UNIVERSIDAD MICHOACANA
DE
SAN NICOLAS DE HIDALGO

DIVISION DE ESTUDIOS DE POSGRADO
FACULTAD DE INGENIERIA QUIMICA

PLANIFICACION OPTIMA DE PRODUCCION DE
COMBUSTIBLES Y PLANTACIONES FORESTALES
CONSIDERANDO EL ESQUEMA MULTI-STAKEHOLDER

TESIS presentada por:

AURORA DE FATIMA SANCHEZ BAUTISTA

A la Division de Estudios de Posgrado de la
Facultad de Ingenieria Quimica como

requisito parcial para obtener el grado de:

DOCTORA EN CIENCIAS
EN
INGENIERIA QUIMICA

Asesor: Dr. José Maria Ponce Ortega

Co-Asesor: Dr. José Ezequiel Santibariez Aguilar

Morelia, Michoacan. Febrero 2020



RESUMEN
PLANIFICACION OPTIMA DE PRODUCCION DE COMBUSTIBLES Y
PLANTACIONES FORESTALES CONSIDERANDO EL ESQUEMA MULTI-
STAKEHOLDER
Por
Aurora de Fatima Sanchez Bautista
Agosto del 2019
Doctora en Ciencias en Ingenieria Quimica

Dirigida por: Dr. José Maria Ponce Ortega

En este trabajo se proponen alternativas para mitigar el problema del cambio climatico
considerando la reduccion de las emisiones de CO,, entre estas alternativas se considera el
uso de biocombustibles liquidos asi como la implementacion de plantaciones forestales
integradas a la cadena de valor global asociada a combustibles fosiles. Por tal motivo, en este
trabajo se propone integrar un sistema de produccién de combustibles a traves de refinerias y
biorefinerias incluyendo el uso de plantaciones forestales para disminuir emisiones de gases de
efecto invernadero mediante un modelo matematico para la planificacién 6ptima de un sistema
integrado de produccion de combustibles y biocombustibles considerando la interaccion con
plantaciones forestales llamadas eco-industrias. Los resultados son obtenidos a través de un
esquema tipo multi-stakeholder o multiples tomadores de decisiones para considerar los
beneficios y efectos de cada una de las entidades involucradas en la cadena de suministro y

determinar las interacciones entre los diferentes entes involucrados para la toma de decisiones.

Palabras clave: Cadenas de suministro, Sistemas de energia, Multi-stakeholder, Planificacion

Optima, Captura de carbono.
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ABSTRACT

This Thesis presents a mathematical programming model for the optimal planning of
an integrated system for producing fuels and biofuels considering the interaction with facilities
capable to capture emissions from biorefineries and refineries and receive a monetary benefit,
these facilities can be named eco-industries or forest plantations. The proposed approach is
formulated as a multi-stakeholder scheme to consider the benefits and affectations in each one
of the involved supply chain entities, and determining how the interactions between the
different stakeholders take place. This way, the proposed approach takes into account the
profit of biorefineries, refineries and forest plantations, as well as the emissions and generated
jobs of each one of the involved entities. Additionally, it is considered local and imported raw
materials to satisfy the energy demand. Also, the approach considers features such as the
project life time, the availability of resources, the amount and type of products that should be
produced and the allocation and capacity of the refineries, biorefineries and forest plantations.
The mathematical approach was applied to a nationwide case study for Mexico, considering

the creation of new jobs, overall emissions and net profit as main objectives.

Keywords: Supply chains, Optimization, Multi-stakeholders, Strategic planning, Carbon

capture.
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NOMENCLATURA

Parametros no computados

wr Factor de peso dado para el objetivo de empleos en eco-industrias.
wR Factor de peso dado para el objetivo de ganancia en refinerias.

w'? Factor de peso dado para el objetivo de ganancia en biorefinerias.
wr* Factor de peso dado para el objetivo de ganancia en eco-industrias.
w=' Factor de peso dado para el objetivo de emisiones totales.

wR Factor de peso dado para el objetivo de empleos en refinerias.

w® Factor de peso dado para el objetivo de empleos en biorefinerias.

Pardmetros computados

p-r Limite minimo obtenido para ganancia de refinerias.

pUR Limite maximo obtenido para ganancia de refinerias.

p-® Limite minimo obtenido para ganancia de biorefinerias.

py® Limite maximo obtenido para ganancia de biorefinerias.

p-F Limite minimo obtenido para ganancia de eco-industrias.

pYF Limite maximo obtenido para ganancia de eco-industrias.

E-T Limite minimo obtenido de emisiones totales.

EYT Limite méaximo obtenido de emisiones totales.

JER Limite minimo obtenido para empleos generados en refinerias.

JUR Limite maximo obtenido para empleos generados en refinerias.

J-8 Limite minimo obtenido para empleos generados en biorefinerias.

JUe Limite maximo obtenido para empleos generados en biorefinerias.

I Limite minimo obtenido para empleos generados en plantaciones forestales.
JUF Limite maximo obtenido para empleos generados en plantaciones forestales.
Variables

Doctorado en Ciencias en Ingenieria Quimica vii



CS, Solucion Compromiso dada para cada caso de partes interesadas.

CS Solucién compromiso general.
PR Ganancia en refinerias.

p® Ganancia en biorefinerias.
PF Ganancia en Eco-industrias.
E' Emisiones totales.

JR Empleos en refinerias.

J® Empleos en biorefinerias.
JF Empleos en Eco-industrias.
DR Relacién de insatisfaccion.
TJ Empleos totales generados.
TP Ganancias totales.

indices

i indices utilizados para denotar los casos de Stakeholders (partes interesadas) con

diferentes prioridades.

Sets

I Set 0 conjunto que contiene todos los elementos del indice i.
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CAPITULO 1. INTRODUCCION

CAPITULO 1. INTRODUCCION
1.1 Generalidades

De acuerdo al foro econdomico mundial, el consumo de energia fosil continda en
aumento desde el afio 2012, pero a un ritmo menos acelerado que durante la Gltima década,
debido a que la energia renovable esta tomando parte importante en la produccion energética;
el continuo incremento en la demanda de energia en el mundo es impulsado por el aumento
poblacional y el crecimiento econémico.

Dado que la globalizacion es un fendémeno impulsado por la tecnologia y el
movimiento de ideas, personas y bienes; hoy en dia una nueva ola de dicha globalizacion esta
sobre nosotros, la denominada por el foro econémico mundial como Globalizacion 4.0, donde
la nueva frontera de globalizacion es el mundo cibernético y la economia digital que se esta
convirtiendo en una fuerza a considerar a través del comercio electrénico, los servicios
digitales y la impresion 3D. Esto se ha incentivado por la inteligencia artificial, pero se
encuentra amenazado y es vulnerable a la pirateria y ataques cibernéticos transfronterizados.

Sin embargo, a través del efecto global del cambio climatico, al mismo tiempo se esta
expandiendo una globalizacion negativa. Pues la contaminacién en una parte del mundo
conduce a fenémenos meteorolégicos extremos en otra. Y la tala de bosques en los pocos
“pulmones verdes” que el mundo ha dejado, como la selva amazonica, tiene efectos
devastadores adicionales no solo en la biodiversidad, sino también en la capacidad para hacer

frente a las peligrosas emisiones de gases de efecto invernadero.

Los cambios que se estan dando hoy en dia no son fendmenos aislados que afectan a un
pais, industria o problema en particular; son cambios mundiales, que requieren de una
respuesta global y abordaje cooperativo que de no adoptarse representaria una tragedia para la
humanidad. En especifico, se requiere amplio compromiso e imaginacién, donde sera crucial

el compromiso de todas las partes interesadas en un dialogo sostenido.
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CAPITULO 1. INTRODUCCION

1.2 Justificacion

Hoy en dia la mayoria de los problemas sociales, politicos, econémicos y
organizacionales son problemas multi-stakeholder o de multiples partes involucradas que
toman decisiones independientes. Para estos problemas, ningun individuo o grupo tiene todas
las respuestas, ya que puede haber multiples “verdades” dependiendo de experiencias pasadas
y la realidad actual. Por lo tanto, son necesarias diversas impresiones y puntos de vista
alternativos. A medida que la toma de decisiones se vuelve més colectiva e inclusiva, la
necesidad de enfoques participativos, colaborativos e integradores se vuelve mas evidente y
urgente.

La importancia de este trabajo es considerar mdaltiples objetivos basados en los
tomadores de decisiones involucrados, la ventaja de esta metodologia es que se pueden
considerar tantos objetivos como se requiera evitando la complejidad de desarrollar conjuntos

de Pareto que incrementa exponencialmente con respecto al nimero de objetivos.

|
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CAPITULO 1. INTRODUCCION

1.3 Hipotesis

Mediante la aplicacion de un enfoque multi-stakeholder en la solucién de un modelo de
optimizacion multi-objetivo, se obtendra una planificacion optima del sistema de produccién
de combustibles e integracion con plantaciones forestales, para satisfacer necesidades
energéticas y capturar emisiones de COs.

1.4 Obijetivo general

Desarrollar un modelo de optimizacion multi-objetivo empleando una metodologia
multi-stakeholder para la planificacion sustentable del proceso de produccion de combustibles
liquidos en México considerando la distribucion de plantaciones forestales en diferentes zonas

de México para posibilitar la absorcién de gases de efecto invernadero, principalmente CO..

1.5 Objetivos particulares

» Generar una metodologia multi-stakeholder para aplicarla a un modelo de optimizacion
multi-objetivo para la planificacién éptima en la produccion de combustibles en

México.
» Considerar multiples objetivos para el desarrollo de la metodologia multi-stakeholder.

» Desarrollar una metodologia capaz de proveer distintas soluciones para facilitar la
toma de decisiones, en funcién de la ponderacion de diferentes objetivos.

« Bulsqueda de mejores soluciones para proveer la mayor satisfaccion posible a cada

parte involucrada.
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CAPITULO 2. MARCO TEORICO

CAPITULO 2. MARCO TEORICO

La Plataforma Mexicana de Carbono MEXICO,, describe un Sistema de Comercio de
Emisiones (ETS, por sus siglas en inglés), como un mecanismo de intercambio de derechos de
emisiones que sirve para controlar o fijar un limite de emisiones de gases de efecto
invernadero (GEI) de empresas de diversos sectores de la economia, como generacion de
energia, transporte, refinacion de petroleo, metalurgia cemento, papel, aviacion, vidrio,
ceramica, e industrias quimicas y petroguimicas. Algunos ejemplos de estos mercados son el
caso del Sistema de Comercio de Derechos de Emision de la Union Europea (UE) o el
Mercado de Emisiones de California que es independiente a los deméas estados de Estados
Unidos de América (USA).

El régimen de comercio de derechos de emision de la UE, es el principal mercado de
carbono del mundo y el de mayor tamafio. Opera en los 28 paises de la UE mas Islandia,
Liechtenstein y Noruega, cubriendo alrededor del 45% de las emisiones de gases de efecto
invernadero de la UE.

En el caso del Mercado de Emisiones de California, este sistema de comercio de
emisiones este sistema cubre el 85% del estado y dio inicio en 2013. En 2015 los sistemas de
comercio de emisiones de California y Québec se interconectaron, formando un mercado
comun entre las dos jurisdicciones. Ademas California ofrece apoyo a otras jurisdicciones
incluyendo acuerdos de alto perfil con México y China. En este marco las partes firmantes se
comprometen a compartir informacién y lecciones aprendidas sobre las politicas climaticas

con un enfoque especial en los sistemas de comercio de emisiones.

En México existe otro instrumento denominado Certificados de Energia Limpia
(CELSs) y que suele confundirse con el mercado de emisiones, sin embargo estos certificados
funcionan como incentivos para que las empresas de generacion de Energia generen
electricidad a partir de fuentes de energia limpia como la energia geotérmica, eolica
hidroeléctrica y solar, que no emiten gases de efecto invernadero o residuos peligrosos. El
mercado de carbono se encuentra en fase de desarrollo en México a diferencia de los CELSs

gue ya se encuentran implementados.
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CAPITULO 2. MARCO TEORICO

La diferencia entre ETS y los CELs radica principalmente en el hecho de que el
mercado de emisiones busca fijar un limite al nivel de emisiones de GEI, mientras que los
CELs incentivan la produccion de energia a través de fuentes limpias y no contaminantes.
Cada certificado representa la generacion de 1 MWh de energia limpia, y su precio no es fijo

pues depende la de oferta y demanda.

Los ETS regulan usualmente la emision de CO, equivalente, es decir, cualquiera de los
siguientes GEI: CO, (dioxido de carbono), CH4 (metano), N,O (6xido de nitrégeno), HFC
(Hidrofluorocarbonos), y SFs (hexafluoruro de azufre). En un ETS existe un limite al volumen
de emisiones de GEI que las empresas pueden emitir, asi como un numero limitado de
derechos de emision que se pueden otorgar y comercializar entre los participantes. El objetivo
es que las empresas disminuyan gradualmente sus emisiones para cumplir con sus metas de
reducciones de emisiones, muchas veces reflejadas en los Compromisos Nacionales de cada
pais, en el marco del Acuerdo de Paris. México se comprometio a reducir sus emisiones de
GEI un 22% para 2030.

Ademas de los certificados de Energia Limpia y el mercado de emisiones, existen otros
instrumentos a mencionar para no confundir con los anteriores. EI mercado voluntario de
carbono tiene caracteristicas y funciones diferentes. Una reduccién certificada de emisiones (a
veces denominados “bono de carbono” u “offset”), es una forma de compensar la huella de
carbono de una empresa. En este caso, la compensacion de emisiones no es obligatoria, pero
facilita el cumplimiento de metas autoimpuestas por las empresas. En este caso, las compafiias
pueden compensar comprando reducciones provenientes de proyectos certificados y
registrados ante estandares internacionales. Algunos de los sectores que son grandes
generadores de este tipo de proyectos son: reforestacion, energias renovables, eficiencia
energética y manejo de residuos. Una reduccion certificada equivale a una tonelada de CO,
equivalente que deja de emitirse la atmosfera. Por otra parte, es importante resaltar que una
reduccion de emisiones no es lo mismo que un bono verde, pues éste ultimo es emision de

deuda financiera con la etiqueta verde, que se invierte para generar rendimientos.

Como se mencion6 anteriormente, las reducciones de emisiones provienen de
proyectos ambientales (implementados por empresas privadas en su gran mayoria); como son,

parques edlicos, reforestacion, estufas sustentables (instalacion de dispositivos eficientes en
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CAPITULO 2. MARCO TEORICO

comunidades cuyas estufas funcionan con lefia, evitando enfermedades, tala de arboles y
haciendo a la vez estufas mas eficientes), rellenos sanitarios (utilizacion de biogas y
produccién de electricidad), etc. Para que un proyecto pueda obtener reducciones certificadas
de emisiones, se debe certificar bajo estdndares internacionales. Cuando se dice que una
empresa, organizacion, individuo o institucién compenso sus emisiones de GEI es porque
compro reducciones de emisiones de algun proyecto. Por ejemplo, si una empresa quiere
compensar las emisiones de una planta de produccion por el lapso de un afio, se hace el
calculo de emisiones y se compra el numero equivalente de toneladas en bonos de carbono
para compensar esa huella. Este mecanismo constituye el mercado voluntario de carbono. Las

empresas participan de manera voluntaria para compensar sus emisiones.

México como parte del Acuerdo de Paris, enfocado a la lucha contra el cambio
climatico y cuyo objetivo es evitar que el incremento de la temperatura del mundo supere los
2°C para finales del siglo, se comprometié a que para el 2024 35% de la energia generada y
consumida en el pais sera limpia. Para medir el cumplimiento de esta meta se crearon los
Certificados de Energias Limpias, que acreditan que un porcentaje de la energia proviene de

fuentes de energia limpia.

En México la Ley General de Cambio Climéatico 2012 y su reforma en 2018 tiene
como objetivos, garantizar el derecho a un medio ambiente sano, regular las acciones para la
mitigacion y adaptacion al cambio climatico, fomentar la educacion, investigacion, desarrollo
y transferencia de tecnologia e innovacion y difusion en materia de adaptacion y mitigacion al

cambio climético y establecer la bases para la concertacion con la sociedad.

2.1 Antecedentes

El fendmeno del incremento en la demanda energética y el aumento de la poblacién
estan intimamente relacionadas con el cambio climatico. El calentamiento global, asociado a
este cambio en el clima del planeta, es un serio problema que esta provocando impactos
alarmantes al entorno ambiental y humano, éste se debe principalmente a la generacion de

grandes cantidades de emisiones de gases de efecto invernadero como resultado, en su
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CAPITULO 2. MARCO TEORICO

mayoria, de la quema de combustibles fosiles. Este no es un problema sencillo de resolver; sin
embargo, se han llevado a cabo diversos esfuerzos para hacer frente al problema; por ejemplo,

el uso de energia renovable o el uso de biomasa para producir biocombustibles.

Un gran namero de investigadores han realizado diferente tipo de estudios para abordar
este problema. En este sentido, Lundgren y col. (2015) expresan que es necesario limitar las
emisiones de gases de efecto invernadero procedentes de actividades humanas. Yu y Zhu
(2015) explican como limitar las emisiones de carbono en diferentes paises y la competencia
internacional por nuevas fuentes de energia, ya que la energia es fundamental para la
prosperidad y la seguridad de las naciones. Varias alternativas han sido propuestas para
abordar la problemaética que se estd viviendo en la actualidad. La politica de impuestos al
carbono se ha convertido en una forma efectiva de establecer limites de emisiones de carbono
en muchos paises, porque las emisiones de carbono significan costos adicionales para las
industrias y, por lo tanto, tienen un impacto en las ganancias (Liu y col., 2016). Kober y col.
(2016) investigaron las consecuencias macroecondémicas de la mitigacion de emisiones de
gases de efecto invernadero en américa latina. Vandyck y col. (2016) presentaron un modelo
basado en los acuerdos de Paris, para evaluar las politicas de mitigacion de las contribuciones
previstas determinadas a nivel nacional, presentadas en el periodo previo a la COP21 por los
estados miembros individuales, y una politica para limitar el calentamiento global a 2°C por
encima de los niveles preindustriales. Actualmente, la sustentabilidad y crecimiento
econdmico limitan la agenda de discusion politica internacional. Esto se debe principalmente a
que existe una creciente preocupacion por el cambio climatico y, al mismo tiempo, los paises
buscan el crecimiento econémico. En términos del cambio climético, la preocupacion es que,
asumiendo que la actividad humana continla como esta, el calentamiento global podria tener

impactos adversos en la Tierra y en la economia global (Badau y col., 2016).

Otros autores han propuesto alternativas que involucran recursos de energia
renovables. Por ejemplo, Hong y col. (2016) mencionaron que el uso de biocombustibles es
una forma sustentable para satisfacer necesidades energéticas. También Ng y col. (2016)
enunciaron que la biomasa es un potencial recurso de energia renovable para producir
biocombustibles, quimicos y otros productos de valor agregado utilizando varias tecnologias

de procesamiento. En afos recientes, la capacidad de produccién de biogas se ha ampliado
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CAPITULO 2. MARCO TEORICO

considerablemente en Alemania. Por ejemplo, Guenther-Lubbers y col. (2016) implementaron
un estudio para proporcionar informacion acerca de los efectos positivos de la produccion de
biogas sobre aspectos socio-econdémicos de areas rurales. Ademas, la utilizacion de CO, esta
ganando atencion como una estrategia de reduccion de gases de efecto invernadero
complementaria al almacenamiento de CO, (Schakel y col., 2016). Ademas, Tapia y Tan
(2014) declararon que la captura y almacenamiento de carbono es una forma importante de
reducir las emisiones industriales. Adicionalmente, Brunori y col. (2017) estudiaron una
plantacion de robles como parte de una actividad centrada en la restauracion de ecosistemas de
un érea donde se extrajo lignito desde 1863. Calcularon el carbono secuestrado por la biomasa
de la plantacion de robles, durante todo el ciclo de vida, y se midieron a través del Anélisis del
Ciclo de Vida, el impacto ambiental en términos de calentamiento global, demostrando que la
plantacion de arboles puede ser un importante sumidero de dioxido de carbono, especialmente
si las especies seleccionadas tienen un nivel de crecimiento duradero y actividades de bajo
impacto en la gestion de plantaciones.

