 100% to 40% can reduce the
damage to ecosystems quality by no more than 16%, and the damage to resources
in 22%); (ii) changes in the yield can also affect significantly all of the objectives and
can even make the model unfeasible for some values (a 3% increment in the yield
can increase the production in 3%, and reduce the damage to ecosystems by 7%,
and the damage to resources by 8%); (iii) the impact of the bounds on areas is also
significant, making it possible to attain larger economic and environmental
improvements by widening them (i.e. small lower bounds and bigger upper
bounds); (iv) concerning the optimal areas in each watershed, they are sensitive to
small changes in yields, which may lead to quite different solutions in each case.
The results of the sensitivity analysis highlight the opportunity to extent the
deterministic model proposed herein by integrating the uncertainties related to

potential changes in climate conditions.

Our systematic decision-support tool is intended to support decision and
policy making by providing a set of optimal alternatives and useful guidelines to
formulate appropriate regulations and policy responses for the challenge of
sustainable agriculture. Note, however, that these policies can only succeed if social
and economic costs associated with the transition process are compensated
through a set of effective incentives (farmers need to be compensated for the extra
costs and income losses incurred). Our framework can contribute to the
development of more sustainable agricultural production patterns, enhancing food
security and mitigating the problems of water scarcity and environmental

degradation.

90



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS Chapter II Sustainable allocation of crops
Angel Galan Martin

2.6 Acknowledgements

The authors wish to acknowledge the financial support of this research work
from the Spanish Ministry of Education and Science (Projects CTQ2012-37039-C02,
DPI2012-37154-C02-02).

2.7 Nomenclature

Indices

J set for watersheds indexed by j

K set for provinces indexed by k

Parameters

Demand Minimum demand satisfaction level of the crop (t)

Yield]DRY productivity in rainfed farmland in watershed j (t-ha™)

Yield;®® productivity in irrigated farmland in watershed j (t-ha™)

CF]-EQ characterisation factor for ecosystem quality in watershed j (m’year-m™)
CF]-RD characterisation factor for resource depletion in watershed j (MJ-m™)
Surfacef*"* surface available in watershed j (ha)

SR})RY current harvested rainfed surface in watershed j (ha)

SRjRR current harvested irrigated surface in watershed j (ha)

CWU]-GREEN green water crop requirements in watershed j (m*-ha™)

CWU]-BLUE blue water crop requirements in watershed j (m>-ha™)

CWU]-GREY grey water crop requirements in watershed j (m*-ha™)

CS]‘{JRY real crop harvested area under rainfed conditions in province k (ha)
CS]I{RR real crop harvested area under irrigated conditions in province k (ha)
fxj area fraction of province k in the watershed j (dimensionless)

YPDRY real rainfed crop yield in province k (t-ha™)
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YP]lRR real irrigated crop yield in province k (t-ha™)

Variables

Surface]DRY rainfed surface in watershed j (ha)

Surface]I-RR irrigated surface in watershed (ha)

Production total production of the crop (tonnes)

EQ damage to ecosystem quality (m?year)

RD damage to resources depletion (MJ)

CWR; crop water requirement in the watershed j (m?)

W/ OREEN volume of green water consumed by the crop in each watershed j (m?)
wpLUE volume of blue water consumed by the crop in each watershed j (m°)
W/EREY volume of grey water consumed by the crop in each watershed j (m°)
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2.9 Appendix: estimation of the crop water requirements

From a strategic perspective, it is important to better understand the water
requirements of crops in order to determine areas better suited for production. This
task requires the explicit consideration of both rainfall and water availability data
(Mila i Canals et al., 2010). In this appendix we show the methodology used to
estimate the crop water use (CWU;) in each watershed j. The CWU [m3 - ha=1]is
the amount of water to be supplied to the crop in order to compensate for losses
caused by evapotranspiration and achieve adequate growth and development

(Allen Richard et al., 1998).

The water requirements of a crop (i.e. water footprint can be broken down
into three components, green, blue and grey water use, which are in turn defined as
parameters in the linear programming model developed in this work. The green

water is the portion of the precipitation that does not runoff. It is available on the
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soil as soil moisture and can be taken up by a crop. The blue water represents the
volume of surface and groundwater consumed/extracted for irrigation. The grey
water is the volume of water required to assimilate the pollutants used in
agriculture. The green water use (CWU]-GREEN) represents the total rainwater
evaporated from the field during the growing period, the blue water use

(CWU]BLUE) represents the irrigation water evaporated from the field, while the
grey water use (CWU]-GREY) represents the amount of water required to assimilate

the pollutants.

In ascertaining the crop water use (for the three components) within each
watershed, we employ the methodology based on the framework proposed by
Hoekstra et al. (2011) and the CROPWAT 8.0 software developed by the Food and
Agriculture Organisation (Allen Richard et al.,, 1998; FAO, 2010). The overall

methodology flow to estimate the wheat water use for green water (CWUGREEN)

’

blue water (CWUBLYE) and grey water (CWUREY) is summarised in Figure 1I-A1.

CROPWAT 8.0
Effective rainfall
/ Perr (mm/day)
Climatic * = \Water use green
parameters (m3ha)
Reference crop | mMin (Perr, ETe)
evapotranspiration
ET, (mm/day)
Crop * N4
parameters [~ |  Crop water > Water3ghse_1blue
requirement Irrigation min(r(T(]) E'? )P )
ET /d v ’ c~eff,
o (mmiday) [~y requirement
IR (mm/day)
Application rate of fertilizer (N) Water use grey
Permissible limit of nitrate > (m*ha?)

Figure 1I-A1 Methodology used to estimate the crop water use of a crop.

The CROPWAT software requires several data, mainly climate data and crop
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parameters. Climate data could be obtained from weather stations or any agro
climatic data base. The weather parameters affecting evapotranspiration are
radiation, air temperature, humidity, wind speed and precipitation. The crop
parameters are taken from the Food and Agricultural Organisation Book n256 (Allen
Richard et al., 1998). The crop inputs of the CROPWAT software are: first and last
planting date, first and last harvesting date, length of individual growing stages,

crop factor, rooting depth, allowable depletion levels and yield response factors.

This CROPWAT software allows estimating the evapotranspiration of the crop
(ET,) based on soil, climate and crop data fed into the software. The ET,, assumed to
be equal to the total crop water requirements, depends on factors that affect the
evaporation and evapotranspiration, such as, weather parameters, crop
characteristics, and management and environmental aspects. The ET, is the water
used for evapotranspiration under ideal growth conditions from planting to harvest.
Basically, the ET. is calculated by multiplying the reference crop evapotranspiration
(ET,) by the crop coefficient (K. (Eq. 1I-A1). The ET, depends only on climatic
parameters and it is calculated by the CROPWAT model according to the FAO
Penman-Monteith equation (Allen Richard et al., 1998). K. over the length of the

growing period can be taken from the literature.

ET. = K. - ET, Eq. II-A1
CROPWAT software also allows estimating the effective rainfall (P.) based on
climate data, that is, the proportion of the rainfall already available than can be
effectively used by the crop after losses due to runoff and percolation. There are
four methods available in CROPWAT 8.0 to account for the losses due to runoff or

percolation.

Once the ET, and the P, are estimated using the CROPWAT software, the
next step consists of estimating the green and blue water evapotranspiration (ETgeen
and ETgyee). As shown in Eq. 1I-A2, ETge, is calculated as the minimum of the ET. and

the P The CROPWAT model assumes that the crop water requirements are fully

101



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS Chapter II Sustainable allocation of crops

Angel Galan Martin

met, so the actual crop evapotranspiration (ET.) equals the crop water
requirements. The ET,. (field evapotranspiration of irrigation water) is calculated
as the difference between the ET. and the P. as shown in Eq. [I-A3. The irrigation
requirement is zero if the effective rainfall is larger than the crop water

requirements.

ETgreen = min(ET, Pegr) Eq. 1I-A2

ETpiue = max(0, ET, — Pggr) Eq. II-A3
Finally, the CWUGREEN, CWUBLUE and CWUCREY are calculate via Eqg. I-A4,
Eqg. II-A5 and Eq. II-A6 respectively. We assume that there are no water limitations
on crop growth. The CWU [m3ha~1] takes into account the total accumulation of
the daily evapotranspiration [mm day~!] over the complete growing period. The
summation is done from the day of planting (day 1) to the day of harvest (Igp

denotes the length of the growing period in days).

lgp

CWUgreen = 10 : Z ETgreen Eq ”'A4
d=1
lgv Eq. II-AS

CWUpige = 10+ )" ETyiye
a=1

The CWUCREYis estimated based on a simplified approach proposed by
Mekonnen and Hoekstra (2011) (further details of the methodology are described in
“The Water Footprint Assessment Manual” (Hoekstra et al., 2011)). The CWU%REY
is estimated using Eq. II-A6 based on the crop application rate of nitrogen
(AR) [kg ha™1] multiplied with the leaching-runoff fraction (& %) and dividing this by
the difference between the maximum acceptable amount of nitrogen
(Cmax) [kKg ha™1] defined by the water quality standards and its natural

concentration (C,.;) [kg ha™1].

CWUgreY = (6 = AR)/(Crax — Cpat) Eq. II-A6
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1.9.1 Wheat water use calculation
We employed the methodology explained before (Allen Richard et al., 1998;
FAO, 2010; Hoekstra et al., 2011) to estimate the wheat water use for green, blue

and grey water in each watershed j (CWU]-GREEN, CWU]-BLUE and CWUjGREY), which

were defined as parameters in the linear programming model.

The wheat water use was first calculated for each meteorological station, and
the data were then aggregated at the watershed level as the average of the values

of the meteorological stations in each watershed.

Climate data were obtained from the State Meteorological Agency (AEMET,
2014) of the Spanish Ministry of Agriculture, Food and Environment. We used data
from 67 meteorological stations located in the watersheds. The data (temperature,
precipitation, humidity, sunshine hours and wind speed) corresponded to the

average normal value from period 1981-2010.

Wheat parameters, like crop coefficients and crop patterns (first and last
planting date, first and last harvesting date, length of individual growing stages,
crop factor, rooting depth, allowable depletion levels and yield response factors),
were taken from the FAO n256 (Allen et al., 1998) for winter wheat in the

Mediterranean region.

In order to determine the Peff, we employed the USDA Soil Conservation
Service Method from the United State Department of Agriculture, Soil Conservation

Service.

The wheat grey water use was calculated assuming a crop application rate of
nitrogen of 95 kg-ha™ and that on average 15% of the nitrogen fertiliser is lost
thought leaching or runoff, following Mekonnen and Hoekstra (2010). We also have
assumed a maximum acceptable concentration of nitrates of 0.05 kg-m™ (following
the Spanish water quality standards), and a natural nitrogen concentration of zero

(due to lack of data).
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Table II-A1l shows the wheat water used estimated for each meteorological
station. These data were aggregated into the watershed level taking the average of
the values of the meteorological station located in the watershed. We defined these
specific values for each watershed as parameters in the mathematical model
developed.

Table 1I-A1 Wheat water use (m>ha™) for green, blue and grey water for each
meteorological station.

Meteorological
Watershed CWUgreen | CWULe | CWUgrey
Station
A Coruia 3440 2591 285
A Coruiia aeropuerto 3261 2212 285
Galicia Costa
Santiago aeropuerto 4062 2218 285
Pontevedra 4364 2960 285
Lugo aeropuerto 3514 3011 285
Vigo aeropuerto 4050 2790 285
Mifo-Sil
Orense 3036 5167 285
Ponferrada 2681 5983 285
Asturias aeropuerto 3773 1500 285
Cantabrico occidental | Oviedo 4326 1695 285
Santander 4014 1853 285
Bilbao aeropuerto 4174 2262 285
Cantabrico oriental
San Sebastian Igueldo | 4782 585 285
Vitoria aeropuerto 3642 3333 285
Logrofio aeropuerto 2435 5897 285
Pamplona aeropuerto | 3299 4609 285
Ebro
Daroca 2483 6459 285
Zaragoza aeropuerto 1965 7575 285
Huesca aeropuerto 2606 6594 285

104



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING

IN SUSTAINABILITY PROBLEMS

Chapter II Sustainable allocation of crops

Angel Galan Martin

Lleida 1948 7631 285
Tortosa 2585 6688 285
Reus aeropuerto 2557 5547 285
Cuencas internas de | Barcelona aeropuerto | 2912 4712 285
Catalufia Barcelona Fabra 2990 4675 285
Girona aeropuerto 3597 4358 285
Ledn aeropuerto 2426 5771 285
Zamora 1880 7127 285
Salamanca aeropuerto | 1968 7020 285
Valladolid aeropuerto | 2096 6533 285
Duero Valladolid 2109 7017 285
Avila 2158 6487 285
Segovia 2547 6562 285
Burgos aeropuerto 2737 4954 285
Soria 2831 5516 285
Caceres 2136 8244 285
Toledo 1779 8663 285
Molina de Aragdn 2797 5911 285
Madrid Getafe 1807 8314 285
Tajo
Madrid Cuatrovientos | 2065 7907 285
Madrid 2026 7680 285
Madrid aeropuerto 1857 8227 285
Madrid Torrejon 1930 8046 285
Cuenca 2606 6750 285
Albacete base aérea 2036 7722 285
Jucar Teruel 2621 6471 285
Castelldn de la Plana 2277 6400 285
Valencia 2251 6268 285
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Valencia aeropuerto 2152 6872 285
Alicante 1513 7425 285
Alicante aeropuerto 1372 7836 285
Ciudad Real 1945 8197 285
Guadiana
Badajoz aeropuerto 1825 8636 285
Tinto, Odiel y Piedras Huelva Ronda este 1800 8178 285
Sevilla aeropuerto 1826 5175 285
Morén de la Frontera | 2058 8600 285
Guadalquivir
Cdérdoba aeropuerto 2169 8895 285
Granada aeropuerto 1634 9193 285
Jerez de la Frontera 1805 8358 285
Guadalete y Barbate
Tarifa 1844 5221 285
Cuenca Mediterrdnea | Malaga aeropuerto 1804 7616 285
Andaluza Almeria 887 8459 285
San Javier aeropuerto | 1436 6736 285
Segura Murcia Alcantarilla 1599 8877 285
Murcia 1581 8956 285
Ibiza 1834 6568 285
Islas Baleares Palma de Mallorca 1841 6941 285
Menorca aeropuerto 2127 6085 285
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III. Sustainable cropping
plans decisions and
subsidies

Multi-stage linear programming model for optimising cropping

plan decisions under the new Common Agricultural Policy
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3.1 Introduction

The Common Agricultural Policy (CAP) is the agricultural policy of the
European Union (EU) that aims to improve the agricultural productivity ensuring
both a fair standard of living of the EU farmers and reasonable food prices without
compromising the availability of supplies for consumers. This EU CAP has always
been updated to respond the challenges of its time and recently a new reform
has come into force as from 1™ January 2014 entitled “The CAP towards 2020:

Meeting the food, natural resources and territorial challenges of the future”
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(European Commission, 2011).

This new EU’s CAP, which will be active from 2015 to 2020, introduces a new
payment scheme that will potentially induce changes at the individual farm level.
The main objective of this new payment scheme is to redistribute the subsidies both
between and within EU Member States and farmers in an equity manner so as to
move towards a more sustainable agricultural production, that is, to spur the broad
application of more sustainable agricultural practises. All EU Member States are
therefore expected to implement in the short term this new payment scheme based
on a uniform payment per hectare by adopting a national or regional approach
(based on administrative or agronomic criteria) (European Parliament and European
Council, 2013). Basically, the previous “Single Payment Scheme” is replaced in this
reform by a new “Basic Payment Scheme” and also a new “greening payment” is
introduced to compensate farmers following a specified set of mandatory
sustainable farm practices. Broadly similar to the single payment, the Basic Payment
is also a direct payment per hectare to active farmers based on their entitlements,
which correspond to the eligible hectares. On the other hand, the main novelty of
the new CAP reform is the introduction a new component of the subsidy, namely
“Payment for agricultural which are beneficial for the climate and the
environment”, commonly known as “greening payment”, which represents also an
additional direct aid per hectare rewarding agricultural sustainable practices. The
new greening payment may potentially encourage farmers to meet certain
environmental requirements in return for governmental support payments which
are expected to offset the cost of providing environmental public goods that are not
remunerated by the market. Basically, this greening component rewards farmers
complying three basic EU sustainable measures (or equivalent practices) which
consist of (1) crop diversification, (2) maintenance of existing permanent grassland

and (3) establishment of an ecological focus area on arable land.

In this context, several EU farms will fulfil these greening measures without
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having to make major changes to their current cropping acreage. However, many
farmers will have to make land use decisions bearing in mind the new greening rules
which will in turn imply significant changes at the farm level. These decisions to be
taken, known as cropping plan decisions, involve the choice of crops to be grown,

their acreage and their allocation among others (Nevo et al., 1994).

A cropping plan decision is the result of a decision-making process subject to
various objectives and constraints fitted into different spatial and temporal
dynamics (Dury et al., 2011). These decisions on the farming system (e.g. cropping
plan or crop rotation) are crucial for farmers since they modify the productivity and
profitability on the short and long-term of the farm management. Therefore, it is of
paramount importance for the farmers to establish a new cropping plan for the next
five years which must satisfy the policy constraints while at the same time maximise
the farmer’s profit (e.g. maximum gross margin, annual profit or net benefit). In this
sense, decision support models can be an important tool to aid farmers on the farm

management.

Mathematical programming can provide valuable decision-support in
agriculture (Butterworth, 1985). A wide variety of approaches have been developed
for supporting cropping plan decisions. An excellent review of cropping plans
decision models was provided by Dury et al. (2011). Among them, linear
programming (LP) is the most common optimisation approach employed for solving
such models due to its simplicity. Mixed integer linear programming (MILP) has also
been used to plan the crop rotation problem (Dogliotti et al., 2006) and even
evolutionary algorithms were employed to identify optimal cropping plan decisions
at the farm level (Sarker and Ray, 2009). In the modelling approaches reviewed, the
cropping plan problem was optimised within a given context and considering
different objectives. The models were optimised considering either a single
objective (e.g. the farmer’s profit) or several ones (e.g. environmental and

economic objectives) (Bartolini et al.,, 2007) in response to challenges related to
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economic sustainability, resources use and environment protection. In some cases,
as happens in the work presented here, these challenges are imposed by policy
reforms that force farmers to adapt their practices (Louhichi et al., 2010; Onate et
al.,, 2007). The overwhelming majority of the mathematical models to support
cropping plan decisions assume a single time period and steady state operation,
that is, they provide a single set of decisions for a given period, typically one year. In
practice, however, a cropping plan contains several time periods, so the underlying
decision-making problem is multi-stage in nature and the decisions have to be made
over multi-year periods. Dynamic programing (DP) has been applied to identify the
optimal management of agricultural resources over planning horizons (Kennedy,
1986), and also for optimising agricultural management problems that are
decomposed into sub problems (Janova, 2011; Parsons et al., 2009; Sarttra et al.,

2013).

This paper proposes a mathematical programming model to support farmers’
cropping plan decisions in response to the new CAP reform. The decision-making
tool developed herein takes the form of a multi-stage linear programming model
(LP) that identifies the optimal cropping plan at the farm level that maximises the
farmer’s net return in the CAP reform horizon (i.e. from 2015 to 2020). The model
provides insight into whether farmers should adopt the greening measures (i.e.
policy constraints) and therefore receive the subsidy as compensation to
production of environmental public goods, or, in contract, they should grow the
most profitable crop without meeting the greening rules. In the latter case, if the
sustainable practices were not appealing for the farmers, by slightly modifying the
mathematical model, it can also be employed to support policy-makers by
determining the minimum subsidy that would ensure the economically viability of
greening rules, thereby acting as a mechanism to promote the effective transition
towards more sustainable agricultural practises which constitutes in turn the main
goal of the new CAP. The capabilities of our approach are illustrated through its

application to the Spanish payment CAP regionalisation model, determining the
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optimal cropping plan for rainfed farms in each agricultural Spanish region and the
minimum subsidy required in each region to spur the broad application of the CAP

greening measures.

The remaining of the article is organised as follows. Section 2 describes the
problem statement which motivates the development of the mathematical model
to support farmers in cropping plan decisions facing the CAP reform. This model is
then described in detail in Section 3 and applied to the Spanish agricultural
regularisation in Section 4. Finally, the results are shown and discussed in Section 5,

whereas the main conclusions of the study are drawn in Section 6.

3.2  Problem statement

We consider an active farmer from an EU Member State who needs to decide
whether to adapt his cropping plan in order to fulfil the CAP reform greening
measures and therefore to receive the greening subsidy. The farmer seeks to
maximise his/her revenues over the CAP reform horizon, that is, the farmer wants
to make cropping plan decisions for the next five years maximising his net return

regardless of whether their practises are sustainable or not.

As mentioned before, the three basic greening rules of the CAP reform (i.e.
agricultural practices beneficial for the climate and the environment) to be fulfilled
by the farmer in order to receive the greening subsidy are: (1) crop diversification,
(2) maintenance of permanent grassland and (3) establishment of ecological focus
areas. The constraints/requirements imposed by each greening rule vary depending

on the size of arable land (see Table IlI-1).
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Table 1ll-1 Greening rules of the CAP reform to be fulfilled in order to receive the greening
subsidy.

Greening rules 10 ha > Arable land > 30 ha Arable land > 30 ha

At least three different crops

At least two different .
must be cultivated every year.

crops must be cultivated

every year.
vy The largest crop must not

Crop cover more than 75% of the

diversification arable land.

The main crop shall not

cover more than 75 % of
The two largest crops together

the arable land.
must not cover more than 95%

of the arable land.

Maintenance of
permanent

grassland

Area of permanent

grassland shall be at least

5% of the total arable land.

Area of permanent grassland
shall be at least 5% of the total

arable land.

Establishment of
ecological focus

areas

At least 5% of the total
arable land shall be

ecological focus area.

At least 5% of the total arable
land shall be ecological focus

area.

This percentage shall be
increased from 5% to 7%

from 2017 onwards.

This percentage shall be
increased from 5% to 7% from

2017 onwards.

To derive our approach, let us consider that the active farmer owns a piece of
arable land of A hectares on which j different crops may be grown. We consider a
planning period of t years (i.e. 5 years of the CAP reform horizon), and one growing
season per year. We are also given the crop yields and the cost of exploitation of
each crop. Moreover, the price received by farmers for each crop and the value of

the CAP basic payment are available.
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Additionally, it is assumed that there are no constraints to crop conversion
and rotations regarding the major rules of crop rotations (Castellazzi et al., 2008).

The following assumptions are made when building the model:
e A minimum return period between the same crop is considered.

e There are no agronomic limitations to crop successions. Benefits and risks

of successions are not considered.

e The timing of sowing and harvesting between consecutives crops is

compatible.
e There are no work limitations and no change in machinery equipment.

The goal of this work is to determine the optimal cropping plan by choosing
the crops to be grown every year and their acreage in order to maximise the
farmer’s economic net return over the CAP reform horizon. However, as mentioned
in the introduction, our analysis might reveal that there are agricultural regions
where it is more profitable for the farmer not to meet the CAP greening rules. If this
is the case, an additional analysis would be then carried out to support
governments in order to determine a more equitable and efficient basic payment
between farmers and regions that will eventually encourage all farmers to move
towards more sustainable agricultural practices by implementing the greening CAP
measures. Therefore, in that sense, our mathematical model described into details
in the next section 3.3, is aimed at supporting both farmers and governments to
ensure the broad applicability of more sustainable agricultural practises. Figure 1lI-1
illustrates graphically the approach proposed, which is described in more details in

the ensuing sections of the article.
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Common Agricultural Policy
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I
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I
I

| Mathematical :
| programming :

Figure 1lI-2 General overview of proposed framework.

3.3  Multi-stage linear programming model

In this section, we present a multi-stage LP model that determines the
optimal cropping plan (i.e. crops to be grown and their acreage) in each agricultural
region, which might or might not meet the CAP greening rules, in order to maximise
the farmer’s economic net return during the planning horizon. The model consists
of a linear objective function that determines the net present value and a set of

linear constraints, which represent the greening rules of the CAP reform.

Obijective function

The objective function is defined via Eq. lll-1 where NPV represents the net

present value of the farmer’s net return (€) during the complete planning horizon.

NPV = Z Zy v Eq. llI-1
B £ (1+ta)t-1

In Eq. lll-1, Z; denotes the net return (€) in a particular agricultural region in time
period t. Note that for the calculation of the NPV, each Z; is discounted back to its

present value using the discount rate ta. The value of Z; is obtained via Eq. IlI-2:
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Ze = Z[(Yi “P) + B + GP — Gyt | - Ay vt Eq. llI-2

i

where Y; is a parameter that represents the yield of each crop i in a particular
agricultural region (t-ha), P, is a parameter that denotes the price received by the
farmer in the market for crop i in period t (€.t") whereas BP; and GP; are parameters
that account for the basic payment and the greening payment of the CAP for crop i
in the agricultural region (€-ha™) ) and C; represents the production cost of the crop
i in period t (€ha). A; is a continuous variable denoting the area of region

cultivated with crop iin year t.

The greening payment, GP;, is a given percentage a of the value of BP;
calculated via Eq. llI-3 and will only be received by the farmer if it fulfils the greening

rules:
GP, = o - BP, Vi Eq. llI-3

Model constraints

The maximisation of the objective function (Eq. Ill-1) in each region is subject to a

set of CAP greening constraints which vary depending on the surface of arable land:

Arable land. The land allocated to the crops, the permanent grassland area

and the ecological focus area must not exceed the total farm arable land each year.

TS, = GRA, + ECO; + Z Ay vt Eq. IIl-4
i

In Eq. llI-4 TS, represents the total surface of the arable land, GRA; represents
the permanent grassland area in period t (ha) and ECO; represents the ecological

focus area in period t (ha).

Maintenance of permanent grassland. The permanent grassland has to be at

least 5% of the total arable land every year which is modelled via Eq. IlI-5:
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GRA, = 0.05- TS, vt Eq. II-5

Establishment of ecological focus areas. The ecological focus area has to be
greater than 5% of the total arable land in the early years (Eqg. 1ll-6), and greater

than 7% from 2017 onwards (Eq. 11I-7).

ECO, > 0.05 - TS, vt <2 Eq. II-6
ECO, > 0.07 - TS, vt >3 Eq. I1I-7

Crop diversification. The farmer must grow at least two different crops for
arable land between 10 ha and 30 ha and at least three different crops for arable
land bigger than 30 ha. The main crop (i.e. the crop occupying the largest area)
must not cover more than 75% of the total arable land in each period t (Eq. IlI-8).

The two largest crops together must not cover more than 95% of the arable land

(Eq. I1I-9).
Ay <0.75-TS, Vit Eq. I1I-8
Ay + A <095-TS,  Vi#ip,t Eq. 11I-9

Eqg. IlI-10 enforces the application of crop rotations, that is, the same crop
cannot be grown in the same area in sequential seasons. The arable land occupied
by one crop in period t should be lower or equal to the surface not occupied by this

crop during the previous period.
Ait TS —GRA; — Aj—q Vi,t>1 Eq. llI-10
Non-negativity constraints.
Ait > 0;GRA; > 0;ECO, > 0 Vi, t Eq. llI-11

Taking as a basis the constraints defined above, we define three models that

reflect the potential strategies that the farmer can follow during the CAP reform
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horizon (see Table IlI-2). Model | corresponds to not fulfilling the CAP greening
measures so that the farmer receives the basic payment but not the greening one.
Models Il and lll illustrate the strategy of fulfilling the greening rules and therefore
granting the farmer the greening payment for farms smaller and greater than 30ha,
respectively. All the models take the form of an LP. Note that LP models of up to
hundreds of thousands of variables and constraints can be efficiently solved on a
standard PC using state of the art optimisation packages. Note also that this model
can be extended accounting for other technical, agronomic, supply/demand
constraints as well as extended to account for risk and uncertainty involved by using

stochastic approaches.

3.4  Case study

The capabilities of the multi-stage LP model are demonstrated through a case
study that analyses the application of the CAP reform in Spain (BOE, 2014a). In
particular, we aim to obtain the optimal cropping plan for 2015 to 2020 in each
Spanish agricultural region so as to maximise the farmer’s economic net return for a
representative rainfed farm. The reason for choosing a rainfed farming systems is
two-fold: (i) rainfed agriculture is the predominant farming practice over the
Spanish territory, and (ii) the economic feasibility of rainfed crops largely depends
on EU CAP subsidies therefore making this case study more attractive (Sanchez-

Giron et al., 2007).