Otros autores han propuesto el uso de programacién matematica como alternativa para
el disefio de esquemas que conduzcan a un mejor uso de la energia, disefiando diferentes tipos
de cadenas de suministro y proponiendo metodologias de optimizacién. Por ejemplo,
Grossmann (2002) proporciond una revision de las técnicas de programacion mixta entera no
lineal y disyuntiva, que son herramientas poderosas para resolver diversos problemas de
optimizacion; esto es importante porque la mayoria de los problemas de planificacion de la
cadena de suministro y los problemas de ingenieria de sistemas de proceso utilizan algunas de
estas técnicas para resolverlos. Por ejemplo, You y Grossmann (2008) propusieron una
formulacién matematica para la gestion del inventario en el disefio de cadenas de suministro,
consideraron la minimizacion del costo ponderado del transporte, el establecimiento de las
instalaciones y el costo de inventario. También, Hugo y Pistikopoulos (2005) presentaron una
metodologia basada en la programacion matematica incluyendo la evaluacion del ciclo de vida
para el disefio y planificacion de redes de cadenas de suministro utilizando optimizacion
multi-objetivo. Ademas, Guillén-Goséalbez y Grossmann (2009) abordaron el disefio de
cadenas de suministro de productos quimicos sostenibles aplicando incertidumbre en el

inventario del ciclo de vida vinculado a la operacion de la cadena de suministro.
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CAPITULO 2. MARCO TEORICO

Ademas, Sanchez-Bautista y col. (2018) propusieron un enfoque de programacién
matematica para el disefio 6ptimo de la topologia de una cadena de suministro para la
produccién de combustibles a traves de refinerias y biorefinerias, integradas con plantaciones
forestales enfocadas a la disminucién de emisiones de gases de efecto invernadero,
maximizando simultaneamente las ganancias totales del sistema y la generacion de empleos,
mostrando los resultados a través de una curva Pareto en tres dimensiones, donde se muestra
solo un conjunto de posibles soluciones. Sin embargo, las tres funciones objetivo se analizaron
unicamente de forma global, por lo que es necesario hacer un analisis mas profundo de sus

efectos individuales al tomar en cuenta maltiples tomadores de decisiones.

El desarrollo de proyectos macro econdmicos de energia tiene inherentemente un
conjunto de conflictos de interés. Primero, los inversionistas, que quieren asegurar el mejor
desempefio economico del sistema. En seguida, las entidades politicas interesadas en el
impacto social y ecoldgico de las nuevas instalaciones, asi como en el desempefio econémico.
Finalmente, las comunidades locales consideran el impacto ambiental y los beneficios sociales
de la implementacion de proyectos tecnologicos (Vaissiéree y col., 2017). Los enfoques multi-
objetivo tradicionales consideran y limitan el problema para explorar el frente de Pareto y
presentar las diferentes soluciones optimas. El disefiador debe definir, de acuerdo con sus
criterios particulares, una solucion compromiso entre diferentes objetivos (Kou y col., 2014).
Sin embargo, la presencia de multiples participantes con diferentes objetivos, preferencias y
criterios lleva a conflictos, que pueden afectar el desarrollo o la operacién de nuevos proyectos
(De Brucker y col., 2013). El principal problema es definir un marco de toma de decisiones de
criterios maltiples que permita la negociacion entre los participantes, reduciendo la brecha de
informacién y creando un entorno de negociacion para dialogar y alcanzar una solucion

compromiso (Ghodsi y col., 2016).

Cabe destacar que hoy en dia la mayoria de los problemas sociales, politicos,
econdmicos y organizacionales son problemas multi-stakeholder. Para estos problemas ningun
individuo o grupo tiene todas las respuestas ya que puede haber multiples “verdades”
dependiendo de experiencias pasadas Y la realidad actual. Por lo tanto, son necesarias diversas
impresiones y puntos de vista alternativos. A medida que la toma de decisiones se vuelve mas

colectiva e inclusiva, la necesidad de enfoques participativos, colaborativos e integradores se
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vuelve més evidente y urgente. Este es el ndcleo de la toma de decisiones de maltiples partes
interesadas (Multi-Stakeholder Decision Making MSDM) que requiere nuevas perspectivas y
principios para compromisos inclusivos de todos los participantes y que el compromiso debe

dar lugar a un consenso y resultados ganar-ganar.

Por lo tanto, el marco de multiples partes interesadas debe incluir, ademés de las
soluciones Optimas, los efectos de utilizar los criterios particulares de los participantes en el
proceso de toma de decisiones. De esta manera, cada una de las partes interesadas puede ser
consciente de las consecuencias de usar sus criterios en la configuracion final del sistema y las
afectaciones inherentes en las soluciones propuestas por otras partes interesadas. Segun Zavala
y col. (2016), la generacion de una curva de Pareto tiene dos inconvenientes importantes. La
primera es que la decision final es realizada por un solo tomador de decisiones, mientras que
casi cualquier tarea involucra multiples tomadores de decisiones. La segunda es que la
complejidad de desarrollar un conjunto de Pareto es exponencial con respecto al nimero de
objetivos. Ademas, Dowling y col. (2016) confirmaron que varios enfoques de optimizacion
de objetivos mdltiples tienen la dificultad de cuantificar qué tan satisfechos estan los
interesados con una decision determinada y qué tan representativas son las opiniones de los
interesados de la poblacion en general. Por esa razén, Dowling y col. (2016) presentaron una
metodologia para abordar las prioridades de multiples partes interesadas y multiples objetivos

sin el calculo del conjunto completo de Pareto.

Un analisis interesante fue hecho por Marre y col. (2016), donde abordaron si la
valoracién econémica de servicios de ecosistemas (ESV por sus siglas en inglés) es util para
los tomadores de decisiones 0 no, este analisis reveld la existencia de una brecha entre la
teoria y la préactica en el uso de ESV. En teoria, la ESV se presenta y se percibe como una
herramienta util, pero en la practica la ESV parece ser rara vez utilizada y tiene una influencia
débil en la politica. Este estudio es importante porque muestra la utilidad de este tipo de

analisis para quienes toman decisiones.

Para incluir una estrategia de reduccion de emisiones y una introduccion sostenible de
la produccion de biocombustibles, este trabajo presenta un enfoque para producir
biocombustibles y combustibles fésiles a través de biorefinerias y refinerias de petréleo con el

objetivo de reducir emisiones de gases de efecto invernadero asociadas a la produccion de
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combustibles con la integracion de plantaciones forestales para captura de emisiones de CO..
Es importante enfatizar que en este trabajo se evitan las desventajas de un método multi-
objetivo generador como una curva de Pareto a través de un enfoque de multiples partes
interesadas que toma en cuenta la ganancia individual para cada entidad, las emisiones

generadas y los empleos generados para cada entidad como un objetivo social.

Ademas, cabe sefialar que varios trabajos han estudiado previamente problemas de
multiples partes interesadas; (ver Fuentes-Cortes y col. (2018a) y Gonzalez-Bravo et al.
(2017)). Por un lado, Fuentes-Cortes y col. (2018a) determinaron que los precios del carbono
y el agua deben incrementarse en orden de magnitud de 2 a 3 para proporcionar un ingreso
econdémicamente atractivo. Ademas, Fuentes-Cortes y col. (2018a) aplicaron la metodologia a
un sistema para planificar el uso de agua y energia, sin embargo, la topologia del sistema se
definié previamente. Gonzélez-Bravo y col. (2017) aplicaron una metodologia multi-
stakeholder para el disefio de redes de distribucion de energia y agua, su modelo es capaz de
obtener la ubicacion y el tamafio de las entidades involucradas en la red de agua Se debe tener
en cuenta que los objetivos en esa metodologia se consideran de manera general, es decir

consideran un objetivo econdmico, uno ambiental y uno social.

Sin embargo, enfoques multi-stakeholder no han sido aplicados directamente a cadenas
de suministro basadas en biomasa, ya que la mayoria de las metodologias han utilizado
enfoques multi-objetivo considerando solo 1 a 3 objetivos. En este sentido, el enfoque actual
tiene en cuenta diferentes objetivos para cada uno de los sistemas considerados en el sistema
(biorefinerias, refinerias y plantaciones forestales). Vale la pena sefialar que la configuracion
de la cadena de suministro afecta directamente el valor de los otros objetivos. Por ejemplo, si
la cantidad de plantaciones forestales (en una configuracion dada) incrementa, entonces las
emisiones y ganancias de refinerias y biorefinerias disminuyen. Ademas, una diferencia
importante con trabajos anteriores es que este trabajo propone un modelo de programacion
matematico sin una topologia o configuracion predefinida, ya que la interconexion entre los
nodos de todas las cadenas de suministro consideradas (produccion de combustible,
produccién de biocombustibles y eco-industrias) se obtiene cuando se resuelve el problema de

optimizacion.
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Adicionalmente, el esquema considerado en este trabajo toma en cuenta la interaccion
de diversos sistemas de produccion tales como: produccion de biocombustibles, produccién de
combustibles fdsiles y forestacion. Ademas, cada uno de los sistemas contabilizados esta
asociado a diferentes dimensiones de sustentabilidad como son: aspectos sociales, siendo en
este caso empleos generados para plantaciones forestales y empleos generados para refinerias
y biorefinerias; aspectos econémicos, como las ganancias para biorefinerias, ganancias para

refinerias y como aspecto ambiental las emisiones de CO,.

En la Figura 2.1 se muestra un panorama general del problema abordado, donde se
presenta el objetivo del enfoque propuesto, que busca mejores soluciones para todas las partes
involucradas y no solo una buena solucién general que podria no ser suficientemente buena

para algunos participantes.
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Figura 2.1 Representacion general del problema abordado.
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CAPITULO 3. DESARROLLO DEL PROBLEMA
3.1 Definicion del problema

El enfoque propuesto es una formulacién de programacion matematica para la
planificacion e integracion dptimas de un sistema de produccion de combustible considerando
plantaciones forestales para captura de CO,, bajo un esquema multi-stakeholder. Vale la pena
recordar que un esquema multi-stakeholder implica mdltiples tomadores de decisiones o
multiples partes interesadas y requiere nuevas perspectivas y principios para determinar los
compromisos de todos los participantes y el compromiso debe dar lugar a un consenso y
resultados en los que todos se vean beneficiados. EI problema se puede definir en funcion de
la superestructura representada en la Figura 3.1, y esto se explica a continuacion:

Dados:

e Datos de localizacion potenciales para:
o Proveedores de biomasa
o Plantaciones forestales
o Biorefinerias
o Refinerias
e Costos asociados a la instalacion y operacién del sistema propuesto.

Entonces el problema consiste en determinar lo siguiente:

e EIl tamafio y localizacién de las instalaciones (proveedoras de biomasa, pozos
petroleros, refinerias, biorefinerias y plantaciones forestales.

e La interconexion entre ellas.

e Cantidad de materia prima consumida (biomasa y petrdleo).

e EIl nimero de empleos generados por la cadena de suministro integrada.

Ademas, el modelo propuesto incorpora conceptos de intercambio de contaminantes,
para reducir emisiones a través de plantaciones forestales con diferente capacidad y tamafio.
Debe notarse que la demanda de combustible, se puede satisfacer via combustible fosil o
biocombustible, y se recibe de diferentes centros de distribucién. Finalmente, el modelo se

resuelve a través del enfoque multi-stakeholder, que involucra resolver el problema

Doctorado en Ciencias en Ingenieria Quimica 14



CAPITULO 3. DESARROLLO DEL PROBLEMA

maximizando un conjunto de funciones objetivo ponderadas asociadas a diferentes prioridades

para cada tomador de decisiones.

TR
W W

——————

centros de
distribucién

Proveedores Biorefinerias Refinerias i Pozos de

Centros di
de blomasa (Existentes b1y dls::br:cslo: i (Existentes 1 y petr DIEO
nuevas bz) Nuevas IZ)

\ \

/ /

. Consumidores

Plantaciones Forestales

\—

Figura 3.1 Superestructura del problema de integracion de biorefinerias, refinerias y plantaciones
forestales considerando multi-stakeholder.
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3.2 Metodologia
3.2.1 Formulacion del modelo matematico

A partir del modelo de optimizacion reportado por Sanchez-Bautista et al. (2017), se
realizaron adecuaciones y se agregaron algunas ecuaciones para considerar el esquema de
multi-stakeholder, estas modificaciones estan relacionadas con las funciones objetivo para
poder realizar un analisis de los casos cuando se obtienen valores éptimos de la ganancia para

cada refineria, biorefineria y eco-industria; asi como el nimero de empleos.

A partir de una ecuacion para ganancias totales de refinerias, se requirié obtener dos
ecuaciones para calcular las ganancias individuales de cada refineria, una para refinerias

existentes y otra para refinerias nuevas, estas ecuaciones se muestran a continuacion:

s+ Refinery __ sold—product—ref oil opRef CapRef Trans—oil—exis
Profit = > Revenue, — > Cost™ = > CP* — > CT¥* - C!
i i i i2 i1
Trans— products—ref —exis Trans—oil—new Trans— products—ref —new
_;Cil _%‘,Ciz _iZz:Ciz (1)

: ~Ref Refinery
— > CEmis]™ - Emcap,
i

Proﬁtiliefineryindi — Revenueislold —product—ref COStiTI . CitipRef . Ci'grans—oilfexis

_ Ci'lirans— products—ref —exis CEmiSiRief . Emcapiliefinery (la)

ProﬁtiRzefineryindi — Revenueis;)ld—product—ref —COStiOZiI _Cioszef _Ci(;apRef _CiTZrans—oiI—new

- —ref— : i 1b
_CiTZrans products—ref —new —CEmISiF;ef . EmcapiF;efmery ( )

Para el caso de la ecuacion que representa las ganancias totales de biorefinerias, se

obtuvo a partir de ella dos ecuaciones para obtener la ganancia individual de cada biorefineria:

ProﬁtBioref — Z Revenue;old—prod —bioref Z Costhiomass—Growth _ Z CbCZapBioref _ z C[;)pBioref

b b

b b2
_ CTrans—biomass—exis _ CTrans— product—bioref —exis C Trans—biomass—new
b1 b1 b2 ( 2)
b1 bl b2

_ z C[‘Jr;ans— product-bioref —new Z CEmisbBioref . Emcapfiorefinery
b2 b
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proﬁthliorefindi — Revenue;)ld— prod—bioref Costkiiomass—Grovwh _ CglpBioref

Trans—biomass—exis Trans— product—bioref —exis : ~Bioref Biorefinery (28.)
-C,, -C,, —CEmis,;”" - Emcap,;
Proﬁthziorefindi — Revenue;gld— prod—bioref Costfziomass—Growth _ ngBioref _ Clg:zapBioref
(2b)

Trans—biomass—new Trans— product—bioref —new - ~Bioref Biorefinery
-C,, -C,, —CEmis,; "~ - Emcap,;

Para eco-industrias se hicieron variaciones para obtener la ganancia individual de cada
una, se cambid la ecuacion que calculaba la ganancia total de eco-industrias y las ecuaciones
para calcular las emisiones capturadas a las refinerias y biorefinerias, quedando otra ecuacion
para calcular las ganancias totales de las eco-industrias. A continuacién se muestran las

ecuaciones obtenidas:

ie

PrOfitECOindindi — ZCEmiSFef . Emcap.Refinery_Eco + ZCEmiSEioref . Emcapt?ieorefinery_ Eco C;’otaIEcoind (3)
i b

Emcap" ~ Y Emcap"7- < “
e
Emcap tI)Bioefinery _ Z Emcap E’ieorefinery_Eco o
e
ProﬁtEcoind — Z proﬁteEcoindindi (6)

En caso de las ecuaciones para calcular empleos, se transformaron para obtener los

empleos individuales para cada una de las refinerias, biorefinerias y eco-industrias:

Jobs™"™*™ = H,, - > JobsUnit;;" - f;2") )
i2
Refindiv - -
Jobs;; " =H, -JobsUnity" -(f,3") ()
Jobs® =H, - > JobsUnityorr® . FRemas=feld L 1 . %" JobsUnityeme ™ - oot
bm,m bm,m,b
+H, -3 JobsUnittertieet . peionas ©)
bm,b
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Jobsgiorefindiv — HY . Z JObSUnitbiomplat . f Biomassl + HY . Z Jobsunitbiomtransp . f Biomassl

bm,m bm,m,b bm,m,b bm,m,b
bm,m bm,m
+H, > JobsUnitfeneier . Bomess (10)
bm
Jobs®™ =" JobsUnit*™ - NT, (11)
JobsEM MY — JobsUnits® ™ - NT, (12)

El modelo matemaético considera integracion entre biorefinerias y refinerias con
plantaciones forestales denominadas Eco-industrias, con el objetivo de obtener emisiones
totales, empleos y ganancias para cada una de las instalaciones consideradas. ElI enfoque
matematico consiste en balances de masa entre las diferentes entidades de la cadena de
suministro, restricciones técnicas y econémicas, y funciones para evaluar el desempefio del
sistema, como la ganancia total anual, nimero de empleos generados y emisiones netas, las
cuales se describen en el articulo publicado por Sanchez-Bautista et al. (2017) que se presenta en
el apéndice A. La formulacion del modelo se mejoré para incluir una funcion ponderada para
tener en cuenta la diferente importancia dada para cada una de las partes interesadas
involucradas, que se muestra en la Ecuacion 13. Esta funcion convierte el problema multi-
objetivo original en un modelo de optimizacion de un solo objetivo, donde la funcién objetivo
es una funcién ponderada conocida como Solucion Compromiso. La Ecuacion 13 establece
que la funciéon compromiso es igual a la suma de un peso significativo multiplicado por una

funcién normalizada para cada una de las funciones objetivo.

R pLR B_plLB F_ pLF UT T
WiPR '% + WiPB '% + WiPF ’ PU-F i F T WiET ’ Eu-T EL—T
P —P P —-P P~ —-P E-" —-E

CSi = R L-R B L-B F L-F Viel
S DR M S B et Y M
i JU-R _\]L»R I ‘]U»B _JL-B i JU-F _JL_F (13)
PR PR PR PR PR PR PR
Es importante resaltar que los pesos (Wi, Wi Wi Wi W Wy Wi

representan el factor de importancia para cada una de las funciones de interés, las cuales son,

ganancia de refinerias (PR), ganancia de biorefinerias (PB), ganancia de plantaciones
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forestales (P"), emisiones totales (E'), empleos generados por refinerias (JR), empleos

generados por biorefinerias (3% y empleos generados por plantaciones forestales (37).
Representan el nivel de preferencia de cada Stakeholder con respecto a las funciones objetivo
de acuerdo con los criterios individuales (0 <w < 7). De esta manera, esta formulacion permite
a cada Stakeholder definir sus prioridades sobre el desempefio del sistema. Los parametros con
superindices U y L son los limites maximo y minimo para las funciones, respectivamente.
Estos parametros se obtienen por la maximizacién y minimizacion de las funciones
individuales, es decir, sin tomar en cuenta otras. Ademas, estos pardmetros definen el punto
Utdpico (UP) y el punto Nadir (NP).

El esquema multi-stakeholder estd basado en la maximizacion de la solucién
compromiso (CS,) para todos los Stakeholders (i). Esta etapa produce una solucion optima
para cada tomador de decisiones, pero soluciones sub-Optimas para los demas.
Adicionalmente, es posible obtener una solucion compromiso general. Para este caso, la
solucién compromiso es igual al promedio de todas las soluciones compromiso Optimas
individuales de cada tomador de decisiones. Esto se obtiene minimizando el valor absoluto de
la diferencia entre la solucién deseada de cada stakeholder y la solucién compromiso a

encontrar. Esto se muestra en la Ecuacién 14.

Min{ABS [cs* —(%)-chi }} (14)

Se puede notar que la Ec. (14) no es una funcién continua; por lo tanto, esta funcion
fue discretizada en dos casos. El primer caso es cuando la diferencia entre la solucion

compromiso deseada es negativa y el segundo caso es cuando la diferencia es positiva.

La disyuncion asociada se muestra a continuacion:

Y1 Y2
cs*z(%)chi v| cs'<(H)>cs,
ABS =CS —(%)chi ABS =(%)chi —Ccs”
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La disyuncion previa se reformula por medio de la metodologia Convex Hull. En este
sentido, sélo una variable binaria se puede activar; por lo tanto, la suma de las variables

binarias debe ser igual a uno.
yl+y2=1 (15)

Ademas, cada variable continua en la disyuncion debe ser expresada como function de
las variables desagregadas:

ABS = absl + abs2 (16)
CS" =CSI" +CS2" (17)

Tambien, las variables desagregadas estan establecidas de acuerdo con cada parte de la

disyuncion y limitadas por las variables binarias:

abst=Cs1 —(¥): y1~Zi:CSi (18)

abs2=(1)- y2:3.Cs,~Cs2 (19)

Ademas, las ecuaciones 18 y 19 son utilizadas para activar las variables binarias, ya
que la variable binaria (Y1) es igual a 1 cuando (CS1') es mayor que la funcién compromiso

promedio; mientras que la variable binaria (Y2) es igual a 1 cuando (CS2) es menor que la

funcién compromiso promedio.

cst =(Y)- yl.zi:csi (20)

csz*g(%)yzz:csi (21)

Asi mismo, las variables desagregadas estan limitadas a asegurar que si la variable
binaria es activada, entonces las variables desagregadas son igual a cero, por lo tanto su

contribucion a la variable total correspondiente es igual a cero.

|
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CS1" <CS™* .yl (22)

Como se puede ver, la funcién discontinua, que es la que tiene el valor absoluto, es
transformada a un Problema de Optimizacién Mixto Entero Lineal (MILP); que se puede

resolver a través de cualquier resolvedor de optimizacion como CPLEX.

También, la relacién de insatisfaccion para cada tomador de decisiones puede ser
calculada, y esta relacionada a la diferencia entre la solucion compromiso final y la solucion

compromiso para cada stakeholder, como se muestra a continuacion:

Dissatisfaction — relation, = DR = ABS [%} Viel (23)

Finalmente, para analizar el comportamiento econdémico, ambiental y social, las
funciones objetivo individuales se concentran en funciones objetivo principales, siendo por lo
tanto, la ganancia total, emisiones totales, y empleos totales generados. Estas funciones
agrupadas son importantes para representar el sistema de una manera general. El total de

trabajos y el beneficio total se indican a continuacion:
TotalProfit =TP = P* + P® + P© (24)

TotalJobs =TJ =J® + 3% +J°F (25)

La propuesta para solucionar el problema de optimizacion multi-objetivo con el

enfoque multi-stakeholder es la siguiente:

La solucion del problema considera criterios en conflicto. Por lo tanto, el enfoque
multi-stakeholder para toma de decisiones trata de identificar la solucion ideal y la peor
solucion, y con ello asociar compensaciones para el sistema, buscando tomar una decision
final que alcance una forma de consenso o solucién de compromiso (Fuentes-Cortes y col.,
2018Db).

Para resolver el problema, primero se establecen siete funciones objetivo: Ganancias

para refinerias, biorefinerias y plantaciones forestales, emisiones netas totales, empleos
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generados para refinerias, biorefinerias y plantaciones forestales. Luego, es necesario
maximizar y / o minimizar cada funcion objetivo para determinar los limites inferior y
superior para cada una de las funciones objetivo, estas soluciones definen las coordenadas del

Punto Utdpico y Punto Nadir.

La solucion del punto utdpico se obtiene a través de la "mejor soluciéon™ para cada
objetivo (valor méximo para ganancias y empleos, y valor minimo para emisiones netas
totales). El punto utdpico no es implementable, ya que los objetivos son conflictivos, pero se
utiliza como una referencia ideal. La solucion nadir (NS) se obtiene a través de los valores del
peor caso para los objetivos en el punto utdpico. Por ejemplo, cuando se maximizan las
ganancias y los empleos de las refinerias individualmente, se obtiene el peor valor de las
emisiones. Esto muestra implicitamente la compensacion entre objetivos (Fuentes-Cortes y
col., 2018b). Luego, se establecen pesos para ponderar y reflejar las prioridades de los
diferentes tomadores de decisiones para calcular la solucion compromiso para cada parte
interesada. Finalmente, se obtiene una solucion compromiso global y la relacion de

insatisfaccion de los interesados.

|
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3.2.2 Solucion del modelo para un caso de estudio

El enfoque matematico propuesto se aplicé a un caso de estudio para México, se
consideraron seis refinerias existentes en Meéxico y tres localizaciones potenciales para
instalacion de refinerias adicionales, esto basado en demanda de productos y en la
infraestructura para transporte de materias primas y productos. En lo que se refiere a
biorefinerias, se considerd la posibilidad de instalar seis, debido a que actualmente no hay
ninguna en el pais. En cuanto a Eco-industrias (plantaciones forestales), se considera cada
estado para instalar, pero se limita por la disponibilidad de tierra asi como por condiciones
climaticas.

Respecto a materias primas para biorefinerias, se consideraron diferentes tipos de
biomasa incluidas cafia de azlcar, sorgo dulce, astillas de madera, palma africana, jatropha y
residuos de agave. También, el caso de estudio considera proveedores de biomasa por casa
estado, sin embargo, cada proveedor de biomasa contiene disponibilidad de biomasa diferente
segun datos de Estadistica de la Produccion Agricola de SAGARPA. Asi mismo, de acuerdo
con Petroleos Mexicanos (PEMEX), las zonas de pozos petroleros que se tomaron en cuenta
para extraccion de petroleo son: Aguas territoriales, Tabasco, Veracruz, Chiapas, Puebla,
Tamaulipas y San Luis Potosi. Ademads, se consideraron 45 centros correspondientes a
terminales de almacenamiento y distribucion de PEMEX localizadas dentro de territorio
mexicano.

Vale la pena sefialar que el modelo matematico es general y se puede aplicar a otros
casos de estudio, siempre y cuando se consideren los datos especificos. Los parametros
requeridos se enumeran en la seccion de nomenclatura como "Parametros no computados"”,
mientras que los pardmetros computados a través del problema de optimizacion individual
(para obtener limites para calcular otras variables) se pueden calcular a partir del modelo. Los
datos necesarios para el caso de estudio se presentan en apéndice A en el articulo publicado

por Sanchez-Bautista et al. (2017).
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El modelo de optimizacion es un problema multi-objetivo mixto-entero lineal. Dicho
modelo consta de 6,407 variables continuas, 2,161 variables vinarias y 5,431 restricciones. El
modelo fue codificado en software GAMS. Este modelo se resolvio utilizando el resolvedor
CPLEX en una computadora con procesador Intel Core i7, procesador de 2.90 GHz y 16 GB
de RAM. El tiempo de CPU promedio para cada solucion del modelo matematico fue
alrededor de 0.156s.

El enfoque multi-stakeholder considerd 20 partes interesadas individuales, que estan
asociadas a diversos factores de ponderacion. Los pesos utilizados representan las preferencias
y los criterios de los participantes. Como se observa, la complejidad del problema aumenta a
medida que se agregan mas participantes con diferentes criterios y prioridades al entorno de
toma de decisiones de mdltiples criterios. Se han presentado un conjunto de criterios
representativos para el problema, evitando la inclusion de partes interesadas que pueden usar
niveles de preferencia similares. Obviamente, la formulacion utilizada permite incluir partes
interesadas con el mismo nivel de prioridades en las funciones objetivo. La Tabla 4.1 resume
el valor de los factores de ponderacion, las soluciones compromiso para cada uno de ellos y el
indice de insatisfaccion para cada caso. La Tabla 4.2 presenta los valores de las funciones
objetivos concentradas. Es importante tener en cuenta que el valor de insatisfaccion se obtiene
para cada una de las partes interesadas con respecto a la solucion compromiso, que es la
solucion sin considerar pesos en las funciones objetivo.

De acuerdo con las Tablas 4.1 y 4.2, el caso con mayor relacién de insatisfaccion es el
Caso 14 con 6.10, en este caso se desatienden los objetivos asociados a biorefinerias y
refinerias (ganancias y empleos). Es decir, los objetivos relacionados con las plantaciones
forestales tienen mas peso. Ademas, se puede observar que el nimero de empleos totales es
uno de los valores mas bajos para las soluciones restantes. Ademas, hay varios casos con bajas
relaciones de insatisfaccion, uno de ellos es el caso 11, cuyos objetivos relacionados con las
plantaciones forestales estan ponderados. En el caso 11, la cantidad de empleos se mejord
significativamente a 3.08 millones de nuevos empleos, mientras que la ganancia se redujo de
$US 2.66x10" a $US 2.03 x10™ con respecto al Caso 14.
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Tabla 4.1 Resumen de factores de ponderacion o pesos, solucién compromiso (Csi) y

relacion de insatisfaccion (DR) para cada caso.

Caso w* w*® wf ow' owrowPowr CS; DR
1 1 0 0 0 0 0 0 099 0.70
2 0 1 0 0 0 0 0 1.00 0.69
3 0 0 1 0 0 0 0 1.00 0.69
4 0 0 0 1 0 0 0 1.00 0.69
5 0 0 0 0 1 0 0 1.00 0.69
6 0 0 0 0 0 1 0 1.00 0.69
7 0 0 0 0 0 0 1 1.00 0.69
8 1/7 1/7 1/7 17 17 17 17 0.78 1.17
9 1/2 0 0 0 1/2 0 0 099 0.70

10 0 1/2 0 0 0 1/2 0 0.66  1.55
11 0 0 1/2 0 0 0 1/2 1.00 0.69
12 1/3 0 0 1/3 1/3 0 0 0.87  0.94
13 0 1/3 0 1/3 0 1/3 0 0.76 121
14 0 0 1/3 1/3 0 0 1/3 024  6.10
15 1/4 1/4 0 0 1/4 1/4 0 082  1.06
16 1/4 0 1/4 0 1/4 0 1/4 079 114
17 0 1/4 1/4 0 0 1/4 1/4 0.83 1.03
18 1/5 1/5 0 1/5 1/5 1/5 0 079 114
19 1/5 0 1/5 1/5 1/5 0 1/5 054 211
20 0 1/5 1/5 1/5 0 1/5 1/5 0.86  0.96
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Tabla 4.2 Valores de funciones objetivo concentradas para cada caso.

Caso 1 2 3 4 5 6 7 8 9 10

TPx10™° 278 256 2.03 213 228 253 203 216 271 269
E'x10® 173 173 173 173 173 173 173 173 173 173
TJ x10° 003 003 308 308 004 004 308 309 004 0.03

Caso 11 12 13 14 15 16 17 18 19 20

TPx10™° 203 264 216 266 267 216 169 267 267 2.16
E'x10°® 173 173 173 173 173 173 173 173 173 173
TJ x10° 308 004 307 003 005 308 309 005 004 309

La Figura 4.1 muestra diversos puntos, donde el beneficio total y los empleos
generados se maximizan, mientras que las emisiones se minimizan, también esta figura
muestra los puntos de la solucién utopica, la solucion nadir y la solucion compromiso. El
punto A no considera los objetivos ambientales y sociales, representa la solucién de maxima
ganancia, este punto podria ser un punto factible; sin embargo, los objetivos de emisiones y la
cantidad de empleos estan lejos de sus mejores valores. Ademas, este punto es el mas cercano
a la solucién compromiso, pero se aleja de la solucién utopica con respecto al numero de
empleos. El punto B no considera los objetivos econdmicos y sociales, representa la solucién
con las emisiones mas bajas y el punto C viene dado por la solucién del nimero maximo de
empleos sin tener en cuenta los otros objetivos. El punto utdpico denota la mejor solucién,
aungue esta solucion no es factible y ya esta representada por la méxima ganancia total, el
nimero maximo de empleos y la minima cantidad de emisiones, por lo que no es posible

implementar esta solucién.
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Figura 4.1 Representacion gréfica de diversas soluciones para el enfoque propuesto:
mejor valor de ganancias (A), mejor valor de empleos (B), mejor valor de emisiones totales

(C), solucién utdpica (UP), solucion nadir (NP) y solucién compromiso (CS).

La Tabla 4.3 muestra los resultados numéricos de los puntos detallados en la Figura
4.1. Es importante destacar que el punto utdpico y la solucion compromiso se comparan con
las soluciones A, B y C. Por ejemplo, al comparar el punto A con el punto utdpico, se puede
observar que la ganancia total en el punto A es 7.3% mas baja que la ganancia total en el punto
utopico, también las emisiones netas son 5.51% mas bajas que las emisiones netas en el punto
utopico y los empleos totales son 98.77% mas bajos que los empleos del punto utdpico. Se
puede ver que comparando el punto B con respecto al punto utopico para las emisiones, no
hay ninguna diferencia. Estos son los mismos en ambos casos, porque en el punto B las
emisiones se minimizan y en el punto de utopia las emisiones también se minimizan. Ademas,

no hay diferencia entre el punto C y el UP en relacion con el total empleos.
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Para comparar los puntos A, B y C con respecto a la soluciéon compromiso (CS), es
necesario aclarar que el signo negativo (-) indica la direccion con respecto a CS; por ejemplo,
la ganancia total en el punto A es 5.78% mayor que en CS, esto significa que la ganancia en

CS esté por debajo de la ganancia en A.

Tabla 4.3 Resultados para solucion compromiso, punto utopico y soluciones A, B, C; y

comparacion entre puntos A, B, C con la solucién utdpica y soluciéon compromiso.

Punto Tot profit (US MM) Net emissions (ton x108) Tot jobs

A 28,120 173.20 38,030

B 22,030 164.10 3,085,800

C 17,630 185.10 3,087,000

UP 30,335 164.14 3,086,981

NP 17,197 193.05 32,823

CS 26,581 172.63 29,804

% DIF A-UP 7.30 5.51 98.77
% DIF B-UP 27.37 0 0.04
% DIF C-UP 41.88 12.76 0
%DIF A-CS -5.79 0.33 -27.59
%DIF B-CS 17.12 -4.94  -10,253.30
%DIF C-CS 33.68 7.22  -10,257.32

La Figura 4.2 muestra los resultados para diferentes puntos importantes, como la
solucién compromiso para cada caso ponderado, la solucion utépica y nadir (limites inferior y
superior), y la solucion compromiso global. Es importante enfatizar que la mayoria de los
puntos estan muy lejos, al menos en un objetivo, del punto utdpico.

De esta manera, UP es el punto utdpico; esto es, un punto inviable ya que este punto
representa los mejores valores posibles para todos los objetivos, lo que no es posible en un
sistema real debido a que los objetivos considerados son opuestos. Por lo tanto, se esperan
grandes diferencias entre el punto UP y otros puntos tales como A, B, C o CS.

El punto B se obtiene minimizando las emisiones netas; por lo tanto, el punto B
representa el punto con el nivel de emisiones mas bajo; por ese motivo, se maximiza el

numero de plantaciones forestales. En este sentido, la cantidad de empleos aumenta ya que las
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plantaciones forestales tienen el mayor factor unitario de empleos en comparacion con las
biorefinerias y las refinerias. Ademas, el punto C representa el nimero maximo de empleos, lo
que corresponde al punto con mayor numero de plantaciones forestales.

Es importante recordar que el punto CS no es el punto donde se optimizan los empleos,
el beneficio neto y las emisiones. El punto CS corresponde al punto donde se obtienen la
mayoria de las soluciones Optimas para cada participante. Cada una de las partes interesadas
tiene diferentes prioridades. Por ejemplo, para algunos de ellos, los trabajos no son
importantes (consultar Tabla 4.1). Ademas, la Figura 4.2 permite observar que muchas
soluciones de los casos ponderados estan cerca de la solucion compromiso global, que puede

ofrecer una vision general del comportamiento de las soluciones 6ptimas individuales.
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Figura 4.2 Soluciones para el enfoque multi-stakeholder considerando diferentes casos.

Ademas, la Figura 4.2 muestra que 11 soluciones Optimas estan cerca del punto CS;
mientras que sélo una solucion esta cerca del punto C y las soluciones restantes tienen un nivel

de empleos similar al del punto C, pero un valor diferente para ganancias y emisiones.
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La Figura 4.3 muestra las compensaciones y los comportamientos de las funciones
objetivo en el conjunto de soluciones compromiso. Primero, debe entenderse que 100 significa
que la funcidn esta cerca de su valor ideal, mientras que 0 significa que su valor esta lejos de
esta cantidad, no que el valor de la funcidn sea cien o cero. Por lo tanto, se observa que la
solucién intenta compensar todos los objetivos, por ejemplo, trata de lograr el méximo
beneficio de las refinerias porque el ingreso de estos es mayor que el de biorefinerias y
plantaciones forestales. Ademas, si las biorefinerias son procesos econémicamente no viables,
la solucion intenta reducir las pérdidas de estas, ya que representan un proceso respetuoso con
el ambiente y contribuyen a disminucion de emisiones. También, en la Figura 4.3 puede verse
que las funciones objetivo de plantaciones forestales estdn completamente alejadas de su valor
ideal; esto es porque su implementacion promueve la reduccién de las ganancias de las

refinerias debido al cargo por carbono emitido.
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Figura 4.3 Proporcién de idealidad satisfecha para cada funcion objetivo con respecto

a la solucion compromiso.
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Ademas, se puede observar que la solucion compromiso cumple al menos un objetivo
economico (es decir, ganancia de refinerias) y objetivos ambientales y sociales (es decir,
empleos generados en biorefinerias).

En la Figura 4.4 es importante sefialar que la insatisfaccion esta relacionada con los
pesos de importancia dados para cada caso. Por ejemplo, el caso 14 muestra la mayor
proporcion de insatisfaccion, porque en ese caso los objetivos de plantaciones forestales como
ganancias y empleos asi como emisiones totales son ponderados; como consecuencia, 10s
objetivos relacionados con eco-industrias no estan realmente satisfechos (ver Figura 4.3).
También, vale la pena sefialar que la contribucion méas importante del uso de esta metodologia
consiste en lograr una compensacion para todos los participantes para que estén satisfechos y
proporcionar un marco de discusion para negociar una solucion optima que pueda satisfacer

los criterios de la mayoria de los tomadores de decisiones.

Mayor
insatisfaccion

Relacidon de Insatisfaccion

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Caso (stakeholder)

Figura 4.4 Proporcion de insatisfaccion para cada caso estudiado.