Three different scenarios are identified which correspond to the potential
strategies that a farmer can follow during the CAP reform horizon. Each potential
scenario is represented by one model derived from the LP model explained in
Section 3.3. Model I corresponds to not fulfilling the CAP greening measures so that
the farmer receives the basic payment but not the greening one. Model Il and
Model Ill illustrate the strategy of fulfilling the greening rules and therefore granting
the farmer the greening payment for farms smaller and greater than 30 ha,

respectively. The overall problem description and the constraints involved in each
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potential scenario are those shown in Table IllI-2.

Table Ill-2 Description of the three models employed in this study.

Greening
Model | Model Il Model Il
rules
Not to meet the
To fulfill the
greening To fulfill the greening
greening
Description | measures measures
measures
No greening Arable land 10-30 ha
Arable land >30 ha
payment
.| min {=f1()} | min {-f1()} min  {—f1(x)}
Model s.t. Eq.4 s.t. Eqs.4—-8,10—11] s.t. Egs.4-11
XER xX€ER XER

*fl is the objective function which represents the net present value and continuous

variables x represent the surface of a crop in the arable land in a specific region.

The three models (I, Il and lll in Table IlI-2) are then solved considering a
rainfed farming system in each of the agricultural regions defined by the Spanish
payment regionalisation CAP model (Figure llI-4). This allows determining in a
systematic manner the optimal cropping plan at the farm level that should be
implemented in each particular agricultural region. The optimal strategy to follow
by the farmer would correspond to the cropping plan that maximises the farmer’s
net present value (i.e. farmer’s benefit during the CAP reform horizon). Figure 1II-3
shows the flow chart describing the decision-making process to determine the
farmers’ optimal cropping plan in each particular agricultural region that maximise
their net return. As long as the farmer’s net return obtained with Model | is lower
or equal than the profit obtained with Model Il and Model lll, then the greening
measures would be appealing for the farmer. Otherwise, the sustainable
agricultural practises would not be implemented in practise and therefore the main
objective of the CAP reform would be threatened. In the latter case, the LP model

will be slightly modified to determine the appropriated subsidy value that would be
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required to encourage all farmers to meet the greening rule and therefore to
spread the global adoption of sustainable practises (details on this topic will be

provided in section 3.6).

CAP
REFORM
LP Model
Cropping plan
Maximize NPV
i :( Agricultural Region END
MODEL |
MODEL Il j¢—No Yes—»{ MODEL lII
NPV
Model |
NPV
No Model Il Yes No Yes
Optimal Cropping Optimal Cropping Optimal Cropping Optimal Cropping
Plan in region Plan in region Plan in region Plan in region
Model || Model | Model Il Model |
< \ 4 4 y

Figure 11I-3 Flow chart of the decision making process to determine the farmer’s optimal

cropping plan in each agricultural region during the CAP reform horizon.

We will assume that 6 rainfed crops can be planted each year and that there
are no constraints to crop conversion and rotations. Note, however, that the
approach presented herein is flexible enough to handle other crops shall they be
more suitable according to the farmer’s preferences. Table -3 shows the rainfed

crops considered and their selling price and exploitation cost. These crops have
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been selected because they represent 70% of the total area dedicated to crops in
Spain (MAGRAMA, 2014a). The price received by a farmer per tonne of crop (€t
corresponds to the national average price from the period 1990 -2012 (MAGRAMA,
2014b), while the production cost for each crop (€-ha™) correspond to the average

value at the national level in 2011 (MAGRAMA, 2013).

Table I1I-3 Crops considered in the case study and selling prices and production costs per

crop.
i Crop Price (€-t") | Cost (€-ha™)
1 Wheat 230.1 604.1
2 Barley 194.8 598.1
3 Rye 181.5 377.6
4 Oat 183.6 585.7
5 | Dried Pea 223.6 455.6
6 | Sunflower 380.1 430.9

The price received by the farmer and the exploitation cost of the crops are
capitalised each year during the planning period via Eqg. Ill-12 and Eq. Il-13 by
recursively updating the current price and cost of the corresponding crop (P; and C,

respectively) at an inflation rate (i.e. consumer price index) r (%).

P =PRI+t Vi, t Eq. II-12
Ci=C(1+n)t Vi, t Eq. 11I-13

We consider a discount rate of 5% to update the net return in each year
during the CAP horizon (parameter ta in Eq. lll-1) and a yearly increase inflation rate
of 4% for the crop prices and exploitation cost (r in Eq. 1lI-12 and Eq. IlI-13), which
corresponds to the average consumer price index for agriculture in the period 2004-

2014 (INE, 2014).
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The crop yields (i.e. productivity expressed in t-ha™) were obtained from the

Agricultural Statistics Yearbooks (MAGRAMA, 2014b), using the average nominal

values in each province (administrative division) of Spain from the period 1997-

2012. Then, these data were aggregated at the agricultural region level by

considering surface ratios. Table IlI-4 shows the crop yield in each agricultural

region fed as parameters in the LP model.

Table 111-4 Crop yield in each agricultural region expressed in tonnes per hectare (t-ha'l).

Agricultural
Wheat | Barley Rye Oat Dried Pea | Sunflower
Regions
2 2.396 2.334 | 1.468 | 1.642 0.811 0.774
3 2.178 2.199 | 1.300 | 1.699 0.828 0.710
4 2.132 2.161 | 1.319 | 1.562 0.833 0.739
5 2.542 2.407 | 1.560 | 1.683 0.986 0.863
6 2.272 2.303 | 1.609 | 1.709 1.060 0.882
7 2.991 2.438 | 1.852 | 2.259 1.209 1.202
8 3.316 2.993 | 2.350 | 2.403 1.147 0.920
9 2.515 2.278 | 1.043 | 2.192 1.063 1.136
10 2.255 2.373 | 0.530 | 2.372 0.842 1.024
11 1.985 1.879 | 0.854 | 1.608 0.792 0.949
12 2.744 2479 | 1.643 | 1.918 0.596 0.414
13 3.395 2.754 | 2.792 | 2.001 1.227 1.066
14 3.136 2.558 | 1.918 | 2.026 0.355 0.140
15 3.117 3.031 | 1.597 | 3.232 1.234 1.159
19 2.593 1.676 | 1.931 | 1.509 1.043 1.399
20 5.184 4.924 | 3.947 | 4.850 3.073 1.875

Regarding the application of the new basic payment scheme, the Spanish

Ministry of Agriculture, Food and Environment has defined a regionalisation model

of the subsidies by defining 50 agricultural regions with similar agronomic and
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socio-economic characteristics as well as similar agricultural potential. Further
details on this topic can be found in Annex Il of BOE (2014b). We consider 16
agricultural regions which correspond to the Spanish regions where rainfed crops
are cultivated. These regions are geographically shown in the map in Figure 1ll-4.
Note that the LP model developed in Section 3.3 will be solved for all agricultural
regions since presumably similar cropping plans will be implemented in areas

entailing similar agronomic and socio-economic characteristics.

W«%E ‘ Q
Agricultural regions [l 9.1

D No rainfed crop - 10.1

I 2 | KR

| KX I 2

I 4 | RERI

I 5.1 I s

s B s

~ 0 50100 200 300 400 kAl i o
O Kilometers | X | EX

Figure 11I-4 Agricultural regions for rainfed crops in Spain.

In this regionalised model, the basic payment consists of a fixed subsidy per
hectare which is specific for each agricultural region and type of crop (rainfed crops,
irrigated crops, livestock and permanent crops). As a general rule, the initial value of
the rights of basic payment will be performed by applying a fixed percentage to the
amount that the farmer has received in 2014 (BOE, 2014b) and the average value of
the basic payment per type of crop in each region will be published at some point
during 2015. Due to lack of published data at the time of realisation of this study,
here we estimate the average value of the right of basic payment by means of the
same methodology that was used to compute the analogue quantities in the

previous legislation (i.e. the single payment scheme). Following the derogated
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Spanish legislation on the application of the single payment (BOE, 2005, 2004), the

average basic payment values are estimated via Eq. 1ll-14.

BP, = Aiddecoupled ’ IJercendecoupled - Yield; + Aidcoupled - Yield; vi Eq. 1I-14

where BP; denotes the specific basic payment per crop i in agricultural region
(€-ha™). Aidgecoupied represents the direct aid per hectare (i.e. 63€-t" for cereals).
Percengecoupiea is the aid percentage decoupled from the production (i.e. 75% for
cereals). Aidcoupea represents the direct aid coupled with the production (i.e.
15.75€t™ for cereals). Yield; represents the yield (t-ha™) for the crop i in a region
(Table 1lI-4). The average value of the basic payment parameter for each crop in
each region determined using Eqg. IlI-14 is shown in the next Table IlI-5. The
estimated basic payment for dried peas (181 €-ha™) corresponds to the direct
payment for legumes according to the derogated Spanish legislation (BOE, 2005,

2004) which assumed to be the same for all agricultural regions.

Table 11I-5 Basic payment for rainfed crops in each agricultural region (€-ha'1).

Agricultural
_ Wheat | Barley Rye Oat Dried Pea | Sunflower
regions
2 150.96 | 147.05 | 92.46 | 103.45 181.00 48.73
3 137.24 | 138.51 | 81.92 | 107.06 181.00 44.71
4 134.33 | 136.16 | 83.02 | 98.40 181.00 46.58
5 160.17 | 151.62 | 98.26 | 106.03 181.00 54.39
6 143.16 | 145.06 | 101.35 | 107.68 181.00 55.57
7 188.44 | 153.57 | 116.66 | 142.28 181.00 75.74
8 208.93 | 188.56 | 148.03 | 151.40 181.00 57.97
9 158.43 | 143.49 | 65.68 | 138.06 181.00 71.56
10 142.07 | 149.51 | 33.38 | 149.41 181.00 64.53
11 125.08 | 118.38 | 53.78 | 101.33 181.00 59.80
12 172.90 | 156.18 | 103.53 | 120.84 181.00 26.10
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13 213.89 | 173.50 | 175.89 | 126.06 181.00 63.37
14 197.59 | 161.16 | 120.85 | 127.66 181.00 8.83

15 196.34 | 190.97 | 100.62 | 203.62 181.00 73.04
19 163.36 | 105.61 | 121.66 | 95.07 181.00 88.12
20 326.62 | 310.20 | 248.63 | 305.54 181.00 118.11

The "Greening Payment" parameter (i.e. GP)) is defined as a percentage of the
total value of the rights of basic payment that the farmer activates each year. This
percentage, slightly above 50%, will be determined annually and published on the
website of the Spanish Agrarian Guarantee Fund of the Ministry of Agricultural,
Food and Environment (Spanish Ministry of Agricultural Food and Environment,
2015). Due to the lack of this data at the time of performing this study, for the

calculations we assumed that this value will be 51.8% of the basic payment.

3.5 Results and discussion

The multi-stage LP model presented in Section 3.3 was implemented in the
General Algebraic Modelling System (GAMS) (Brooke et al., 1998) software version
24.2.1 and was solved with the CPLEX 12.6.0.0 solver using an AMD A8-5500 APU
with Raedon 3.20 Ghz and 8.0 GB RAM. The LP Model | features 36 continuous
variables and 41 equations, whereas Model Il and Model Il contain 46 continuous
variables and 225 equations, respectively. The solution time varied depending on
the instance being solved, but was always within the range 8 to 9 CPU seconds in

the aforementioned computer.

The solution of the LP model for each scenario in each agricultural region is
given by an optimal cropping plan that maximises the farmer’s net return per
hectare in the CAP reform horizon. The optimal cropping plan in all the agricultural
regions when the greening rules are not fulfilled consists of growing wheat every
year in all the arable land except for regions 11 and 19, which grow sunflower. The

optimal cropping plans fulfilling the greening rules are provided in detail in the
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Appendix (Figure IlI-A1 and Figure llI-A2), whereas the resulting net returns per

hectare in each agricultural region for each scenario are shown in Table IlI-6.

As observed in Table IlI-6, the farmer’s net economic return varies greatly
between regions, even when the same strategy (I, Il and Ill) is followed. The new
basic payment scheme introduced by the CAP reform might not be equitable, since
it might benefit certain agricultural regions with high productivity, whereas many
regions that are more dependent on supports might receive only a small share of
the basic payment. Furthermore, in all the agricultural regions, the farmers’ net
return in Model Il is larger than in Model Ill. This is because in arable lands above 30
ha it is mandatory to grow an additional third crop that is less profitable that the
two others selected by the model. This suggests that setting specific subsidy values
for each scenario would result in a more equitable situation.

Table IlI-6 Optimal farmer’s net present value per hectare (€-ha™) in each agricultural region
for each case scenario. The best strategy for the farmer is highlighted in bold.

Agricultural
. Model | Model II Model llI
regions

2 434.33 496.55 487.38
3 128.15 252.86 244.62
4 63.23 196.00 191.38
5 639.82 651.08 642.82
6 260.16 387.08 386.22
7 1270.84 1119.10 1115.00
8 1728.23 1582.31 1580.59
9 601.11 676.33 662.71
10 235.87 400.48 397.59
11 -47.20 91.63 81.99

12 924.06 851.29 843.46
13 1839.06 1851.77 1810.15
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14 1475.24 1235.44 1232.22
15 1447.33 1478.73 1471.96
19 921.92 964.45 947.27
20 4355.09 4033.73 4019.85

The highest net return for the farmer in each agricultural region, highlighted
in bold in Table Ill-6, represents the best possible strategy that could be
implemented. As can be observed, there are some agricultural regions where the
farmer’s net return per hectare is bigger in Model | compared to Model Il and
Model lll. This implies that the best strategy consists of not complying with the
greening rules (and therefore not receiving the corresponding greening payment).
This is the case of farmers owning an arable land between 10 ha and 30 ha in
regions 7, 8, 12, 14 and 20, and for farmers owning an arable land bigger than 30 ha
in regions 7, 8, 12, 13, 14 and 20. These regions are therefore not moving toward
agricultural practises beneficial for the climate and the environment so that the

main goal of the CAP reform will be threatened and might not achieved.

In all these regions (where the best strategy consists of not fulfilling the
greening rules) the optimal cropping plan consists of growing wheat every year in all
the arable land, as illustrated in Figure IlI-5. However, this agricultural practice of
cropping a single crop year after year on the same land (i.e. mono-cropping) might
lead to major shortcomings. Particularly, it might decline yields and might lead as

well to the appearance of some diseases, among other drawbacks.

Conversely, in the regions where the farmer’s economic net return per
hectare is bigger in Model Il and/or Model Il than in Model I, the best strategy
consists of fulfilling the greening rules and therefore the farmer would receive the
compensation for the sustainable practises. This is for instance the case in Region 3,
in which complying with the greening rules would increase the profit in 124.71€ per

ha (for an arable land between 10 ha and 30 ha) and in 116.47€ per ha (arable land
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above 30 ha). The optimal cropping plans in Region 3 for scenario Il and scenario Il
are shown in Figure 1II-6 and Figure llI-7, respectively. In these figures, the surfaces

occupied are expressed as a percentage of the total surface of arable land
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Figure 111-5 Optimal cropping plan in agricultural regions without fulfilling the greening rules
(those for which Model I provides the maximum NPV).
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Figure 111-6 Optimal cropping plan in Region 3 for arable land between 10 ha and 30 ha.

As observed in Figure 1II-6, in the cropping plan that maximises the farmer’s
economic net return, 5% of the total arable land is permanent grassland and 5%
ecological focus area (note that the latter percentage is increased to 7% from the
third year onwards). The crops selected to be cultivated are wheat and barley.

Wheat occupies 75%, 20%, 75%, 20% and 75% of the total arable land each year
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during the CAP reform horizon, whereas barley is cultivated in 15%, 70%, 13%, 68%
and 13% of the total arable land. This optimal solution allows making crop rotations
over the total arable land by growing different crops selected in the same area
during sequential seasons (each one at a time). Note that this crop rotation can only
be achieved if ecological focus areas are allocated to different surfaces of land in
consecutive years. For instance, wheat can only be cultivated in 20% of the arable
land in the second year, if all arable land dedicated to other crops in the previous
year (15% cultivated with barley and 5% of ecological focus area) is now cultivated
with wheat. Crop rotations on the arable land constitute an appropriate farm land
management to improve the sustainability of agriculture. This strategy benefits in
turn the producer, since it increases crop yields by increasing nitrogen supply, soil
organic matter and water availability. In addition, it improves soil conditions and

reduces pest, diseases and weed competition (Castellazzi et al., 2008).
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Figure 111-7 Optimal cropping plan in Region 3 for arable land bigger than 30 ha.

Figure l1I-7 shows the cropping plan in region 3, which maximises the farmer’s
economic net return for arable land bigger than 30 ha. Again, the surface reserved
to permanent grassland is 5% of the total arable land during the policy horizon,
whereas the ecological focus area is 5% during the first two years and 7% during the
latest three. Now, three different crops are selected to be grown each year during

the CAP reform horizon. Wheat is grown in 75%, 20%, 75%, 20% and 75% of the

132



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS Chapter III Sustainable cropping plans and subsidies

Angel Galan Martin

arable land each year; barley is cultivated in 10.5%, 65.5%, 8.6%, 63.6% and 8.6%;
whereas dried pea is grown the first four years in 4.5%, 4.5%, 4.4% and 4.4% of the
arable land; and rye in 4.4% of the arable land the last year. Recall that this solution
also requires ecological focus areas to be allocated in different portions of land in

consecutive years in order to ensure crops rotation.
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Figure 111-8 Optimal cropping plan in Region 19 for arable land between 10 ha and 30 ha.

-
=3
S

©
=]
T

@
S
T

Wl Gresslend

I .Eculogycal area
| |[Hwheat
WiBarley
-Rye

- |Iloat

| |Iloried Pea
DSunﬂower

-
o
T

@
S
T

Crop surface (%)
= (42
27

w
S
T

(5]
S
T

-
o
T

o

Year 2 ear 2
Common Agricultural Policy horizen

Figure 111-9 Optimal cropping plan in Region 19 for arable land bigger than 30 ha.

The whole set of optimal cropping plans for each agricultural region are
provided in the Appendix in Table Ill A1 and Table Il A2. The optimal cropping plans
tend to involve different crops in every region as do the climate and agronomic

conditions. As an example, Figure IlI-8 and Figure IlI-9 show the plans in region 19

133



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS Chapter III Sustainable cropping plans and subsidies

Angel Galan Martin

for cases Il and Ill, respectively. These cropping plans involve sunflower, wheat and
rye, whereas the optimal cropping plans in region 3 (Figure IlI-6 and Figure 1lI-7)
relay on barley and wheat. The fact that each agricultural region presents particular
optimal cropping plans involving different crops and different acreages reserved to
them reveals the importance of assisting farmers in making the new decisions facing

the CAP reform.

3.6  Basic value payment adjusted: effective subsidy

As previously discussed, there are certain agricultural regions in which the
best strategy to maximise the farmer’s benefit consists of not fulfilling the greening
rules and therefore not receiving the greening additional payment. This finding
highlights that the main goal of the CAP reform (i.e. the broad applicability of the
sustainable practises) might be threatened. Furthermore, the farmers’ net return
varies greatly from one region to another and therefore the more equitable

distribution of the income support might also fail.

To overcome these limitations, it could be possible to establish an adequate
basic payment for each region to encourage all farmers to meet the greening rules
and to ensure the more equitable distribution. The establishment of an appropriate
payment value is hence essential to ensure the widespread adoption of more
sustainable agricultural patterns. The initial value of the right of basic payment
specific to each Spanish region has not been published yet. Hence, an analysis of the
optimal values that should be defined in each region in order to attain the

environmental targets sought would be very useful for policy makers.

This minimum value of the subsidy that would encourage all farmers to fulfill
the greening rules in all the agricultural regions can be obtained by slightly
modifying the mathematical model proposed in this manuscript in section 3.3. The
basic idea is that the subsidy identified by the model should be large enough to
compensate for the losses derived from the implementation of the greening rules

imposed by the CAP reform policy.

134



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS Chapter III Sustainable cropping plans and subsidies

Angel Galan Martin

First, the net present value originally defined as a variable, should be now
redefined as a parameter equal to the values obtained previously in each region
with Model |, that is, to the net present value obtained when the greening rules
were not met (see Table Ill-6). On the contrary, the basic payment in each region,
which was originally treated as a parameter, must now be redefined as a continuous
variable. The, a bilinear term appear in the model and therefore the modified model
takes the form of a non-linear programming formulation (NLP) that allows providing
as output the minimum basic payment per hectare in each agricultural region that
makes the net present value equal to the one obtained when the greening rules are
not met. Unfortunately, this model is non convex, which means that standard
software packages might get trapped in local optima during the search. To avoid
this, a global optimisation package is used to guarantee convergence to the global
optimum within an epsilon tolerance in a finite number of iterations. Note that the
solution of the NLP could also be obtained by solving the original LP model
iteratively for different values of the subsidy and then selecting as final value the

one that makes the objective function equal to the net present value of Model I.

The NLP model obtained was implemented in the General Algebraic Modeling
System (GAMS) software version 24.2.1 and solved with BARON version 12.7.3
solver (Tawarmalani and Sahinidis, 2005) using an AMD A8-5500 APU with Raedon
3.20 Ghz and 8.0 GB RAM. The NLP model for strategy Il features 47 continuous
variables and 76 equations and the solution time ranges between 26 and 29 CPU
seconds. For strategy lll, the NLP model features 47 continuous variables and 226
equations and the solution time varies within the range 30 to 36 CPU seconds in the

aforementioned computer.
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Table 11I-7 Minimum subsidy (€-ha'1) for each agricultural region to encourage farmers to
meet the greening requirements.

Agricultural
' Model Il Model Ill
regions
2 104.35 121.22
3 90.30 100.62
4 83.69 91.82
5 112.47 135.08
6 85.95 96.82
7 116.95 161.58
8 139.59 198.03
9 96.44 104.22
10 97.38 75.99
11 104.35 49.99
12 125.99 158.32
13 123.35 189.75
14 146.30 197.11
15 132.12 179.72
19 129.72 102.99
20 213.08 352.20

The minimum subsidy per hectare in each agricultural region that would
encourage all farmers to implement the greening requirements are shown in Table
I1I-7. Note that there is just one basic payment value proposed in each agricultural
region. This is because all of the crops considered in the case study are rainfed crops
and therefore they present the same basic payment. The subsidy values for these
rainfed crops should compensate for the loss of income resulting from the
implementation of greening rules. Therefore, higher values than the proposed ones

would ensure the adoption of greening strategies beneficial for the climate and the
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environment. As observed, the minimum basic payment to encourage all farmers to
fulfil the greening rules differs significantly from one region to another. For
instance, in region 11 the minimum basic payment should be above 49.99 €-ha™,
whereas in region 20 it should be higher than 352.20 €-ha™’. These results reveal
that there are regions with higher agricultural potential requiring lower subsidy to
be economically profitable and to achieve a more equitable distribution of the CAP’s

payments.

3.7 Conclusions

The new CAP offers incentives for farmers to modify their cropping plan at
the farm level in order to receive the greening payment. The objective of this CAP
reform is twofold; to spur the broad implementation of agricultural practises
beneficial for the climate and the environment and to distribute the payments in a
more equitable manner. This work introduced a multi-stage LP model that identifies
the cropping plan that maximises the net return over a given time horizon. Our
model provides decision support for cropping planning considering the new CAP

reform greening requirements.

The capabilities of our tool were tested through its application to the
regionalised agricultural model of Spain. The optimal cropping plan for each
agricultural region in Spain was obtained maximising the farmer’s net return.
Results show that each region optimises its profit by implementing particular
cropping plans entailing different crops and acreages reserved to them. We find
that the establishment of an adequate basic payment value is essential to ensure an
equitable distribution among farmers since the farmer’s profit varies greatly from
one region to another. Furthermore, several regions may not fulfill the CAP
greening rules because the economic incentive is too small to compensate farmers
for the loss in profit they incur from the implementation of the greening
requirements. For each of them, a minimum subsidy value was determined that

makes the greening measures economically appealing. These values vary from one
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region to another, which suggests that specific subsidies should be defined for each
separate region in order to ensure a more effective transition towards agricultural

practises beneficial for the world’s climate and environment.
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3.10 Appendix: optimal cropping plan for the Spanish agricultural

regions

The multi-stage LP model developed allows obtaining the optimal cropping

plan for a rainfed farm in each region during the CAP reform horizon which

maximises the farmer’s economic net return.

Table IlI-A1 and Table 11I-Al show the optimal cropping plan in each region for

farms smaller a bigger than 30 ha respectively fulfilling the CAP greening rules and

therefore the farmer is rewarded with the greening payment. In these tables crop

acreages are expressed as percentage of the total surface of the arable land.

Table Il A1 Optimal cropping plan in each agricultural region for an arable land between 10

ha and 30 ha fulfilling the greening rules (Model II).

Perm. Eco. Dry
Region/planning Wheat | Barley | Rye | Oat Sunflower
Grass. | area Pea
Year 1 5 5 75 15 - - - -
Year 2 20 70 - - - -
2 Year 3 5 7 75 13 - - - -
Year 4 5 7 20 68 - - - -
Year 5 5 7 75 13 - - - -
Year 1 ) ) 75 15 - - - -
Year 2 5 5 20 70 - - - -
3 Year 3 5 7 75 13 - - - -
Year 4 5 7 20 68 - - - -
Year 5 5 7 75 13 - - - -
Year 1 ) 5 75 15 - - - -
Year 2 5 5 20 70 - - - -
) Year 3 5 7 75 13 - - - -
Year 4 5 7 20 68 - - - -
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Year5 5 7 75 13 - -
Year 1 5 5 75 15 - -
Year 2 5 5 20 70 - -
5 Year 3 5 7 75 13 - -
Year 4 5 7 20 68 - -
Year5 5 7 75 13 - -
Year 1 5 5 75 - 15 -
Year 2 5 5 20 - 70 -
6 Year 3 5 7 75 - 13 -
Year 4 5 7 20 - 68 -
Year 5 5 7 75 - 13 -
Year 1 5 5 75 - - 15
Year 2 5 5 20 - - 70
7 Year 3 5 7 75 - - 13
Year 4 5 7 20 - - 68
Year 5 5 7 75 - - 13
Year 1 ) ) 75 - 15 -
Year 2 5 5 20 - 70 -
8 Year 3 5 7 75 - 13 -
Year 4 5 7 20 - 68 -
Year 5 5 7 75 - 13 -
Year 1 ) ) 75 - - 15
Year 2 5 5 20 - - 70
9 Year 3 5 7 75 - - 13
Year 4 5 7 20 - - 68
Year 5 5 7 75 - - 13
10 Year1 5 5 75 15 - -
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Year 2 5 5 20 70 - - -
Year 3 5 7 75 13 - - -
Year 4 5 7 20 68 - - -
Year 5 5 7 75 13 - - -
Year 1 5 5 75 - - - 15
Year 2 5 5 20 - - - 70
11 Year 3 5 7 75 - - - 13
Year 4 5 7 20 - - - 68
Year 5 5 7 75 - - - 13
Year 1 5 5 75 15 - - -
Year 2 5 5 20 70 - - -
12 Year 3 5 7 75 13 - - -
Year 4 5 7 20 68 - - -
Year5 5 7 75 13 - - -
Year 1 5 5 75 - 15| - -
Year 2 5 5 20 - 70 | - -
13 Year 3 5 7 75 - 13 - -
Year 4 5 7 20 - 68 - -
Year 5 5 7 75 - 13 - -
Year 1 5 5 75 - 15| - -
Year 2 5 5 20 - 70 | - -
14 Year 3 5 7 75 - 13 ] - -
Year 4 5 7 20 - 68 - -
Year 5 5 7 75 - 13 - -
Year 1 5 5 75 - - 15 -
15 Year 2 5 5 20 - - 70 -
Year 3 5 7 75 - - 13 -
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Year 4 5 7 20 - - 68 - -
Year5 5 7 100 - - 13 - -
Year 1 5 5 15 - - - - 75
Year 2 5 5 70 - - - - 20
19 Year 3 5 7 13 - - - - 75
Year 4 5 7 68 - - - - 20
Year5 5 7 13 - - - - 75
Year 1 5 5 75 15 - - - -
Year 2 5 5 20 70 - - - -
20 Year 3 5 7 75 13 - - - -
Year 4 5 7 20 68 - - - -
Year 5 5 7 75 13 - - - -

Table Il A2 Optimal cropping plan in each agricultural region for an arable land between 10
ha and 30 ha fulfilling the greening rules (Model Il).