Por un lado, es importante mencionar que el enfoque actual es capaz de generar
soluciones Optimas para cada una de las partes interesadas (ver la Figura 4.2). Estas
soluciones Optimas se obtienen para multiples partes interesadas asociadas con su propio

escenario de prioridad (consultar Tabla 4.1); donde, cada escenario denota un participante con
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diferentes prioridades. Posteriormente, la solucion reportada (CS”) es la solucion més cercana
al promedio de soluciones Optimas para cada participante. Cabe sefialar que algunas partes
interesadas pueden estar insatisfechas o en desacuerdo con la solucion reportada; sin embargo,
la metodologia intenta disminuir la insatisfaccion.

Por otro lado, la metodologia presentada ha considerado que cada parte interesada tiene
el mismo peso en el proceso de toma de decisiones, es decir, no se dan preferencias. No
obstante, es flexible y las prioridades pueden cambiarse (factor de ponderacion diferente en la
Ecuacion (13)) dependiendo del caso de estudio especifico o, si la solucion reportada no

satisface a la mayoria de los tomadores de decisiones.

|
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CONCLUSIONES

En base a los objetivos se ha desarrollado un modelo de optimizacién que considero el
uso de una metodologia para resolucion de problemas malti-objetivo empleando un enfoque
multi-stakeholder o de multiples partes interesadas para la toma de decisiones.

Este trabajo presenta una formulacion matematica para la planificacion e integracion
del sistema de produccion de combustible integrado con plantaciones forestales aplicando el
enfoque de solucion basado en un esquema multi-stakeholder o de mdltiples partes
interesadas. ElI modelo incorpora los objetivos econdémicos especificos para las partes
interesadas involucradas, asi como los empleos creados y las emisiones generales como
objetivos individuales. Se presenta un enfoque de optimizacion de los participantes de
multiples partes interesadas para compensar los objetivos considerados y obtener soluciones
factibles cercanas a las mejores soluciones individuales. EI enfoque propuesto también permite
identificar la insatisfaccion de las partes interesadas involucradas en diferentes soluciones
factibles. Ademas, el enfoque propuesto se puede implementar facilmente para resolver
grandes problemas de optimizacion con multiples objetivos.

El enfoque propuesto se ha aplicado a un caso de estudio en México. Los resultados
mostraron que un cambio en las prioridades de una parte interesada puede producir soluciones
insatisfactorias para otros tomadores de decisiones. Ademas, este enfoque permite proponer
una solucion con el indice de insatisfaccion mas bajo teniendo en cuenta diversos objetivos.

Finalmente, es importante sefialar que el trabajo ha sido publicado en la revista ACS
Sustainable Chemistry & Engineering y lleva por nombre A Multistakeholder Approach for
the Optimal Planning of Sustainable Energy Systems. Ademas se ha extendido a la
incorporacion de metodologias basadas en sistemas de informacion geogréafica para tener en
cuenta la informacion sobre los lugares aptos para ubicacidn de plantaciones forestales y zonas

con alto nivel de erosion, y se encuentra en proceso de escritura para publicacion.
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ARSTRACT: The production and use of fossil fuels have cansed a
drastic increase in greenhouse gas emissions, which i associared
directly with the global warming problem. Biofuels and carbon
capture through forest plantations are interesting alternatives to
addmess thiz pmblem. Thiz paper presents an optimization model
for the design of an integrated energy system for producing fuels
and biofuels considering the interaction with eco-industries able to
capture emissions from biorefineries and refineries and receive a
monetary benefit. The proposed mathematiml model takes into
acoyunt the availability of biomass, the production of oil, and a set
of existing biorefineries and refineries as well as the possibility to -
install new eco-industries, The mathematical approach was applied to T—— -

a nationwide case study for Mexico, considering the aeation of new

jobs, overall emissions, and net profit as objectives. The results are

shown in a Pamto curve, which & useful for making dedsions about the interactions between these industries as well as
determining the configuration of the supply chain to satisfy the el demands.

EEYWORDS: Biofuel supply chains, Sustainable biorefineries Optimal planning, Eco-industries Carbon capture

B INTRODUCTION
Fossil fuels typically generate large amounts of greenhouse gas

of biofuels from biomass, Torai et al” stated that the entie
supply chain must be analred from the economic, environ-

emissions, which are assodated with the global waming
problem. It is important to note that small increments in the
global temperature invaolve drastic consequences in the world
population. For this reason, Lundgren et a.' sated that it is
necessary to limit the greenhouse gas emissions from human
activitdes. This way, OO, is considered to be a predominant
greenhouse gas, which has become an urgent environmental
issue (see the work of Sun et al.”). Furthermore, several anthars
have suggested alternatives to address this problem, mainky
involving renewable enemgy sources. In this regard, acoording to
Hong et al,” the use of biofuels is a sustainable way to satisfy
the energy needs, because they help to decrease greenhouse gas
emissions.” Besides, biomass has been identified as a highly
potential renewable energy source for producing biofuels,
chemicals, and other value-added products using several
processing technologies® However, to consider the large scale
production of any product, it is cmcial to develop tools to aid
the decision-making process; for instance, Azapagic and Clift*
proposed the use of multiohjective optimization to take into
account several environmental ohjective functions. For the cm|
@ 2017 Amestcan Chiamical Sooety
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mental, and social points of view. According to Marofurzaman
et al.,* biomass is bulky and difficult to transport, impacted by
seasonality, and widely dispersed geogrmphiclly, In additon,
Ela and Floudas” stated that there is a lck of contributions
about the planning of the supply chain from the processing
facilities to the final consumers (downriver of the supply chain).
Eskandarpour et al.'” anadyzed a set of papers focused on the
sustainable supply chain design, and they concluded that there
is a ladc of works accounting for social objectives. Along this
line, Yhang et at developed an approach for the supply chain
design taking into acocount the towl cost, the greenhowse gas
emissions, and the lead time as the economic, environmental,
and social objectives. Several works have addressed biomass-to-
energy supply chains considering different relevant issues."
Frombo et al™ proposed a decision support system for
planning of a system based on energy production from biomass.
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It iz possible to note that the supply chain design involves a
lot of dedsions, which consider complex trade-offs between
conflicting objectives,’ and there & a need of a hierarchical
method to balance these contradicting a]:ljective-s.m

Additionally, Azapagic and Clift" concluded that the mult-
objective optimization considering criteria based on the life
cycle assessment is a promising alternative to take decisions
in produdion systems. Also, Kremer et A" discussed the
advantages to consider sustainability criteria within the supply
chain design. Furthermore, Yue and You'* stated the challenges
associated with the optimal planning of supply chains including
selection of feedstocks and harvesting sites, as well as the
assortment of products and potential consumers and processing
facilities. Consequently, several works have addressed these
challenges; for instance, Santiban ez-Aguilar et a™ presented
a mathematical approach to obtain a set of products (ethanal,
energy, acetic acid, etc) from water hyacinth through a
distributed biorefining network. Yue et al™ applied a life cycle
optimization framework to a case study on the hydrocarbon
biofuels for a supply chain in Olinois. Martinez-Guido et al.™
presented a multichjective optimization approach for the utiiza-
tion of Agerafing jocofepecana to produce ambrox considering
the envimnmental aspect based on the Eco-indicator®% and the
economic aspect by the net annual proft. Additonally, Murillo-
Alvarado et al™ proposed a model for the optimal plinning of a
supply chain for the use of Agave residues to produce ethanal.
Santibafiez-Aguilar et .= presented an approach for optimizing
a supply chain for the producion of biofuels considering
environmental, economic and social objectives. More recently,
a mixed-integer linear model for the selection of suppliers in a
supply chain considering sustainable q:’e'.e]upmmr and de-sxg‘n
was developed by Trapp and Satkis™ Garda and You
developed an optimization model for a bioconversion network
involving 193 technologies and 124 matedals/compounds for
producing biofuels. Tong et al™ reported an approach for the
optimal design of a supply chain to produce biofuels integrated
with existing petroleum refineries. Gonela et al™ analyred the
interaction between diverse plants to produce ethanol to satisfy
high sustainability standards. Furthermore, Fan etal ™ proposed
an optimization apprmach for supply chain planning considering
different transportation ways.

On the other hand the CO, could be considered as a raw
materdal for the production of several useful products. In fact,
CO, utilzation is gaining attention as a greenhouse gas abate-
ment strategy complementary to CO, storage (see the work of
Schakel et al™). In this context, Schakel et al™ explored the
produdion of dimethyl ether from CO, through dry reforming
of methane, Also, Bonura et al™ studied the direct hydro-
genation of CO); to obtain dimethyl ether via a fived bed reactor
catalyred with CuZnZr-ferdriete hybrids. Besides, Meng et al.™
proposed a novel material based on rinc glutarate to polymerize
CO, with propylene to produce poly propylene ether.
Moreover, Zhang etal™ suggested the production of methanol
through reforming and hyd.m-g_:rnanm reactions.

Additionally, Tapia and Tan™ stated that carhon capture and
storage is an important way to reduce the industrial emissions.
In this context, Pade et al™ studied the effett of carbon
emiszion cost in the supply chan. It should be noted that CO,
emissions can be captured through several technologies, which
have been a.c'ld.rﬁs-ed in recent papers. For example, Gutiérrez-
Aariaga et al® Prﬂpased a scheme of mitigation of the CO,
emissions through a microalgae system in order to prodoce
biodiesel. Motice that the produced biodiesel is fed to a power

plant to generate electridty. Similarly, Martin and Grossmann™

proposed a system to produce methanol and biodiesel with
C0), capturing. More recently, Bhattacharyya and Shah™ stated
that the amino add ionic liquids are one of the most interesting
and effective way to capture CO, becuse of their low taxicity,
biodegradabiity, and fast reactivity. This way, Darunte et al.
evaluated materials based on metal organic frameworks func-
tionalized with amine species to capture CO,. Moreover, a type
of novel adsorbents to cpture CO; emissions based on
mtmgen—dagtd porous carbon was developed by Chen et al™
‘Wang et al™" used a process based on a novel bipolar membrane
electrodialysis to treat anilne wastewater and simultaneously
capture CO,.

All of the aforementioned alternatives as well as the forest
plantations are attractive to use the CO, emissions.” ! Addition-
ally, the scheme of economic incentives for the redudion of
greenhouse gas emissions has gained interest in recent years.™
Vema and Kumar™ indicated that the scheme of pollution
trading and the producton of renewable energy can be useful
to reduce the greenhouse gas emissions and solve part of the
climate change problem. In addition, Lopez-Villarreal et al*®
showed, wia a case study, that pollution trading is a form to
zatisfy the environmental gquality standards as well as cost
reductions related to pollutant treatment and reduce the average
pollutant emissions per fadlity in a system It is worth noting
that previous works presented several alternatives for the
reduction of the overall envimnmental impact during the energy
production; however, previous approaches did not consider a
scheme to integrate two or more ways to reduce the global
emissions in the supply chain. On the other hand, Morsteba
et al*® stated that the taxation of €O, emissions and @rbon
caphire are two ways for reducing the emissions; they analyzed
these two measures through a @se study of a small industrial
park in Morway. However, it should be noticed that none of the
previously reported approaches have considered the implemen-
tation of a system that considers the interaction between
refineries, biorefineries and forest plantations (called eco-
industries) through a pollution trading approach to satisfy the
fuel demands as well as to help to decrease the associated emis-
sions., Therefore, this paper presents a mathematical program-
ming model for the optimal design of the topology of a
supply chain for the production of fuels through refinedes and
biorefineries integrated with forest plantations focused on
decreasing the total greenhouse gas emissions, maximizing the
net profit of the system and maximizing the generation of jobs
simultaneously. Thus, the proposed approach takes into account
two ways for the reduction of greenhouse gas emissions, which
is given by the production of biofuels in the biorefinedes and the
forest plantations to capture CO,.

B PROBLEM STATEMENT

The supply chain of the addressed problem for fuel produc-
tion through refineries and biorefineries integrated with forest
plantations considers several important issues, such as the
location of facilities, availability of raw materials, demand of
products, inventory of the greenhouse gas emission, as well as
the generated jobs for the different activities involved in the
supply chain. The addressed problem is based on the schematic
representation presented in Figure 1. There is a set of possible
0il reservoirs O distibuted for the extmction of oil to be sent to
refineries L Also, the supply chain includes a set of possible
harvesting sites M to produce different raw materals to be sent
to biorefineries B. In addition, there is the possibility to produce
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fuels from oil in the exdsting refinedes P1, as well as installing
new refineries to satisfy the fuel demand. On the other hand,
it considers the possibility to mstal new biorefineries to
produce biofuels P2 and the opton to use existing biorefimeries,
Furthermore, the proposed model incorporates pollution
trading concepts to reduce emissions through a set of forest
plantations with different wpacities and sives, developed
by communities of people dedimted to this actvity with an
economic retribution. The forest plantations are able to capture
part of CO4 emissions from pollutant industries as refineries
and biorefineries. It should be noted that the fuel demand,
whidh can be satished via fossil fuels or biofuels, & covered from
several distribution centers. Therefore, the problem consists of
determining the topology of the supply chain, the flow rates of
products and mw materials, capacities of refinedes, biorefineries
and forest plantations in order to obtain the best environ-
mental, sodal and economic benefits.

B MODEL FORMULATION
This paper proposes an optimization model formubton based
on the superstructure presented in Figure 1; the model includes

equations for the refneries, biorefineries, and forest plantations
as follows,

_E““ = z-r::] 4 vi
- ()
Equations for Refineries. Mass Balance for Refinerics
Equation 1 represents that the total flow of oil inlet to the
refineries (F3'), given in tons per day, is equal to the sum of the
flow of gil that & obtained from different wells {En_,r::" L

prmductref _ “ﬁﬁdmri'ﬁm-

rid Vi ¥pl {2y

Refinery Production. Equation 2 is used to clculate the
refinery production; this equation states that the total flow of
products from refineries H—:’f““‘""‘} are equal to a conversion
factor to obtain the refinery production Lf.t:',“':"”“"’“r} multiplied
by the total oil in the refineries (B,

F;:i'r\l-du:l,-rd Al Efmm'm“. Vi, ¥ pl
i

PLi

(3

Distribution of Products from Refineries. Equation 3 states
that the product in the refineries (F3") can be distributed

to any distribution center [Z;fﬁd'ﬁ] |

Constraints for Existing Refineries. Maximum capacity
Py < B, wa (4)

Equation <4 represents a constraint for the maximum capacity
given for existing refineries; the total flow of oi in the existing
refineries (F) must be Jower than the maximum cpacity of
processing for the existing refineries (EpMAxLy
Constraints for New Refineries. For modeling the new
refineries, the existence and capacity is stated through the
following disjunction;
Yl;cl'

[r}

v N < By < g v i2

COF™ = K (FEo™ 4 y5omi(Faly)
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which is reformulated algebraically as follows

F i <Fy <3, Y2 (5)

Ca™ = Ke (™™ + V™ (F3YE), ¥ &2
(6}

Previows equations are the reformulation of the disjunction
for the existence of new refineries, Equation 5 states that total
flow of oil in new refineries { FZ') is greater than the minimum
capadty of processing for new refineries (Fa™™) multiplied
by a binary variable for the existence of new refineries (¥5')
and lower than the maximum capadty of processing for new
refineries{ Fr ") multiplied by the same binary variable for
the existence of new refineres () Additionally, eq 6
represents the capital cost of new refineries when they exist,
which acoounts for the fixed cost (Fh"“":]. the wariable cost
(V5= and the factor used to annualize the investment (K.
It should be noted that there is not any problem when the
variable I[F:f] is zeto (in eq &), because in this case the binary
variable (¥) is zero sﬁ'um relationship 3), and this way the
assodiated eost (C5F) is zero.

Refinery Operating Cost. The operating cost of refinedes
(C*) is determined by the unitary operating cost (OC*)
multiplied by the total petroleum flow in the refineries (F'),
where the operational duration (M) is 365 days in each period.

PP = HyOCP-F™, Vi (7

Cost of Oil for Refineries. The cost of petroleum for
refineries (Cost™) involves the sum of the unitary cost of oil
(UC=) multiplied by the flow of oil that is extracted from the
well I:'_Il':i':l and the operating days (H, ), which is represented as
follows:

Cost™ = 3 UCH-(Hyf™!), Vi
o ' (2}

Revenue for 5efling Products of Refineries. The revenue
of refineries (sztnu{:’}“'-”‘!“i“"""?] accounts for the selling of
products and is determined by the sum of the unitary selling
cost for the products I:UC:E”“‘P““""] multiplied by the total
flow of products from refineries (F52™**%) and the operating
days (H,):

Rfvenuulmju.pmdm: E U.,::dlﬂnq-pmdm-mr.

nl
{HT-P;}j“"“”}J Vi (0)

Tota! Profit Per Refinery. The total profit for refinedes
(Profit™==¥} includes the revenue by the product sale of
refineries | Revenue!™#==%= and all the mvoled costs,
including the cost of crude oil (Cost™®), operating cost of
refineries {(57*'), capital cost of new refineries (5=, and
tmnsportation cost of oil from wells to edsting and new
refineries ("= CE*%*=%} and transportion cost of
refined products from  existi and new refineries to
distribution centers ((Cirefrodaciiidety  mspmdanafooy
Also, the refineries’” total profit considers a cost by emissions;
it means that refneries should pay to eco-industries to reduce
their emissions. The omst by emissions accounts for the
unitary cost of emissions [CEm:'E_:’"] multiplied by the amount
of captured emissions from refineries by eco-industries
(Emeap(**=7):

Profif*®= = E R.Etrenue?:m'mm'm{ - E Custj"d
I 1
T E Clﬂpd - E CEJFL{ il E Ca?ﬂmm
] i 1l
o Z leiu-pmnumm'-ms' ¥ Z CI_-‘rau-ml-er
1 iz
il i2
- E o E l':E.n'Li:r.,"f-E.rl.'lrd:;lp-j"lr"“’r
i i
1))
In this way, a constraint for the amount of @ptured emissions
from refineries by em-industries is needed because these
emissions do not have to be greater than the total emissions per
refinery:

EIM&P}M! = Emlmﬁm4 Wi (11}

Equations for Biorefineries. Biomass Balance in
Biorefineries, The biomass balance in biorefineries (Fiof ™),
given in tons per day, & equal to the sum of the amount of
biomass that arrives from the biomass helds I:EMIMMI}:

bmm b
Pk = Efﬁ::tl Wb, b o)

Biomass Balance in Felds. The total amount of biomass
distributed from fields to biorefineries (F2=***) & deter-
mined by the sum of the amount of bicmass that is distdbuted
from each biomass Reld to biorefineries I:zl,__f:ﬂ'::':'l} as
follows:
momass-fiekd E rbacmmass |

&

i jhn.m,b ,  Ybm,m

(13)

Availability Constraint for Biomass in Fields. The biomass
in field & limited by the i ammmt of biomass available
in each feld as follows:

momass-fickd mamas-fold
Fl'm,m < max 'th_,rn ;

W Bm, FHE (L4}

Biorefinery Production. The producton of biorefineries
states that the total flow of bioproducts from biorefineries

Tk 'bf'_” is equal to the sum of a conversion factor
fuﬁm ) multiplied by the total flow of biomass in
biorefineries I[Fh’;;,,;T":I.-

Fp'E"..,b Hioref _ E uF'F;.uhﬂdm.bt mr&-P:“u_?s, ¥p2 b
bem (L5}
Distribution of Products from Biorefineries. The products
should be distributed to different distribution centers. The total
amount of product from biorefineries (F33 ") is equal to
the sum of bioproducts shipped to the distribution centers

¥ v
FETJﬂbﬂﬂd-: Ej'pnd.l.rct-bum”:l' W r, b

i

PLEF
[Es)

Constraints for Existing Biorefineries. The processed raw
material in any existing biorefinery I:.F'f_':;';'“] must be lower than
the maximum installed processing capacity (Fja= MLy,

E F*::::l?n = F:]mn:n.u—.'-l.'-xir v bl

bm (LT)

Constraints for New Biorefineries. For modeling the addi-

tion of a new biorefinery, the following disjun ction is proposed:
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benred
Yiz
F_:‘uﬂl.l.l.m < E FBI:l:l_'m < F:;muhun
W . resal
- Cagpbiraf 7 Conthiced by
Catt= plptent 4 N (Vi (plomine )
bm

3

Previous disjunction states that when the new biorefinery is
needed (the Boolean variable ‘.rt'?f"d is true), the biorefinery in
site b2 exists and then the cpacity and associated cost are
determined. It is worth noting that previous disjunction has
to be reformulated as algebraic equations to inchide it in the
mathematical model In this regard, the processed raw material
in the new biorefinery b2 (H=74%) should be greater than the
minimum capacity ?;?_‘:_‘“"M'&;j&and lower than the madmum
allowed capacity (Fa™=™4) This is modeled through the
binary variable y; " that is | when the Boolean variable Y5 &
true; otherwise, it is zero

Fbma.n.'fl'.w teicrat pinmass riomassMAXT | biored
bz %z % E: Fhu,b! = Fy '.yuu o Y2
om

(18)

Furthermore, an equation is needed for the capital cost
of new biorefineries, which inchides a fixed cost (F=S==h)
multiplied by the binary variable to define the existence of the
new biorefinery (y;3™) plus a unitary variable cost (V{255
multiplied by the amount of raw material that is processed in
the biorefinery f%“f"fl accounting for the exponent Ii'ri?._“hj to
consider the economies of scale. It is important to note that the
capital is anmualzed by the factor K.

C:'iaphumf — KFliFECEuaﬁmnﬂ'_-}Lt;mf
+ 2 (Vibioret (plmas 3Ty, ¥ B2
fn (19)

Biorefinery Operating Cost. The operating cost for bio-
refineries fCl‘*""“:] is given by the sum of the flows of pro-
cessed biomass (F27=") multiplied by the unitary operating
cost {Dm’j considering the operating days (Hy):

CoPet — Hy ¥ OCHw =, Vb
bm {20

Biomass Production Cost for Biorefineries. The model
takes into account the oost for the biomass production in each
field {Costi =€) Thic cost is added to the hiorefineries
because biomass i the main raw material to this type of
processing phnts. Thus, the cost for the biomass production
{ Costyoms=se==®) js equal to the sum of a unitary cost for the
biomass production (UCET* %) mulriplied by the total
flow of biomass I[PL”I“"\J

Cinty s g, U e e R Wb
fm m

(2L}
Revenue for Selling of Products in Biorefineries. The model
incorporates the economic income for sellng biorefinery
products. The revenue for selling of biopmduds (Reve-
nuer""”"dﬁ"'fr:l iz equal to the sum of a unitary product cost
EUC:-LT'""""‘-’&"J] multiplied by the How of product sold,
which is the total flow of product produced in any biorefinery
(Fgag**==), It should be noted that the days of operation

should be taken into account to get an annual basis:

-manef inred
R.Evenue;"”'mm = E UC;T:”“W“ .
Fi

{H,,.-Fﬁ““‘“ﬁ}, Y b (12)

Total Profit per Biorefinery. The net profit per biorefinery
(Profit™) is equal to the sum of the total revenue for
selling of products (Revenuef™#=45=) minus the sum of the
biomass cultivation cost I:Castf""'wl':h operating (q”b‘-‘“‘L
and capital (CEF*") costs for the processing plants,
transportation of raw materials I:l!:";,‘,“'"'5'“‘"""“‘"“_5‘J (o ie WiE ).
and FI.'D&I.‘I.CI.‘ ': -l?ﬂﬁuiau-b&micﬁl Cll_:.u.?.-,_-._t._-.- ,..:]I amd the
cost for their emissions | (Emisp -Emmpf"'"""f:], which is
defined in a similar way that the cost for emissions by refineres:

Profif™™f = E Revenuej Frodomt
b

S T i i B i e e O ST
b .4

k2
= Z C.F;nmm.m = E C;m—pmmn:l-rumf—m
hi

bl
o E Cﬁmbmms-nw_ E cﬁmpmmmﬂm-
b2 k2 )
= E CEnﬂsguﬁ--Emcap?cmﬁm“
b (23}

Also a constraint is needed to limit the amount of
captured emissions from biorefineries through eco-industries
{Empf'm], because the captured emissions should be
lower than the total emissions of biorefineries (Em=):

I'irrm:a1._:IIE“:"“'-”'L“"-Ir < Emf™™, Yh (24}

Equations for Forest Plantations. Operating Cost for
Forest Plantations. The operating cost for forest plantations
(C7*) is equal to the unitary operating cost (e
multiplied by the total number of trees of each eoo-industry
(N}

G =00 Ny Ve (25)

Limits for Forest Plantations. The capacity of forest
plantations is limited by the available land for forest plantations;
therefore, upper and lower limits are needed for the used land
in the implemented eco-industries. The total amount of trees
tor each eco-industry (Np,) multiplied by the area of land that
is needed for each tree (Uland,) represents the area of land
required for each eco-industry. This area must be lower than
the upper limit of availble bnd (Dland!™) multplied by a
binary variable for the existence of eco-industries I{_v:“”i’d], also
the occupied land should be greater than the lower limit of
available land (Dland™™) multiplied by the same binary variable
for the existence of eco-industries L-;:“'”"i]

Dland}™ ™™ > Np,-Uland, = Dland} ™™™, ¥ ¢
(26)

Capital Cost for Eco-industries. The pital cost of eco-
industries & defined by a Axed st (FF*=") multiplied by a
binary variable for the existence of eco-industries in a given
location, plus a variable cost (V0= multiplied by the totl
number of trees for each eco-industry and an exponent of
capadty I:N.r‘:l":"m accounting for the factor used to annumalize
the inversion (Kg):
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C'::‘F‘Emd e R:F_EFfmmn_vacum % V:'_',um:nl:.NTr}nm-}.

Ve (27}

Total Cost of Eco-industries. The sum of the operating
and capital costs of eco-industries represents the total cost of
eco-industries:

C‘:-m:.n:u:-?mz Clupnnclnu._l_ C!l:a.q:r.nmn. Ve

[4

(28}

Profit of EBco-industries. The profit for eco-industries
depends on the income by the captured emissions from
refineries and bicrefineries as well as the asscciated cost for
the installation and operating cost of eco-industries; thus, the
equation involves the cost of emissions of refineries | CEmis®')
and biorefineries ((Emisi™’) and the amount of these
emissions captured for the eco-industries (Empf“'ﬁ“"].
minus the total cost of eco-industries (===,

Profi™™™ = E CEaﬂsi“E-Emcaprm
I

+ Z CEnﬂsf“d-Emcap:“m

.3
b E CETn-umm
. (29)

It should be noticed that the concept of carbon tax is
included in the paper; the value of the catbon tax affects directhy
the configuration of the supply dhain becanse this value &
related with the mevenues of the forest plantations, In this
context, if the value of arbon tax & high, then the number of
forest plantations increases, [t is important to mention that the
value of carbon tax for the refineries is higher than the value for
biorefineries; which promotes the installation of biorefinedes
instead of refneries to maximize the captred emissions by the
forest plantations.

Equations for Transportation Costs for Different
Materials. In this secton, the relationships for the costs
associated with transport different materials through the supply
chain are presented.

Ol from Well Oif to Existing Refineres. The transportation
cost of oil from the oil well to existing refineries i el
is equal to a unitary cost for the transportaton of il
(DCEp 2= multiplied by the oil flow distributed from
the wells to the existing refineries U_:“:,]:L It is important to note
that there are several types of transportation for oil as tmck,
duct or vessel; and these types are defined previously according
to the location of the existing refineries and wells:

El'lim:l-ndm: Z UC;TMM-M'{HYJ:LI ! Y il
(30}

Products from Existing Refineries to Distrbution Centers.
The transportation cost for the distributed products from
refineries to distibution centers (peedssedaiy g eonal
to the sum of a unitary transportation cost for pro-
ducts (UCESF***! multiplied by the total flow rate of
trans product from rehneries to distributon enters
(j';'s‘ﬁgg:?!d],aswﬁu as the days of operation (Hy ), to obtain the

annual amount of product that is transported:

Rrans- uris-ref B Lrams- -red
o produces.ref ems _ E E Ucpl_ll.rmm A
gL

{HT' prodaoct-nefl }J Wil

pl il (3L}

Qif from Wells to New Refineries. The distributicn of the oil
from the wells to the new refineries is taken inte account
It should be noticed that there are some differences between
the ransportation to the existing and new refineries, since the
transportation to the new refineries needs the nsallation of
infrastructure, Therefore, the capital cost for transportaton of
pil from the od well to the new refineries [ C5F) is equal
to the sum of a fixed mst (}fgﬁ""’) multiplied by the binary
variable for the existence of the transportation infrastmcture
(5™ plus a variable cost (V33"™) multiplied by the total
flow of transported ol (f5) elkvated to the cxponent
(7= =) mnsidering the annualization factor (K,.):

qi:l:a.pmm-as = E KFI{F::-pp-m_yppaﬂ!-mf + Vcnﬂ-cﬂ_

o

[LEK 0,42

(Y™, i

o2

(32)

The model takes into account another transportation cost for
oil, which depends exclusively on the flow of od transported.
This transportaticn cost (o a1 equal to a unitary cost
(UCFSws=te= ) mltiplied by the operating days {H,) and the
flow of oil from the well to new refineries (5 ):

g =P ugr =Tt v
a (33}

Cnce that both of previous fransportation costs are defined,
it is possible to obtain the total transportation oost for oil from
wells to new refineries (CE'“M“'], whidch is equal to the sum
of the capital cost for the transportation infrastructure
o Saca sy plus the transportation cost for the amount of
oil to the new mefineres (CF="=").

e plitemel o poptedl. oy (34}

The flow of oil that is transported from the oil well to the
new refinedes is limited between lower and upper limits,
because the construction of new infrastructure to transport the
cil could not be economically attractive i the amount of
transported oil is lower than a minimum limit or greater than
the maximum limit. Theretore, the transported flow rate of oil
(251 ) must be lower than an upper limit for the transportation
to the new refineries {fE5™") multiplied by the binary variable
to define if the transportation activity is active fﬁ""ﬂ Alsp,
the transported flow rate of il U‘:f] must be greater than a
loweer limit for the tran sportation to the new refineries (H=5MY)
multiplied by the binary variable to decide if the transportation
of oil is active (=),

Yoo Wil

(35}

Products from New Refineries to Distribution Centers. The
new refineries are able to produce several value-added products
from the received oil. These products should be distibuted
to distribution centers and there is an associated cost to this
activity. This transportation cost {C‘r“'mmd’] is given
by the sum of a unitary transportation cost (UCHS ™)
multiplied by the cperating days (H,) and the transported

wil- MM papail-ref oil [ Croil-MAX  papocelref
ﬂt i1 J'e.ll < -'Iral_ll = HD i -?.:.jl !

(DoDE: 0 WO N D cmntTelinn SO00G TE
ACE Suckainabde Tharn, Bag. JO07, 5, BBES -4
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flow rate Uﬁ-’hﬁj:

C|31Fms—]:ndud:—:\i= E E UC';TE'JF‘W'M'M“'.
|

{H\r-fﬂi‘f"‘“ﬂ Y2

h (36)

The mathematical approach ase takes inte account the
capital cost for the installation of the needed infrastucture
(e i el W i 1 @pital cost is equal to a fixed cost
(Faggeeeded) mulkiplied by the binary varible for trans-

. ip-prcd-r . o’ .
portation f_y:,?}ﬂ ) plus a variable st I:'L'";,f"'_:_’: 1 mult-
plied by the distributed flow rate of products (ffia =")
elevated to a capacity exponent l,rf,.l"“"ﬂ]:

Captrans-products-ref _ cnst- pip- =
Ca == E E KF-L'FFI:,J}A’}P ot
LI
_pip-podudt-ref rost-prod-md - -prodoc-mefl il oy
‘}Fl.ﬂ.i + VF"-'I\..-' plidj }-ﬂ:l. ), vi2

(37)
The total transportation cost for products from the new
refineries to distribution centers { CE= PS5 50 arnal to the
operational transportation cost ( CFP==#52= qu. the apitil
transportation cost for new infragmdue I:tj_‘l"‘m"nj"'“'fj
trans- prodacs-mek new
iz

O (38)

The mathematical formulation considers several limits to
define i there is ransportation activities of products between
the new refineries and the distribution centers. Binary variables
are included and the transported flow rate I:'_f’g_',""ii‘;"""ﬂ] must be
lower than the maximum transportation limit (fE75; M%)
multiplied by the bi varable to determme the trans-
portation activity rodacel) and greater than the minmmum

SN

limit (535 M™) multiplied by the same binary variable:

i Cgagm-pmraf 3 Ergmu-pmdmrd

;prodoct-ref- MIN __ pip-prodact-ref

produrt-rafl rproduct -nef- MAX
jrhrl..l phily = -'Irrl.ila: = ‘FPUEJ
-, Pip- produoct- zef Z 3
J"ﬁl,r‘l,. . Yl Vil Vi (39)

Biomass from Fields to Existing Biorefineries. The biomass
can be mansported from the felds to biorefineries. For the
case of the existing biorebneries, the ftransportation cost
(Cppebiomsseasy . ghtsined by the sum of a unitary
tmnsporation cost for biomass (DOt goliiplied
by the amount of ransported biomass (fimeis ) as wel as the
operating days (H,):

) ) - e i
Cil-fnlm = E E UCE:::.E-I m":H‘J"fh,m,bl h
m  bm

¥ bl

Products from Existing Biorefineries to Distribution
Centers. The bioproducts are distributed from the bicrefineries
to distribution centers, and the associated transportation
cost [CEeprodeabioelomy oo equal to the sum of a unitary
tmnsportation cost for boproducts (UCEERT"=%) mult-

lied by th 3 rted Hioproducts (el
plied by the amount of transpao oproducts (2t
and the operating days (H,):

{rams- i boref exs ol roid - hior-exis
Cig = = E E u p.l__h]_f ;
g

(40}

(Hyf prodoct- biorefl Y bl

PRBL

) (41)

591

Biomass from Fields to New Biorefineries. The biomass
transportation cost from the felds to new biorefineries invobes
a capital cost for the new infrastructure (new highways and
roads) (Clommsbomey ood an operational fransportation cost
(Ci_f"'“wj The first one & equal to a fxed transportation
cost (FEoms™ ™ ==*) multiplied by the binary variable to
determine if the new infrastructure is required (yismit™*),
as well as a varable cost (VE2ige**==) multiplied by the
amount of transported biomass (=55 elevated to an
exponent {#=*) The second one i equal to the sum of
2 unitary tmnsportation cost for biomass from felds to new
biorefineries (UIC2 5=~} multiplied by the annual
amount of transported biomass between these entities of the
supply chain fflﬁ.m’l Consequently, the total biomass
transportation cost from the fields to new biorefineries
([ Cl it am™y iy pqual to sum of the capital (i Bheiant
and operational transportation cost (Cﬁ{”ﬂmj;

et D M I iy i
m  bm
trams- hinmas | o g e bt
+ T"ﬁﬁ,b; "M b b2 o ) W2 (42}
Lo Sl B i I L e ol 0 ey
m bm

(43)
Cﬁmhmmmw = cﬁapﬂmm + C:—-mhm. Y2
(44)

The binary variables for the biomass transportation activity
from the fields to new biomfineries (V55 & activated
when the amount of transported biomass from the suppliers
to the new biorefinedes (255"} &= between an upper lmit
(ApR=ssMy and a lower limit (ﬂmﬁ*ﬂ’*] Then, the
transported biomass between suppliers and new biorefineries
If_m‘f) is greater than the minimum limit (ﬂm“'“]
multiplied by the binary variable associated with the biomass
transportation Lvmbf"u} and lower than the maximum lmit
(f 5"'"1’“”“) multiplied by the same binary variable

(§ ripirempl
-y boomass- AN trans-homass rboamass} beomaes- MAX
Hpmmps  Dommts  =tommiz = Hemmpa
trans- s
- S Wobm, ¥ om, W b2 (45)

Products from New Biorefineries to Distribution Centers.
The total transportation oost for bioproducs from new bio-
refineries to distribution centers (Cf Pt smrdomy i des
the capital cost for new infrastructure (pipelines, highways;
Cchmampradeabieely S04 the operational cost for transportation
(Ciptespudsabiond  On bhic regard, the capital cost for
transportation (Chpr=s pudaabiandy given by a fxed cost
(Pﬂ;‘“"‘ﬂb‘“"} multiplied by a hinary variable for this
activity (yEas=35) plus a variable cost (Ve i)
multiplied by the transported amount of product ( (5757
elevated to an exponent (y5=*=?). It should be noted that
all capital costs must be annualized through the factor K.
Additio , the operational cost for transportation of products
£t it _'ﬁ"ﬁl is equal to a unitary operational cost
(UCEEF™"*") multiplied by the annual transported

DN 0L B0 1. okttt SO S TS
A Serainable Thew Bng J0W7, 5, BES- D4
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amount of biopreducs (Hy m._:-m:n k
Ca i - - inred
(G Cnrare-gootect berel E E hr-'(F;ﬂsz_m briored |
proj

trans- progd- tiomef 3 -L.rcn-:t-h':.ns-l:uud-hnn:l'_

Fra b PLELj
product-hinredl mm)

it IR W )

C:;h:m—prnﬂbcl.b&umf o E E Uc:;.:‘:i'plnm-bmr-m.
o
_  product- baomefl

(Hefply ) VB2 (47)
Cmprm.n.u:nr-mw s L-.E:pm.m.pmn.rt.mmf

(-3 — bl

+ Cf}pl.ﬁ.ru—pndu.n:l.-bumﬁ" \ur IJI- [-1-3'3

The binary variable for transporting bioproducts from new
refineries to distribution centers {_;:L‘“’F“H“"J) is actvated
when the transported a.rnn‘u.i iipjﬁd ,L‘“é"‘r.-""“*"ﬂ:l iz lowrer
than the upper limit (&;’?\“MI‘ ) and greater than the
lower Limit (HEFT o ¥,

product-hiored - MIN _ trans- prod-béoret r product-hioeedl
Mz, Yo my = foy

product- bioref- MAX  trans. prod-baoref
= B, Yoz b2y '

¥ WLV
(49}

Emissions per Activity and Facility. This section presents
the total emissions assodated with the supply chain, which
includes the following sections.