Region/planning perm. | Eeo- Wheat | Barley | Rye | Oat oy Sunflower
Grass. | area Pea
Year 1 5 5 75 105 | 45 - - -
Year 2 20 655 | 45 - - -
2 Year 3 5 7 75 8.6 4.4 - - -
Year 4 5 7 20 63.6 | 44 - - -
Year5 5 7 75 8.6 4.4 - - -
Year 1 5 5 75 105 - - 45 -
Year 2 5 5 20 65.5 - - 45 -
3 Year 3 5 7 75 8.6 - - 4.4 -
Year 4 5 7 20 63.6 - - 4.4 -
Year 5 5 7 75 8.6 4.4 - - -
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Year1 5 5 75 10.5 - 4.5 -
Year 2 5 5 20 65.5 - 4.5 -
4 Year 3 5 7 75 8.6 - 4.4 -
Year 4 5 7 20 63.6 - 4.4 -
Year 5 5 7 75 8.6 4.4 0 -
Year1 5 5 75 105 | 45 - -
Year 2 5 5 20 655 | 45 - -
5 Year 3 5 7 75 8.6 4.4 - -
Year 4 5 7 20 63.6 | 44 - -
Year 5 5 7 75 8.6 4.4 - -
Year 1 5 5 75 45 1105 - -
Year 2 5 5 20 45 ]655 - -
6 Year 3 5 7 75 4.4 8.6 - -
Year 4 5 7 20 44 ]63.6 - -
Year 5 5 7 75 4.4 8.6 - -
Year 1 5 5 75 - 45 - 10.5
Year 2 5 5 20 - 45 - 65.5
7 Year 3 5 7 75 - 4.4 - 8.6
Year 4 5 7 20 - 4.4 - 63.6
Year 5 5 7 75 - 4.4 - 8.6
Year 1 5 ) 75 45 1105 - -
Year 2 5 5 20 45 |65.5 - -
8 Year 3 5 7 75 4.4 8.6 - -
Year 4 5 7 20 44 ]63.6 - -
Year5 5 7 75 4.4 8.6 - -
Year 1 5 5 75 - - 45 105
’ Year 2 5 5 20 4.5 - - 65.5
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Year 3 5 7 75 4.4 - - - 8.6
Year 4 5 7 20 4.4 - - - 63.6
Year 5 5 7 75 4.4 - - - 8.6
Year 1 5 5 75 10.5 - 4.5 - -
Year 2 5 5 20 65.5 - 4.5 - -
10 Year 3 5 7 75 8.6 - 4.4 - -
Year 4 5 7 20 63.6 - - - 4.4
Year5 5 7 75 8.6 - - - 4.4
Year 1 5 5 75 - - - 4.5 10.5
Year 2 5 5 20 - - - 4.5 65.5
11 Year 3 5 7 75 - - - 4.4 8.6
Year 4 5 7 20 - - - 4.4 63.6
Year 5 5 7 75 - - - 4.4 8.6
Year 1 5 5 75 105 | 45 - - -
Year 2 5 5 20 655 | 45 - - -
12 Year 3 5 7 75 8.6 4.4 - - -
Year 4 ) 7 20 63.6 | 4.4 - - -
Year5 5 7 75 8.6 4.4 - - -
Year1 5 5 75 45 |1105| - - -
Year 2 5 5 20 45 655 - - -
13 Year 3 5 7 75 4.4 8.6 - - -
Year 4 ) 7 20 44 1636| - - -
Year 5 5 7 75 4.4 8.6 - - -
Year1 5 5 75 45 |1105| - - -
Year 2 5 5 20 45 655 - - -
o Year 3 5 7 75 4.4 8.6 - - -
Year 4 5 7 20 44 |1636| - - -
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Year5 5 7 75 4.4 8.6 - -
Year 1 5 5 75 4.5 - | 105 -
Year 2 5 5 20 4.5 - | 655 -
15 Year 3 5 7 75 4.4 - 8.6 -
Year 4 5 7 20 4.4 - | 63.6 -
Year5 5 7 75 4.4 - 8.6 -
Year1 5 5 10.5 - 4.5 - 75
Year 2 5 5 65.5 - 4.5 - 20
19 Year 3 5 7 8.6 - 4.4 - 75
Year 4 5 7 63.6 - 4.4 - 20
Year5 5 7 8.6 - 4.4 - 75
Year1 5 5 75 10.5 - 4.5 -
Year 2 5 5 20 65.5 - 4.5 -
20 Year 3 5 7 75 8.6 - 4.4 -
Year 4 5 7 20 63.6 - 4.4 -
Year 5 5 7 75 8.6 - 4.4 -
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IV. DEA for sustainability
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Enhanced data envelopment analysis for sustainability
assessment: A novel methodology and application to electricity
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4.1 Introduction

Sustainable development plays a key role in modern societies that seek “to
meet the needs of the present without compromising the ability of future
generations to meet their own needs” (WCED, 1987). Promoting sustainable
development requires implementing concrete actions, projects, programs, plans
and policies, which involve the simultaneous pursuit and satisfaction of economic,

environmental, and social goals.
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Setting sustainability goals and targets requires some knowledge and
understanding of the current level of sustainability. This can be attained through
sustainability assessments, by considering simultaneously all three ‘pillars of
sustainability’ — economic, environmental and social (Azapagic and Perdan, 2000;
Pope et al.,, 2004). A full characterisation and evaluation of a system in these
dimensions requires, therefore, the definition of a wide range of economic,
environmental and social indicators, thereby leading to complex multi-criteria
decision-making problems. A possible way to simplify the assessment is to define an
aggregated sustainability metric by expressing preferences and assigning the
weights of importance to the economic, environmental and social indicators
(Gerdessen and Pascucci, 2013; Martins et al., 2007; Sikdar, 2003). However, while
this approach is easy to implement, it is plagued with difficulties at both the
philosophical and conceptual levels. This includes the fact that in many cases the
value judgements underlying the expression of preferences are incompletely
formed or do not exist so that their articulation prior to understanding the trade-
offs between different sustainability criteria could be misleading and/or
meaningless. This could impede the deliberative process among different
stakeholders, which is central to decision making: the discursive mediation of
conflicting interests and rival perspectives represents a process whereby the
decision can be delivered in an ethically acceptable way (Azapagic and Perdan,
2005). In addition, valuable information on the performance of a system in a
particular dimension might be lost during aggregation which could rule out some
good alternatives before the trade-offs have been understood and explored by

decision-makers.

One of the aims of sustainability assessment is to identify measures to be
optimised in order to minimise or avoid adverse impacts (Gibson, 2001). Most
sustainability assessment approaches establish a ‘direction to target’(Pope et al.,
2004), that is, whether or not a proposed measure in one direction represents a

positive, neutral or negative contribution towards the sustainability target. This
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approach is limited in scope, as it provides no quantitative guidelines on how to
improve the level of sustainability. ‘Distance from target’ approaches are more
effective in practice because they measure the extent of progress towards (or away
from) sustainability, making it possible to define quantitative targets that ensure a
more sustainable development (Jaeger et al.,, 2011). Furthermore, quantitative
methods can be coupled with mathematical programming techniques to automate
the search for alternatives with improved environmental performance (Grossmann

and Guillén-Gosalbez, 2010).

This paper proposes a novel approach based on data envelopment analysis
(DEA) to quantify the level of sustainability attained by a system and identify targets
for improvements. DEA is a non-parametric linear programming (LP) technique that
measures the efficiency of a set of entities, termed decision-making units (DMUs),
each transforming multiple inputs into multiple outputs (Charnes et al., 1978). In
addition to calculating the efficiency scores, DEA provides specific guidelines,
expressed as quantitative targets, which can be used to improve the efficiency level,

in this context related to the level of sustainability.

There has been a substantial body of research on methodological
developments and applications of DEA, but these efforts have primarily focused on
the assessment of DMUs in areas of science and engineering outside environmental
science (Liu et al., 2013, 2015). More recently, DEA was combined with life cycle
assessment (LCA) to assess the environmental efficiency of different systems
(Hoang and Alauddin, 2011; Iribarren et al., 2013; Lorenzo-Toja et al., 2014;
Mohammadi et al.,, 2014; Vazquez-Rowe and Iribarren, 2014). These studies,
however, covered only environmental and economic aspects but disregarded the
social dimension of sustainability. Other authors have used DEA to assess the
overall level of sustainability, but aggregated the multidimensional metrics into a
single indicator (Chang et al., 2013; Khodakarami et al., 2014; Reig-Martinez et al.,

2011; Tajbakhsh and Hassini, 2014), an approach that exhibits the limitations of the
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aggregation discussed earlier.

Despite its advantages, DEA shows two major limitations that are particularly
critical when it is applied for sustainability assessment. First, it answers the question
of whether a unit is efficient or not, but makes no distinction between the units
deemed efficient (i.e. no ranking of efficient units is provided). Hence, since all the
efficient units show the same efficiency score of 1, it is difficult to select a final
alternative in the absence of a ranking scheme (Cook and Seiford, 2009). Secondly,
efficiency scores are very sensitive to the number of inputs and outputs (i.e. the
number of sustainability indicators in this context) as well as to the size of the
sample (Bhagavath, 2006). For large sets of inputs and outputs with respect to the
number of units, a case that is very likely in sustainability assessments, the lack of
ranking leads to a poor discrimination in which many units can be regarded as

efficient (Avkiran, 2002).

Improving the discriminatory power of standard DEA with no loss of
information has become a major challenge that has attracted a significant research
interest. Different approaches have been proposed to deal with the issue of ranking
of DMUs in DEA (Adler et al.,, 2002; F. Hosseinzadeh Lotfi et al., 2013). One
important method for ranking the DMUs is based on the cross-efficiency technique
(Washio and Yamada, 2013; Wu et al., 2012; Zerafat Angiz et al., 2013), whereby the
units are self- and peer-evaluated. Some authors have also used super-efficiency
methods (Chen et al., 2011, 2013; Li et al., 2007), based on the idea of excluding the
unit under evaluation to analyse the remaining units. Other methodologies are
based on finding optimal common weights to discriminate among the units, usually
based on value judgements (Jahanshahloo et al., 2005; Wang et al., 2011, 2009).
Other ways to rank the units are through benchmarking methods and statistical
techniques (Chen and Deng, 2011; Lu and Lo, 2009). Some researchers have
combined DEA with multiple-criteria decision-making methodologies in which

additional preferential information is required (Farhad Hosseinzadeh Lotfi et al.,
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2013; Jablonsky, 2011). However, despite the large number of approaches
developed to further discriminate among the DEA units, no single methodology can

be considered as a complete solution to the ranking problem.

To overcome the limitations of standard DEA, this work introduces an
enhanced DEA methodology that is tailored to carrying out sustainability
assessments. This approach integrates standard DEA with the concept of order of
efficiency (optimality), as originally proposed by Das (1999) and later used by
Antipova et al. (2015) and Pozo et al. (2012). In essence, the idea is to apply
standard DEA repeatedly for different combinations of metrics in each sustainability
dimension separately so as to determine an overall sustainability efficiency. The
capabilities of our methodology are illustrated through a sustainability assessment
of electricity-generation technologies in the United Kingdom (UK), which are
expected to play a major role in its future electricity mix (Stamford and Azapagic,
2014). The main advantages of the proposed approach are that: (i) it considers each
sustainability dimension separately; (ii) it can handle many economic,
environmental and social indicators without compromising the discriminatory
capabilities of the method; (iii) it provides a clear ranking of units based on their
overall performance without the need to define explicit weights on the individual
metrics; and iv) it provides clear quantitative targets for the inefficient systems to

become efficient.

The rest of the article is organised as follows. A motivating example is
presented in Section 2, while in Section 3 we describe the standard and the
enhanced DEA methodologies, revisiting in both cases the motivating example to
illustrate the differences between the two approaches. A real case study that
evaluates the sustainability of electricity technologies in the UK is introduced in
Section 4 to demonstrate the capabilities of the proposed methodology. Finally, the

conclusions of the work are drawn in Section 5.
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4.2  Motivating example

This section introduces a simple example that motivates our methodological
approach. Consider a set of units (e.g. technologies, products, processes, etc.), each
characterised by multiple economic, environmental and social inputs, synonymous
to sustainability decision criteria, and required to produce one unit of output (e.g. 1
kWh). As indicated in Table IV-1, seven technologies (A, B, C, D, E, F and G) are
considered, each of which has three economic inputs (I-1, I-2 and I-3), three
environmental (I-4, 1-5 and I-6), and three social inputs (I-7, I-8 and 1-9) to produce
one unit of output (O-1). The table shows the values of each input, which are
dimensionless for the purposes of this example, but otherwise would be expressed

in appropriate units. Lower input levels imply better performance in all of the cases.

Table 1V-1 Motivating example: seven technologies with nine inputs to produce one unit of

output.

Economic Environmental Social
Output
inputs Inputs inputs

Technology | I-1 /-2 -3 -4 I-5 | I-6 | I-7 | I-8 | I-9 0-1

A 40 | 50 | 29|10 | 25 30|42 |21 13 1.0
B 25| 10|37 ] 20 |50 )|201]31]| 34| 40 1.0
C 20| 13 | 10|45 |43 | 10| 13 | 5.0 | 2.7 1.0
D 45|70 80|20 |70 | 80)]05]| 70|70 1.0
E 30 30|18 | 25|15 | 50| 30| 18 | 33 1.0
F 65|20 | 21|13 |20 |40 | 08 | 32 | 24 1.0
G 30 | 35|11 |40 |31 |30| 20| 27 | 19 1.0

The goal of the analysis is to assess the level of sustainability attained by each

technology in Table IV-1, that is, we aim to address the following points:

e Which technologies are 'more efficient’ in terms of sustainability (i.e.

perform better considering sustainability principles)?
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e For the ones found to be inefficient, how could we improve their level of

sustainability?

DEA was not originally devised to assess the level of sustainability, so an
enhanced version is required for this purpose. Both standard and enhanced DEA are

discussed in the next section.

4.3 Methodology

The fundamentals of standard DEA are presented first before describing the
improvements introduced in this work to tailor the method for its use for

sustainability assessment.

4.3.1 Data envelopment analysis

As mentioned earlier, DEA is a non-parametric LP technique that quantifies
the relative efficiency of a set of comparable DMUs taking into account several
inputs and outputs simultaneously (Charnes et al., 1978). DEA analyses each DMU
individually by solving an LP model and identifies those that exhibit best
performance, i.e. the ones deemed efficient, which form the ‘efficient frontier’. DEA
also measures in turn the level of efficiency of the non-frontier units (inefficient
units), identifies sources of inefficiency, and provides specific guidelines on what

changes are required to turn inefficient units into efficient.

The original input-oriented DEA model, known in the literature as the
Charnes, Cooper and Rhodes (CCR) model, first proposed by these authors (Charnes
et al.,, 1978) based on Farrell’s work (Farrell, 1957) , is a nonlinear program that
measures the efficiency of a unit as the ratio of the weighted sum of their outputs
and inputs. The goal of this model is to find the optimal weights that maximise the
efficiency of a set of DMUs separately (i.e. for each such DMU, the best weights are

found that maximise the outputs/inputs ratio).

Let us consider a set of [J/ DMUs j (j=1,...,[J]) , each using [I] inputs x;
(i=1,...,]1]) to produce [R[ outputs y,; (r=1,...,[R[). The CCR model defined for each
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DMU j, is stated as follows:

Max 9] = Z urYrj/z ViXjj Eq. IV-1

reR iel
s.t. Zuryr]- — Z VX < 0 VjE] Eq. IV-2
rerR i€l
U, v; =0 VreR,i€] Eqg. IV-3

where 9]- is the technical efficiency of the DMU; and u, and v; are free variables
denoting the weights (multipliers) given to each output r and input i, respectively.
Due to the flexibility in the weights, if a DMU; satisfies Hj =1, it is deemed efficient,
and it is considered inefficient when 6; < 1. The latter implies that the DMU under
evaluation is always inferior to other alternatives, even for the most favourable
choice of weights (it is possible to reduce any of its inputs without reducing any

output).

The previous CCR model is input-oriented, that is, an inefficient unit is turned
into efficient through a proportional reduction of inputs and keeping the output
constant. Moreover, the CCR model considers constant returns to scale (CRS), as it
assumes that DMUs operate at the same scale and their outputs change
proportionally when changes in the inputs are applied. The original input-oriented
CCR DEA model (Charnes et al., 1978), which is nonlinear and nonconvex, can be
reformulated into the following LP model (Eq. V-4, Eq. IV-5, Eq. IV-6 and Eq. IV-7),

where the denominator is set to one and the numerator is maximised:

Max 9]-: = z Ur Yy Eq. IV-4
reR
s.t. zvixij' =1 vj’ E] Eq. IV-5

i€l
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Zur}’rj - Z ViXjj < 0 VjE] Eq. IV-6

rerR iel
U, v; 20 VreR,i€l Eq. IV-7

where the subscript j denotes the specific DMU being assessed.

For this primal LP problem it is possible to formulate a partner problem
(dual), which provides the same information as the primal (i.e. efficiency scores) and
calculates in turn targets for the inefficient DMUs so as to become efficient. The LP
dual model is formulated by assigning one dual variable to each constraint in the

primal model (Cooper et al., 2004) as follows:

Z=min90—e<25ﬁ+zsi—) Eq. IV-8

TrER i€l
Z Ajxij + S = OoXio Viel Eq. IV-9
Jj€J
Z Ve — St = = ¥ro Vr eR Eq. IV-10
j€J
2,587,855 =20 VieJ,i€el,reR Eq. IV-11

where ¢ is a non-Archimedean infinitesimal value designed to enforce strict
positivity on variables. 8, is unconstrained and measures the efficiency of the DMU,
under consideration and, therefore, it is less than or equal to 1 (6, < 1). S;fand S;”
are slack variables denoting the extra amount by which an input (or output) should
be reduced (or increased) to be efficient. Note that the values of the slacks are all
zero (S;fand S;7=0) in the efficient units (6, = 1), and strictly positive in the
inefficient ones (6, < 1). 4; is a variable that represents the weight assigned to
each efficient DMU (belonging to the reference set of an inefficient unit) to form a
composite efficient unit that could be used as a benchmark to improve the
inefficient unit. This composite unit is obtained by projecting radially the inefficient

unit on the efficient frontier, which is the piece-wise linear function connecting all
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the efficient DMUs (those with an efficiency score of 1). To illustrate this, we use

below a simplified motivating example described in Section 4.2.

4.3.1.1 An illustrative example for standard DEA

For simplicity, the analysis in the simplified example is restricted to one
environmental input (I-1) (environmental impact) and one economic input (I-4)
(cost), together with one output (O-1), as shown in Table IV-1. Figure IV-1 provides a
graphical representation of the DEA results. The efficient technologies, denoted by
the red circles, determine the efficient frontier, which is the convex envelope
depicted in blue colour. Inefficient systems are represented by black circles, while

their radial projections on the frontier are depicted by green circles.

T T T T T

Strongly efficient frontier
[ H Weakly efficient frontier
! — — — Radial projection .

! —o— Efficient units

® |[nefficient units

© Projection

=

[&)]
T
—h
=

! D
/1 ®0<1
ST
ab I
0
o
(®]
3 |-
2 |-
1k ,l // Pid Targets for D |
I, e d =0.53-A+0.47-B
I/ //
I,
O 1 1 1 1 1 1
1 2 3 4 5 6 7

Environmental Impact

Figure IV-1 Graphical representation of DEA results for the simplified motivating example.
The figure shows the two inputs considered in the analysis, cost and environmental impact
(note that the output is constant for all of the decision-making units).

As can be observed in Figure IV-1, technologies A, B and C have lower input

values for the same output and are thus identified as efficient (i.e. their efficiency

equals 1). The line connecting them determines the piece-wise linear efficient
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frontier. On the other hand, D, E, F and G are deemed inefficient because their
efficiency score 8;is lower than 1 (they produce the same level of output with
higher inputs, that is, they are more expensive and cause greater environmental
impact). DEA also quantifies the magnitude of inefficiency by referring to the
efficient frontier. For instance, the efficiency of technology D is obtained from the
ratio between two segments, the one that goes from zero to the intersecting point
between the efficient frontier and the radial projection of D; and the one that
connects zero and D (i.e. the ratio between 0d and 0D is equal to 0.73 for this
case). The efficiency score represents the extent to which all the inputs should be
proportionally reduced to reach the frontier; therefore, D should reduce its inputs
to 73.33% of its current level in order to be efficient. Point d (which represents the
hypothetical efficient unit for D) is generated by a linear combination of A and B,
which is the reference set (peer group), using linear weights equal to 0.53 and 0.47

respectively, which are provided by the DEA model.

Similarly, all inefficient DMUs can be projected onto the efficiency frontier,
but in doing so we may sometimes obtain weakly-efficient composite units, as it
happens with unit f (efficient unit for F), which shows a slack in the cost given by the
distance fA. In other words, unit F should reduce its inputs at least by 23.08%
(efficiency equals to 76.92%) to be weakly-efficient. However, f would remain
inferior since technology A has the same environmental impact but lower cost.
Therefore, technology F presents a slack or excess of 1 unit in the cost, which
implies an input value of 61.5% of its current level to be strongly efficient. That is, a
reduction of 23.08% (from 6.5 to 5.0) in the cost for F is not enough to become
strongly efficient. For that, the unit needs to decrease the cost by a further 38.5%
(from 6.5 to 4.0), thereby reaching point f* with the same inputs and output than

technology A.

Note that the criteria to be considered in DEA (i.e. the economic,

environmental and social indicators) might be treated as inputs or outputs
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depending on whether they should be minimised or maximised, respectively (i.e.
depending on whether lower or higher values imply better performance,
respectively). Furthermore, it is possible to define all the indicators as inputs (whose
value should be minimised) by carrying out a proper data normalisation. Note also
that the data conversion does not affect the results since the radial DEA models are
unit invariant, that is, the efficiency scores are independent of the measurement
units of the inputs and outputs; further information on this topic can be found in

Edelstein and Paradi (2013) and Tone (2001), among others.

4.3.1.2 Standard DEA for sustainability assessment applied to the motivating
example

To answer the questions posed in the motivating example, we propose to
assess the efficiency in each sustainability dimension separately (i.e. economic,
environmental and social) and then aggregate the results into an overall
sustainability efficiency. Therefore, a unit will have a sustainability efficiency of 1 if

it is efficient simultaneously in all three dimensions of sustainability.

Let 9]-‘1 be the efficiency of DMU j for the sustainability dimension d, that is,
the efficiency calculated by DEA when only the inputs belonging to this dimension
are considered. We define an overall sustainability efficiency, denoted by Hj-su“ and
calculated by Eq. IV-12, as the average of the efficiencies in each sustainability
dimension (reflecting a balanced integration of the three dimensions of sustainable

development in which all of them are considered equally important):

};del)aﬁ

gsust —
! D]

vjeJ Eq. IV-12

Note that the efficiency scores (de and 9]-5”“) fall within the range 0-1. As
explained before, a DMU j is considered efficient in a specific sustainability
dimension if its efficiency score equals 1 (t9]-‘i = 1). The higher the dimension’s

efficiency score, the higher the level of efficiency for that sustainability dimension.

Similarly, a DMU j is considered efficient from the sustainability point of view if its
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overall sustainability efficiency score equals 1 (9]-5”“:1), that is, if it is efficient for
all three sustainability dimensions. The higher the sustainability efficiency scores,

the higher the level of sustainability.

We now revisit the motivating example by applying standard DEA. The results
are presented in Figure IV-2 which shows the efficiency scores for each
sustainability dimension and the overall sustainability efficiency for each
technology. Each axis in the radar chart corresponds to a technology and the
outermost ring represents an efficiency score of 1. The dashed orange, green and
blue lines represent the economic, environmental and social efficiency, respectively,
while the purple line represents the overall sustainability efficiency. Moreover,
Figure V-2 displays the efficiency for each technology calculated considering
simultaneously all of the inputs given in Table IV-1 (black dotted line) without

classifying them according to the sustainability dimension they refer to.

Standard DEA

—&— Economic efficiency
—&— Environmental efficiency
—— Social efficiency
—O— Sustainability efficiency considering
each dimension separately
« Sustainability efficiency considering
all inputs simultaneously

Figure V-2 Standard DEA results for the motivating example.

As can be seen in Figure V-2, when considering all inputs simultaneously
regardless of the dimension they belong to (black dotted line), all the technologies
are deemed efficient (efficiency scores equal 1), thereby leading to a very poor
discrimination and loss of information. This is because each technology performs

well in at least one indicator, a situation that typically arises in sustainability studies.
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For example, an analysis of the input data shows that D is deemed efficient despite
performing well for a single social indicator (I-7) and very poorly for the remaining
economic and environmental metrics. Thus, the outcome of standard DEA in this
case provides little insight into which technologies are more sustainable across the

three sustainability dimensions.

By considering each sustainability dimension separately (i.e. applying DEA to
each sustainability dimension at a time and then aggregating the results into the
overall sustainability efficiency score), we can generate more insightful results. In
this case, no single technology is found sustainable overall, since none is efficient
simultaneously in all three dimensions. The technology with the highest overall
sustainability efficiency is C (sustainability efficiency score of 0.95), followed by G
(0.93), while D is the least sustainable (0.65). As observed in the efficiencies
attained in each dimension, the discrimination can still be poor even after applying
standard DEA to each of them separately. This is because some dimensions require
the evaluation of many metrics, and because of this several technologies
performing well only in a very small number of them can be deemed efficient within
a specific dimension. For instance, technology B and C are both found economically
efficient and it is not possible with standard DEA to discriminate between them. The
same happens in the environmental and social dimensions, in which several
technologies are found efficient, leaving open the question of which one is globally
better still. Therefore, there is a need for enhancing standard DEA to overcome

these limitations; this is discussed next.

4.3.2 Enhanced data envelopment analysis: order of efficiency

This section introduces an enhanced DEA method tailored for sustainability
assessment that integrates the concept of ‘order of efficiency’. The fundamentals of
enhanced DEA are presented first, followed by revisiting the motivating example to

demonstrate the capabilities of the approach.
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In essence, our method ranks DMUs according to how they perform globally,
without the need to define explicit weights for the inputs and outputs. This has at
least two advantages: it removes the subjectivity associated with the weighting of
decision criteria and eases the burden on decision-makers by avoiding the need for
elicitation of preferences. This is achieved by integrating into standard DEA the
concept of ‘order of efficiency’, originally introduced to rank Pareto optimal
solutions from a set of many (Das, 1999). A solution is said to be efficient of order k
if it is not dominated by any other solution in any of the possible k-elements subsets
of objectives. This approach is well suited for cases with a large number of criteria
(objectives) (Das, 1999), in which a large number of points might be regarded as
Pareto optimal, even if they perform well in only one criterion out of a large number
of objectives and poorly in the rest. The order of efficiency determines preferences
among optimal solutions by ranking them according to their order of efficiency,
whereby lower orders imply higher degrees of efficiency (Das, 1999) and, therefore,

higher preferences for those solutions.

On the basis of the original concept, here we adopt the order of efficiency in
the context of DEA, so that a DMU is identified as efficient of order k, if and only if,
it is found efficient in any of the possible k-elements subsets of inputs. Following
this proposed enhanced DEA approach, the calculations of standard DEA are
repeated iteratively for all possible combinations of inputs/outputs and then
aggregated into an overall efficiency metric (note that in this work, without loss of
generality, we only consider combinations of inputs since there is just one output).
The enhanced DEA based methodology is summarised in Figure 1V-3 and explained

in more detail below.
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Figure IV-3 Algorithm of the proposed enhanced DEA methodology to assess the
sustainability efficiency in the economic, environmental and social dimensions.

Let J be the set of DMUs to be analysed by DEA (j=1,...,|J|) characterised for a

set T of sustainability criteria or indicators. Considering the set D of sustainability

dimensions (i.e. economic, environmental and social), the first step requires

categorizing the indicators within the sustainability dimension d they belong to,

such that each dimension comprises |/4| sustainability criteria or indicators. These

are defined as inputs whose values need to be minimised to produce a unit of
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output (fixing the output to 1 and normalizing the inputs accordingly). In the second
step (Figure 1V-3), within each sustainability dimension d, each and every of the

possible combination t of inputs are identified, each containing k inputs out of |/,],
with the total number of combinations given by (lII‘;l). In the third step, the DEA

model is solved to determine the efficiency score for every DMU j in each

combination of inputs t (denoted by Gﬁct).

Then, in step 4, the efficiency of order k (denoted by HﬁC) can be determined
for each DMU j using Eq. IV-13 as the average efficiency in all possible combinations
t containing elements of size k belonging to dimension d (note that each and every
of the possible subset of inputs needs to be considered).

d ZtEde Qﬁct . E IV-13
ol = vdeD,j €] k€K, g.

()

A DMUjj is said to be efficient of order k in a specific sustainability dimension
d, if and only if, the efficiency for any subset of inputs t of cardinality k is equal to 1,
that is, Qﬁct =1 for all t € T}, where T, is the set of possible combinations of [//
inputs of size k. Note that if a DMU is efficient of order k, it is also efficient of order
k’>k. Note also that the utopia point (if attainable) is to be efficient of order 1, that
is, to be the best in every input individually. Therefore, as mentioned earlier, lower
orders of efficiency reflect a better overall performance, since that implies a more

balanced performance in all inputs.

To compute the efficiency of order k, we run the DEA calculations for each
and every possible combination of inputs. This approach is equivalent to imposing
bounds on the weights (multipliers) in the DEA model, so that inputs i’ not included
in a specific subset are given a fixed weight equal to 0 (v;=0), while the weights for
the other included inputs are considered as free variables. The advantage of our
approach is that there is no need to define explicit weights for inputs/outputs.

Instead, we solve the DEA models for every combination of inputs.
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Furthermore, we define an overall efficiency score in each dimension (i.e.
dimension efficiency denoted by 9;1) for each DMU j as the average of all of the
efficiency scores obtained for all of the orders of efficiency. That is, in the fifth step
in Figure 1V-3, the dimension efficiency is determined as the average of all of the
efficiency scores computed by DEA for all of the possible combinations of inputs

within each sustainability dimension d, as given in Eq. IV-14:

d
Hd _ ZkEKd ZtEde gjkt
7y (1l
keEKg\ K

where d represents the sustainability dimension (i.e. economic, environmental and

vdeD,j€] Eq. IV-14

social) to which the efficiency refers, I, is the set of inputs (i.e. sustainability criteria
or metrics) that quantify different aspects of that dimension, T,, is the set of
combinations of order k of these inputs covered by dimension d, and K, is the set of

allowable orders in dimension d (note that |K;|=|/4]).

The dimension efficiency (9;1) takes values between 0 and 1, where a score of
1 means that the DMU j under consideration is efficient in the sustainability
dimension d, that is, efficient in all of the possible subset of inputs — a situation that
will take place only if DMU j is the best in all of the inputs simultaneously. In this
context, DMUs with greater efficiency scores are considered more efficient within a

sustainability dimension.

Finally, with the values of the dimension efficiencies in hand, we can
determine in step 6 the overall sustainability efficiency 01-5““ using Eqg. (12). The
overall sustainability efficiency allows ranking of all the DMUs in terms of their
sustainability performance, since greater sustainability efficiency scores reflect
better level of sustainability for a given DMU. It should be noted, however, that we
refer to sustainability in the context of efficiency so that the solutions found
efficient may not necessarily be fully sustainable according to the original

Brundtland definition of sustainability (WCED, 1987).
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One of the advantages of the DEA model is that it can be implemented in
standard software packages and solved very efficiently using LP methods, which can
potentially encourage a widespread adoption of the methodology proposed herein.
In this work, without loss of generality, we employ the input-oriented CCR DEA
model, which considers CRS. However, the methodology could be extended to
output-orientation and be formulated as the BCC DEA model (named after Banker,
Chames and Cooper (1984)), which considers variable returns to scale. The choice
between the two models depends on the application being addressed; for further
discussion on this topic, see Lozano et al. (2009). Note, however, that when all the
indicators are treated as inputs (by fixing the output to 1 and normalising the data),
the selection of either a CCR or BCC model may become irrelevant since all units

produce the same output levels.

The inefficiency assessment for every combination of inputs provides a large
number of improvement targets that are difficult to interpret. Hence, we propose to
establish improvement targets for every unit deemed inefficient in each individual
dimension, considering all of the inputs in that dimension simultaneously (i.e.
higher order of efficiency), rather than all of the possible combinations of inputs.
More precisely, let us denote by E the reference set of efficient DMUs j for an
inefficient DMU j’. For each DMU j’ found inefficient in a specific dimension d’
considering all the inputs within that dimension (i.e. k equals to |/|), the
corresponding targets that its inputs i (x;j,) should achieve to become efficient are
given in Eq. IV-15. Note that x;; is a parameter representing the input values of the
DMUs in the reference set, while variables Gj,, /1j and S; are computed by solving
the dual DEA model (Eq. IV-8, Eq. IV-9, Eq. IV-10 and Eq. IV-11). Hence, the target

value for input i in dimension d’ that DMU j” should attain is computed as follows:

target_inputy,j; = Z/ljxi]- =0;x —S; Viel,d eD,j €] Eq. IV-15
JEE

whereA;are the linear combination coefficients that multiply the members of the
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peer group of j’, 8;, is the efficiency score of the inefficient unit j” and S;” is a slack
variable denoting the extra amount by which the input i should be reduced to be

strongly efficient.

4.3.2.1 An illustrative example for enhanced DEA

To illustrate the enhanced DEA methodology that integrates the concept of
order of efficiency, the example in Table IV-1 is revisited next considering only the
economic inputs (i.e. I-1, I-2 and I-3). Figure IV-4 illustrates graphically the concept of
efficiency of order k (in this case, efficiency of order 3, as three inputs are
considered), where technologies A, B, C, D, E, F and G are represented by coloured
lines. The vertical axis shows the efficiency score for each technology when three
inputs are considered, while the other axes display the value of each input for each

technology.

Efficiency

1 «—e Technology A
o—a Technology B
o—oTechnology C
«—e Technology D
Technology E
Technology F
Technology G

Input 2

Figure IV-4 An illustrative example for enhanced DEA with the efficiency of order 3. The
vertical axis shows the efficiency score for the technologies considering the three inputs

simultaneously, while the remaining axes show the amount of inputs for each technology.

As can be seen in Figure IV-4, technologies B and C are found to be efficient

of order 3 as their efficiency score is equal to 1, while the other technologies are
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inefficient of order 3 (i.e. efficiency scores are below 1). For the latter, an
inefficiency assessment can be performed to set targets for reaching the efficiency

frontier, as explained in Section 4.3.2.

The efficiency calculations are repeated next for each possible subset of
inputs (one subset of order 3, three subsets of order 2 and three subsets of order
1). Figure IV-5summarises the results for each order of efficiency (i.e. orders 3, 2 and
1), with Figure IV-5a showing the results for the original order of efficiency (order 3),
Figure IV-5b and Figure IV-5c give the efficiency scores for each subset of inputs of
order 2 and 1, respectively, and Figure IV-5d shows the overall economic efficiency

score (orange dotted line) for each technology, determined by Eq. IV-14.

==Efficiency of order 3
o Input 1 - Input 2
>—|nput 1 - Input 3

—o—|Input 2 - Input 3

==Efficiency of order 2
a—Input 1

—o—|Input 2

——Input 3

=rw=Efficiency of order 1

------ Economic Efficiency

Figure IV-5 Graphical representation of efficiency of order of k (for a given set of economic
inputs): (a) economic efficiency of order 3, (b) economic efficiency of order 2, (c) economic

efficiency of order 1 and (d) overall economic efficiency.

As can be observed in Figure IV-5a, technologies B and C are identified as

efficient of order 3. Technology C is in turn efficient of order 2, since it is efficient
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for any combination of two inputs (Figure IV-5b). That is, when input 3 is removed
and we consider only {input 1, input 2}, technologies B and C are efficient. The
same happens when input 1 is removed from the analysis, to consider only
{input 2,input 3}. On the contrary, when input 2 is removed, giving rise to the
space {input 1, nput 3}, C remains efficient, while B is found inefficient. Hence, B is
efficient of order 3, but not of order 2. Furthermore, C is inefficient of order 1
(Figure IV-5c¢), since it shows the best performance in inputs 1 and 3 but not in input
2. Thus, this analysis reveals that technologies A, D, E, F and G are inefficient of
orders 3 to 1, technology B is efficient of order 3, and technology C is efficient of
order 2 (and, therefore, of order 3 as well). In addittion, in terms of the overall
economic efficiency (Figure 1IvV-5d), C is the most economically efficient (score of

0.97) and D the least (0.35).

Therefore, as this simplified example demonstrates, the combined use of DEA
and the concept of order of efficiency enables a further discrimination of
alternatives. For example, B and C were indistinguishable for the original three
inputs considered because they both showed an efficiency of 1.However, after
estimating the order of efficiency they could be ranked easily according to the

overall economic efficiency scores, which for B is 0.87 and for C 0.97.

4.3.2.2 Enhanced DEA for sustainability assessment applied to the motivating
example

We now revisit the motivating example by applying the enhanced DEA
approach. Figure IV-6 displays the efficiency in each sustainability dimension along
with the overall sustainability efficiency for each technology. Technology A is the
best in the environmental and social dimensions (with the efficiency of 0.88 and
0.87, respectively), while technology C is the best for the economic aspect (0.97).
After aggregating all the efficiency values, technology C emerges as the most
sustainable option, with the highest sustainability efficiency score of 0.78;

technology D is the least sustainable, scoring only 0.5.
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Enhanced DEA

—— Economic efficiency
—&— Environmental efficiency
—— Social efficiency

—O— Sustainability efficiency

Figure IV-6 Enhanced DEA results for the motivating example.

Comparing the results of enhanced DEA (Figure IV-6) with those obtained
with standard DEA (Figure IV-2), it is clear that the former improves the
discriminatory capabilities between the technologies, since no single technology
now has the same efficiency score as any of the others, thereby enabling their
ranking according to the efficiency in each dimension and the overall sustainability

efficiency.

4.4  Application of the enhanced DEA method to a real case study
The capabilities of the proposed methodology are illustrated next through its
application to a real case study that assesses several electricity-generation
technologies expected to play a major role in a future UK electricity mix. The data
are sourced from Stamford and Azapagic (2014). Each of these technologies is
defined as a DMU that uses a given amount of economic, environmental and social
inputs to produce 1 kWh of electricity as an output. The specific technologies
studied are: nuclear (pressurised water reactor, PWR), gas (combined cycle gas
turbine, CCGT), coal with and without carbon capture and storage (CCS), wind
(offshore), solar photovoltaics (PV) and biomass (wood and Miscanthus pellets).

Stamford and Azapagic assessed 36 inputs (sustainability criteria) for these
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technologies following a life cycle approach. To simplify the analysis, we consider 18
inputs here: three economic, nine environmental and six social life cycle
sustainability indicators (Table 1vV-2). For further details on these metrics, see

Stamford and Azapagic (2014).

Table IV-2 Sustainability indicators considered as inputs in the enhanced DEA.

Dimension Sustainability indicators® Units®
Capital cost £-kwh

Economic Operation and maintenance cost £-kwh!
Fuel cost £-kwh™

Environmental

Freshwater eco-toxicity

kg DCB-eq-kWh™

Marine eco-toxicity

kg DCB-eq-kWh™

Global warming

kg CO»-eq- kWh™

Ozone depletion

kg CFC-11-eq- kwh™

Acidification

kg SO,-eq- kWh™

Eutrophication

kg PO43-eq- kWh™

Photochemical smog

kg C,H.-eq: kwh

Land occupation

m’yr- kWh™

Land eco-toxicity

kg DCB-eq- kWh™

Social

Direct employment

person-yrs-kWh™

Worker injuries

injuries-kWh™

Human toxicity potential

kg DCB-eq-kWh™

Radiation: total

DALY-kWh™

Depletion of elements

kg Sb-eq -kwh™

Depletion of fossil fuels

MJ-kWh™

®For all the indicators except direct employment, the lower the value, the higher the
level of sustainability.

®DCB: dichlorobenzene. DALY: disability-adjusted lost years.

Note that we treat all sustainability indicators as inputs while holding the

output equal to 1 kWh. For all sustainability indicators, lower values mean better
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performance, except the direct employment for which a higher value is preferred.
The values of the inputs were normalised to a common interval [0.1,0.9] so that 0.1
corresponds to the minimum and 0.9 to the maximum value (opposite for the direct

employment indicator).

The DEA dual model (Eqg. IV-8, Eq. IV-9, Eq. IV-10 and Eq. IV-11) combined
with the order of efficiency concept (see the algorithm in Figure 1V-3) were both
implemented in the General Algebraic Modelling System (GAMS) version 24.4.1,
solving the LP formulations with the solver CPLEX 12.6.1.0 on an AMD A8-5500 APU
with Raedon 3.20 GHz and 8.0 GB RAM. The efficiency of each technology was
optimised in each of the 581 possible subset of inputs (7 in the economic
dimension, 511 in the environmental dimension and 63 in the social dimension),
giving rise to a total of 4648 runs. The CPU time was below one second for all of the

instances.

Figure IV-7 outlines the steps followed to assess the sustainability of the
electricity technologies based on the algorithm in Figure IV-3. The first step requires
categorising the indicators as inputs or outputs within the sustainability dimension d
they belong to - the indicators are modelled as economic, environmental or social
inputs required to produce a certain amount of output. In the second step, each
and every of the possible subsets of inputs t for each order of efficiency k are
identified (t,) within each category. In the third step, the DEA model is applied to
determine the efficiency score of each electricity technology for each combination
of inputs t; (91-",1“). Then, within each dimension d and for each DMU j, the efficiency
of each order k (Bﬁ() and the overall dimension efficiency are determined (9]-‘1) in
steps 4 and 5, respectively. Finally, the overall sustainability efficiency score (Hj-su“)

for each DMU j is computed in step 6.
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Figure IV-7 Graphical summary of the enhanced DEA method applied to assess the
sustainability of the electricity generation technologies.

4.4.1 Efficiency of different sustainability dimensions
The results are summarised in Figure IV-8, Figure IV-9 and Figure IV-10, with each

line corresponding to a different order of efficiency. The darkest line represents the

overall efficiency in each sustainability dimension calculated by Eq. IV-14.

Nuclear Economic efficiency
(PWR)

Biomass
Miscanthus /~

—Efficiency of order 3
—Efficiency of order 2
- Efficiency of order 1
-—Economic efficiency

Biomass
wood

Wl

Coal CCS'“
S~

Solar PV

Figure V-8 Economic efficiency of electricity generation technologies.

The economic efficiency assessment (Figure IV-8) shows that all the

technologies except for coal CCS are efficient of order 3. Among them, only gas
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electricity is efficient of order 2 (and also of order 3), but no technology is efficient
of order 1. The biomass options show the highest overall economic efficiency (0.80),
while coal CCS is the least economically efficient technology (with an overall
economic efficiency score of 0.38). Note that the technology with the largest
efficiency score might not have the lowest efficiency order. This is the case with
biomass which has the highest economic efficiency score, while gas shows the best
(lowest) efficiency order. This is because gas performs poorly for the fuel cost
indicator, while biomass performs well in all of the economic indicators
simultaneously. Nevertheless, biomass is economically the most sustainable option,

for the economic indicators considered here.

Environmental efficiency
Nuclear (PWR)
1

Biomass

Miscanthus Wind (offshore)

—CEfficiency of order 9
—Efficiency of order 8
—Efficiency of order 7
—Efficiency of order 6
) Coal —Efficiency of order 5
——Efficiency of order 4

Efficiency of order 3

Biomass
wood

Efficiency of order 2
. Efficiency of order 1
Coal CCS ‘ Gas (CCGT) —Environmental efficiency

Solar PV
Figure IV-9 Environmental efficiency of electricity technologies.

The results of the environmental efficiency assessment in Figure IV-9 suggest
that coal, solar PV and biomass are environmentally inefficient. Offshore wind and
coal CCS are efficient of order 9, gas of order 7 (and also of orders 8 and 9), while
nuclear is efficient of order 5 (and also of orders 6 to 9). No single technology has an
order of efficiency below 5. Nuclear has the best overall environmental efficiency
score (0.94), followed by gas, wind and coal CCS (0.89, 0.87, and 0.66, respectively).

On the other hand, biomass with wood pellets, solar PV, biomass with Miscanthus
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pellets and coal are the least environmentally efficient technologies, with the
efficiency scores of 0.47, 0.35, 0.32, and 0.22, respectively. Note that, as opposed to
the previous case, here the technology with the best overall environmental
efficiency score (nuclear) also has the best (lowest) order of efficiency. Thus, based
on the inputs (indicators) considered in this case study, nuclear electricity is

environmentally the most sustainable option.

Social efficiency

Nuclear (PWR)
!

Biomass Wind (offshore)

Miscanthus
—Efficiency of order 6
—Efficiency of order 5
—Efficiency of order 4
Biomass ) Coal -
wood / Loa ——Efficiency of order 3
—— Efficiency of order 2

Efficiency of order 1

—Social efficiency

Coal CCS Gas (CCGT)

Solar PV

Figure IV-10 Social efficiency of electricity generation technologies.

The social efficiency assessment in Figure 1V-10 indicates that all of the
technologies, except coal and biomass with Miscanthus pellets, are socially efficient
of order 6. Nuclear and wind are in turn socially efficient of order 5 while gas is
socially efficient of order 2 (and, therefore, also of orders 3 to 6). Moreover, the
overall social efficiency score of gas is the largest by far (0.9). Again, the technology
with the best efficiency score (i.e. gas) has the best efficiency order. Hence, this

technology is clearly the best from a social sustainability perspective.

4.4.2 Overall sustainability efficiency
Figure IV-11 provides the overall sustainability efficiency scores along with
the dimension efficiency score for each technology. Gas electricity has the highest

overall sustainability efficiency score (0.86), followed by nuclear (0.78) and wind
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(0.76). Biomass with wood pellets, coal CCS, and biomass with Miscanthus pellets
have the sustainability efficiency values of 0.64, 0.58 and 0.57, respectively. Finally,

solar PV and coal show the worst scores of 0.54 and 0.45, respectively.

Nuclear (PWR)

Biomass

Miscanthus / Wind (offshore)

Sustainability efficiency

--+-¢-- Economic efficiency

Biomass [ 4

) Coal & -+ Environmental efficiency
wood

««+ -+ Social efficiency

=== Sustainability efficiency

Coal CCS™ Gas (CCGT)

Solar PV

Figure IV-11 Overall sustainability efficiency of the technologies for electricity generation.

4.4.3 Inefficiency assessment

For each technology found inefficient (when all the corresponding inputs
within the dimension are considered), the corresponding targets that its inputs
should achieve to become efficient were determined using Eg. IV-15. The
improvement targets for each technology are summarised in Figure IV-12. The
figure shows the percentage reductions in the form of a heat map that should be
attained in each current indicator value to make the technology efficient in a given
dimension. Each cell is coloured according to the reduction value assigned to each
input — the darker the shade, the higher the reduction needed. Note that in the case
of the indicator direct employment, the target is a positive increment rather than a

reduction.
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Figure IV-12 Heat map of inputs reductions for the electricity generation technologies
required to achieve the economic, environmental and social efficiency.

In the economic dimension, coal CCS is the only inefficient technology. To
become efficient, it should reduce its capital and fuel costs by 34%, and its
operation and maintenance cost by 62%. These targets can be seen as either pure
targets to reach the economic efficiency, or as the level of financial subsidies

necessary to make the technology efficient.

As mentioned earlier, coal, solar PV and both biomass options are inefficient
in the environmental dimension. The corresponding improvement targets are also
shown in Figure IV-12. Among them, coal has the largest improvement targets. One-
third of the total UK electricity consumption is generated from coal (DECC, 2015,
2014) and coal is expected to remain in the future UK energy mix to some extent.
Hence, minimising its environmental impact may contribute significantly to reducing

the environmental footprint of energy generation in the UK. For solar PV the
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environmental impacts that require largest reductions are land occupation (89%),
marine ecotoxicity (90%), eutrophication (84%) and acidification (77%), which are
mainly caused during the manufacture of the solar facilities. Regarding the biomass
options, the most critical categories are land occupation (99%), acidification (97%),
photochemical smog (95%) and eutrophication (93%). These impacts are primarily
driven by biomass cultivation; therefore, the use of second-generation biomass,
such as agricultural and forestry residues or waste, could help to achieve the

reductions required.

Finally, for the social dimension, coal and biomass with Miscanthus pellets
are found inefficient. The highest improvements are required for coal in the
categories human toxicity potential, workers injuries and depletion of fossil fuels,
which should be reduced by 89%, 77% and 62%, respectively. By comparison, the
improvements needed for the biomass option are relatively small: radiation, human
toxicity potential and worker injures should be reduced respectively by 36%, 23%

and 19% to become socially efficient.

4.5  Conclusions

In this work, we have proposed an enhanced DEA methodology for the
assessment of the level of sustainability attained by a system. Our approach
improves the discriminatory capabilities of standard DEA by grouping the inputs into
economic, environmental and social indicators and by integrating the concept of
order of efficiency. The latter is in particular powerful as it allows dealing with a
large number of economic, environmental and social indicators simultaneously. The
main advantages of enhanced DEA are: (i) it considers each sustainability dimension
separately; (ii) it can handle a large number of economic, environmental and social
criteria; (iii) it enables ranking of alternatives according to the extent to which they
adhere to defined sustainability principles without the need to elicit preference
weights for the criteria; and iv) it provides clear quantitative targets for the

inefficient systems to become efficient, i.e. sustainable.

181



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS Chapter IV DEA for sustainability assessment

Angel Galan Martin

The capabilities of the methodology have been illustrated by application to a
real case study assessing the level of sustainability of different electricity generation
technologies. Gas, nuclear and wind electricity have been found efficient in all three
dimensions of sustainability simultaneously when all the indicators within each
dimension were considered. Gas electricity has the highest overall sustainability
efficiency (mainly because of its very good performance in the social dimension),
followed by nuclear and wind. Gas is also the most economically and socially
efficient (highest economic and social efficiency scores), while nuclear is the best in

the environmental dimension.

The proposed methodology can facilitate transition towards a more
sustainable society by identifying the most sustainable options. Furthermore, it
helps to pinpoint in a systematic manner the main sources of inefficiency and set
improvement targets. This information can be useful for industry as an aid for
improving technologies and products and for policy makers when designing future

policies in accordance with the principles of sustainable development.
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5.1 Introduction

Climate change has been in the international political agenda as a collective
commitment since the United Nations Framework Convention on Climate Change
entered into force more than twenty years ago (UNFCCC, 2017). Despite the efforts
made so far, coordinating global actions on climate change mitigation and
identifying solutions that satisfy a diverse group of stakeholders is still a major

challenge facing the world today (Hallegatte et al., 2016; Keohane and Victor, 2016;
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Lenton, 2014; Lewis, 2016; Sandler, 2004; Schmidt, 2015; Tavoni, 2013). The
standard negotiation approach of defining regional and national targets, reflecting a
‘fair’ allocation of responsibilities among the countries involved, has thus far proved
ineffective (Hardin, 2009; Hohne et al., 2014; Raupach et al., 2014). Some of the
main obstacles in reaching global agreements have been the conflicting interests
and competing priorities of different countries, which in turn have determined their
willingness to act towards mitigation of climate change (Hallegatte et al., 2016). As a
result, the agreed mitigation strategies might not be the most effective but simply

those capable of achieving consensus.

Recently, the U.S. announced its withdrawal from the 2015 Paris Climate
Agreement, arguing that it was unfair for the U.S. economy. To tackle climate
change more successfully (Bahn et al., 1998; Cole, 2015; Dutta and Radner, 2004;
Heitzig et al., 2011; Jacobson et al., 2015; Smead et al., 2014) and avoid domino
effects of other countries potentially pulling out of the Agreement, alternative
approaches will be needed. In this contribution, we argue that quantifying the
benefits of cooperation and sharing them fairly through compensation mechanisms
could provide a basis for more effective mitigation agreements, allowing
implementation of the most cost-efficient technologies in the right places (Bahn et

al., 1998; Petrosjan and Zaccour, 2003; Unger and Ekvall, 2003).

To demonstrate how the proposed approach would work, we apply it to the
U.S., as an illustrative case of a multi-state region which could be extrapolated at
the global level. Action to mitigate climate change remains a controversial topic
with high political polarisation in the U.S. Here, we aim to provide sound scientific
evidence of the benefits of cooperation in climate change mitigation that could be
used in ongoing discussions. Specifically, we quantify the benefits of adopting a
centralised global action to reduce CO, emissions for different levels of cooperation
among states using the targets defined in the Clean Power Plan (EPA, 2015) (CPP),

one of the main elements of the Obama Administration’s strategy for meeting the
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U.S. Paris commitments. The CPP was enacted by the Environmental Protection
Agency (EPA) on the 3rd August 2015 and has been the U.S. flagship programme in
climate change mitigation until the 28th March 2017, when the current
Administration issued an Executive Order (Exec. Ord. No. 13783, 2017) to review
the rule so as to suspend, revise or rescind the CPP (82 FR 16329, 2017). As a result
of this review, the new Administration has decided to repeal the CPP, which has
raised the question of whether the U.S. might still be able to meet its commitments
made under the Paris Agreement. Essentially, the CPP aimed to curb CO, emissions
from the power sector by 35% from 2012 baseline levels by establishing individual
CO, emissions targets for 47 out of 50 states (Alaska, Hawaii and Vermont are
excluded). The targets, which varied greatly across the states, were based on the
capacity of each state to implement three mitigation strategies, namely, switching
from coal to natural gas power plants; increasing the share of renewables; and
improving plant and heat-rate efficiency. The CPP followed the so-called
“production-based” approach to climate change mitigation, which considers only
direct CO, emissions, as opposed to a “consumption-based” method whereby both
direct and indirect emissions in the supply chain are taken into account; the latter
are also referred to as “embodied” or “cradle to grave” emissions. With the CPP
being rescinded, it is timely to investigate how its targets could be attained while
benefiting the U.S. economy, the claim to the opposite being the main reason for its
withdrawal. This is important not only because the U.S. is the second global emitter
of GHG emissions (European Commision-Joint Research Center, 2014), but also
because modernising the aging U.S. power system in a cost-effective manner can
provide a robust and resilient response to the transformations challenges ahead
(e.g. distributed generation, cybersecurity) (DOE, 2015). In this context, elucidating
the value of cooperation at local and regional levels can potentially provide a
roadmap on how to tackle more complex negotiations at the multi-national level,

such as the Paris Agreement.
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5.2  Emissions Reduction Cooperation Model

To carry out our analysis, we rely on mathematical programming techniques
(also named as optimisation) that aim to find the optimal solution of a model
representing a complex problem by means of a set of mathematical equations. The
model contains three main elements: first, the objective function whose value
needs to be maximised or minimised; second, a set of constraints that the solution
sought should satisfy; and third, decision variables whose values are unknown and
have to be found to optimise the objective. The type of variables (i.e. continuous
and/or discrete) and equations (linear and/or non-linear) provide the class of the

model.

In this contribution, we developed a mixed integer linear programming model
(MILP) referred to as ERCOM as an acronym of Emission Reduction Cooperation
Model. ERCOM is capable of identifying the most cost-effective ways of meeting the
electricity demand while not exceeding the total CO, emissions ceiling, in this case
that imposed by the CPP. In short, given the electricity demand in each U.S. state,
costs (power plant construction, operation, maintenance and connection to
electricity grid) and CO, emissions for each electricity technology and their potential
location, ERCOM minimises the cost of electricity generation in the U.S. for the year
2030 (the CPP target year) considering different levels of cooperation among the
states. Hence, the MILP model automates the screening of millions of partnership
alternatives so as to ultimately identify the most cost-effective collective action
towards carbon mitigation for a given level of cooperation. An outline of the model
is provided next, while a detailed description of the mathematical formulation, data

and assumptions is given in the Appendix 5.7.

In essence, ERCOM contains standard equations to model an energy system
designed to meet specific reliability of electricity supply together with a set of
constraints that enable assessing the benefits of cooperating when implementing

CO, abatement strategies. In the non-cooperative approach, each region is forced
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to keep its emissions below a specific regional limit, in this case based on the CPP

targets for each state. This can be expressed in compact form as follows:

min, Z z cizji]- Eqg. V-1

icl jeJ
S.t. Zemi]-xi]- < e_] vVjE]J Eq. V-2
i€l
Aijxij Sai]- Vi EI,j E] Eq. V-3
x€R Eq. V-4

where x;; are continuous variables denoting the amount of electricity generated by
each technology i in each region j; ciTj is a cost vector that multiplies the amount of
electricity generated by each technology with its cost level; em;; is the vector
containing emission coefficients for each technology i in each region j; g is the
emission target for region j; A;; is the technical matrix of constraints to be met by
the energy system; while a;; is the corresponding vector of right-hand side
parameters, such as the electricity generation potential for each technology i in

each region j.