Emissions for Extracting O for Refineries. The equivalent
emissions of CO, for oil extraction (E9*") are equal to the
sum of the unitary equivalent emissions of CO, for oil extrac-
tion (#7%) multiplied by the flow of oil obtained from the
wells I:_I[f:.ﬁj and the operating days (H,):

B — E ,rfﬁ-*‘-“-mﬁ:}‘ Y, Vi
e : (50}
Emissions for the Refinery Production. The equivalent
emissions of CO, for oil refining (EF“***') are equal to the
sum of the unitary equivalent emissions of CC, for the oil
refining (o ) multiplied by the total flow of products
from refineries (Fi;; *) and the operating days (H,):
Elpoﬂ.un-rnt' s E ﬁﬁ'l::;-m:t-rd_[HT_Fﬂ:du&rﬁ L Wy
rl
(51)
Emissions for Transportation of Products from Refineries
to Distribution Centers. The equivalent emissions of CO, for
tmnsportation of products from refineries to  distribution
centers |Eresredaasf) o, equal to the sum of the unitary
equivalent emissions of CO, produced by the transportation
of JtErn:lulﬁ.u:rs from refineries to the distribution centers
(== m==) multiplied by the amount of distributed pro-
ducts from refineries te distribution centers, taken into account

the operating days to get an annual base I:H\.:fii]‘;:“"'.s]:

Elm'l"-'“d“'-"""“- il E E ﬂcm-m-mﬂmn:‘_{“ﬂlrp_.mmmn R
T

(s2)

Emissions by the Use of Products from Qil As Fuels
The equivalent emissions of CO, obtained ffom buming of

petroleum fuels (E**P*=*) jpyolve the sum of the unitary
equivalent emissions of CO, (5 =*""**%), the total flow of
products from refineries [E,';‘;.-'i‘:"f:l. and the operating days to
get an annual basis (H,):

E|usu-gmd.l.l.l.‘t-m:' = E ﬂ;?-m-mm-ﬁ_[HrFmdun.me i
pl

(s3)

Emissions of CO; Sequestrated by Biomass Growth. The
emissions of CO, are captured when biomass is growing in the
cultivation fields, therefore, the captured emissions of CO; by
the biomass growth (NE*“#*"%) i pqual to the sum of the
unitary equivalent emissions of CO; for the biomass production
{fﬂ"']_ oty multiplied by the tofl amount of biomass in
biorefineries ( f£57°*) and the operating days (Hy):

NEEMFEHH — Z &Dﬁ:_-h‘mm—ﬂmm_(Hrmejl vk
m

(54)

It should be noticed that the factor depends on the
considered hodzon of time. For this case, the horizon of time
is equal to 1 year and the life cycle of the bicmsources is
fully completed. For that reason, the captured emissions can
be associated with a global factor, which involves all the stage of
Emissions for Transporting Biomass from Fields to
Biorefineries. The emizsions of CO), for bomass transporation
(Epmes=es) ple into account the sum of unitary equivalent
emissions of CO, for biomass transportation (fjeoy o)
multiplied by the amount of biomass that is distributed from
the biomass cultivation field to biorefineries (7274 ) and the

operating days (Hy):
Eﬁhlﬂmﬂh—lﬂ.ﬂl o E E r;?;;mmm_[Hfml }r ¥k
m  &m

(55)

Emissions for Biorefinery Production. The emissions of
C() associated with the production in bicrefineries
[Epeesfendsy gre pgual to the sum of the wnitary equivalent
emissions of Ty for the production of bicproducts
(inzi™ ™) multiplied by the total amount of biomass in
biorcfneries ( f{7=) and the operating days:

et Y Xihan T Ry, ¥
bn mi
(56)

Emissions for Transportation of Bioproducts from
Biorefineries to Distribution Centers. The emissions assodated
with the transportation of bioproducts from biorefineries to
distribution centers { B*= 79 jvobve the sum of the pro-
ducts of unitary equivalent emissions of CO), for transporting
bioproducts (7t " "), the distributed bioproducts
from biorefineries to distribttion centers (_J‘r!‘;?""m"’] and
operating days:

Efmm'w - E E rﬁ;mm-um_
[

{H-ffpm"ﬂmj y, Vb

1,k i (57)

Emissions for Use of the Products from Biomass as
Biofuek. The emissions of CCY, derived for the use of bio-

products [(Epeeedemty gocount for the sum of the unitary
equivalent emissions of CO, for the umed bioproducts

a0 S0 B R o erren SN0
ALY Sepkingbde Them, Sagl 1017, 5, B&S-H04
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(e {D"m?'d =l the total Aow rate of bioproducts  from H Demdﬂﬂvﬂl - productrefl
blﬂ'l.'EE.I:l.rEl'IE (Fgg=t==1) and operating days: i z E a1
E:“'j:rmﬂ-hl.nv_" :j. e prod- biaref {H‘E'Fﬁm-m}- ¥ E E H‘Irf:;::.n:d bcn:mdl.
71 bop
L (58) ¥ j, pl € diesel, p2 £ biodiesel (63}

Total Emissions Per Refinery. The total emissions associated
with refineries (Em] 2be=r) indude the emissions produced
each one of the actvities involved in the refinery. These are
C0), emissions for oil extraction E***, emissions of CO), for
oil refining (EPFet==l N, emissions for tmnsportation of
products from il (EFeseedsed) and emissions of CO,
obtined from burning of petrolenm fuels (B peodacsedy,

Em ™ —

+E|“"'Fm'm-. i

Erm-zu . Eifmu.l.lcl-rd g Ehan.:-pmd.nrl-rd'

(59)

Total Biorefinery Emissions. The total emissions of bio-
refineries (Em{**) include the emissions for each one of the
activities involved in biorehneries such as the emissions of
O, for bicmass transportation { Ef====*=) smisions of CO,
due to produdion in biorefineries (Ef==fFd=m)  emiceions
produced by the transportaton of bioproducts from bicrefi-
neries to distribution centers (B amiccions of
C0; derived of the use of bioproducts (EF P4 04 the
captured emissions of C0, by the biomass growth in cultivation
sites (NE- e Femi),

En:omd'z EJ:- + Ebu'ru.f-'prmul:t & E:.Tu-;rruu.-hlnrd

+ EL.LLE-;I'V.'I:‘-hnrﬂ - NE:mmpml Y b l:-ﬁﬂ"'

Emissions for Capturing €O, by Eco-industries. The
emissions of C0: captured by the eco-industries (EmS™")
are given by the unitary amount of emissions of CCY, for eco-
industries that is a factor to @pture CO, per tree (I

multiplied by the total number of trees for each eco-industry
(Nr):

E_rnbEDLDd — anu'umm'ﬂm'l.n.l:i

Npg ¥e

(61}

It is important to menton that the trees’ lite cycles are longer
than the considered horizon of time and the aptured emissions
can change drastically during the complete life cycle. Mever-
theless, the change of the captured emissions in the horizon of
time is so small For that reasen, the factor to obtain the
captured emissions for the forest plantations is considered to be
constant. For this case, the considered apturing factor i
assumed as an average of the tree capacity to capture emissicns.
In addition, the sum of CO}, emissions cptured by eco-
industries are equal to the sum of captured CO4 emission from
refineries by eco-industries (Emcap™®=7) plus the sum of
captured CO; emissions from biorefineries by em-industries
{ Emcap==er):

E Em ™ = E Emc.a.]:llrﬁ"“ + E Ernc:pfm“ﬁm’
k

r I

(62)

Equations for Demand of Products. Demand of Diesel.
The demand of diesel & covered by the diesel produced m
refineries ({57 _2,_:5 well as the biodiesel produced in
biorefineries (5

Demand of Gasoline. The demand of gasoline & covered
by the gasoline produced n refneries jg"h"‘;"d’] and the
bioethanol produced in biorefineries l.:ﬁ',“ "

H,-Demand®in = ZE ffpecdact il

Fl.l.a
b
+ 2, 7, Byttt
P pm

% j, pl € gascline, p2 € bicethanol (541

Equations for Jobs., Generated Jobs in New Refineries.
The jobs in refineries indude the processing and installation
jobs enly in new refineries, it is important to menton that the
jobs for transportation were given in the ransportation network
to existing refineries:
= Hy ), JobsUnith -(f3")

iz

‘Tnbsmﬁm
(65)
Jobs Generated in New Biorefineries. The jobs in bio-
refineries include the ones generated for biomass plantations,
transportation of biomass, instdling and processing in new
biorefineries,
Jobs™™ = Hy- 37 JobsUnit, o5
bm,m

baomaes- Sl
'Fbmm

maxs]

+ Hy- ), JobsUnitfiomsns, fiona:

Em, m b
bom, b

+ Hy- Y JobsUnit™
bm b

bl.nmhlnrd' oM
* Fim, b
(66)
Generated Jobs in Forest Plantations. In case of forest eco-
industries, the jobs considered correspond to people needed to
take care of forest plaintatons.

= 3 JobsUnit™"Ny,
c (67)

Objective Functions. The mathematical model considers
three different objective functions, which are described as
follosws.

Economic Objective Function. The economic objective
fanction considers the madmization of the totl profit (EQF),
The total profit involves the sum of the profit from refineries
(Profit®®=%) biorcfineries (Profit™®=!), and eco-industries
(Proft==).

max{EQF = Prof™™ ™ + Praft™™™

_[ oh smﬂ.

+ Prof®™™™  (a)

Environmental Objective Function. The environmental
objective fimdion aims to minimize the total COy emissions
{MetEmission ), which consider the sum of total emissions from
refineries [ Em! =Ty and biorefineries (Emi"“‘f minus the
emissions captured by forest plantations (Em™):

! EEEMM ZF -e:um}

(69}

min{NetEmission = E I.'|.'|:|

(DD 0 S50 kol QEOOSIE
ATS Suckainabde Thamn, Bagl. JORT, 5, ISES-24
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Wells oil
suppliers

Figure 2, General representation for the case study

45 Distribution
Centers

Forest plantations

Social Objective Function. The sodal objective function
considers the madmization of the total generated jobs
(TOTALJOBS) to implement the proposed scheme This
objective function consists in the sum of number of generated
jobs in refineries (Jobs™™7), biorefineres (Jobs™™'), and
forest plantations (Jobs™ =),

max{ TOTALJOBS = Jobs™™T 4 Johs™™ | Johs®™md}
(70)

B CASE STUDY

A case study from Mexico is presented to show the applicability
of the proposed approach. Figure 2 shows schematicaly the
different localization for the facilities involved in the case study,
The main considerations about localization are desaibed as follow:

Refineries. Si existing refineries are taken nto account
which orrrently exist in the energy system of Mexioo; ako
it is considered the possibility to install three new refineries.
Table 1 shows the localation for the considered refineries.

Table 1. Localization of Refineries for the Case Stdy

Cadereyta Toluca
CUmdad Madern (mdalajars
Salamanca

Saling Crmz

Tok

It is worth to note that the allocation of new refineries is based
on the demands and existing infrastructure to transport raw
materials and product. For instance, the refinery of Tolum i
considered because there & a huge demand of fuels in the
central part of the country.

Biorefineries. The possibility to install six new biorefineres
is conzidered, which would be allomted in Guadalajara, Celaya,
Morelia, Mazatlin, Veracmz and Chiapas; these places were
chosen becanse there is infrastructure to ransport products and
the available raw materials.

Distribution Centers, There are considered 45 distribution
centers; these oorrespend o the storage and distribution
terminals of PEMEX (The Mexican Company of Petroleum)
allocated in the Mexican termtory.

Biomass Suppliers. The different states of the country are
considered as supplier of biomass, accounting for the available
biomasz and the existing infrastrcture.

2554

Qil wells. The il wells considered are production places of
petroleum stated by PEMEX, which are Territorial waters,
Tabasco, Veraguz, Chiapas, Puebla, Tamaulipas, and San Luis
Potosi

Forest Plantations. For the case of forest plantations, it is
taken into account the possibility to install one of them per state
of the country, their size and exstence depend on the availability
of land. Most locations are at the north and center part of
country, as Mexico City does not have suitable surface land and
proper climatic conditions to develop torest plantations,

It is important to note that the data about the uction
and processing of oil were obtained from PEMEX.” Additon-
ally, there are considered different types of raw materials
(biomass and oil) and producs (bicproducts and petroleum
products ); these are presented in Table 2. The data for the

Table . Prodocts and Raw Materials for the Case Study

of

Xypees type of
haomass hioproducts petralenm

petro products
warndchips petralenm gasoline PEM EX magna
sugar cine bivethanal
sweet sorghom gm]:irb; PEMEX
premium
jtropha biodiesel
waste of agave PEMEX diss=l

availability of biomass were obtined from SAGARPAY and
these are presented in Table 3.

It is worth noting that according with diverse works about
the production of biofuels from biomass, ™ the current biomass
production i not enough to meet the fuel demands. However,
there is a great opportunity to increase the biofuel production
through the consideration of additional raw materiak or
expanding the colfivated area. In this context, the data for the
production per unit area have been included in Table 4. On the
other hand, the data about pmoduction of bioproducts were
obtained fom the reports by Santibafiez-Aguilar et al™ and
Murillo-Alvarade et al*** Also, the data for the producton
frem oil were obtained from PEMEX™ In this sense, the
cormsponding data for the capacity of procesing plints and
unitary costs are presented in Tables 5 and 6 The data for the
forest plantations are the absorption @pacity of CCh, operating
and cpital costs, and these are inchided in Table 7. It is
important to note that the data for capturing the CO, per area of
tree were obtined from Plantinga and Mauldin.*

oD W0, 307 1 Bnruresdhaeyen £ SOOGS0 E
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Table 3. Availability of Raw Material Per Supply Place

wnm‘ldiig sugar cane swest ::‘?ﬂn fnﬂmi:’]m waste of
supply place (o, day, (ton./day) (ton/day) E] day) (ton/ day ) (ton/ day)
Agumas alientes 2247 L1114 5558 [1Te ] (1144 [T ]
Baja California 2158 LT a7138 [T} (LT [T
B Sur 2259 L1114 1509 [1Te ] (1144 [T ]
Cun])-ﬂdl-e 756 153898 000 [1Te ] a5.57 [T ]
Coahuila 2247 LT 256017 1104} Dl [T
Colma 17485 325391 A3 [Ta ) [HE 1233
'L]'l.‘l.l.])\.l.-ﬁ 756 642489 964 [1Te ] B3RA45 [T ]
Chihwhua 2247 L1114 138705 [1Te ] (1144 [T ]
Mexico ity Dl LT [ ] 1104} Dl [T
Durangn 225 LT 1509.81 [Ta ) [HE 48
Gruanajuao 17.65 L1114 899 [1Te ] (1144 17207
Crnermero 17.65 L1114 32499 [1Te ] (1144 1026
H:i‘].l.lgn 4.15 LT [ ] i1} (LX) [T
Jalisco 17485 1622466 TR [Ta ) [HE 158577
State of Mexico 518 L1114 1342 [1Te ] (1144 11004
Michmacin de Orcarmpa 17.65 JT4R23 518.13 [1Te ] (1144 11041
Muorelos 519 458393 28103 i1} (LX) 925
Nayait 2259 S036.72 14075 L1104 ] (1144 5215
MNueve Ledn 2247 L1114 29352 [1Te ] (1144 [T ]
Daxca 756 1035627 1303 [1Te ] (1144 18130
Puebla 4.15 454073 [ ] i1} (LX) 140
Queretao 518 LT 1848 L1104 ] (1144 0R7T
Quintna Raoax 756 415221 000 [1Te ] (1144 124
%an Luis Potos 4.15 1093662 3351 [1Te ] (1144 (1T r
Sinaloa 2158 A051.99 al4_50 [T} (LT 20
Sonora 2259 L1114 0522 [1Te ] (1144 [T ]
Talasco 756 410602 000 [1Te ] 20443 [T ]
Tun.‘l.li:l])\.l.-i 4.15 R108.21 &1.00 [1Te ] (1144 171462
Thxcala 519 LT L] [T} (LT [T
Vemamz 4.15 45954533 TROT [1Te ] 13551 [T ]
Yuatin 756 L1114 352 A74 (1144 [T ]
Tacatecs 2247 L1114 2508 [1Te ] (1144 [T ]

Besides, the case study considers diverse ways to account
for the number of oeated jobs. These jobs are associated with
unitary jobs for each activity (processing, growing of trees, raw
material preduction, and others). The paper uses several
sources for computing the number of generated jobs. The jobs
for the biomass produdion were calculated rh:nu% the Jobs
and Economic Development Impact method (JEDI™) and the
IMPLAN model (IMPLANT®'). Additionally, some data for
the number of jobs were reported by Santibafiez-Aguilar et al.™
(On the other hand, the jobs in the chemical plants wemr
obtained from reports provided by PEMEX* Additionally,
the generated jobs for the forest plantations were based on the
area to be cared per person and the minimum salary reported
by the Interna Revenue Service of Mexico (SAT*®). It should
be noted that the ooethcents are different ftor the forest
plantations and the chemical plants.

B RESULTS

The muti-objective mixer integer non linear programing model
was coded in the software GAMS.* It should be noticed that
the values of the exponents in the capital cost eqs (eqs 6, 19,
and 32) produce a linear behavior because the exponents are
equal to 1 and the model was solved as a mixed-integer linear
programming problem avoiding numeriml complications. The
mathematical formulation consists of 2159 binary wvariables,
5818 continuous wariables, and 5306 constraints. The model

was solved in a computer with an i7 proeessor and 16 GBE of
FAM, maximizing the net annual profit and the number of new
generated jobs and minimizing the total CO, emissions. In this
regard, the econstraint method was implemented. ™

The application of the £-constraint method generated a first
Pareto curve, which & shown in Figure 3. The CPU time to
obtain each soluton of the Pareto curve was approximately
0197 s This Agure shows the most probtable solution, which
corresponds to the largest net emissions and the most
environmentally friendly solition, as well as the lowest profit
It is worth noting that Figure 3 is useful to illustrate the trade-
offs between the environmental and economic objectives.
Motice that Figure 3 presents different Pareto curves obtained
with a minimum value of the number of jobs, while Figure 4
shows the Pareto curve in three dimensions to illustrate the
behavior of the three considered objectives. The Pareto curve in
three dimensions is composed of several points, where each of
them represents a different combination of state variables of the
maodel, like installaton and capacity of mefineries, biorefineries
and forest plantatons, raw material and product fows, etc
Figure 4 shows that the relationship between the number of
jobs and emissions is inversely proportional, it means that
the number of jobs increases when the amount of emissions
decreases. This behavior is becanse the installation of forest
plantations and biorefineries promotes the jobs creaton and
decreases the net emissions.

a0 0L W02 A cn i G SO0S S
AT Suriainable Them. Bag. 2007, 5, BES=had

Doctorado en Ciencias en Ingenieria Quimica

48



APENDICE

ACS Sustainable Chemistry & Engineering Research Artide

Table 4. Area Meeded for Cultivation of Raw Materal Per Supply Place

T e awest i african waste of
supply place (tonna) /) i) k) ) (/i)

Aguzicaliontes 076 0.0 279 0.00 g oo
Baja Cdikmmia .7 LT ] 363 0.0 LT Ll
BL Sur LN [y 5769 [ ] [ile LT
Cam Ptd! .7 6834 e LR 1] 7a L]
Caghuils .7 [ 1] . it LI [ [T
Calima LA 10257 AT [ ] [ile 1
Chizms 0.7 @23 21040 Q.00 745 LTt ]
Chiluzhua 0.7 000 2151 0.0 LT [Tt
Mexim City 000 L1 1] LeL ] .00 LT ] [iTet]
Drurango .78 [ 25 9% .00 LT A48
Crumajmto 0.7 L] 1505 LI [ 7av
{ru=rmern .75 [ 4] 24848 00l LT 337
l‘[‘ilh.lg\n .78 [y LHE .00 LT LT
Jalisco (1R o962 22 54 000 L1114 933
State of Mexico 078 [ 62 .00 LT 690
Michoacin de Ocampo 0.7 93.00 T 56 a.0n LT 213
Morelos (1R 121.15 F31 000 L1114 B2
Nayarit .75 6250 2285 000 LT 657
MNuoevo Leon [ ] L] 14.70 L1 ] [T LTy
Caxaca (1R 7185 2825 000 L1114 585
Puehly L1 H1.556 LHE] 00 LiL1 1] 935
Chrerstars 0.7 0.0 X3.58 a0 LT 050
Chrintana Roo 0.7 S4.80 .0 0.0 LTy 2iu}
$an Luis Potos 0.7 73.23 2158 .00 LT 2540
Sinaloa 0.7 BO.14 By L1 ] [T 020
SonnTa .7 [ 1] 23.54 LR LiTLH L]
Tabasco L1 T3A3 LHL ] 00 443 ik
Ti.‘rnl.l’]i"n.‘: 0.7 B4.55 1249 [ ] [ile 352
Tlaxcaly 0.7 0.0 G0 0.0 LTy ] QLM
Veracruz 0.7 T2AS 379 0.0F 13551 LT
Yucatin 0.7 O 2108 .75 LT LT
Tacaecas .7 LR 1] 239 LR LTLH L]