In the cooperative approach, emissions limits can be met either in
cooperation or individually. More precisely, by sharing emission targets, each region
is allowed to emit above its quota of emissions as long as others compensate for
these extra emissions. This multi-regional cooperative approach can be modelled in
a simplified manner as follows (see section 5.7.1.2 in Appendix for details on the

original formulation of ERCOM):

miny, Z z cizjl-j Eq. V-5

i€l jej
s.t. ZZemijxij SZG_] Eq. V-6
i€l jeP jEP
Zemijxij < e_] Vj &P Eq V-7

i€l
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Z}’j =CS Eq. V-8
jej

Aijxij+Bjyj Saij viel,je] Eq. V-9
x€R,ye{0,1} Eqg. V-10

In the above model we consider two types of regions j, those that belong to
the partnership P and meet aggregated targets (j € P) and those outside the
partnership, and therefore satisfy individual targets (j € P). To model the decision
to participate in the partnership, we introduce binary variable y;, which works as
follows. When region j belongs to the partnership (j € P), y; will take a value of one
and equation (Eq. V-6) will be enforced for all the members of the partnership, that
is, the total emissions of the regions that cooperate should not exceed the
summation of their targets (note that some individual targets can be exceeded
provided the aggregate is satisfied). If region j does not belong to the partnership
(j € P), y; will be zero and equation (Eq. V-7) will then force every such region to
meet its individual target. It is worth noting that equations Eq. V-6 and Eq. V-7 are
simplified expressions, since the definition of set P actually requires reformulated
big-M constraints and the linearisation of nonlinear terms (see equations from V-A1l
to V-A7 in Appendix 5.7.1.2 for further details). Then, the level of cooperation can
be controlled via equation (Eq. V-8), where parameter CS represents the number of
regions in the partnership (i.e. the total number of binary variables that can take a
value of one). Finally, B; is an additional matrix that models the practical
implications of belonging to the partnership. This matrix includes carbon emission
equations (Egs. V-Al to V-A8), resources availability constraints (Eqgs. V-A9 to V-
A14), operational constraints (Eqgs. A-A15 to V-A19), transmission and distribution
constraints (Egs. V-A20 to V-A27), a demand satisfaction constraint (Eq. V-A28) and

equations related to costs calculations (Egs. V-A30 to V-A34).

Essentially, ERCOM identifies the most cost effective collective action towards
carbon mitigation for different levels of cooperation, each entailing different

numbers of regions cooperating in partnerships (from the case in which regions act
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independently from each other, CS = 0, to the case where all cooperate, CS = |J]).
The model determines optimal capacities of electric power technologies in each
state, inter-state electricity flows (note that inter-state transmissions are only
allowed between states within the partnership) and electricity trades with Canada
required to potentially meet each state’s power demand in 2030 considering
region-specific abatement curves for each state (see section 5.7.1.3 of the Appendix
for a detailed description of the data). The following electricity sources are included
in the model: coal, natural gas (including carbon capture and storage, CCS, for both),
nuclear, hydro, solar, wind, geothermal and biomass. Potential use of each resource
is limited by its regional availability, but the model allows an exchange of fossil fuels
and biomass among states. The reliability of supply is ensured by identifying an
optimal mix of base-load and intermittent technologies. The cooperation between
the states is established through electricity trading and sharing of their emission
targets, allowing one state to exceed its target as long as another offsets its
emission excess. By establishing cooperation among states, the model can exploit
regional abatements costs, thereby identifying solutions that are more efficient
globally. In this way, ERCOM goes beyond other energy systems optimisation
models, such as MARKAL/TIMES, NEMS and SWITCH (Fripp, 2012; Loulou et al.,
2004; Nelson et al., 2012; Safaei and Keith, 2015; US Energy Information
Administration, 2011), to explore the gains of tackling climate change mitigation
through cooperation. Note that the motivation for cooperation extends beyond
pure economic interests and emissions concerns. Hence, ERCOM could account for
alternative criteria embracing other environmental burdens (e.g. damage to human
health, biodiversity loss, etc.), social indicators (e.g. jobs created, labour
compensation, etc.), as well as reliability and energy security concerns, among
others. Without loss of generality, ERCOM focuses only on cost and emissions,
centring the analysis and interpretation of its solutions on the value of cooperation.

As far as we are aware, this is the first time such an approach has been proposed.
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5.3 Results and discussion

5.3.1 Benefits of increasing cooperation

We consider a complete range of optimal solutions to explore the benefits of
inter-state cooperation, from no cooperation to full cooperation among all the
states. In the case of no cooperation, the states act independently from each other,
with no trade of electricity among them and each aiming to meet independently the
individual emissions reduction target set by the CPP. In this instance, the electricity
generation costs are minimised in each state separately. This leads to solution A in
Figure V-1, with the total cost of electricity generation in 2030 across all the states
being 4% below the actual cost in 2012, despite a 15% higher demand. The total
reduction in CO, emissions is almost double the overall U.S. CPP reduction target:
67% vs 35%. This is achieved by exploiting the economic competitiveness of low-
carbon options (Heuberger et al., 2016; MacDonald et al., 2016; NREL, 2012) which
allows curbing of CO, emissions while decreasing the overall costs. Further details

on this solution can be found in section 5.7.2.1 in Appendix.

At the other end of the scale, we consider cooperation of all the states
through electricity trade and emissions sharing, therefore forming a global
partnership. In this case, instead of focusing on the individual states and their
emission targets, we consider that the U.S. acts as a whole coordinated entity to
minimise the total electricity costs, subject to the overall CO, reduction target of at
least 35% at the country level. The calculated optimal solution is denoted by point B
in Figure V-1. As shown, the electricity cost is reduced by 12% compared to solution
A, equivalent to a saving of more than USS$33 billion per year. Compared to the
actual costs in 2012, the saving amounts to billion US$46/yr; these savings are
discussed further in the next section. Thus, full cooperation guided by optimisation
tools such as ERCOM can bring enormous benefits to a national economy, leading to
the most cost-effective reduction of CO, emissions from the electricity sector.

Indeed, the savings attained are of the same order of magnitude as the expected
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combined benefits that the implementation of CPP would bring through mitigation
of climate change and avoidance of related health impacts, estimated between
USS$26 and USS45 billion in 2030 (EPA, 2015). In addition to the costs reduction, the
overall CO, emissions are decreased far beyond the 35% target - 70% compared to
the base line year. Furthermore, in the case of no-cooperation, CO, emissions are
reduced by a further 3%. These findings show that, contrary to the claims of the
Trump’s Administration, pursuing climate change mitigation can bring significant

benefits not only for the climate but also for the U.S. economy.
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Figure V-1 Optimal cost (primary axis) and emissions (secondary axis) of electricity
generation in the U.S. in 2030 as a function of the level of cooperation. Blue dots represent
the minimum cost solution obtained with the ERCOM model for each level of cooperation
(in 2012 USS) while red squares and the red-shaded region represent the level of emissions
reduction attained (in % with respect to 2012 levels). Solution A corresponds to the case
where all states satisfy their CPP targets individually, whereas in solution B all the states
cooperate together. The U.S. situation for 2012 is depicted with a red triangle.

We then calculate optimal solutions involving the cooperation of different
number of states, obtaining the cooperation curve depicted in Figure V-1. At first,
the total electricity cost drops considerably with a small number of states involved
in cooperation (~10) and then continues to decline marginally up to the point where

43 states are cooperating (see the cooperation curve in Figure V-1). Beyond this
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point, involving the remaining four states (depicted with purple dots in Figure V-1)
in the global U.S. partnership incurs no further cost or emission benefits - while they
may still participate formally in the electricity trade and emission sharing, in
practice they behave independently so neither extra economic or environmental
benefits are attained. The cooperation curve divides the search space into two
regions, providing a lower bound (i.e. minimum limit) on the total cost that could be
attained when a given number of states cooperate. The region below the curve is
therefore empty where no feasible solutions exist that entail lower cost than the
ones on the curve. The region above the curve contains feasible solutions but they
are suboptimal compared to those on the curve. These suboptimal solutions would
eventually emerge from decentralised negotiation schemes that may converge
towards a Nash equilibrium entailing a certain level of cooperation (Dutta and

Radner, 2004; Heitzig et al., 2011; Wood, 2011).

5.3.2 Implications for electricity supply

Depending on whether an individualist or a cooperative approach is followed,
the optimal U.S. electricity supply system would be different since each approach
entails specific compliance options. In solution A, no cooperation is allowed and
states would be forced to meet their CPP target individually only by switching to
cleaner energy mixes. In solution B (i.e. global U.S. partnership), states are allowed
to share targets and exchange electricity which allows for exploiting region-specific
abatement costs and availabilities of low-carbon and low-cost sources. Broadly
speaking, in both solutions A and B, coal-fired power plants would be almost
entirely phased out and natural gas and wind power would become the
predominant sources of electricity. At the same time, generation from other
renewable sources would be increased while nuclear capacity would be kept
constant as specified in the CPP. Overall, the share of renewable sources would
increase substantially, contributing 47% of the total U.S. electricity demand in 2030

for solution A and 53% for solution B (Figure V-2).
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Figure V-2 Global U.S. electricity generation portfolios for 2012 (pie chart on the left),
solution A (centre) and solution B (right). Slice colours represent the share of each
technology according to the legend. Additionally, the associated levelised cost of electricity
(LCOE, in USS/MWh) and the emissions rate (in CO, t/MWh) are depicted together with the
pie charts.

Despite similar U.S. electricity portfolios in A and B, the latter entails lower
costs and emissions from electricity generation mainly because cooperation allows
deploying further low-cost and zero-emitting wind onshore (i.e. 29% in B comparing
to 20% in A of the total electricity generation). Conversely, in solution A, more coal,
natural gas with CCS and biomass would be required to ensure the system reliability
due to the intermittency of wind and solar power used in some states (see section
5.7.2.1 in Appendix for a breakdown by state of the cost-optimal electricity system
in solution A). As a result of the compliance advantages emerging from the
cooperation, the global U.S. levelised cost of electricity (LCOE) in solution B would
be further reduced to US$55.6/MWh compared to US$64.46/MWh in solution A;
while the global U.S. carbon intensity would be 0.14 CO, t/MWh in solution B
compared to 0.16 CO, t/MWh in solution A.

Further analysis of solution B shows the implications of full cooperation at the
state level (Figure V-3). The breakdown of the global U.S. partnership reveals that,
although coal electricity would be displaced in most states (from 38% of the total
U.S. electricity generation in 2012 to 2% in 2030), it would remain constant in six
states (Arkansas, Wyoming, North Carolina, Tennessee and North and South

Dakota), where it would be used to back up the intermittent wind and solar PV.
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Other states would rely on natural gas and nuclear, which would represent 52% and
24% of the total base-load generation. Natural gas would become the predominant
source (more than 80%) in some north-eastern states, such as Rhode Island,
Connecticut, Massachusetts, New Jersey, New York and New Hampshire. Nuclear
installed capacity would be kept constant in all states, as specified in the CPP, and
would represent all the electricity generated in Pennsylvania and almost all (more
than 85%) in Michigan, Wisconsin and Virginia. Overall, electricity from renewable
sources would supply 53% of the U.S. power needs in 2030, with onshore wind and
solar PV generation increasing substantially in many states. Solar PV would grow in
Florida, Nevada, Colorado, Utah, Minnesota and Delaware to provide more than
one third of their total generation. Onshore wind would be installed in 26 states and
become the dominant source of power in Washington, New Mexico, Texas,
Oklahoma, Indiana, Maine, Missouri, West Virginia, South Dakota, Nebraska and
Wyoming. Additionally, geothermal resources would be exploited in Western states
(California, Arizona, Colorado, ldaho, Montana, New Mexico, Nevada, Utah,
Washington and Wyoming), while biomass would be deployed in Louisiana,
Mississippi, Tennessee, Georgia and South and North Carolina. Concentrated solar
thermal would be installed in South Dakota, reaching 10% of the total share, and to
a much lesser extent in Florida (less than 1%). The model decides in turn to rule out
offshore wind and both coal and natural gas with CCS, which are at present

economically less competitive than the other options.

Analysing the electricity trade, four groups of states would emerge: (i) states
that would export electricity without importing it (e.g. Florida, Oklahoma, South
Dakota, Nevada and Indiana); (ii) states that would import electricity without
exporting (e.g. Arizona, California, lllinois and New Jersey); (iii) states that would
export and import electricity (e.g. New York, Pennsylvania, Tennessee and Texas);
and (iv) states not trading electricity at all (like Maine, Montana and North Dakota,
which satisfy their demand with domestically generated electricity). Furthermore,

Washington, Michigan and Wisconsin would import hydro-electricity from Canada.
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In total, four states would act as key suppliers providing clean and low-cost
electricity. Oklahoma and Indiana would increase their generation substantially to
provide wind-based electricity while Florida and Nevada would do the same

providing solar-rich electricity.
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Figure V-3 Geographical breakdown of the U.S. cost-optimal electricity system in 2030 for
solution B (full cooperation in Figure V-1). The size of the pie charts is proportional to the
electricity generation in each state (MWh/yr) whereas the slice colours denote the
technology and the slice sizes represent the associated percentage share. Arrows illustrate
the electricity trade between the U.S. states and Canada, with their thickness proportional
to the amount of electricity traded.

Note that the cost-optimal cooperative solution shown in Figure V-3 should
be understood as a roadmap to guide the most cost-effective path for the transition
to a low-carbon electricity sector. Coordinating where and how much infrastructure
needs to be built would require further discussions with relevant stakeholders,

considering economic, political and social concerns; this is beyond the scope of this

paper.
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5.3.3 Implications for carbon mitigation

In the absence of cooperation, switching to low-carbon electricity options is
the only strategy that can reduce carbon emissions, while in the cooperation
approach, cross-border imports of electricity and sharing of the emissions cap are
also allowed. These mitigation strategies are implemented in solution B. As shown
in Figure V-4, the majority of the states would reduce their carbon intensity (41 out
of 47) and become net importers of electricity (31), while only a few (11) would
emit above their CO, target and rely on burden sharing to offset their emission
excess. For example, Kentucky would reduce its carbon intensity by 100%, while
others, such as New Jersey, would increase its carbon intensity by 78%. Analysing
the cross-border electricity flows, some states would emerge as net exporters of
electricity while others would be net importers. For instance, Oklahoma would be a
net exporter that sells a total of 596 TWh of electricity to Kansas, Colorado, Texas,
Missouri and Arkansas, whereas Texas would be a net importer that would
purchase more electricity from Oklahoma (328 TWh) than it would sell to Louisiana
(102 TWh, a net balance of -226 TWh). The analysis of the emissions reveals that
Texas, California, Pennsylvania and Ohio would reduce their territorial emissions
beyond their CPP target in order to offset those in the states that exceed theirs (e.g.
New York, Oklahoma, Nevada and Florida). This reduction in emissions would not
necessarily imply deploying a low-carbon electricity mix, since it could also be the
result of reducing electricity generation. The latter would happen in New lJersey,
which would increase its carbon intensity by deploying more natural gas (from 44%
to 93%) -selected due to its economic competitiveness- but would offset this by
decreasing its total domestic electricity generation by almost 20%. In practice, most
states would rely on a combination of mitigation strategies. Texas, for instance,
would emit below its original CPP target by becoming a net importer of electricity
and by implementing a lower-carbon mix. On the contrary, New York would
implement a more carbon-intensive mix and become a net exporter of electricity,

but would offset its excess of emissions by sharing its carbon burden. Ultimately, all
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these strategies would give rise to an imbalance between states emitting below or
above their CPP targets, where the overall emissions at the U.S. level would be
finally reduced by 70%, instead of the required 35%. Compared to the no
cooperation model (solution A in Figure V-1), the overall annual reduction in
emissions would amount to 66 Mt CO,. This reduction would be attained because
increasing the share of low-carbon technologies would be economically appealing,
despite requiring a base-load capacity to ensure system reliability when
intermittent renewables would be used (Heuberger et al., 2016; MacDonald et al.,
2016; NREL, 2012). Thus, these results show that the most cost-effective mitigation
pathway, emerged from the centralised approach, would ultimately lead to state
emissions levels which are totally different from the original targets proposed by
the CPP (some states would exceed their original limit while others would
compensate for these extra emissions). In addition to this mismatch, there would

also be cost implications that are discussed in more detail in the next section.
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Figure V-4 State mitigation strategies under full cooperation (solution B in Figure V-1). Each
bubble corresponds to one state, for which three values are shown: (i) the reduction in
carbon intensity relative to the baseline year of 2012 (x-axis); (ii) the net electricity trade (y-
axis) (the values for (i) and (ii) are represented by the centre of the bubble); and (iii) the
difference in emissions between the CPP target and solution B (denoted by the size of the
bubble, with the grey bubbles representing the states emitting above their CPP target and
the green the states with the emissions below their target).
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5.3.4 Implications for costs

We next analyse in detail the distribution of economic efforts resulting from
the multiple patterns described previously. To this end, we compare the electricity
costs in solutions A and B for every U.S. state (Figure V-5). Thirty states would
benefit when moving from A to B, while 14 would be penalised and only three
(Montana, North Dakota and Wisconsin) would experience no change. Oklahoma
would be the most penalised state when moving from an individualist strategy
towards the global U.S. partnership. It would increase its electricity generation by a
factor of nine, mainly by deploying a substantial capacity of onshore wind (70% of
the electricity portfolio) to supply electricity to neighbouring states. This is due to its
significant wind potential (best capacity factor among all states), which would allow
the state to provide low-cost and zero-emitting electricity to satisfy the demand of
other states. Similarly, Florida and Nevada would also incur extra costs because they
would have to increase their electricity generation so as to exploit their solar
potential and provide low-carbon power to neighbouring regions. Unlike these
states, Texas, California, Kentucky and Ohio would import part of their electricity to
satisfy their demand, thereby reducing their investment in domestic facilities. In
particular, Ohio would be the state benefitting the most, reducing its generation by
six-fold by importing most of its electricity demand. On the other hand, Maine
would generate the same amount of electricity in solutions A and B, but it would
lose out in the cooperation because it would require replacing natural gas by more
expensive onshore wind. By doing so, part of the natural gas potential in Maine
would then be used in other states which would otherwise incur a higher levelised

cost of electricity (LCOE).

As can be seen, under full cooperation some states would benefit by joining
the global U.S. partnership and would therefore be willing to collaborate; however,
others would be penalised and would require incentives to prevent them from

leaving the global partnership.
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Figure V-5 Comparison of the cost of electricity generation in the different U.S. states for
solutions A and B. Each state is depicted by a bubble, where the centre of the bubble
represents the cost of electricity generation for solution B (y-axis) and solution A (x-axis).
The states on the diagonal (solid red line) have the same electricity generation cost for both
solutions; those below the diagonal benefit from cooperation and those above it are
penalised. The size of the bubbles indicates the difference in electricity generation between
solutions A to B. The colour code is as follows: the orange colour denotes an increase in
generation, the blue a decrease and the purple no change. The inset in the top right-hand
corner represents the magnified results shown in the bottom left-hand corner of the graph
within the dotted square.

5.3.5 Sharing of cooperation benefits

The global U.S. partnership would entail an uneven distribution of efforts that
might deter the penalised states from participating. Appropriate mechanisms and
policies would be therefore required to incentivise cooperation and avoid missing
the significant potential benefits of cooperating. These benefits should be shared in
a fair manner among all states in order to engage them in a collective action. To
harmonise the benefits of participating in the global partnership, each part could
receive the same dividend according to the equality principle. Following this

premise, costs in the cooperation would be redistributed in such a way that each
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state would achieve the same cost reduction when transitioning from solution A
(individual) to B (cooperative), which in this case corresponds to a 12% cost
reduction. This rule is illustrated in Figure V-6, which can be derived from Figure V-5

after allocating the overall 12% of cost reduction among the U.S. states.
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Figure V-6 Costs of electricity generation in different U.S. states after sharing cooperation
dividends. Each state is depicted by a bubble, where the centre of the bubble represents the
cost of electricity generation for solution B after sharing the benefits (y-axis) and the cost of
solution A (x-axis). States on the diagonal (solid red line) have the same electricity
generation cost for both solutions; those below the diagonal benefit from the cooperation
and those above it are penalised. The size of the bubbles indicates the amount of the
compensation payments, where red colour denotes states which contribute to the global
partnership and green colour states which receive payments. The inset in the top left-hand
corner represents the magnified results shown in the bottom left-hand corner of the graph
within the dotted square.

As seen, after splitting the cooperation dividends, all states would benefit in
the global partnership (all states would lie below the diagonal). As an example, in
solution A, Oklahoma would incur a cost of US$3.01 billion/yr, while in solution B its

cost would be USS$2.66 billion/yr, that is, 12% cheaper. Obviously, the new
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distribution of costs would require establishing transfer payments between states
originally benefitting and being penalised when cooperating (Figure V-7).
Particularly, 28 states would have to contribute to the global partnership (i.e.
payments to the central partnership administration), while 19 states would receive
compensation payments (i.e. receive payments from the central administration).
Within the first set of states, we would find Ohio, deemed as the state benefiting
the most from the cooperation, that would have to contribute to the partnership
with US$10.7 billion/yr, resulting in a final total cost of USS$13.3 billion/yr (12%
lower than its cost in the individualist strategy). Conversely, Oklahoma, the most
penalised state in the global partnership, would receive US$25.5 billion/yr. To
ensure a fair and reliable process, these compensation payments should be

managed by the centralised U.S. partnership administration via tailored financial

mechanisms.
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Figure V-7 Compensation payment scheme to spur cooperation. In the Sankey flow diagram,
states on the left would contribute (pay) to the global partnership administration, while
states on the right would receive compensation payments. The thickness of the flows is
proportional to the payment made or received (billion USS/yr).
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Alternative sharing schemes could be applied based on additional fairness
principles besides equality (e.g. equity, proportionality, capacity) (Phillips, 1997;
Ringius et al., 2002), which would further assess the contributions made by each
state, both as a producer and a consumer (see section 5.7.2.2 in Appendix for
further discussion on this topic). Designing a sharing scheme perceived as “fully fair”
by all participants might be extremely hard and further complicated by the fact that
these alternative sharing schemes could incorporate other additional benefits (e.g.
jobs creation, energy security and tax revenue) and environmental impacts (e.g.
land use, water scarcity and deforestation), in addition to climate change (Laurent

and Espinosa, 2015).

5.3.6  Cooperation benefits under uncertainty

All the calculations discussed previously were repeated considering the main
uncertainties present in the ERCOM model in order to assess their impact on the
outcome of the optimisation. To this end, ERCOM was solved iteratively for
different potential values (scenarios) of the uncertain parameters (e.g. future
electricity demand, capacity factors, potential of each electricity technology, etc.),
which were modelled using probability distributions and sampling methods. The
additional results of this sensitivity analysis, discussed further in section 5.7.3 of the
Appendix show that benefits from cooperation are always high regardless of the
scenario analysed, with the cost savings ranging between 11.5% and 17.9%
compared to the individualist approach, and the emissions reduction between 43%

and 74% with respect to 2012 levels.

5.4  Conclusions

The current global context calls for advanced mechanisms to optimise
collective actions and articulate cooperation in climate change mitigation. In an
ideal world, centralised solutions would be implemented and globally optimal
decisions made for the sake of the common action against climate change. In a real

world, many conflicting interests exist and consensus must be reached at the
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expense of global optimality. We envision herein a scheme underpinned by
optimisation tools to aid climate change mitigation in a more cost-effective and
transparent manner. Following this approach, a centralised globally optimal solution
would be first determined to make individual states aware of the potential benefits
of cooperating among them. The opportunity cost of sacrificing global optimality,
properly quantified via rigorous tools, should become a major driver to spur
cooperation among states. In a second step, the global cooperation benefits should
be shared in a fair manner among the parties involved, providing a basis to kick off

negotiations for the joint carbon mitigation action.

We applied this approach to a U.S. policy originally aimed at reducing carbon
emissions from electricity generation but currently being withdrawn — the Clean
Power Plan - to demonstrate how the emission targets could be met while attaining
significant reductions in costs, thereby potentially boosting the U.S. economy. This
could be accomplished via cooperation, even at low levels of engagement; for
example, a 10% reduction in cost would be achieved with only half of the states
cooperating while leading to emission reductions nearly double the overall CPP
target (68% compared to 35%). Benefits from cooperation would result from
sharing emission limits and trading electricity, both of which would lower the

abatement costs by implementing the best technologies in the best locations.

The uneven distribution of territorial capacities, which constitutes the basis of
the overall cooperation gains, would entail also an asymmetric distribution of
efforts, where some states would be economically penalised when moving from an
individualist strategy to a cooperative one. Hence, the collective gain of
cooperation, albeit necessary, would not be self-sufficient to ensure the
participation of all the parties involved. A fair sharing of the cooperation dividends
may act as a compensation mechanism to spur the collective action towards carbon
mitigation since all states would benefit by joining the global partnership, therefore

making such move appealing for all of them. Further analysis of the globally optimal
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solution could be carried out including production-based and consumption-based
data as well as socio-economic benefits and environmental impacts. In reaching an
agreement, states should be flexible and understand that no perfect sharing
mechanism might exist that can satisfy fully all the regions involved. Hence, efforts
should focus on finding “reasonable” sharing schemes based on optimised solutions

where all can benefit from cooperating.

Despite the savings in cost and emissions derived from cooperation, among
other potential benefits, translating agreements into practical actions might still be
challenging due to the existence of multiple stakeholders with conflicting goals and
a wide range of disparate regulations at the regional level. A centralised authority
could help in this task by establishing a common harmonised regulatory framework
that would align the interests of private and public bodies while being consistent

with the optimal roadmap identified via optimisation.

This work thus opens new avenues to develop customised schemes to aid
carbon mitigation negotiations. Regardless of the approach followed, we have
clearly illustrated that optimised solutions and sharing of the cooperation dividends
in a fair manner should be key ingredients in any process aiming at reaching
mutually beneficial collective agreements. We show here that we do have the tools
available to quantify such benefits in an objective, clear, systematic and transparent
manner, and that the potential benefits of cooperation can be significant and fully

justify the efforts spent in finding agreements.

Overall, the CPP and similar initiatives for coordinating efforts against climate
change in different countries (e.g. Five Years Plans in China, the Brazilian National
Plan on Climate Change, the Clean Energy Plan in Australia, the National Climate
Change Response Green Paper in South Africa, or the Climate Change Act in the
United Kingdom) offer a unique opportunity to test, validate and refine approaches
like the one envisioned here, which could ultimately be used at the international

level to tackle greater coordination challenges, such as the Paris Agreement.
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Today, there seems to be a general scientific consensus on the need to
undertake stronger actions against climate change in the short term. In this
contribution, we leave aside the controversial politicisation and polarisation of this
topic in the U.S. and focus on providing sound scientific evidence of the potential
benefits of curbing emissions in cooperation following optimised roadmaps
generated with mathematical tools. These results, however, might trigger further
fruitful discussions on climate change mitigation and open a deeper debate on
whether the U.S. Administration should reconsider its decision to withdraw from
the Paris Agreement and join again the partnership for global climate action. Even if
full cooperation remains elusive, our proposed approach demonstrates that
cooperation of only a few parties can lead to significant economic and
environmental benefits which may entice more states to join the new U.S. Climate
Alliance, whose members pledge to take climate action regardless of what the

federal government decides.
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5.7 Appendix: methods, supplementary results and sensitivity
analysis

This section contains the supplemental materials for the article “Time for
global action: Optimised cooperative approach towards effective climate change
mitigation”. The Appendix is organised as follows. First, the methods are explained
including the description of (i) the Emissions Reduction Cooperation Model
(ERCOM) (mathematical formulation, data and assumptions), (ii) some additional
results are presented and (iii) the results sensitivity analysis applied to handle
uncertainties are shown. . Finally, the nomenclature and acronyms are described

and the list of references is provided.
5.7.1 Methods

5.7.1.1 Problem statement

We aim to quantify the benefits of tackling climate change by meeting a set
of individual emissions reduction targets acting in cooperation. To do so, we
consider as test bed the U.S. Clean Power Plan (EPA, 2015) which stablishes
individual state emissions reduction targets to curb CO2 emissions from the U.S.

power sector by 35% from 2012 baseline levels.

Essentially, we are given a set of regions (i.e. U.S. states) that need to reduce
their CO2 emissions from electricity generation by acting either as isolated entities
or in cooperation. Emissions reduction targets are provided for every state, which
can be met individually in every region or in cooperation (i.e. stablishing
partnerships so that the joint emissions fall below the summation of individual
targets, while some regional targets might be exceeded as long as others
compensate them). Each region is considered as a load area with a specific
electricity demand. We are also given a set of potential technologies for electricity
generation for which their carbon intensities and costs data in every region are
known. The goal of the analysis is then to determine the optimal portfolio of

technologies and electricity trades between regions that satisfy the electricity
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demand at minimum cost while not surpassing the emissions targets.

To carry out this analysis, we have developed a mixed-integer linear
programming (MILP) model, referred to as ERCOM (Emission Reduction
Cooperation Model) that will be described in detail in the ensuring section. ERCOM
is capable of systematically identifying the most cost-effective ways of meeting the

U.S. electricity demand for different levels of cooperation among states.

5.7.1.2 ERCOM model

The model proposed herein minimises the U.S. electricity generation cost
while satisfying the emissions targets imposed in the Clean Power Plan (EPA, 2015)
(CPP) for different levels of cooperation among states. Specifically, the optimisation
is performed for 2030, which is the policy horizon in the CPP. The model, referred to
as ERCOM henceforth (as an acronym of Emissions Reduction Cooperation Model),
takes the form of a mixed-integer linear program (MILP) where binary variables
denote whether states meet their targets in partnerships or acting independently,
while continuous ones represent technologies capacities, electricity generation,
inter-state electricity flows and electricity trades with Canada. ERCOM considers
U.S. states as load demand areas which are interconnected among them by
transmission lines. The set of potential options for power generation includes coal,
natural gas, nuclear, hydropower, solar, wind, geothermal and biomass.
Furthermore, ERCOM ensures the reliability of the system by enforcing the use of
back-up generation based on firm technologies (which make up for power drops in
power supply from intermittent renewable sources). The cost of both standard and
back-up generation is assessed via the levelised cost of electricity (i.e. LCOE), which

considers operating and capital costs, annualised over their expected lifetime.

The model provides a lower bound on the U.S. electricity generation cost for
a given number of states cooperating in partnerships. For simplicity, we do not
calculate the specific partnerships that could be formed (i.e. how many partnerships

exist and which states cooperate within each one), but rather assume the existence
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of a global partnership encompassing all the states willing to cooperate. This
assumption simplifies the combinatorial complexity of the problem. Further details

on the model formulation and assumptions are provided in the ensuing sections.

5.7.1.2.1 Mathematical formulation

The ERCOM model comprises three main blocks of equations: those related
to carbon emissions, load-meeting constraints and equations required to compute
the cost of electricity generation. These blocks of equations are presented and
described in detail next. Note that we use italic font to represent variables along the

text.

Carbon emissions
The CPP imposes specific reduction targets on the territorial (i.e. production-

based) CO, emissions of every state j (parameter TARG)). Such targets must be met
by every state either individually or by sharing them with those states belonging to
the global partnership. To model this, we introduce binary variable Y;, which takes a
value of one if state j belongs to the global partnership and zero otherwise. This

binary variable is then used in the following equation (Eq. V-A1l):

EM; < TARG; + ;M1 Vj Eq. V-Al

Here, EM; is a continuous variable that represents the CO, emissions of state j
and M1 is a sufficiently large parameter. This equation works as follows: when state
j addresses the CPP individually, the binary variable is zero and enforces the term
Y/M1 to be zero as well, so the corresponding target TARG; is imposed on the states’
emissions. Conversely, when state j belongs to the global partnership, the binary
variable is one and the term Y)M1 takes a very big positive value (i.e. M1), thereby
relaxing the constraint so that no bound is effectively imposed on its individual
emissions. Furthermore, states belonging to the partnership share their targets in a
way such that a global partnership emissions cap must be ultimately satisfied, as

imposed via Eq. V-A2.
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Z V,EM; < Z Y, TARG; Eq. V-A2
j j

That is, the summation of the emissions of those states belonging to the
global partnership must not exceed the summation of targets of its individual
members. Note that when a state acts independently, Y; is zero and therefore its
corresponding emissions and target disappear from both sides of the inequality. The
product of ¥; and EM; introduces a nonlinear term into the model. To keep it linear

and simplify the calculations, we linearise the nonlinear term through the following

equations:
> YEM; < ) YTARG, Eq. V-A3
j j
YEM; < EM; + M1(1-Y;) Vj Eq. V-A4
YEM; = EM; —M1(1-Y;) Vj Eq. V-A5
YEM; S V;M1 Vj Eq. V-A6

Following this approach, the product Y;EM; in Eq. V-A2 is replaced by
continuous variable YEM;, which is defined via constraints (Eq. V-A4, V-A5 and V-
A6). These equations work as follows: when state j cooperates in the partnership
(i.e. ¥; = 1), the term M1(1-Y)) in Eq. V-A4 and Eq. V-AS5 vanishes, thus enforcing
YEM; to be equal to EM;. Eq. V-A6 is then relaxed and does not impose any
additional bound on YEM;. Conversely, when state j does not cooperate in the
partnership, then Y; = 0 and Eq. V-A6 forces YEM; to be zero, while Eq. V-A4 and Eq.
V-A5 are relaxed and do not impose any additional bound. Recall that when Y; = 0,

the production-based emissions of state j are bounded via Eq. V-Al.

The number of states belonging to the global partnership (denoted by

parameter CS) is controlled via Eq. V-A7.

Z Y; =CS Eq. V-A7
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As will be later discussed, the model is solved for different values of CS, thereby

reflecting different levels of cooperation.

State emissions are calculated from the electricity generated via technology i
in each state j and the associated carbon intensity (parameter Cl;;), as given by Eq.
V-A8. Note that the amount of electricity generated is modelled via continuous
variables GEN;; and GEN;;, which account for standard and backup generation,

respectively.

EM; = Z GEN?Cl;; + Z GENJ/CL;  vj Eq. V-A8
i i

Note that our model takes into account the need to resort to firm energy
sources as ancillary systems so as to satisfy peaks in demand when facing
unfavourable weather conditions. This will be explained in more detail later in this

document.

Load-meeting constraints
The total amount of electricity generated in state j with technology i is

bounded according to the availability of the associated resource in the state (which

is denoted by parameter GENJj"), as given by Eq. V-A9.

GENS] + GENJY < GENPPT  vji Eq. V-AS
# coal, coal CCS,natural gas,natural gas CCS

Eq. V-A9 applies to all the technologies except for those competing for the

same resources. Hence, coal-based technologies (i.e. coal and coal with carbon

capture and storage (CCS)) compete for coal and are grouped into set CT (i.e. CT =

{coal, coal CCS}), as illustrated in Eq. V-A10.

Z (GENS] + GENf') < GENJYT )i’ = coal Eq. V-A10

Eg. V-Al1l is defined for natural gas-based technologies (i.e. natural gas and
natural gas CCS), which form the set NGT (i.e. NGT = {natural gas, natural gas CCS}),

and consume natural gas.
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Z (GENS] + GENJY) < GENJ(T V), i’ = natural gas Eq. V-All

iIENGT

Furthermore, country-wise bounds on generation are imposed via parameter
GENFOTGLO on those technologies which consume resources that can be traded
between states (i.e. coal, natural gas, biomass, coal CCS and natural gas CCS). In
these cases, besides inland potentials, it is necessary to enforce a global limit on the
corresponding resource according to its availability in the whole country (Eqg. V-A12,
Eg. V-Al13 and Eq. V-A14).

Z(GEijT + GENPV) <GEN{T60 v = biomass Eq. V-A12

/]

)
Z Z (GEN?T + GENPY) < GENZ°™ v i’ = coal Eq. V-A13

j ieCcT
Z (GENST + GENEV) < GENPOTEL0 vy Eq. V-Al4
j IENGT
= natural gas
The amount of electricity generated (i.e. MWh) is constrained to be lower
than the capacity installed (parameters CAP;; and CAP;;, in mw). Capacity and
generation are linked through the capacity factor (represented by parameter CF;))

and the annual hours (parameter H), as shown in Eg. V-A15 and Eq. V-A16.

GEN;] < CAP{TCF;;H Vi, j Eq. V-A15
GENP/ = CAPPUCFH Vi, j Eq. V-Al6

The capacity factor is the ratio between the actual power output and the
potential output at full nameplate capacity. This factor takes into account periods in
which the plant is either out of service (e.g. due to plant maintenance or limited
resources) or operated below its nominal capacity. Note that the bound on standard
generation (Eq. V-A15) can be imposed as an inequality, even if the constraint will
always be active in the optimal solution (i.e. satisfied as a strict equality). For back-

up systems, the equation must be satisfied as a strict equality (Eq. V-A16), as these
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technologies must ensure the system reliability.

The CPP does not contemplate installing additional nuclear facilities as a
compliance strategy to reduce CO, emissions. To model this, Eq. V-A17 fixes the

nuclear capacity, modelled by parameter CAPS™, to its present value.

)7

CAPST + CAPPY = CAPS"®  vj,i = nuclear Eq. V-A17

The model must ensure that power can be dispatched at any time. We
therefore differentiate between dispatchable (i.e. coal w/o CCS, natural gas w/o
CCS, nuclear, hydropower, biomass, geothermal and solar thermal) and non-
dispatchable (i.e. solar PV rural and rooftop and wind onshore and offshore)
technologies. The former can be dispatched according to the power demand, while
the latter depend on the availability of intermittent resources. Hence, to ensure
system reliability it is necessary to support intermittent renewable energies (IR)
with ancillary systems such as back-up generation based on firm technologies (both
renewable and non-renewable) or energy storage. Here, we consider the former
option, which is modelled via Eq. V-A18, where BUC is a parameter providing the
capacity of dispatchable technologies that must be installed for every MW of non-
dispatchable intermittent technologies, while IR is the set of non-dispatchable
technologies requiring ancillary systems (i.e. IR = {solar PV (rural), solar PV (rooftop),

wind onshore, wind offshore}).

BU _ ST yj
> caPEY =BUC ) CAPST ] 0. VAL

i€IR i€IR

The back-up capacity of intermittent renewables is set to zero, as imposed by
Eq. V-A19. Note, that we consider solar thermal CST as a dispatchable technology,
since it incorporates thermal storage that allows maintaining a reliable electric
power system with high shares of renewables (Lilliestam et al., 2012; Pfenninger et

al., 2014; Usaola, 2012).

CAPij =0 Vj,i € IR Eq. V-A19
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Electricity transmission plays a key role in the electricity system optimisation,
since it allows exploiting the region-specific abatement costs. Inter-state electricity
trade is only allowed between neighbouring states (i.e. states j” included in set NU))
participating in the global partnership (i.e. those for which Y; = 1). Hence, two
conditions must be enforced for two states to exchange electricity: that they are
neighbours and that they both belong to the global partnership, as given by Eq. V-
A20 and Eq. V-A21.

TRD/'C <Y;M2 Vj,j' € NU; Eq. V-A20
TRDPRIC <Y M2 Vj,j' € NU; Eq. V-A21

Here, TRD/}" is a continuous variable accounting for the amount of electricity
that state j imports from state j°, and M2 is a sufficiently large parameter. As seen,
when both states belong to the global partnership, then the corresponding binary
variables are one (i.e. ¥; = 1 and Y; = 1), implying that electricity can be exchanged
between both provided it does not surpass the allowable limit M2. When any (or

both) of the states are not in the partnership, then the electricity flow is set to zero.

Additionally, the electricity is subject to losses during transmissions. We
model this via Eq. V-A22, which links the electricity transmitted at origin
(continuous variable TRD/) to that received at the final destination (TRD;}") and

the associated losses (TRD%5).

i
ORIG _ DEST LOSS £l

That is, the final amount of electricity that reaches state j coming from state j’

(TRD/) is equal to the initial amount sent from j” (TRD;}°) minus the losses taking

place in between (TRD;}"). Here, the transmission losses are considered
proportional (parameter TLF) to the distance between states j and j* (parameter

DIST;;) and the amount of electricity transmitted:

LOSS _ ORIG .
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Electricity imports from Canada represent a key compliance strategy to curb
U.S. CO, emissions. We allow electricity trades between the southern Canadian
provinces (i.e. British Columbia, Alberta, Saskatchewan, Manitoba, Ontario and
Quebec) and neighbouring states, regardless of whether these U.S. states
participate or not in the partnership. Electricity imports through these transmission

lines suffer from energy losses, which are calculated via Eq. V-A24 and Eq. V-A25.

TRDCAN/Y'® = TRDCANSFST + TRDCAN/YSS Vi, k € NC; Eq. V-A24
TRDCAN/{*® = TRDCANS'“DISTCAN; TLF  Vj,k € NC;  Eq.V-A25

Here, TRDCAN/{", represents the electricity sent from Canadian region k to

U.S. state j, TRDCAN/}"" denotes the electricity reaching the state and TRDCAN/*
accounts for the electricity lost during transmission. DISTCAN;, is a parameter
providing the distance between state j and Canadian region k (note that trade is
only allowed between neighbour j-k pairs), while TLF represents the transmission

losses factor.

Total electricity imports from Canada cannot exceed a given percentage
(denoted by parameter CTB) of the U.S. electricity demand (computed as the

summation of the demand in each state DEM;), as illustrated in Eq. V-A26.

Z Z TRDCANSY® < CTBZ DEM;
- ' : Eq. V-A26
Jj keNg; j

where NC; denotes the set of Canadian regions k which are neighbours to U.S. state
j. Moreover, the amount of electricity imported by every state (i.e. imported from
other U.S. states as well as from Canada) is bounded by the electricity demand in
the state, as shown in Eq. V-A27. This limits the capacity that a state has to act as a
transmission node (i.e. a state is not allowed to import large amounts of electricity
to later sell them to other states).

z TRDPST + z TRDCANSSST < DEM;  Vj

, Eq. V-A27
JIENU; KENC;
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The demand satisfaction constraint ensures that the electricity demand of
each state j, denoted by parameter DEM;, must equal the domestic electricity
generation plus the input flows of electricity and minus the output flows, as

illustrated in Eq. V-A28.

ST BU DEST
Z GEN?; + Z GEN;; + Z TRD;;
i

i¢IR JIENU;
+ Z TRDCANSET — Z TRDSC Eq. V-A28
kKENC; Jj'eNU;

= DEM;DSF vj
Here, DSF represents a demand satisfaction factor that is included to warrant
the reliability of the system. That is, by forcing the system to cover the demand plus
a reserve margin (i.e. DSF > 1), electricity supply is ensured even in case of outage.
Note that demand and supply are matched annually rather than on an hour-per-
hour basis. The hour-per-hour demand match is yet enforced by implementing back

up generation systems in the supply.

Cost of electricity generation
The objective function of the ERCOM model seeks to minimise the total cost

of electricity generation in U.S., denoted by continuous variable COST™", which is

given by the summation of the individual costs in all of the states, as shown in Eq. V-

A29.

TOT _ :
CoST _ZCOSTJ Eq. V-A29
]

In turn, the cost of electricity generation in each state j (continuous variable
COST;) accounts for the state annualised capital costs (continuous variable COST ),
annual fixed and variable operating costs (continuous variables COST/"* and
COST/*", respectively), as well as the costs derived from electricity imports from

Canada (COST"):
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COST; = COST P + COSTS™ + COST/ 4R + COSTAN V) gq. v-A30

Note that the costs associated to inter-state trades are not considered in Eq.

V-A30, since they would cancel out in Eq. V-A29 (i.e. the money paid by the states

purchasing electricity is received by states selling it). State capital costs (COST")

are determined from the installed capacity of both, standard and back-up

technologies (CAP;; and CAP}), their unitary capital costs (CO{j’), their capacity
factor (CFy;) and the total annual hours (H), as given by Eq. V-A31.

CAP _ ST BU\((CAP i
COST, —Z[(CAP + CAP)COi{**CF ] vj Eq. V-A31

The fixed operating costs of state j, denoted by continuous variable COST™,
are determined from the capacity of standard and back-up technologies i that are
installed (represented by variables CAP;; and CAP/]/, respectively), their unitary
annual fixed operating costs (CO;}’), the capacity factor of each technology i in state j
(CFy;) and the total annual hours (H):

FIX _ ST BUYcOFIX
COST; —Z[(CAP + CAP")COf{*CF,;H]  vj Eq. V-A32

Furthermore, the variable operating costs in state j (COST;/*") are estimated
from the electricity generated by each technology i (both standard and back-up,
that is, GEN;; and GEN/], respectively), and the unitary variable costs of those

technologies in that state (COj;*), as shown in Eq. V-A33.
VAR _ ST BU\ VAR ;
COSTVAR = Z[(GEN + GENEY)COYAR] v o, V-A33
The cost of electricity imports from neighbouring Canadian regions k
(continuous variable TRDCAN/*") to state j are determined from the electricity

flows imported and a unitary selling price (CO®") via Eq. V-A34:

COS’I}-CAN — z TRDCA]Vj'DkESTCOcAN V]

Eq. V-A34
kENCj
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Finally model ERCOM can be written in compact form as follows:

(MCPP) min COSTTOT
s.t. Egs.(A1,A3 —A34)

The model is solved for different values of the parameter CS (i.e. varying the
number of states in the global partnership), starting from the case where states act
independently from each other (CS = 0) and ending in the solution where all of them

cooperate in a global partnership (CS = 47).

ERCOM was implemented in the General Algebraic Modelling System (Brooke
et al.,, 1998) (GAMS) version 24.4.1. The model features 11,470 continuous
variables, 47 binary variables and 8,167 constraints. The model was solved with
CPLEX 24.4.6 on an AMD A8-5500 APU with Raedon 3.20 Ghz and 8.0 GB RAM. The
solution time of each instance was below 1 CPU second in the aforementioned

computer.

5.7.1.3 Data description and assumptions

This section describes the major assumptions made in ERCOM along with the
data fed into the model. We first solved the model assuming deterministic values of
the parameters and later on investigated the effects of various uncertainties via
sensitivity analysis (see section 5.7.1.5 for the procedure followed and section 5.7.3

for the associated results).

5.7.1.3.1 Clean Power Plan: state targets

The CPP (EPA, 2015) was adopted by the U.S. Environmental Protection
Agency (EPA) on the 3™ August 2015, becoming the first and very big step in U.S.
towards climate change mitigation. The overall goal of the CPP is to curb carbon
emissions from the power sector by 32% (from 2005 levels) by 2030 (i.e. equivalent
to 35% from 2012 baseline levels). To achieve this overall global target, the CPP
establishes individual state-by-state targets. In addition, it provides states with
enough flexibility to design strategic plans to meet their targets, either acting

individually or cooperating with other states.
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To set state-specific goals, EPA analysed affordable strategies for each state
based on three building blocks: i) switching from coal-powered plants to natural-gas
powered plants, ii) increasing low-carbon energy (i.e. increasing renewable energy
generation), and, iii) improving the heat-rate of fossil-fuel fired plants to reduce
their overall emissions rate. In practice, states have two compliance options, which
translate into two types of CPP targets: (i) those imposed on the carbon intensities
(rate-based approach) and (ii) those imposed over the total CO, emissions (mass-
based approach). Without loss of generality, we use here targets on carbon
intensities. These targets vary greatly across states (i.e. from 7% in Connecticut to
48% in South Dakota) owing to different electricity mixes, technological feasibilities

and costs and emissions reduction potentials for each particular state.

Figure V-Al displays the U.S. state specific CPP goals (i.e. parameter TARG/,
represented as a reduction target in the figure) that should be accomplished in
2030. As observed, four states fall in the range 7-14% of emissions reduction level,
five states in the range 14-21%, five states in the range 21-27%, eight states in the
range 27-34%, 17 states in the range 34-41% and eight states in the range 41-47%.
Further details on the calculation of the CPP emissions targets are provided by the
U.S. Environmental Protection Agency (https://www.epa.gov/cleanpowerplan).
These targets on carbon intensities (TARG;') are used to establish the state

emissions target in ERCOM (i.e. TARG)) via Eq. V-A35.
— CUR CI ;
TARG; = Z GEN{{""(TARG{'Cl;;)  Vj £q. V-A35

i

Here, GEN{}" is the amount of electricity generated in 2012 with technology i

in state j and Cl;; is the carbon intensity associated to that technology and state.
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Figure V-Al State specific emission reduction targets established by the CPP for 2030
referred to 2012 emissions levels. States are coloured according to the scale of emissions
reduction targets imposed by the CPP. States labels are in compliance with ISO 3166-2 code.

5.7.1.3.2 Existing technologies capacity and generation

The existing capacities installed in the states along with the annual net
generation rates (parameter GEN{j" in Eq. V-A35) for year 2012 were sourced from
the Official Energy Statistics of the U.S. Energy Information Administration (EIA)
(EIA, 2016a). Pie charts in Figure V-A2 depict the state electricity generation mixes
(Subplot V-A2a) as well as the state installed electricity capacity (Subplot V-A2b). As
seen, the electricity generation portfolios vary greatly from state to state. Most of
the electricity mixes rely on coal, natural gas and nuclear, which are the dominant
energy sources of electricity. However, in the Northwest, hydropower has the
highest share in the electricity mixes of Washington, Orlando, ldaho, Montana and
South Dakota. In addition, wind power (onshore) plays an important role in the
northern and central states. Geothermal power is implemented mainly in California
and Nevada, while Maine uses large amounts of biomass. Electricity production
from Solar PV (both at rural and rooftop levels) is rather low in several states, and
the same happens with concentrated solar thermal in Arizona, California and

Nevada.

Figure V-A3 shows the global U.S. electricity generation portfolio and capacity

for 2012. As can be observed, fossil fuels dominate the U.S. electricity portfolio.
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Almost 69% of the electricity in U.S. was generated from fossil coal and natural gas
sources, while nuclear represents about 19%. The share of renewables was 11.8%,
with hydro power accounting for 7%. As observed, the share of coal and nuclear in
terms of power generation is above their share in terms of installed capacity. This is
because coal and nuclear technologies provide base load, while natural gas typically
covers peak loads and solar and wind renewables are intermittent due to their

dependence on climatic conditions.

a) 2012 U.S. installed capacity

Bl Coal
N Natural gas
I Nuclear
I Hydropower
B Biomass
Bl Geothermal
PV rural
I Wind onshore
Wind offshore
Coal CCS
b) 2012 U.S. annual generation PV rooftop
. B solar thermal
| Natural gas CCS

Annual Generation (TWh/yr) J—w

Figure V-A2 U.S. installed capacity and generation for 2012. Subplot V-A2a depicts the
installed capacity of each technology in each state in 2012 whereas subplot V-A2b stands for
the electricity generation. The size of the pie charts is proportional to the capacity installed
and to the electricity generation of each state, respectively, whereas the slice colours
denote the technology and the slice sizes represent the associated percentage share.
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Figure V-A3 Global U.S. generation and installed capacity for 2012. Pie chart on the left
(Subplot V-A3a) depicts the global U.S. power generation portfolio while pie chart on the
right (Subplot V-A3b) depicts the global U.S. installed capacity. Slice colours represent the
share of each technology according to the legend.

5.7.133 Geospatial and temporal definition: load areas

The U.S. power electricity generation is optimised for 2030, which is the CPP
policy horizon. ERCOM is defined at the state level and on an annual basis.
Following this approach, the U.S. is divided into 47 load areas corresponding to the
states boundaries included in the CPP. Furthermore, we match electricity supply
and demand on an annual basis. We consider that the aforementioned geospatial
and temporal resolutions are accurate enough for the purposes of our study. In the
real operability of the electricity system, however, load and supply need to be
balanced on a finer scale. To account for this, we enforce the model to back up the
installation of intermittent renewables by means of ancillary systems based on
dispatchable technologies, which ensures the reliability of the whole electricity

system.

The electricity load (i.e. annual electricity demand) for each state was
estimated using the data published by the U.S. Energy Information Administration
(EIA) on electricity retail sales by state, which is a good proxy of consumption rates
(EIA, 2016a). These data were sourced for the baseline year (i.e. 2012) and
forecasted to 2030 by applying a 0.8% average annual growth rate, as projected by

the EIA (EIA, 2015). The electricity power demand varies greatly across states
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(Figure V-A4), being Texas, California and Florida the states showing the highest
electricity demands. Furthermore, we consider a demand satisfaction factor (i.e.
parameter DSF) that is set at 1.05 to ensure that the model can cover the electricity
demand plus a reserve margin of 5%. This factor further reinforces the reliability of

the system (Short et al., 2011).

Proyected Demand in 2030 (TWh)

8| I o

Figure V-A4 Projected annual electricity demands for each load area in 2030. States are
coloured according to the scale of the projected electricity demand for 2030 expressed in
TWh.

5.7.13.4 Transmissions lines

The U.S. electricity transmission network consists of approximately 200,000
miles of high voltage lines that connect generators to distributors in order to
transport the electricity to the costumers. Unfortunately, data on the specific
location and capacity of all U.S. power lines is missing, as EIA publishes interactive
maps of only major electric transmissions lines (>345 kV) in the U.S. territory (see
http://www.eia.gov/state/maps.cfm). Considering the state spatial resolution, the
model assumes that the available U.S. electricity grid connects every U.S. state with
its neighbouring states, that is, with those states with which it shares boundaries.
Therefore, we model every state as a nodal area connected to neighbouring nodal
areas by transmission lines, as depicted in Figure V-A5. Moreover, the CPP enables
Canadian imports as a compliance strategy, so international transmission lines

between U.S. states and the bordering Canadian provinces are also considered. Line
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arcs in the transmission network represent distances between states (parameter

DIST,;), as calculated with the great circle formula.

Figure V-A5 U.S. electricity potential transmission network considered in the study. Blue
lines represent the transmissions lines whose ends are the nodes that correspond to the U.S.
states. Red lines represent the international transmission lines with the Canadian provinces.
Canadian provinces are labelled according to the ISO 3166-2 code.

5.7.1.3.5 Power losses during transmission and distribution

The EIA estimates that average annual transmission and distribution losses
are roughly 6% of the total amount transmitted (EIA, 2016a). To capture such
energy losses, we consider that 0.62% of the transmitted energy is lost every 100

km (Fripp, 2012). ERCOM models these losses via parameter TLF.

5.7.1.3.6 Capacity factors of the electricity generation technologies
Capacity factors (parameter CF;;) affect greatly the electricity generation and
the LCOE. Differences in regional resources availability and plant operations lead to
great variations of the capacity factor across the U.S. states. Average capacity
factors for each technology in each state were calculated from historical data
published by the EIA. These data cover the capacity installed and the electricity

generated for period 1990-2013 (EIA, 2016a). Data gaps in states not deploying a
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given technology in that time period where covered using the average capacity
factor of the technology among all the states. There are two exceptions to this rule:
(i) states not deploying nuclear power in the baseline year show a capacity factor of
zero, since installing additional nuclear facilities is not a CPP compliance option; and
(i) a capacity factor of 0.36 was employed for wind offshore in coasting states, as
recommended by the EIA (EIA, 2015), given that this technology is not deployed at
all along U.S. in the baseline year. For biomass, we considered the categories “wood
and derived fuel from wood” and “other biomass” available in the aforementioned
source. Capacity factors for advanced coal and advanced combined cycle with
carbon capture and storage (CCS) were assumed to be the same as those for
conventional coal and natural gas, respectively. We also assumed that solar PV
(both rural and rooftop scale) and solar thermal display the same capacity factor.
Figure V-A6 shows the capacity factors. In general terms, we can observe that non-
dispatchable technologies (i.e. those tied to an intermittent resource) show lower
capacity factors than firm technologies (i.e. those whose output can be varied at will

to meet a certain demand).
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Coal (w/o CCS) Natural Gas (w/o CCS)
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Figure V-A6 Capacity factor for each technology in each state. States are coloured according
to the each specific scale so that the darker the shade of the state, the higher the capacity
factor.

5.7.1.3.7 Cost of electricity generation technologies
The levelised cost of the electricity (LCOE) is (arguably) a convenient measure
of the economic competiveness of the electricity generation technologies. Costs of

electricity generation for each technology were determined from the average
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national LCOE for plants entering in service in 2020 following the Annual Energy

Outlook 2015 developed by the EIA(EIA, 2015) (see Table V-A1). This report provides

capital and transmission lines cost along with fixed and variable operations and

maintenance (O&M) costs. The LCOE represents the cost per kWh of building and

operating a plant over a given financial life (i.e. 30-year cost recovery period with a

tax weighted average cost of capital of 6.1%). This parameter assumes a specific

utilisation rate for each plant type (further details on specific assumptions are

discussed in http://www.eia.gov/forecasts/aeo/index.cfm).