Table 5. Unit Capital and Operating Costs for Refineries The Pareto curve of Figure 4 provides values for the three

ek il T T R Tk o ohjectives, which are assocated with a supply chain con-

(LS frony) s Lcr?; I:.‘,I.E,l'tmi figuration; therefore, two points were selected to compare the

BAET TN 169.73 value of the objectives to different solutions. Point A represents

Table 6. Capacities and Unitary Costs of Hefineries and Biorefineries

data for biorefineries
wtmdﬂiip L] 0.1 GLELAD 18554
STUEAT Came 352 0004 G20 18554
swest scl'gh:l:l:n 2093 (10 & G2RA0 18554
1::'01)]1.:. 11331 011 GLAED 18554
african palm TLSG o Lk ] 18554
waxte of agve A0 [0 S2A80 18554
data for refineries
Cadersyta 16273 3431
Ciudad Madens 16973 23610
Minatitlin 15973 33250
Sabmanca 1&%73 3537R
Saking Cruz 169273 51367
Tua 16973 44710
Toluca 16973 16973 100 3ATue
fh.l.ﬂ‘lﬂa.j.‘ui 15273 15973 1R A7109
Mamtlin 16973 16973 jLL ] 37109
2506 D 0 N0 N A cmrteeeen o SEOOSE

AT Sumvingtls Theea Bag. 10T, 5, 3585 -4
|
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Table 7. Data to Forest Plantations

comoept vahis
operating st [SUS free} 030
variahle cpitl cost (SUS/ ree) 03
fized capital cost ($175) I
employess per tre= (people/tree) LA906 = 10
nsed land per tree (ha/tree] 75625 % 1077

cost per captured emimions for refinedies (S5 ton ) 10
cost T ca.]:lh:l:md. emissions for biorehnenes (S15/ @) 5

the soluton for the masdmum profi, where all possible
rehneries were selected to satisfy the fuel demand and no forest
plantation or biorefine ry were selected. In addition, the solution
of point A yields around 38 jobs. On the other hand,
Point B shows a profit equal to 524,534 M 5US, a value of net
emizsions equal to 168 ¥ 107 tons of CO, and 744 318 jobs
per vear; these valies are obmined through the installation

of 8 forest plantations, 2 biorehneres and B rehneies. It is
important to note that the valies at point B indimte that bio-
refineries produce less emission than refineries because the sysem
tries to reduce the net emissions via installing new biorefineries.
Also, the proportion of decreasing & not equal to forest plantation
and biorefineries, for example by comparing Points A and B,
the forest plantations reduce 440 % WF tons of C(x and the
biordfinedes mduce 77 = WF tons of CO; (see Table 8).

Additionalty, Table 9 compares the number of jobs between
Points A and B of Figure 4. It is possible to note that the
number of jobs increases significantly because of the installation
and operation of forest plantations. Also, the number of jobs
per refineries changes from 38 399 jobs to 41 175 jobs, which
ocours because some refineries augment ther production and
bicrefineries increase the number of jobs o 1805,

On the other hand, Table 10 shows that the improvement in
the number of jobs is becanse of the moement of production in
the refinery of Mazatlan from 78% to 98%. At point B there are

2BE+1O Wosr profimbie
woduniem
% | Wil mawm
27ErI0 4 nmmber of jobs
—
—— 1
- 1 —— |
E" LEE1D 1 — et
5] ——
é i EEE
2.5E+10 A —
E — e
E — |
= 1A
& 24Evi0 A
ﬁ o~ |
E — i
LAEID R,
— JAREEA
e ] B
| L
IIEFID R
Wt @y (Foiengad| v
¥ Foendily salughm
2AEHI0 + e i : i
LA4E# 10 1&aE+LD 1. 6EE+1 LTE4+10 1.72E410 1.T4E+10
NET EMISSIONS (100, Fyivh
Figure 3. Pareto curves of total emissions and anmual net profic
tod
35— +
3
25 -
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= )
15— =B
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[
1 a9 ']-;_-.__ -~ A —
: 24— e | = er g 1E5 1B
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Figure 4. Pareto curves of net emissions, jobs and annoal profit
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Table 8. Emission Results

decrement of emision decrement of
through forest emismion through
Point A 17317 [1] [1]
Point B 16800 440 77
Table 9. Generated |obs

facility Point A Point B

refineriss FR¥E 41175

hior sfineries [1] 1805

forest plinttions o 1701300

Table 10, Amount of Processed il Per Befinery for Points
A and B

Point B Pomit A
wmed @l % i wmed 0il % i
cofiacry | omidey)  wiplmt (e} of plet
Ci.d.ﬂt}.’tl 342 10 342 10
Cd. Maders 23810 1) 23810 1)
Mnatitlin 33251 1) A3251 1)
Sabhmanca 1] B0 25
Salina Cruz 51387 1) 51387 1)
Tula i'[‘H.I.lgn E =il 1) #4710 1)
Toha 37110 104 Erh B i] 104
(i.u.d.l.ll.].‘ln Era N i] 10 Era N i] 10
Mazalin 35435 98 2R T8
ivtal 2OTOS IOO] RS

jobs due to the installation of a new refinery and the increase
in the oil refining, while the Salamanca’s refinery decreases from
25% to (—this refinery only takes into account the job creation
for processed oil as it is shown n Table 10,

For the case of the forest plantations, Table 11 shows the
amount of trees as well as the captured amount of CO4 for each

Table 11. Capacity to Capture of Forest Plantations and
Percentage of Contribution

number of

forest i s ons % emissions
plantation tress [ton'y] captured
L'Jﬁ:.:pu 1081 181028 S2RITIIT 1201
Dhmango 18 1R6482967 BERTROSD 2021
Jalisco 1155005533 S66-00:500 1288
Daxaca 1382715958 67533 1537
Simaloa B4aD1 15079 41544582 .40
Veracruz L9204 2 S17&7035 1177
Yucatin SEIR9GTTOS 2R4RG0G8 648
Facatecas LRST32442 S22436-48 1188

forest plantation. It & worth noting that the contribution of
captured emissions is different for each forest plantation due to
the availlable land.

With respect to the fuel demand, it is possible to observe that
the gasoline and diesel are the main produced fuels. Nevertheless,
a small amount of biofuels & produced at Point B of Figure 4
Beause of the biofuels can be produced from multiple raw
materials, it & needed to present the source and the proportion
for the production of each biofuels; which & shown in Table 12

It should be noticed in Table 12 that there is just one
selected raw material at Point B of Figure 4 and it is waste

Table 12 Amount and Percentage of Satisfied Demand for
Different Bioproducts at Point B

amoamt amount % total % relative

type  (tons/day) tps (tons/dey) demand  producion
waste of /470 liioe thanol 3516 038 100
agave hindi esel ] ] 4]
wthers ] lioe thanol ] ] ]
i o ] 1] 1] 4]

of agave. This raw material is mainly selected due to its
availability and price, and because it has a high convertion
factor to ethanol. However, the satished demand is only (.38%
of the national demand of o0il used as gasoling; in other words,
3.8% in a mix with nine parts of gasoline and one of ethanol, in
this sense it is posible to say that the amount of raw material is
not anough to satisfy the total demand but is posible to reduce
the emissions as it is shown in Table 8.

In addition, Figure 5 presents the distribution of raw maerials
to the selected biorehneries at Point B, in this @se the
biorefineries correspond to the ones of Celaya and Guadalajara.
It is important to note that the processing plants work at
different capacities. For this case the plant in Celaya processes
6% and the rest is processed in Guadalajara. Also, it is posible
to note that the raw material is obtained mainly from the
states of the central and occident region of the country (Jalisco,
Mayarit, Michoacan, Guanajuato, and Oaxaca) and Tamaulipas.
In this sense, the state with the highest contribution is Jalisco,
because it has the highest percentage of raw materials to both
biorefineries. In addition, it is observed that Celaya's biorefinery
uses biomass from Michoacan, and Jalisco's biorefinery uses
waste of agave from Mayarit to reduce the oosts associated with
transportation.

In order to ilustrate the economic features for the processing
facilities, Figure & presents the proportion of economic revenues
and expenses of biorefineries; whie Figure 7 ilustrates the
proportion of economic revenues and expenses of refineres.
For the @mse of biorefinedes, it @n be noted that the highest
cost corresponds to capital, operation and biomass produdion
costs, Furthermore, the revenues by seling products are very
low becanse of the considered prices of the biofuels without any
incentive. Moreover, recently the biofuel prices have decreased
significantly. Also, Figure 6b shows the relationship between the
diverse economic incomes and expenses. On the other hand,
for the case of refinedes the highest costs are associated with the
raw material (cil) and the operation. In addition, the revenue
by selling products is large and it @mn support all costs to obtain
a significant profit. Figure 7b shows the total proportion of
economic incomes and expenses, which confirms that the most
significant costs are associated with the oil extragion and the
operation. Motice that the cost that the refineries pay to reduce
emissions through forest plntations is only a little part of the
total expenses. Therefore, the payment to meduce emissions
could be augmented and the profit would not be affected
significantly. In this way, the quantity of reduced emissions is
limited by the size of forest plntations.

Finally, Table 13 presents the results for a sensitivity analysis
for different values of the biofuel prices and od costs. These
results represent the optimal values for the economic objective
function subjedt to diferent upper bounds for the net emissions
and a lower bound of 1 million for the number of generated
jobs. In this context, the value of the biofuel prices and oil costs

DD MO DOGE N ok encolinyetin  SOIOSTE
AT Serloinable Ohe, Bag. JOIT, 5, I585=-18

Doctorado en Ciencias en Ingenieria Quimica

51



APENDICE

ACS Sustainable Chemistry & Engineering

Research Artide

WASTE OF

AGAVE

(970 ton/day)

MORELOS.
"

>

Figure S. Distribution of raw material in selected biorefineries at Point B.
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Figure 6. Economic proportion in selected biorefineries ot Point B: (2} per hiorefinery; (b) for all biorefineries.

were fixed as 1.5, 2, and 3 times the value in the base case.
For the ase of the biofuel prices can be noted that the effect in
the economic objective function is not representative since
a variation of 135 times the base case does not produce a
significant change in the economic objective function; while a
variaion of 3 times the case produces small augments in
the economic objective function. On the other hand, the
variations in the oil costs can affect sericusly the economic
objective function; for instance, an increment of 50% in the
oil cost produces changes in the economic objective function
from —37.6% up to —45.6% compared with the base case.
In addition, if the cost oil is 3 tmes the cost in the base case,
then the economic objective function is negative. Based on the
sensitivity analysis, it is possible to state that the pro-
posed system works efficiently with low values of the oil cost
because of the system is based on the refining of oil, and the

2599

proposed system is dmstically affected by the variations in
the oil cost.

B CONCLUSIONS

This paper presented a mathematical progmmming approach
for the optimal configuration of a fuel production system
integrated with forest plantations to reduce the overall green-
house gas emissions. The model incorporates three objective
functions (ie., minimizing the total annual cost, minimizing the
greenhouse gas emissions and maximizing the generated jobs),
which are presented through a three-dimensional Pareto curve.
The proposed optimization model has been applied to a case
study from Mexico. The results have shown that the relation-
ship between the environmental and the sodal objectives is
inversely proportional, while the behavior of the economic

DO Y0902 1 Acsadheman gan0 28
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Figure 7. Economic proportion in selected refineries at Point B: (a) per refinery; (b) for all refineries.

Table 13. Sensitivity Analysis for Several Biofuel Prices and Qil Costs

Riofuel Prices
1.5 times base ase 2 times base case 3 times base cxe
base case (milion SUS/y) value (mibon SUS/y) % change value (million SUS/y) % change value (milion SUS/y) % change
26130 x 10° 26130 x 10° 00 26130 x 10" a0 26130 x 10° 00
25848 x 10° 25849 x 10° 00 25915 x 10 a3 25982 x 10° 05
2.5418 x 10° 25418 % 10° 0.0 25487 x 10° a3 2555 x 10° 05
24976 x 10° 24976 % 10° 00 2.5045 x 10" 3 25114 x 10° 06
24534 x 104 24534 x 10* 00 24603 x 10° a3 24672 x 10° 06
24092 x 10° 24092 x 10° 0.0 24161 x 1¢° a3 2423 x 10° 06
2365 x 10° 23650 x 10* 00 23719 % 1¢° o3 23788 x 10° a6
23208 x 10° 23208 x 10* 00 23277 x 10 a3 23347 x 10° 06
22766 % 10° 22766 x 10° 00 2.2836 x 10° a3 2.2505 x 10° a6
22324 x 10° 22324 x 10° 00 22394 x 10° o3 224682 x 10° 06
21364 x 107 21364 x 10* 00 21478 x 10° as 2.1591 x 10° 1.1
Ol Costs
1.5 times base ase 2 times base case 3 times base cxe
base case (milion SUS/y)} value (milbon SUS/y) % change value (million SUS/y) % change value (milion SUS/y) % change
26130 x 10° 16318 % 10° -376 65053 % 107 =751 —-13119 x 10° —1502
2584 x 10° L6074 x 10° -378 52985 % 10° -756 —13252 x 107 —-1513
25418 x 10° 15645 x 10° —385 58710 x 10° 768 —-13676 x 1¢° —-153.8
2.497% x 10° 15203 x 10* -321 54290 x 10° —-783 —14118 x 1¢° -15%.5
2453 x 10° L4761 % 10° —348 49871 x 10° -7 — 14560 x 10° -15%3
24092 % 10¢ 14319 x 10° —406 45451 x 10° —81.1 —15002 x 1¢* —1623
23650 x 10° 13877 x 10* —413 4.1032 x 10 -7 —15444 x 10° -1653
23208 x 10° 13435 x 10° —a21 36612 X 107 —-542 —15886 x 10° —168.5
22766 x 10° 12993 x 10° —429 3.2192 % 10° —859 —16328 x 10" -171.7
22324 x 10° 12551 x 10° —438 27773 x 10 -576 — 16770 x 10° —175.1
21354 x 10° 11615 x 10° —-456 1.8665 x 10° -213 —-17831 x 10° —-1825

objective with respect to the environmental objective is
different Also, the results illustrate that petroleum refineries
are more economicaly attractive than the biorefineries, athough
the biorefineries can satisfy the fuel demand with a minor
environmenta impact Additionally, based on the results, it is
possible to conclude that the forest plantations can be important

sinks for the CO, emissions from the fuel production process,
whidh can be afforded by the refineries. In addition, the three-
dimensional Pareto curve is an effective way to present the
results since it illustrates the behavior of the different objectives
and the dedsion makers can define the adequate level of the
objectives according to their interest
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It should be noted that the mathematical appmach presented
in the paper is limited by the number of potential allocations of
the different facilities a5 well as the number of raw matedals,
products, and processing routes, In this context, the size of the
problem depends directly of the number of considered options;
which affect the CPU time and the possibility to obtain a
feasible sohttion. For this reason, the number of considered
optiens iz limited. This way, one of the main problems i that
an important solution could be missed. Finally, some prospects
for future work are the extension of the work to a multiperiod
model to involve the effect of the time in a more mbust way.
Additionally, the uncertanty in the demand and price of
products could be an interesting contribution for the recemt
conditions of the market.
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B NOMEMNCLATURE

Parameters

CEmis™! unitary cost for the emissions from refinedes

(Emis unitary cost for the emissions from hio-
refineries

Diland™* maximum limit for the avadable land for
afforestation

Dland™= minimum mit for the available hnd for
afforestation

g maximum @pacity of production for existing
refineries

oo maximum capacity of production for new
refineries

e minimum capacity of produdion for new
refineries

plnd fixed cost to the capital cost of new refineries

e maximum processing capacity in the existing
biorefineries

i minimum  processing capacity in new bio-
refineries

o maximum processing capacity in new bio-
refineries

Pttt fixed mst for the capital cost for new
biorefineries

e fixed st for the capitd cost for forest
plantations

g fixed cost for the capital cost function for the
oil transportation to new refineries

F;‘E‘?""d'f fixed cost for the capital cost function for
installing tmnsportation infrastucture

ﬂ:‘llm maximum limit for the oil ransportation to

new refineries

s SRS
R
Ucp-glfnn-pn!-ltl!!
Ulind,

gty e

U C:-;??nd.-_!-ru
ucm

U C;J.;ir.-:-puud“!'mw

i

U C_T_:a’;afiamux--um
ind e

UG

u Cl.mi.-b:fu:l:lcn

UC;nnﬁmai-bu.u-z w

Vet

Vi

Ulln&u.u

vepe

U:.;&;tﬂ-:!’

coal- - peosd Sl
Vg

minimum limit for the oil transportation to
new refineries

madmum fransportation limit for products
from petroleum to distribution centers
minimum transportation imit for produocts
from petroleum to distribution centers
fixed cost for the apita cost fundion for
transportation infrastructure for biomass to
new biorefineries

madmum limit for biomass transportation
from harvesting sites

minimum limit for biomass transportation
from harvesting sites

fixed cost for the apital cost fimcion for
installing transportation infrastructure  for
products to new biorehneries

maxdmum fransportation limit tor product to
new hiorefineries

minimum transportation limit for product to
new bicrefineries

operational days

annumlizaton factor

operating cost for refineries

unitary operating cost for biorefineries
unitary operating cost for forest plantations
availability of biomasz in the fields

unitary price of oil

unitary price of products

unitary cost for biomass produoction

unitary price for bioproducts

necessary area for each tree

unitary transportation cost for oil

unitary transportation cost for products
unitary cost for pumping oil to new refineries
unitary tmnsportation cost to distribution
centers

unitary transportation cost for biomass to
biorefineries

unitary transportation cost for bicproducts
to distribution centers

unitary transportation cost for biomass
unitary transportation cost for preducts to
new biorefineries

variable cost to the capital cost of new
refineries

variable cost for the cpital cost for new
biorefineries

variable cost for the capital cost for forest
plantations

variable cost for the capital cost fanction for
the ol transportation to new refineries
variable cost for the capital cost fanction for
installing transportation infrastructure
variable cost for the capital cost function for
transportation infrastructure for biomass to
new biorefineries

variable cost for the capital cost function for
installing transportation infrastructure  for
products to new biorefineries

conversion parameter for biorefineries
conversion factor to obtain the refnery
production
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yaaged®ed binary variable to define if there is transportation
of bioproducts to distribution centers
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ABSTRACT: This paper presents a mathematical program-
ming model for the optimal planning of an integrated system
for producing fuels and biofuels considering the interaction
with facilities capable of capturing emissions from biorefi-
neries and refineries and receiving a monetary benefit; these
facilities can be named eco-industries or forest plantations.
The proposed approach is formulated as a multistakeholder
scheme to consider the benefits and effects in each one of the
involved supply chain entities and to determine how the
interactions between the different stakeholders take place. The
proposed approach takes into account the profit of
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biorefineries, refineries, and forest plantations as well as the emissions and jobs generated in each one of the involved
entities, Additionally, it considers local and imported raw materials to satisfy the energy demand. Also, the approach considers
features such as the project lifetime; the availability of resources; the amount and type of products that should be produced; and
the allocation and capacity of the refineries, biorefineries, and forest plantations, The mathematical approach was applied to a

nationwide case smdy for Mexico, considering the creation of new jobs, overall emissions, and net profit as main objectives.