Table V-A1l Average capital and transmission lines costs, and fixed and variable

operation and maintenance (O&M) costs for each electricity generation technology (2012

US$/MWh) (EIA, 2015).

Costs
Technology Capital and lines Fixed O&M Variable O&M
Coal 61.6 4.2 29.4
Natural Gas 15.6 1.7 57.8
Nuclear 71.2 11.8 12.2
Hydropower 72.7 3.9 7.0
Biomass 48.3 14.5 37.6
Geothermal 35.5 12.3 0
PV rural 113.9 114 0
Wind onshore 60.8 12.8 0
Wind offshore 174.4 22,5 0
Coal CCS 98.5 9.8 36.1
PV rooftop 113.9 11.4 0
Solar Thermal 196.6 42.1 0
Natural Gas CCS 313 4.2 64.7

These costs are region-specific due to local labour markets and differences in

availability of energy sources. Hence, to capture such differences, costs were
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regionalised at the state level using Eq. V-A36, Egq. V-37 and Eq. V-38. These
equations make use of the regional capacity factors (Figure V-A6) and state cost
adjustment factors compiled by the U.S. Army Corps of Engineers (U.S. Army Corps
of Engineers., 2011).

COCAP — CQCAPAVE 47 1 Vi j Eq. V-A36
Y ! e 1 CF
i /Ry,
Eq. V-A37
COf* = COf™XAVE, 7 ! Vi, j
’ 1 CF
it~ /CFyy,
Eq. V-38
47 1
COYAR = COYARAVE vi,j

iy 1/CFM-, CFij

In these equations, COfj’, COjj and COjj* are parameters denoting the
regional capital/transmission lines cost, and fixed and variable O&M costs for each
technology i in each state j (2012 USS/MWh), respectively; CO{*™*"*, CO{"™*"* and
CO{*™* denote the average capital and transmission lines cost, and fixed and
variable O&M costs for each electricity generation technology i, respectively (i.e.
columns 2-4 in Table V-A1l); and wj denotes the cost adjustment factor for each
state j, where 47 is the number of elements used in the regionalisation (i.e. the

number of states).

5.7.1.3.8 Electricity generation potential for each technology

The annual potential generation associated with every technology in each
state (parameter GEN;}" in ERCOM) is strongly related to the marginal abatement
costs that ultimately drive the optimisation results (i.e. optimal electricity mixes and
electricity trades). The model considers free trade of fossil fuels between states. We
assume that the potential for fossil fuel-fired generation with coal and natural gas
(both conventional and with CCS) is five times bigger than its generation in 2012.
Regarding nuclear generation, potential levels are irrelevant, since the CPP does not

consider new expansion as a compliance option. The potential for generation via
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renewables technologies is retrieved from the data published by the U.S. National
Renewable Energy Laboratory (NREL) (Lopez et al., 2012). Furthermore, we assume
that states can double their published biomass potential by trading resources
between them. NREL estimates the technical renewable potential at the state-level
based on renewable resources availability and quality, technical system
performance, topographic limitations, and environmental, and land-use constraints
(further details of the methodology and assumptions for estimating the renewables
generation potential can be found in the report “U.S. Renewable Energy Technical
Potentials: A GIS-Based Analysis” (Lopez et al., 2012) available online at
http://www.nrel.gov/gis/re_potential.html). Figure V-A7 shows the annual potential

generation in TWh/yr for each technology and state considered in ERCOM.

Furthermore, global bounds (parameter GEN{°™<° in ERCOM) are also
imposed on the potential of technologies relying on energy sources that can be
traded. Specifically, coal and coal CCS share a global upper bound given by coal-
based generation limits in the baseline year. The same applies to natural gas w/o
CCS. For biomass, we consider a global upper bound equal to the summation of all

the states’ potential, as published by NREL.
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Figure V-A7 Annual electricity generation potential. States are coloured according to their
annual electricity generation potential expressed in TWh/yr. The darker the shade, the
higher the potential.

5.7.1.3.9 Electricity imports from Canada
We assume that electricity imports from Canadian regions are generated with
hydropower and are therefore zero emitting and dispatchable. Electricity import

CAN

prices (parameter CO™") can fluctuate significantly (e.g. from as little as

USS$25/MWh to as much as US$70/MWh) (Antweiler, 2016), but for simplicity we
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set a price of USS39/MWh according to historical data (CEA, 2015).

In 2014, the electricity imported from Canada represented 1.8% of U.S.
electricity retail sales, which was almost 10% of the total Canadian generation. In
ERCOM, we assume that the electricity imports from Canada cannot exceed 5% of
the demand of the U.S. (parameter CTB), which is in line with the expected growth
estimated by the North American Electric Reliability Corporation (i.e. three times

more compared to 2014 levels) (NERC, 2015).

5.7.1.3.10 Emission levels by technology: carbon intensity

The carbon intensity (parameter Cl;;, expressed in CO, kg/MWh) for fossil
fuel-fired power plants was sourced from the average regional performance rate
included in Appendix 3 of the CPP final rule (EPA, 2015). Such carbon intensities for
coal and natural gas were calculated by the EPA as the average of the category-
specific performance rates reported by unit levels or plant levels for 2012. Nuclear
and renewables technologies are assumed to be zero emitting in the CPP. Regarding
both coal and natural gas with CCS, we assume that they capture 90% of the flue
gas CO,, thereby reducing absolute emissions by 90% (Heuberger et al., 2016).
Figure V-A8 shows the carbon intensities of coal and natural gas in each state
expressed in kg CO, per MWh. Note that carbon intensities from 2012 represent a
conservative estimation that overlooks improvements in technology efficiency,

which is one of the CPP building blocks.

Natural gas

Figure V-A8 Emission performance rates of coal and natural gas by state. States are coloured
according to their carbon intensity (CO, kg/MWh). The darker the shade, the higher carbon
intensity.
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5.7.1.3.11 System reliability: backup generation

High penetration of intermittent renewable power (i.e. wind and solar) can
compromise the system reliability due to the variability and uncertainty of the
sources (i.e. non dispatchable). To circumvent this issue, ancillary systems are
installed to back-up the generation of intermittent renewable energies. However,
the capacity of dispatchable technologies required to compensate their lack of
firmness is still controversial, with very different values available in the literature
(e.g. from as little as 15-20% of the intermittent capacity (Gross et al., 2006;
Partnership, 2015) to as much as 50-100% (Brown et al., 2014)). A value of 50% for
the BUC parameter was therefore set in the ERCOM model. The physical
interpretation for this is that each MW installed of an intermittent renewable
technology requires the installation of additional 0.5 MW of firm technology to

hedge supply in periods with unfavourable weather conditions.

5.7.1.4 Consumption-based allocation

Consumption-based carbon emissions and electricity generation costs are
guantified by allocating emissions and costs to end users rather than to producers.
At a global U.S. scale, the total consumption-based emissions (and cost) are equal to
the production-based ones (recall that the imports from Canada are zero emitting).
However, this does not happen on a regional basis due to the exchange of electricity
between states. Allocation of emissions is still an open issue in the literature, where
several methods were put forward to tackle this problem, particularly in the context
of multi-product plants (i.e. how to allocate the total emissions of a plant among
the products it manufactures (Tehrani Nejad M, 2007)). As described in more detail
next, here we allocate emissions and costs based on mass balances defined for
every U.S. state. The allocation method is outlined in Figure V-A9 by means of a
simplified example consisting of three states trading electricity. The waterfall plot
bellow shows the breakdown of the consumption-based emissions calculation for
state A. As seen, the consumption-based emissions corresponding to state A

(CBEM,) are calculated from its production-based emissions (EM,) plus the
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emissions embodied in the electricity imported from states B and C (red and green
bars with blue contours respectively) minus the emissions embodied in the
electricity exported from the state A to the neighbouring states (bars filled with
blue colour); where the amount of emissions embodied in the trades are given by
the product between the amount of electricity traded (Wj’},‘ﬁ) and the

consumption-based carbon intensity (i.e. CO, kg/MWh) of the supplier state

(CBEM,;,(DEM;,DSF) ).

EM,
Production-based m
"""" o 3
Imports & &
e * g3
{ Nt 4 <a
1 . Exports & 3
i - 88
n =
] ;. ”g
Consumption-based
CBEMa

Figure V-A9 lllustration of the consumption-based allocation method. Three states (i.e. A, B
and C) trading electricity are considered where arrows represent the emissions embodied in
the electricity trades. The waterfall plot below denotes the breakdown of the consumption-
based emissions calculation for state A. Length of the bars represents the amount of the
emissions and each bar is filled according to the emitter state and contoured according to
the receiver state.

57.14.1 Consumption-based emissions
To quantify the consumption-based emissions of a state in any optimal
solution calculated by ERCOM, we derive the following balance on carbon

emissions:

—___ CBEM, —__ CBEM,
BEM; = EM TRDORIG — L _ _ Z TRDOVC ———L_ vj  Eq.V-A39
CBEM, = EM, + Z 1 DEMjDSF /» DEMpDsF /"9

j'eNu; JIENU
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Here, CBEM; are the consumption-based (footprint) emissions of state j, that
is, the kg of CO, emitted to satisfy its electricity demand, while W are the optimal
production-based emissions of state j (the ones calculated by ERCOM), TRD;’;‘,‘G
represents the optimal trade between states j and j’ (calculated also by ERCOM),
DEM; denotes the demand of state j and DSF is the demand satisfaction factor. Note
that imports from Canada are zero-carbon and therefore are omitted from the
balance. Hence, the equation states that the consumption-based emissions of a
state equal its production-based emissions plus the emissions embodied in the

electricity imported by the state minus the emissions embodied in the electricity

exported from the state to other neighbouring states.

This equation is implicit in CBEM;, as it requires the values of the
consumption-based emissions of other states j’ (i.e. CBEM;,), which may in turn
depend on the consumption-based emissions of the state for which the balance is
defined. Therefore, Eq. (V-A39) leads to a system of linear equations that need to be
solved simultaneously. After running ERCOM, the production-based emissions of
every state (EM,) and the inter-state flows (TRD]O]R,‘G) become available. With this
information at hand, we next build the system of linear equations in Eq. V-A39 and
solve it to obtain the values of CBEM,, which provide the consumption-based carbon

emissions of every state.

5.7.14.2 Consumption-based costs
The cost of the electricity consumed by a state is calculated following a

similar approach as before, as shown in Eq. V-A40.

_ —___CBCOST;: CBCOST; Eq.V-
o ORIG " J_ TRDORIG ; EQ.
CBCOST; = COST, + Z TRD), DEM; DSF Z TRDy, DEM,DSF ) pao

j'enu;
This equation states that the cost of satisfying the electricity of a state is
given by the cost of generating the electricity domestically plus the cost of the
imports minus the cost of the exports. Here, CBCOST; is the cost of satisfying the

electricity demand of state j, that is, the global cost of satisfying its electricity
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demand, while WST] represents the optimal production-based costs of state j.
TRDYYC denotes the optimal electricity transmitted from state j* to j, DEM; is the
final demand of state j and DSF is the demand satisfaction factor. Costs associated
to imports from Canada are not explicitly defined in Eq. V-A40, but rather
accounted for by the parameter COST, (see Eq. V-A30 in model ERCOM). Note that
this allocation reflects the cost of generating electricity, but not the market price at
which the electricity might be sold in the future (which will very likely lie above the
former). Eq. V-A40 defines also a system of linear equations that can be built once
the optimal solution of ERCOM is identified (values of COST, and TRD%F). The

solution of such system of equations therefore provides the value of CBCOST,;.

5.7.1.5 Sensitivity analysis

Some of the parameters in ERCOM are inherently uncertain. We perform a
sensitivity analysis to understand how these uncertainties affect the outcome of the
optimisation. To this end, the model is solved iteratively for different potential
values of the uncertain parameters (i.e. scenarios), which are modelled using
probability distributions. These values, each accounting for a different realisation of
the uncertain parameter, are generated by applying sampling methods on the
underlying probability distributions. After solving ERCOM for every scenario, we
finally obtain a probability distribution of the model results (i.e. costs) that can be
used to construct confidence intervals for the optimal U.S. electricity cost. In

particular, we analyse the following cases:

- Case 1: to identify the most critical uncertainties, we first solve the model
by varying one single parameter at a time (e.g. DEM; for all states j) while
keeping the remaining parameters at their nominal (i.e. deterministic)
values. We solve in total 9 NSC instances, where 9 refers to the number of
uncertain parameters (see uncertain parameters in section 5.7.1.5; note
that we explore the disaggregated LCOE parameters together, rather than

separately) and NSC is the number of scenarios.
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- Case 2: the model is solved considering all the uncertain parameters

simultaneously (i.e. NSC times).

In the next section, we introduce the probability distributions used to model
the uncertain parameters, whereas in section 5.7.1.5.1 we show how we fit each
uncertain parameter to one of these distributions. Finally, in section 5.7.3 we

discuss the results of the sensitivity analysis.

5.7.1.5.1 Probabilistic distributions
The probabilistic distributions used in the analysis are next discussed (a

generic random variable X is used for simplicity).

Geometric Brownian Motion
Strictly speaking, Geometric Brownian Motion (GBM) is not a probabilistic

distribution but rather a continuous-time stochastic process which is used to model
unpredictable events occurring during “deterministic” trends (Marathe and Ryan,
2005). Eg. V-A41 describes the GBM differential equation applied to model a

stochastic variable X:

dX, = uX.dt + aX,dW, Eq. V-Adl
where X; represents the value of stochastic variable X in time instant t, u denotes
the drift parameter, ¢ is the standard deviation (or volatility) and dW; is the
increment of the Wiener process, modelled as a stochastic variable that follows a
standard normal distribution. Therefore, the first term of the equation represents
the expected value of the stochastic variable X in time t, whereas the second term

adds the stochastic component to the prediction.

Assuming that the natural logarithm of the future realisation of X is normally
distributed (i.e. log-normally distributed), the solution to Eq. V-A41 is given by Eq. V-
A42.
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2
Xeyar = X¢ [(H + %) At + (G\/E(N(O,l)))] Eq. V-A42

Here, At is the time step. Therefore, this equation allows forecasting future
values of X (i.e. X..r) according to historical data (i.e. X;), once the drift parameter u

and the volatility o have been determined.

Triangular distribution
A random variable X following a triangular distribution (i.e. X~T{a,b,c)) can

take values between a lower limit a and an upper limit b, with mode (i.e. peak) c.

The probability density function is then given by:

Gl N
Flx) = { (b ;(Z)Ecx; ay T 7 Eq. V-A43
kEE—:TESEE—:TES c<x<bh

Triangular distributions can be used to approximate normal distributions
when data is scarce but the minimum (a) and maximum (b) values of the random

variable along with its modal (i.e. nominal) value (c) are available.

Uniform distribution
A random variable X following a uniform distribution (X~U(a,b)) has constant

probability within the interval [a,b]:
! <x<b
flx) = m a=x= Eq. V-A44
0 otherwise

This is the simplest continuous probability distribution, since it only requires

the extremes (a,b) of the support to be fully characterised.

5.7.1.5.2 Uncertain parameters
The uncertain parameters in ERCOM and the probabilistic distributions used

to describe them are given in Table V-A2.
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Table V-A2 Summary of probabilistic distributions used to describe uncertain parameters in

ERCOM.
Uncertain Probabilistic Graphical Characteristic
parameter distribution representation parameters
X
Geometric
DEM Brownian r U, o
Motion Vsl
time
BUC
C@CAN
— f(x)
Cogs”
o Triangular a,b,c
Cf){;‘R
~ X
CTB
CF;; f(x)
Clij | oeb
o Uniform a, b
GEN[?
GENin)TGLO S -X

Scenarios are generated from these distributions via Monte Carlo sampling,

assuming in all the cases that the uncertain parameters are uncorrelated. More

scenarios lead to better approximations but also to larger CPU times. In our case,

100 scenarios (i.e. NSC = 100) are enough to estimate the objective function for a

confidence level y = 95% (i.e. a = 0.05) according to Law and Kelton’s test (Law and

Kelton, 2000). Specifically, for simplicity we apply this test to the results (i.e. total

U.S. cost) of Case 2 (considering all uncertainties simultaneously) and use the same

number of scenarios in Case 1 as well. The test is applied as follows:

We define a number of scenarios.
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2. We solve model ERCOM for each of these scenarios, obtaining the

electricity cost in each of them (COST°T).

3. We calculate the confidence interval half length, 6(NSC,a), via Eq. V-A45.

Var(COSTIOT) Eq. V-A45
6(NSC, ) = tNSC—l,l_Ta —nNsC
Here, tnscoq 1=@ is the critical point of the t-distribution and Var(COSTSTOT) is

2

the variance of the total cost in the scenarios.

4. We finally check that Eq. V-A41 holds:

6(NSC, a) < 14 Eqg. V-Ad6
E(cosTIoT) ~ 1-vy
Here, E(COST[?") is the expected value of the optimal total U.S. cost.

If this condition does not hold, we increase the number of scenarios and go to

step 1 until the condition is satisfied.

The interested reader is referred to the original work by Law and Kelton (Law
and Kelton, 2000) for further details. We next describe in detail how we fit each

parameter to the corresponding distribution.

Electricity demand
Electricity demand is subject to several unforeseen aspects such as market

volatility, technology improvements (e.g. development of electric cars), population
growth and new policies, among others. Unlike other uncertain parameters
considered “constant” over time, we forecast future demands using the GBM
approach based on historical data trends. Annual electricity demands for each state
were sourced from electricity retail sales (reported to be a good proxy for electricity
demand) published by the EIA. Specifically, we use historical retail sales from period

1990-2012(EIA, 2016a), where 2012 was used as the baseline year.
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An average annual growth rate of 0.8% projected by the EIA (EIA, 2015) was
defined as drift parameter for each state (u;), while the volatility was determined
using the historical data as follows Firstly, yearly returns for each state j (r;,) are
calculated for each two consecutive time periods via Eq. V-A47, by considering a

time step of one year.

rjt:% Vt<T Eq.V—A47
*~ "DEM;,

Then, the average of the yearly returns for each state (7;) is determined using
Eq. V-A48, whereas the standard deviation of the yearly returns provides the state

volatility (o), as given by Eq. V-A49.

- DtTit . Eq. V-A48
J 72012 — 1990

1 ) Eqg. V-A49
. = —— . — 7. V ]

%= 2012 = 1990 Z(r” 7). v

Once drift and volatility have been determined, Eq. V-A42 allows us to project

demands from 2012 onwards up to 2030 (year-per-year) by applying Monte Carlo
sampling on the N(0,1) (see Fig. V-A10).
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Figure V-A10 Scenarios for electricity demand in each state (MWh). States’ demands are
forecasted using GBM from 2012 onwards by using historical data from 1990-2012. Each
projection represents one scenario with the same probability of occurrence.

Coefficient for back up generation
As previously discussed, firm capacity can range from as little as 15-20% of

the intermittent capacity (Gross et al., 2006; Partnership, 2015) to as much as 50—
100% (Brown et al., 2014). We use these values to fit a triangular distribution so
that BUC~T(0.15,1.00,0.50). Figure V-A11l provides a histogram based on the

scenarios generated for this parameter.

Note that a reliable representation of this parameter is of utmost importance,
since it greatly influences the outcome of the optimisation. Higher values of this
parameter will lead to mixes with less intermittent renewable technologies,

whereas low values of BUC allow for larger shares of non-dispatchable resources.
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Figure V-A11 Scenarios for the coefficient for back up generation (%). Scenarios for the BUC
parameter are generated based on a triangular distribution.

Cost of electricity from Canada

The cost of the electricity purchased from Canada, CO®AN, is subject to
market fluctuations. We fit a triangular distribution where US$39/MWh is the
nominal (i.e. peak) value (CEA, 2015), and with a minimum value a = US$25/MWh
and a maximum value b = USS70/MWh, which are both defined considering
historical electricity price fluctuations (Antweiler, 2016). Therefore, the final

distribution is COSAN~T(25,70,39) (see Figure V-A12).

15

10

Number of scenarios

0
20 30 40 50 60 70

Unitary price of Canadian electricity (US$/MWh)

Figure V-A12 Scenarios for the cost of electricity imports from Canada (USS/MWh).
Scenarios for the CO®AN parameter are generated based on a triangular distribution.

Costs of electricity generation technologies
Capital and transmission lines cost as well as fixed and variable operations

and maintenance (O&M) costs are influenced by several external factors:
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- Annualised capital costs (CT)EJAP) are uncertain because so are the

equipment costs (which may be influenced by economies of scale) as well as
investments in lines connecting new installations with the existing grid.

- Fixed operation and maintenance costs ((T@fjlx) are uncertain due to volatile
fuel prices and labour costs.

- Variable costs (CT)}SAR) are subject to unpredictable maintenance tasks and

fuel prices, among others.

Nominal values for these parameters were obtained by regionalising the
average U.S. costs for each technology (i.e. CO{*™"*, CO{**"* and CO{***"*) according
to Eqg. V-A36, Eq. V-A37 and Eq. V-A38, as described in section 5.7.1.3.7. In the case
of the uncertain parameters, we follow a three-step approach by which we first fit
triangular distributions considering the average parameters, then generate
scenarios from them, and finally regionalise the value of each parameter in each
scenario. Specifically, in the first step, the average parameters for each technology i
(i.e. COP™E, COI™E and COY**"®) are fitted to three triangular distributions in which
the peak values c correspond to the nominal values (Table V-Al) and the extremes
of the distributions (i.e. a and b) are obtained by disaggregating the nominal values
on the same proportion as the min-max bounds published (EIA, 2015) for the total
LCOE. In the second step, the scenarios are generated via sampling on the
distributions of the 39 parameters (i.e. three parameters for each of the 13
technologies considered). Finally, in step 3, we regionalise the values obtained for
each parameter in each scenario by means of Eq. V-A36, Eq. V-A37 and Eq. V-A38.
As an example, Figure V-A13 depicts histograms of the scenarios generated for the

13 technologies after applying the regionalisation step.
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Figure V-A13 Scenarios for the disaggregated LCOE parameters (2012 USS/MWh). Scenarios
for the LCOE parameter are generated based on a triangular distribution. Triangular
distributions are first fit from minimum, maximum and average 2012 values for the
corresponding technologies, then a set of scenarios are generated for each parameter via
Monte Carlo sampling and finally the value of each parameter in each scenario are
regionalised to account for local differences.

255



UNIVERSITAT ROVIRA I VIRGILI
CONTRIBUTION TO THE DEVELOPMENT OF MATHEMATICAL PROGRAMMING TOOLS TO ASSIST DECISION-MAKING
IN SUSTAINABILITY PROBLEMS Chapter V Tacking climate change in cooperation

Angel Galan Martin

Bound on imports from Canada

Electricity imports from Canada must lie below 5% of the total U.S. demand,
which is consistent with the three-fold growth estimate that is expected (with
respect to the current share of 1.8% (NERC, 2015)). However, this value is subject to
new hydropower developments, grid reliability and new agreements and policies,
among others. Therefore, we explore the influence of such bound by resorting to
the stochastic parameter CTB, which is assumed to follow a triangular distribution
with a nominal value of 5% and with a support ranging from a minimum of 0% to a

maximum of 7%. Figure V-A14 shows the scenarios generated for this parameter.

15

Number of scenarios

0 2 4 6 8
Bound on imports from Canada (%)

Figure V-A14 Scenarios for the upper bound on Canadian electricity imports (%). Scenarios
for the CTB parameter is generated based on a triangular distribution.

Capacity factor

The capacity factor of a technology is subject to learning curves (in the case of
immature technologies), efficiency improvements, unpredictable plant
operation/maintenance as well as weather conditions (in the case of intermittent
renewables), among others. We model this parameter as a stochastic (CT?L,-) variable
following a uniform distribution for each j-j pair. Specifically, we centre the
distributions to the deterministic values and define the support (i.e. a and b in the
uniform distribution) according to the standard deviation of historical data (EIA,
2016a). For states lacking data on some technologies, we use the average standard
deviation among the different states, similarly as we did with the deterministic

value of CF;; (see section 5.7.1.3.6).
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Figure V-A15 Scenarios for the capacity factor of electricity generation technologies. Sample
of the scenarios for the CF;; parameter in three states are generated by fitting to a uniform
distribution centred at the deterministic value and with a variation as given by the standard
deviation of historical data.
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Carbon intensity
Carbon intensities depend on how plants are operated as well as on the

composition of fuels, among other factors. An uncertain parameter, ('fli,,-, is thus
defined which follows a uniform distribution centred around the deterministic value
and with a support providing a variation of #30%. Note that by generating
independent scenarios for coal with and without CCS, we are indeed modifying the
% of CO, captured in CCS (i.e. it will not always be 90%, as assumed for the
deterministic case, but rather depend on the scenario). The same happens for
natural gas w/o CCS. Figure V-A16 illustrates the scenarios generated for the carbon
intensity for emitting technologies in some of the states. Non-emitting technologies
are excluded from the sensitivity analysis, that is, we consider that Cl;; = 0 for all of

them in any scenario.
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Figure V-A16 Scenarios for the carbon intensity (CO, kg/MWh). Sample of scenarios for the
Cl;; parameter in three states generated based on a uniform distribution.

Generation potential
Uncertainty in the generation potential, GEN;J", stems mainly from poor

weather forecasting (in the case of non-dispatchable renewables),
discovering/depletion of fuel sources and technological development, among
others. We approximate this stochastic parameter by fitting a uniform distribution
assuming a support centred on the deterministic value with a variation of +30%.

Therefore, GEN[J"~U(0.7GEN{}" 1.3GEN{}’T), which can be discretised in scenarios as

Ly’
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depicted in Figure V-Al17.
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Figure V-A17 Scenarios for the generation potential (TWh/yr). Sample of scenarios for the
GEN{’]-OT parameter in three states generated based on a uniform distribution.

Global generation potential
Natural gas is expected to play a key role in the close future. Proved reserves

and technically recoverable resources (for shale gas, tight gas and offshore natural
gas) described in the Reference case of the Annual Energy Outlook 2016 published
by the EIA (EIA, 2016b) suggest that current generation with natural gas could be

doubled in oncoming years. In light of this, we model the global bound on the
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generation potential of natural gas as an uncertain parameter following a uniform
distribution with a support between the baseline year generation and twice this

amount (i.e. GENES.) -os~U(GENZES 2GENIJE | 0as)). Figure V-A18

natural gas’ natural gas

illustrates the scenarios generated for this parameter. Note that we only consider as
uncertain the global potential for technology i = natural gas. The other potentials

are kept at their deterministic values throughout the study.

Number of scenarios

1000 1500 2000 2500
Global generation potential for natural gas (TWh/yr)

Figure V-A18 Scenarios for the global bound on the generation potential of natural gas

(TWh/yr). Scenarios for the GENﬁStT,ﬂ“]Ogas parameter are generated based on a uniform

distribution.

5.7.2  Supplementary results

We next provide some results omitted from the main manuscript due to
space limitations. First, in section 5.7.2.1 we provide the U.S. geographical
breakdown of the non-cooperative optimal solution (A). Then, in section 5.7.2.2, we
further describe consumption and production-based emissions/costs results and we

discuss compensation rules aiming at spurring cooperation.
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5.7.2.1 Optimal non-cooperative solution (Solution A)
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Figure V-A19 Geographical breakdown of the U.S. cost-optimal electricity system in solution
A. The size of the pie charts is proportional to the electricity generation of each state
(TWh/yr) whereas the slice colours represent the share of each technology. The global U.S.
electricity generation portfolio for 2012 and for solution A are depicted (bottom right)
together with the associated LCOE.

Solution A is obtained by minimising the total cost of electricity generation
and forcing states to comply with their CPP target individually (i.e. parameter CS is
set to zero, so all binary variables are zero as well). Note that this solution covers
the demand in 2030, but its cost is expressed in 2012 dollars. In this solution no
cooperation (i.e. target sharing or electricity trade) is allowed, and therefore states
can only reduce their emissions by switching to cleaner energy mixes. Solution A
leads to a total U.S. cost of electricity generation 4% below the base line (i.e. 2012)
while simultaneously the CO, emissions are reduced almost double the CPP target
(67% compared with the 35% required). Figure V-A19 shows the optimal electricity

portfolio in each state without any form of cooperation among them. As can be
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observed, CPP targets can be met individually without increasing the U.S. LCOE,
which is slightly lower than in 2012 (i.e. US$64.4/MWh compared to
USS$73.8/MWh). Broadly speaking, in solution A, coal-fired power plants are almost
phased out, while natural gas generation declines slightly and nuclear power is kept
constant (as specified in the CPP). The share of renewables increases until
representing a 47% of the total electricity demand. Economically competitive
renewable technologies are deployed in many states. Namely, wind onshore
increases substantially (from 3% to 20% of the total power needs), while solar PV
(both at rural and rooftop scale) reaches almost 16% (from almost zero levels in
2012). States deploying these technologies complete their portfolios with back-up
firm technologies based on coal, natural gas, geothermal and natural gas with CCS.
These technologies ensure the system reliability under intermittency of sources.
Geothermal and biomass resources are exploited until accounting for almost 6%
(each) of the total electricity generation. Geothermal is largely implemented in
western states (e.g. California, Nevada, Idaho, Utah and Montana), while biomass is
employed in south eastern states (e.g. Louisiana, Mississippi and Georgia) as well as
in lowa and Ohio, among others. Besides deploying renewable resources, some
states reduce their emissions by replacing coal by natural gas (e.g. Pennsylvania,
Michigan, New York, Alabama and New Hampshire), while others implement carbon
capture and storage technologies in natural gas-fired plants (e.g. Connecticut,

Massachusetts, New Jersey, Oregon, Rhode Island and Virginia).

5.7.2.2 Further assessment of individual efforts: production vs consumption-based

perspectives

5.7.2.2.1 Emissions and cost embodied in trade

Assessing the efforts every state makes in the cooperation only from a
production-based perspective is arguably unfair since all the responsibility and the
burden is allocated to electricity producers, which may be the states required to
increase their generation for the sake of the overall gain (e.g. Oklahoma).

Conversely, states displacing their facilities to other regions avoid the burden
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attributed to the generation of their electricity demand, leading to ‘carbon leakage’.
To shed further light on this, we consider the implications of adopting a
consumption-based approach, which, unlike the territorial approach followed by
CPP, assigns the responsibilities to consumer states, i.e. those that use rather than
generate electricity. To this end, we quantify the CO, emissions and costs embodied
in the electricity flows between the states in solution B (Figure V-A20) following the
allocation method explained in Section 1.3 in Supplementary Information. Note that
the amount of carbon (or costs) embodied in the flows is driven not only by the
volume of the trade but also by the carbon intensity (or LCOE in the case of costs) of

the electricity sources (Figures V-A21 and V-A22).

Allocation of emissions (Figure V-A20a) allows classifying states as net
importers or net exporters of carbon emissions. The former release domestically
less emissions than the amount emitted elsewhere in the U.S. to generate the
electricity they consume. For the net exporters, this balance results in more
emissions released locally than those associated with satisfying their own demand.
Twenty nine states are net importers of emissions and 13 are net exporters, with
four states not participating in electricity trade and one state importing only zero-
carbon electricity from Canada. Within the first group, examples include
Pennsylvania, Texas and New Jersey, while the exporters include Oklahoma, Florida,
New York and Nevada. For most states that trade electricity, using the production
and consumption perspectives results in a different level of emissions. In some
cases, the mismatch between production and consumption emissions is marginal
(Figure V-A20a and Figure V-A21a), as in Wyoming (0.4 more in the consumption-
based approach). In others, it can be significantly higher, as in Pennsylvania (45.5
CO, Mt/yr more) and in Oklahoma (70.7 CO, Mt/yr less), evidencing that in some
cases substantial emissions are traded between the states. Under the consumption-
based approach, Oklahoma would be now released from any liability about the
carbon embodied in its exports to the neighbouring states (i.e. final consumers),

which would be held responsible for the emissions attributed to such trades.
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Therefore, the consumption-based perspective provides a different picture of the
efforts made by each state. However, it still fails to capture the behaviour of the
state as a producer, thereby neglecting the potential efforts undertaken to reduce
its carbon intensity. For instance, Colorado would be attributed the responsibility
for the emissions embodied in its imports from Oklahoma, but it would not be

credited for switching to a lower carbon mix (from a coal-intensive mix to a mix

based on geothermal and solar).

Figure V-A20 Emissions and costs embodied in the electricity trade under full cooperation
(solution B in Figure V-1). Subplot V-A20a illustrates CO, emissions and subplot V-A20b the
costs embodied in trade. In the chord diagrams, the states are denoted by coloured circle
arcs, where the arc length measures the total emissions (subplot V-A20a) and costs (subplot
V-A20b) of imports and exports traded. Each trade is represented by a chord whose
thickness is proportional to the magnitude of the trade (in CO, Mt/yr in subplot V-A20a and
in billion USS/yr in V-A20b). Chords are coloured according to the origin of the trade (i.e.
according to exporter state). States whose aggregated export chords take up less than 50%
of their arc length, are net importers of emissions (subplot V-A20a) or of costs (subplot V-
A20b), whereas the opposite holds for net exporters (which are depicted with red labels).

Similar to the emissions, next we allocate the total cost of electricity among
the U.S. states (Figure V-A20b) to find out if monetary flows could compensate for
the efforts made when cooperating. This allocation is equivalent to assuming that
the importer state purchases electricity at generation cost (i.e. LCOE) rather than at

market price, which will arguably be higher. We use the LCOE because predicting
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future market electricity prices with accuracy is rather challenging due to their
inherent volatility. This hampers the assessment of the future true economic

contribution of each state in the cooperative solution.

The results show that in 32 states the cost of meeting their electricity
demand is above the cost of their domestically generated electricity, while the
opposite applies in 15 states. The mismatch in costs can be as low as in Wyoming
(billion USS$0.2/yr higher in the consumption perspective) or as high as in Ohio
(billion US$10.5/yr more) and Oklahoma (billion US$25.1/yr less). Therefore,
allocation of costs from a consumption-based perspective reveals a totally different
situation from that shown in Figure V-A4. For instance, Oklahoma, previously a
penalised state because its production-based electricity cost increased through
cooperation, would now receive a revenue for its electricity exports (see Figure V-
A20b) that would place the state slightly above the diagonal in Figure V-A4.
Conversely, Ohio, which gained from the cooperation, would incur extra costs
through electricity imported from Michigan, Indiana and Pennsylvania. The same
rationale can explain the different compensatory movements arising in other states,
yet under this accounting we are still disregarding the individual contribution that

each state makes as a producer to reduce the overall U.S. cost of electricity.

As seen, the production and the consumption-based accountings are
complementary (Kander et al., 2015; Springmann, 2014; Steininger et al., 2014) and
provide different insights into the contributions made by different states, to the
extent that a single state may either benefit or be penalised, depending on the
approach followed. At the U.S. level, the total amount of emissions embodied in the
electricity trade represents 78% of the total electricity emissions released in the
U.S., while the costs embodied in such trade reach 53% of the total cost of
electricity generation in the country. Such large volumes of electricity flows emerge
as a natural consequence of cooperation as trade favours the states with the most

cost-effective resources.
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5.7.2.2.2 Production and consumption-based accountings: breakdown by
state

Cooperation among all U.S. states allows achieving the most cost-
effectiveness mitigation; however, it entails an uneven distribution of efforts (both
in terms of contribution to curb emissions and to reduce costs) which cannot be
simply neglected. The exploitation of regions (i.e. states) with better abatement
costs leads to two groups of states playing different roles: states acting as suppliers
of electricity and states acting as recipients of electricity. The former increase the
electricity generation by means of their low-cost and/or low-emitting technologies
therefore suffering more from local burdens (but at the same time benefitting from
the increase in the number of jobs, the associated tax share and enhanced energy
security). The opposite holds for the latter group, whose members displace facilities
abroad thereby avoiding the responsibility attributed to their electricity demand

generation.

Due to the asymmetric distribution of efforts, some states can be either
harmed or benefitted when moving from an individualist strategy to the
cooperative one, which compromises the engagement of all states into the
cooperation. Therefore, quantifying the contribution each state makes for attaining
mutual gains provides valuable insight on how to credit/penalise them. However,
each individual contribution changes greatly depending on whether the
responsibilities are allocated to producers or to consumers which makes it

necessary to assess the efforts considering both perspectives.

Thus, we quantify both production and consumption-based emissions and
costs following the allocation method explained in Section 5.7.1.4 in this Appendix.
The comparison between the traditional production-based approach and the
consumption-based one provides further insight and better understanding on how
responsibilities should be allocated among the parties involved. To shed further

transparency on this issue, Figure V-A21 displays the breakdown by state of total
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emissions and carbon intensities according to the production and consumption-

based accountings, while Figure V-A22 shows the same comparison for the total and

specific costs.
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Figure V-A21 Comparison between production and consumption-based emissions in solution
B by state. Subplot V-A21a displays the total emissions by state (in Mt CO,) while subplot V-
A21b displays the carbon intensity by state (expressed in CO, kg/MWh). Blue bars
correspond to the production-based accounting while yellow bars correspond to the
consumption-based one. Circumferences in subplot B depict average U.S. specific emissions
following the same colour pattern as bars.

Total emissions (expressed in Mt CO,) from the electricity generation vary
greatly among U.S. states, regardless of the accounting system. This significant
spatial heterogeneity is not only observed in the electricity generation (i.e. suppliers
and recipient states) but also in the composition of the electricity mixes (i.e. lower
and higher carbon intensities). As seen, there is a clear mismatch between the
traditional production-based accounting and the consumption-based one at the
state level, which evidences that substantial emissions are embodied in the
electricity trades. The existence of this large discrepancy justifies the need of
considering both perspectives in order to provide a more transparent picture of the
“true” contributions made. Our results show that there are more states which are

net importers of emissions (29) than net exporters of emissions (13). On a
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production basis, most of the U.S. emissions in solution B correspond to a few
states, with only eight states (i.e. New York, Florida, Oklahoma, Massachusetts,
Nevada, Connecticut, Indiana and Arkansas) accounting for more than 70% of the
total U.S. emissions. However, under the consumption-based perspective, those
states are held responsible for only 30% of the total U.S. emissions evidencing the
need to analyse the results following both accounting systems. For instance,
Oklahoma acts as a supplier state in the partnership due to its lower abatement
cost, producing 79.2 Mt CO, (third larger emitter in the U.S. partnership), while only
8.5 Mt CO, corresponds to its consumption (ranked as 21% larger emitter).
Conversely, Texas, which does not appear as a top emitter in the production-based
accounting, almost doubles its emissions from a consumption-based perspective
(i.e. 27.4 Mt CO, according to the production-based and up to 53.8 Mt CO, in the
consumption-based), thus becoming the second largest emitter (according to the
consumption-based accounting). Even in the case of New York, which is by far the
larger emitter from both perspectives, production and consumption-based
emissions differ significantly, evidencing that both approaches complement each
other and together provide a deeper understanding of the real contribution made

by states towards curbing CO, emissions.

In subplot B we can see that carbon intensities (i.e. CO, kg/MWh) also show
great variations among states (regardless of the accounting system). These are due
to the differences in carbon intensities among the states’ optimal electricity mixes.
On a production basis, the largest carbon intensity corresponds to North Dakota,
with a 55% coal-based electricity mix, followed by states deploying either coal-rich
(e.g. Arkansas) or natural gas-rich (e.g. New Jersey, New York, Rhode Island or
Massachusetts) portfolios. While most of these states are also among the top
emitters on a consumption basis, some of them present significant differences
between both accountings due to the emissions embodied in electricity trades.
Production-based carbon intensities are above consumption-based ones in eight

states, while 26 states show higher carbon intensities in the consumption-based
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accounting and 13 states show the same carbon intensities in both accountings.
Within the first group, we find states such as Arkansas, where the higher
production-based emissions result from the combination of being a net exporter of
electricity and deploying a high emitting electricity mix. Some other states within
this group, like Wyoming, show lower carbon intensities as consumers because they
import cleaner electricity with low embodied emissions. Within the second group
(higher consumption-based carbon intensities), we find states such as Pennsylvania,
which increase its consumption-based carbon intensity by importing electricity with
high embodied emissions (e.g. importing large amount of electricity from the
natural gas rich portfolio of New York). Finally in the last group (i.e. showing the
same carbon intensities in both accountings), we find states which do not trade
electricity at all (i.e. Maine, Montana and North Dakota); states which only export
electricity (e.g. Florida, Indiana or Oklahoma); and states that import electricity with
the same carbon intensity that the electricity they produce (e.g. Michigan only
imports zero-emitting electricity from Canada and its mix is based on zero-emitting

nuclear and hydropower).

Allocation of costs by state (Figure V-A22a) shows that, regardless of whether
a production or consumption-based accounting system is considered, there is a
significant variability among states. This is due to the different volumes of net
generation among states and also to the spatial heterogeneity of the electricity
cost. Production-based and consumption-based total costs differ greatly due to the
large volume of electricity traded which in turn is translated in large monetary flows
between suppliers and consumers of electricity (note that we allocate the cost of
producing the electricity, which will presumably be lower than the market price of
the electricity transferred). Results in subplot V-A22a show that in 13 states, the
cost of electricity generation is above the cost of covering their electricity demand,
while in 31 states the opposite situation occurs. On a production basis, more than
53% of the total U.S. generation cost in solution B is assumed by only 8 states (i.e.

Florida, Indiana, lllinois, Oklahoma, California, Nevada, New York and Texas).
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However, under a consumption-based perspective, this figure is reduced down to
33% which again evidences the need of considering both perspectives.
Furthermore, for a single state, the mismatch between the total costs as a producer
and as a consumer can be large, as for example in Oklahoma which presents
production costs of US$28.2 billion while its consumption costs are USS3.0 billion

(89.4% lower).
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Figure V-A22 Comparison between production and consumption-based costs in solution B by
state. Subplot V-A22a displays the total cost by state (in billion USS) while subplot V-A22b
displays the specific cost by state (expressed in USS/MWHh). Blue bars correspond to the
production-based accountings while yellow bars correspond to the consumption-based
accounting. Circumferences in subplot B depict average U.S. specific costs following the
same colour pattern as bars.

The specific costs (i.e. USS/MWh) are more equally distributed than carbon
intensities (Figure V-A21b). Carbon intensities vary greatly among states since
emissions are far below the target and therefore they play no significant role in
shaping the optimal solution. In contrast, specific costs are more similar across de
U.S. territory. This happens because technologies are selected mainly according to
their economic competiveness. Hence, the worst technologies (cost wise) are ruled

out, with the ones being installed displaying similar average costs.
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Results in subplot V-A22b show that the production-based specific costs lie above
the consumption-based ones in 31 states (e.g. Michigan, Pennsylvania, Wisconsin,
Alabama and Maryland), whereas the opposite holds in only four (e.g. specially
Massachusetts and Rhode Island). Notably, most U.S. states reduce their specific
costs in the consumption-based accounting, since the electricity they import is
mainly produced in a few states with much lower specific costs. On the other hand,
states where production-based unitary costs exceed consumption-based ones are
not necessarily net exporters of electricity, because the monetary flows embodied
in the electricity traded depend on both, the unitary costs and the volume of
electricity exchanged (and the same applies to the net importers of electricity). For
instance, Alabama is net importer of electricity (purchasing more electricity from
the cost-effective portfolio of Florida than it sells to Tennessee). Besides, its
production-based costs exceed the consumption-based ones, a mismatch that
stems from the large difference in specific generation costs between Alabama and
Florida (i.e. US$94.0/MWh compared to US$36.3/MWh, respectively; a 61.2% lower
in Florida). Furthermore, we can identify 12 states in which the production and the
consumption-based specific costs are the same. These are states which either trade
no electricity at all or only export it. Note that, unlike what happened with the
emissions, here Michigan presents lower costs from a consumption-based
accounting than from a production-based one, because its imports from Canada are

cheaper than its domestic generation.

5.7.3  Sensitivity analysis
In this section we present the results of the sensitivity analysis providing
confidence intervals for the benefits from cooperation and analysing the behaviour

of the optimal cooperative solution B when uncertainties are considered.

5.7.3.1 Sensitivity of the benefits from cooperation
In the main manuscript, we showed that the total U.S. cost of electricity

generation can be reduced by 12% when all the states cooperate to curb CO,
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emissions. In order to provide confidence intervals for such benefits, we next
explore how this figure varies when considering uncertainties. To this end, we
recalculate solutions A and B following the procedure described in section 5.7.1.5
For each of the uncertain parameters, we provide the probability distribution of the
model results (Figure V-A23) and identify the worst and best case scenarios (i.e.
minimum and maximum benefits, respectively), which define the interval where the

real benefits should fall.
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Figure V-A23 Sensitivity of the benefits derived from cooperation to the uncertain
parameters. Each violin depicts the probability distribution of the difference between the
U.S. cost in solutions B and A (expressed as a percentage) when uncertainty is considered in
a given parameter(s) (indicated in the x axis). The width of the violin reflects the frequency
(i.e. number of scenarios) of the solutions. Additionally, the benefit derived from
cooperation in the deterministic case is also depicted for the sake of comparison.

We start by analysing the effects of single uncertainties (first nine violins in
Figure V-A23), finding that there are four parameters whose uncertainty has little
effect on the benefits of cooperation (i.e. similar savings as in the deterministic case
are obtained regardless of the realisation of uncertainties). These are: (i) the carbon
intensities (Cl); (ii) the regional potential for electricity generation with each

POT); (

technology (GEN iii) the amount of electricity traded with Canada (CTB); and

(iv) the unitary cost of this electricity (CO“*

). These results can be explained as
follows. Carbon intensities show little influence on savings because emissions fall
below the CPP targets in the optimal solution. Hence, technologies are mostly

implemented according to their relative economic competitiveness. On the other
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hand, changes in the state bounds on electricity generation impact very little on the
results because these are in general high enough to not limit the installation of
economically appealing technologies. Finally, parameters related to Canadian
imports (i.e. bound on electricity imports and their unitary price) affect both
solutions A and B in a similar manner, so the difference between both is always low.
This is not surprising given that, firstly, deterministic solutions A and B already
showed very similar Canadian imports (i.e. 197 vs 201 MWh) and, secondly, because
Canadian imports represent a little share of the total U.S. cost (around 3% in both

cases).

There are two parameters, namely the capacity factor (CF) and the coefficient
for back up generation requirements (BUC), which show slightly higher influence on
the benefits derived from cooperation, yet these are still small (i.e. between 11.3%
and 12.6%, for the changes in the CF, and between 11.7% and 12.5% for variations
in the BUC). Therefore, while they affect more the individual solutions A and B, the
difference between both solutions remains very much alike since they are changed

in similar proportions.

Conversely, the following parameters have stronger impact on the benefits
that can be achieved when cooperating: (i) the LCOE of each technology; (ii) the
electricity demand; and (iii) the global potential generation bound. For instance,
when uncertainties are realised on the LCOE, savings can vary from as little as 11.3%
to as much as 13.6%. Although these numbers are close to the deterministic 12%,
they entail significant variations in benefits: from USS1.8 billion less savings to
USS$4.6 billion more. Note that scenarios for LCOE are not correlated, which means
that costs for one technology can increase in one state but decrease in others. This
penalises solution A more severely than B, since the latter can still resort to the
most cost-effective technologies/states and use trade to supply electricity to less

favourable regions.
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Moreover, the DEM also shows a high influence on the savings that can be
achieved, which range from 11.0% to 13.8% (i.e. from US$2.6 less to USS5.3 billion
more than in the deterministic case). This is because the individualist strategy of
solution A forces states with poor abatement costs to increase their generation to
respond to a higher demand, thus severely worsening the U.S. costs. Conversely, in
the cooperative solution B, regional advantages can still be exploited to supply
economically appealing electricity thus cushioning the increase in the costs. Finally,
the GEN"®™° parameter shows the biggest influence among individual
uncertainties, leading to benefits from cooperation lying always above those in the
deterministic case (i.e. from 12% to a maximum value of 15.7%). This happens
because in all the scenarios the global bound imposed on natural gas resources is
relaxed. This allows supplying the resource even to states where it is scarcer, thus

increasing the share of the low-cost gas technology throughout the U.S. territory.

Finally, we analyse the effect of all the uncertainties simultaneously (case All
in Figure V-A23). We find that benefits from cooperation can range from as little as
11.5% to as much as 17.9%, that is, from USS1.2 billion less to US$16.8 billion more
than in the deterministic case. The sensitivity analysis therefore shows that
cooperation can bring significant benefits even when uncertainties are considered,
that is, uncertainties do not change the main insight obtained from the analysis. The
median of the results is significantly shifted (i.e. from 12% in the deterministic case
to 14% when uncertainties are considered). This mismatch might be caused by the
uncertainty level of the global bound on natural gas, for which a more conservative

value was established in the deterministic case.

5.7.3.2 Sensitivity of the full cooperative solution (Solution B)

Cooperation (i.e. solution B) allows bringing the U.S. electricity cost down to
US$248 billion and CO, emissions down to 607 Mt CO, when considering nominal
parameters. In order to explore how these figures change in light of uncertainties,

we next solve model B for the different scenarios and depict the resulting
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distributions of costs (subplot V-A24a) and emissions (subplot V-A24b) in Figure V-
A24,

a) Sensitivity of cost in Solution B
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Figure V-A24 Results from the sensitivity analysis of solution B. Violin plots depict the
distribution of the U.S. cost (subplot V-A24a) and emissions (subplot V-A24b) obtained when
uncertainty is considered in the parameter indicated in the x axis (recall that only the cost is
optimised). The width of the violin reflects the frequency (i.e. number of scenarios) of the
solutions. The figure shows also the cost and emissions obtained for the deterministic
parameters in solutions A and B, along with the U.S. cost in the baseline year (2012) and the
CPP emissions target.

We first analyse how individual uncertainties affect the cost and emissions
under full cooperation (i.e. solution B). As can be observed in Figure V-A24, the
parameters with the strongest impact on the model outcome (both in cost and
emissions) are LCOE, GEN®™'°, DEM and BUC. Particularly, GEN"°"° shows the
biggest influence among the individual uncertainties, revealing that the total U.S.

cost could be reduced by 13.7% comparing to the determinist case (i.e. US$33.7
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billion less). Furthermore, global emissions could increase by 72.4%, as a result of
enlarging the share of natural gas in the overall electricity mix (recall that scenarios
on GEN"®™' relax the global bound on natural gas-based resources). The total U.S.
cost varies similarly when uncertainties in LCOE or DEM are considered (between -
4.0% and +6.4%, and between -8.7% and +6.84%, respectively), yet the total
emissions reflect a higher variation for the former (i.e. between -17.7% and +30.5%,
compared to -6.5% and +9.1%). This can be explained as follows. In the
deterministic solution B, emissions fall well below the CPP target (i.e. 70% reduction
vs the 35% required). This occurs because the model decides to install technologies
based only on their economic competitiveness, and some of the most competitive
ones happen to show in turn lower carbon intensities. In such context, the order of
the economic competitiveness of two technologies showing similar costs but very
different CO, emissions can be switched when uncertainties are considered in the
LCOE, thus significantly affecting the overall figure regarding the emissions. This
does not happen when the uncertain parameter is the demand, since the economic
competitiveness of the technologies remains the same. Finally, the uncertainty on
the BUC affects more the emissions than the costs. Hence, the cost in solution B can
vary +4.5%, while the emissions can either be reduced or increased significantly (i.e.
from almost 17.7% reduction to a 58.8% increase). Recall that this parameter
provides the amount of firm technologies required as back up for each MWh of
intermittent renewables installed. Taking into account that the carbon intensity of
firm technologies is in average higher than that of intermittent resources (which are
all zero-emitting), it is not surprising that different values of BUC have a strong

impact on the overall cleanness of the U.S. portfolio.

We then analyse all the uncertainties simultaneously (case All in Figure V-
A24), noting that both costs and emissions show the most significant sensitivity
among all the cases. As can be observed, the cost is lower than in the deterministic
case in most scenarios (between -16.5% and +7.3%) while the opposite holds for the

POTGLO

emissions (-12.6% and +89.6%), evidencing the high influence of GEN in these
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results. Besides, in this case, as well as in general terms, the uncertainties affect
more the distribution of emissions than that of the cost. This is due to the margin
existing between emissions in the deterministic solution B and the target imposed

by the CPP.

5.7.4 Nomenclature

5.7.4.1 Indexes

i Technologies.

j U.S. states.

k Canadian regions.

5.7.4.2 Sets

CcT Set of coal-based technologies i.

IR Set of intermittent (i.e. non-dispatchable) technologies i.
NGT Set of natural gas-based technologies i.

NC; Set of Canadian regions k which are neighbours of state j.
NU; Set of states j* which are neighbours of state j.

5.7.4.3 Parameters
BUC Backup capacity of dispatchable technologies required for every MW

of non-dispatchable intermittent technologies.

CAPS™ Capacity installed with technology i in state j in the baseline year (i.e.
2012).

CFij Capacity factor of technology i in state j.

Cl;; Carbon intensity of technology i in state j.

coen Unitary annual cost of electricity imports from Canada.

cogs” Unitary annualised capital cost of technology i in state j.

Cograve U.S. average unitary annualised capital cost of technology i.

coy Unitary annual fixed operating costs of technology i in state .

CO™Av® U.S. average annual fixed operating costs of technology i in state j.
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Coys® Unitary annual variable operating costs of technology i in state j.

CoyRave U.S. average annual variable operating costs of technology i in state j.

WST, Annualised cost of electricity generation in state j in the optimal
solution.

CS Number of states belonging to the partnership.

CTB Upper bound on total electricity imports from Canada.

DEM; Electricity demand of state .

DIST;y Distance between states jand j’.

DISTCAN;x  Distance between state j and Canadian region k.

DSF Demand satisfaction factor.

EM, Optimal production-based emissions of state j.

GENj* Electricity generation with technology i in state j in the baseline year
(i.e. 2012).

GENY" Potential generation with technology i in state j.

GEN{ome-© Potential generation with technology i in U.S.

H Annual hours (i.e. 8760).

M1 Sufficiently large positive parameter.

M2 Sufficiently large positive parameter.

TARG; Target imposed by the CPP on the CO, emissions of state j.

TARG]' Target imposed by the CPP on the carbon intensity of state j.

TLF Trade losses factor (equivalent to 0.62% per 100 km).

Wﬁ;‘,‘c Electricity exported from state j’ to state j in the optimal solution.

wj Cost adjustment factor for state j.

5.7.4.4 Continuous variables

CAP;} Standard capacity installed of technology i in state j.

CAPj; Backup capacity installed of technology i in state j.

CBCOST; Consumption-based annualised cost of electricity consumed in state
J.

CBEM; Consumption-based CO, emissions of state j.
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COST; Production-based annualised cost of electricity generation in state j.
COST ™" Annual cost of electricity imports from Canada.

COST{" Annualised capital costs of electricity generation in state j.
COST™ Annual fixed operating costs of electricity generation in state j.
CcoSTTOT Total annualised cost of electricity generation in U.S.

COST/* Annual variable operating costs of electricity generation in state j.
EM; Production-based CO, emissions of state j.

GEN;} Backup electricity generation with technology i in state j.

GEN;; Standard electricity generation with technology i in state j.
TRD}S" Electricity that state j imports from state j” (after losses).

TRD}%? Electricity losses in electricity trade between states j and .
TRD/%)° Electricity exported from state j’ to state j.

TRDCAN/"  Electricity that state j imports from Canadian region k (after losses).

TRDCAN/%®  Electricity losses in electricity trade between Canadian region k and
state .

TRDCAN/{®  Electricity exported from Canadian region k to states j.

YEM; Continuous variable that replaces the nonlinear product of the binary

Y; by the emissions level EM;.

5.7.4.5 Binary variables
Y; Binary variable denoting whether state j belongs to a partnership (i.e.

value equal to 1) or not (i.e. value equal to 0).
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Contribution to the development of mathematical programming

tools to assist decision-making in sustainability problems

Impacts from human activities are exceeding the Earth’s carrying
capacity, which may lead to irreversible changes posing a serious threat
to future human well-being and the environment. This situation calls for
urgent and effective actions when facing ongoing and emerging
sustainability challenges which help us to move towards a sustainable
development.

This thesis focuses on two key structural transformations needed to
reconnect the human development to sustained progress: the
“sustainable food security transformation”, through decoupling the
intensification of agricultural production from unsustainable use of
resources; and the “clean energy transformation”, supporting the
transition towards a more environmentally friendly economy. This thesis
proposes sound and flexible mathematical programming tools to support
sustainable decision and policy-making aiming at facilitating the
transition towards a new era where the economic growth, the
environmental stewardship and social progress coexist as key pillars of
sustainable development.