KEYWORDS: Supply chains, Energy systems, Multistakeholder, Optimal planning, Carbon capture

B INTRODUCTION

According to the Worldwide Economic Forum, fossil energy
consumption continues to increase but at slower pace during the
past decade because of the increasing use of renewable energy;
even so, the continuous increase of energy demand in the world
is boosted by population and economic growth. The
phenomena of increasing energy demand and population
growth are intimately related with climate change. The global
warming associated with climate change is a serious environ-
mental problem, and it is producing alarming impacts on the
environment and humans, mainly due to generation of large
amounts of greenhouse gas emissions mostly resulting from the
burning of fossil fuels. This is not an easy problem to solve;
however, many efforts have been implemented, for example the
use of renewable energy or the use of biomass to produce
biofuels. In this context, Lundgren et al.! stated that it is
necessary to limit
activities. Yu and Zhu” explained how to limit carbon emissions
in different countries and intemational competition for new
energy sources, because energy is fundamental to the prosperity
and security of nations. Several alternatives have been proposed
to address this problem. Carbon tax policy has become an
effective way to establish limits of carbon emissions in many

eenhouse gas emissions from human
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countries, because carbon emissions mean additional costs for
industries and thus have an impact on ];rl'clniii.s.1 Kober et al*
investigated the macroeconomic consequences of mitigati
greenhouse gas emissions in Latin America. Vandyck et al”
presented a model, based on the Paris Agreement, to assess the
mitigation policies limiting global waming to 2 "C above
preindustrial levels. Cumently, sustainability and economic
growth limit the agenda of international policy discussions. This
is mainly because there is a growing concern about climate
change, and at the same time countries seek economic growth.
In terms of climate change, the concem is that assuming that
human activity continues as it is, the global warming could
potentially have adverse impacts on the environment and the
global E:canumy.ﬁ

To address this problem, other authors have propesed
alternatives involving renewable energy sources. For example,
Hong et al.” mentioned that the use of biofuels is a sustainable
way to satisfy energy needs, Also, Nget al” stated that biomass is
a potential renewable energy source for producing biofuels,
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chemicals, and other value-added products using several
processing technologies. In recent years, the biogas production
capacity has been greatly enlarged in Germany. For instance,
Guenther-Libbers et al” implemented a study to provide
information about the positive effects of biogas production on
the socio-economic aspects of muml areas. Moreover, CO,
utilization is gaining attention as a greenhouse gas abatement
stra.tﬂFy complementary to CO, stﬂrage.m Also, Tapia and
Tan'" stated that carbon capture and storage is an important way
to reduce industrial emissions. Additionally, Brunori et al?
smdied an oak plantaton as part of an activity focus on
ecosystem restoration of an area where lignite has been extracted
since 1863, They calculated the carbon sequestered by the oak
plantation biomass, during the whole life zpan, and measured
through the life cycle assessment the environmental impact in
terms of global warming; they demonstrated that the tree
plantation can be an important carbon dioxide sink especially if
the selected species have a long-lasting growth level and low
impact activities in plantation management.

Ctther authors have proposed the use of mathematical
programing as an alternative tool for designing integrated
schemes for a better use of energy, designing different types of
supply chains, and proposing optimization methodologies. For
example, Grossmann ™ provided a review of mixed-integer
nonlinear and disjunctive programming techniques, which are
powertul tools to solve diverse optimization problems; this is
important because most of the supply chain planning problems
and process systems engineering problems use some of these
techniques in their solution. For instance, You and Grossmann'*
proposed a mathematical formulation for inventory manage-
ment in supply chain design; they considered the minimization
of weighted cost for transportation, installation of facilities, and
inventory costs. Also, Hugo and Pistikﬂpnu]ﬂs“ presented a
methodology based on mathematical programing including lite
cycle assessment for designing and planning supply chain
networks using multiobjective optimization. In addition,
Guillen-Gosilber and Grossmann'® addressed the design of
sustainable chemial supply chains applying uncertainty in the
lite cycle inventory linked to the supply chain operation.

Furthermore, Sanchez-Bautista et al'? proposed a mathe-
matical programming approach for the optimal design of the
topology of a supply chain for the production of fuels through
refineries and biorefineries, integrated with forest plantations
focused on decreasing the total greenhouse gas emissions, while
simultaneously maximizing the net profit of the system and
generation of jobs; the results are shown through a Pareto curve.
Howewver, in that work the three objective functions are analyzed
only globally; it is necesszary to implement a deeper analysis of
their individual effect for multiple decision-makers, because it
shows just a set of possible solutons through a three-
dimensional Pareto curve.

The development of macro-economic energy projects has a
set of inherent interest conflicts. First, the investors want to
ensure the best economic performance of the system. On the
other hand, politic entities are interested in the social and
ecological impact of new facilities, as well as the economic
performance. Finally, the local communities consider the
environmental impact and social benefits of implementing
technological pmjects"® The traditonal multiobjective ap-
proaches consider and limit the problem to explore the Pareto
front and present the different optimal solitions. The designer
needs to define, according to the particular criteria, a
compromise solution between different object ives.'” However,
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the presence of multiple participants with different obje ctives,
preferences, and criteria leads to conflicts, which can atfect the
development or operation of new projects.™ The main problem
is defining a multicriteria decision-makin g framework that allows
the negotiaion between the participants, reducing the info-gap
and creating a bargain e nvironment for dialoguing and reaching
a compromise solution.*’

Therefore, the multstakeholder framework needs to inchide,
in addition to the optimal solutions, the effects of using the
particular criteria of the participants in the decision-making
process. In thisway, each of the stakeholders can be conscious of
the consequences of using its criteria in the final configuration of
the system and the inherent effects ofthe solutions proposed by
other stakeholders, According to Zaval,™ the generation of a
Pareto curve has two important drawbacks. The first one is that
the final decision iz taken by a single decizsion-maker, while
almost any task involves multiple decision-makers. The second
one is that the complexity of developing a Pareto front is
exponential with respect to the number of cbjectives.
Furthermore, Dowling et al™® confirmed that several multi-
objective optimization approaches have difhculty quantifying
how satished the involved stakehold ers are with a given decision
and how representative the stakeholder opinions are of those of
the entire population. For that reason, Dowling etal.™ presented
a methodology to address the priorities of multiple stakeholders
and multiple objectives without the computation of the full
Pareto set. )

An interesting analysis was made by Marre et al,,”" where they
ad dressed whether the economic valuation of ecosystem services
(ESV) is useful to decision-makers; this analysis revealed the
exstence of a gap between the theory and practice of the ESV
use, In theory, ESV iz presented and perceived as a useful tool,
but in practice, ESV appears to be rarely used, and it has a weak
inthience on policy. This study is important because it shows the
usefulness of this type of analysis for decision-makers.

To include an emission reduction strtegy and a sustainable
introduction of biofuels production, this work presents an
approach for producing biofuels and fossil fuels via biore fineries
and od-refineries aiming to reduce greenhouse gas emissions
associated with the production of fuels with integration of forest
plantations to capture the generated CO, emissions. It is
important to emphaszize that this paper avoids the disadvantages
of a generator multiobjective method like a Pareto curve through
a multistakeholder approach taking into account the individual
profit tor each entity, the generated emissions, and the generated
jobs for each entity as a social objective.

Furthermore, it should be noted that several works have
studied multistakeholder problems previously (see Puentes-
Cortes et al™ and Gonzilez-Bravo et al*%). On the one hand,
Fuentes-Cortes et al.™ determined that the carbon and water
prices must be increased by X or 3 orders of magnitude to
provide an economically attractive income. Additionally,
Fuentes-Cortes et al™ applied their methodology to a system
for planning water and energyuse; however, the syste m topology
was previously defined. On the other hand, Gonzalez-Bravo et
al.* applied a multistakeholder methodelogy for designing
power and water distribution networks. The model by Gonzalez-
Bravoet al™® is capable of obtaining the location and size of the
involved entities in water networks. It should be noted that the
objectives in that methodology are considered in anoverall way
{one objective for jobs, one objective for emissions, and one
ohjective for profit ).
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Previous Approach
Figure 1. Overview of the contrbution for the addressed problem.

Multi-stakeholder
Approach

Figure 2. Proposed superstructure for anintegration problem of refineries, biorefine fies, and forest phantations considering a smltistake holder scheme.

However, multistakeholder approaches have not been applied
to supply chains directly based on biomass, because most of the
previowsly reported methodologies have wsed multiobjective
approaches considering only 13 objectives. In this respect, the
proposed approach takes into account different objectives for

each one of the considered systems in the system (biorefineries,
refineries, and forest plaintations). It is worth noting that the
supply chain configuration of one supply chain sffects directly
the involved objectives. For example, if the amount of forest
plantations increases, then the emisdons decrease and the

0Q: 10 1021 dcnuschemang &0 417
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profits for refineries and biorefineres decrease. Mareover, an
tmporiant difference with previom works s that this paper
proposes 3 mathematical programming model withow s
predefined topology because the intercommection between
nodes of all comsidered supply chains (fue] production, biofiel
production, and ecodndustries) is obtained when the
optimization problem i solved Additionally, the proposed
scheme tades into account the interaction of diverse produdtion
avstems such = biofsel production, foss] fse] producion, and
afforestation. Also, each of the considered systems is sssociated
with diferent sustatnability dimensions, such as jobs for forest
plantations, jobs for refineries, profit for biorefinedes, proft for
refineries, and OO, emission.

Figure | shows an overview of the addresed problem and
presents the focus of the proposed approach, wideh i looking for
better solutions for all the imvolved parts and not just one good
overal] solution that may not be good enowgh for some involved
p.m.idp.mu

B PROBLEM STATEMENT

The }uapmed :ppu*-n:n:h iz a mathematical pmgﬂﬂmnh:g
formudation for the optimal plamning and integration of a fiel
production systern considering forest plantations for OOy
capture under a multistakeholder scheme. It & worth noting
that a multstekebolder swheme implies muldple dection-
mizkers or uliple interested pans; it requires new perspectives
and prnciples to determine ¢om promises of all particpants, and
thie compromise must give precedence to 4 corgerses and win—
witn mesulis The problem can be defined bhased on the
supestrocture represented in Figere 2, and this is stated =
Tollows;
Cawven;
# Data ol potentia] locations for:
# Biomas suppliers
# Forest plantations
® Biomelnenss
* Hefineries
* Costs associated with imstalling and operating the

proposed sy em.
Then, the problem corsigs of detenmining the following
o The size and location of the fcilities (biom s suppliers,
oi] wells, refineries, biorefineres, and fores plantations }
o The intercormection batwean them

o The amount of conmumed mw matenal | biomass and ol §
& The jobs generated by the integrated mpply dhain

Furihermmore, the proposed model incorporates pollution-
trading concepts to reduce emdssions through 4 set of forest
plantations with diferent capacities andsizes Tt should be noted
ithat the fue demand, which can be satished via fosa] fuels or
biofuels, is received from severa dist dbution centers. Finally, the
model is solved through a mulistakeholder approach, which
volves solving the problem for the maximization of 1 set of
wiedghted objective functions assodated with different prionties
for each stakeholder,

B MODEL FORMULATION

Thmﬁmmlrmddmﬁzu:nttyntmbmmﬂmzﬁmmd
]Hlu-dm.:l:nnwﬂ'tiﬂeﬂ.ph:mnwu {known as & co-indistries) in
arder to obtain overall emi ,p!:r.l mﬁpmﬁtfu’ﬂ.dlmtf&.:
cwmidered Bclitien The mathematcl approach consists of moss
halances between the different entities of the supply chaing fechnical
and economic muhi:irﬂhjmdfu'mﬁuu toeva luatethe pﬂ'fm'umﬂed’

the system such as net annual profit, geneated jobs, and net emivsions,
which are describeed in the . electronic Supporting Informution. The
mandel frmulation was improved toinchide aweighted fonction totake
inte acceunt the different significances for each one of the involved
stakeholdem, whichis shown in &g 1 This fimctionconverts theoriginal
munhiohie clive inte a sngle-objective optimization model,
thﬂ}:e objectiv P“'“i’h“m B iﬁm m“l‘ ion known as the
cmnprymise soltion. Equation | establishes that the compromise
function is equal to the sum of 2 sgnificance weight mmbtiplied by a
normalized function for each one of the objective functions.

o P . pl_ ph-b
WO _pen T W Pl.l-b. [ED
pf_ ptd . J;u P JrL,n
+u iz FI|,| + W !u-u gt ¥ wl” TR
+ ™ i i + el r Wie l
T _I_..J'

r (1}

[t should be noted that the weights (™ o ™, ™, and
W' represent the i factom for each one of the interest
functions, which are the prnﬁtnfrcﬁ:tﬂaﬂ [P"] ]'rq'ncEt of biorefineries
{E*, prafit of forest planttions (B%), net emissions (E° ], generated
jobs by refineries 1, genemted joba by biorefinedes (), and
generated jobs by forest planutions {*), respectiveht. They represent
the level of pre ference of each stakehodder about the objective functions
according to the individual criteda (O < w < 1) In this way, this
formulation allows each sekeholder to define their priorities about the
Pﬂﬁmmnfﬂl.:spshﬂu.mpuwtﬂswiﬂit}: mp-:mn'.ip‘bi'l,fuud.
L, are the npper and lower bounds for the finctions, respectively. These
paramsters are obtained via the maximization and mmimiztion of the
indhvidual fonctions without accounting for other. In addition, these
parameters define the utopia {UP } and nadir (KP )} points

The multstakeholder scheme i based on the maximization of the
cmmprimise solution (O8] forall stakehalders (i ). This stage produces
an optimal selution for each decision-maker bt sohoptimal solutions
for all others_ Additionally, #t i pasible toobtain a general com promise
sohition. Bor this case, the compromise schition is equal to the average
of all individual optimal compromise solutions of each decidon-nmaker.
This is obtined by minimzing the absolute value of the difference
between the desired solution of zach stakehokder and the compromise
.nhrﬁu-n‘bn-b-e:hquul_misﬂlmmﬂll

rn.l:n[..'a.ﬂﬁl 05y — I:]_."!:I-E LZH,“
i (2]

it should be noted that eq 2 is a noncontinuous fimction therefore,
this function was discretized i two cases. The firet case is when the
difference between the desired compromize solution is negative, and
the second case i when that difference & pmitive. The associated

digunction s repres et d as follows:

¥l ¥z
Cs* = (1T ¥ G, Cs = (1N} €5
ABS =C5* - (1/n 2 cs,| aBS=(1/n 3 o5 - C§

Previowm d.qunchm is reformuolated via the convexr hull method-
ology: In this respect, oy one binary variable can be activated;
thersdore, the sum of binary variabes should be 2 qual to one.

M+p=1 (3)

[n addition, each continnows variabls in previous dispnction shoold
be u]nﬂsni 2% 2 function nfdilwag:.‘bﬂd variahles:

ABS = absl + abg2 (4]
S5 = C81* 4 S (s

B0 10 102 s ach s g il i
AT Bdahabid Shwm, B, A1, & 0851 00
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Table L Summary for the Compromise Solution and Dissats faction Factor for Each Case

cane u® o " T o wl L o5 Ik
1 1 3] 3] 1] (1] 3] (4] s a7y
b a 1 1] Q Qa [i] Qa 1100 A
3 [a] 3] 1 1] (4] 3] (4] 1.0 R
4 a a a 1 a a a 100 5.
& [a] 3] 3] 1] 1 3] (4] 1.6 SE
& il [i] a [i] il 1 il 100 5]
T [a] 3] 3] 1] (1] 3] 1 1.0 asa
E 1.7 [ 17 177 17 1.7 17 aTe 117
] 12 3] 3] 1] K] 3] (4] =) Qs
1 a 172 a 3] a 172 Qa iE"S 15%
11 [a] Qa [Er] 1] 0 3] 1,2 1,06 ase
12 13 i [i] 173 173 i 0 L7 sy
13 a 143 a 153 5 13 a s 1.1
14 a Qa 173 153 [i] Qa 13 [l ] .10
15 /4 174 a 0 174 154 Qa LY 104
1% 174 a 154 i 14 a 174 Tt 114
17 a 14 1.4 1] (1] 14 1.4 0E3 103
18 1/5 178 a 175 1/% 178 0 are 114
1% 145 a 145 15 15 a 1% e a1
an 0 1/5 /5 175 [i] 1/5 1/5 [4F.°) 5L

Al the dimggregated variables are established according to sach Tnt:lpmﬂ.t:']'l-"=.F‘k+Pn+Fj (12}

part of the disjunction and Hmited by the binary variables:
T TR | B [
PP— —UIH-_vl-E o Tataljabs = T]= " + " + | {13}
" (6] Proposed ach for the Solution of the Multiobjective

abad = (10052 3 €5, — CR2*
i 173

Purthermiore, tq::,ﬁa:u{ﬁmmdina.cmml:hﬂ-pvuidﬂu
because the binary variable yl is equal to | when C51* is greater than
the average compromise function, while the binary variable 32 & squal
to 1 when C52* is lower than the average compromise function.

CRI* = (1191 3 O
,E i 18)

C82 < (1/1)p2 3, G5,
. (9}

Pinally, the disaggre gated variables are imited to ensure that if the
hinary variable is acthated, then the disaggregated variables are equal to
rery and thus their contribution to the corresponading il vasiable is
equal to zem.

CHI* < C8™ .41 {10}

As can be seen, the discmtinuous function  |abschite value) is
transirmed inte 2 mived integer bnear progranmming (MILF)
optinization problem, which can be sohed through any optimzation
sohvem, such as CPLEX

Inaddition, the disatisfaction for sach stakeholder can becabubiped,
which is related tothe ditferencebetween the inal compromisesolution
and the compromize salufion for each stakeholder.

Disstisfaction- relation, = DR

Wl R
=m~:[ulher
= (1]
Finally, in oeder to analyze the sconamic, envirommental and social
hehavior, the individial ohjsctive finctions are concentra®ed in main
oy ective functions, which are the net emissions, total Imncﬁt_,a:l.d'bnd:ﬂ
generaied jobs. These grouped functions are useful to represent the
mstem in 2 general way, The total profit and total jobs are stated 25
foll ows:

Optimizaton Problem by a Multistakeholder Approach, The
solution of the multiobjective optimization ]wublﬂ'u considers
conflicting criterin. Hence, the nmbistakeholder decimion-making
approach tres to identify idead and worst solutions and the asociated
trade-olfs for the system, sseking o make 2 final decision that reaches 2
:Fm_;:_"u of consensws or compromise solution (see Puentes-Contes ef
[ Nk ¥

TL sohe fhe mubiohjective optimbation problem apphing the
mulistakeholder approach, first there are established the conside red
objective functions: profit for refinerier. biorefinedes, and forest
plantations; overall net emissions; and generated jolm for refinesies,
biorefinenies, and forest phntations. Then, it is nesded to maximize
and/ or minimize sach nh}n:hw funcion to determine the lower and
um@d:hrﬂdimn‘fnbjﬁrﬁ#eﬁmcﬁmu} these solutions define
the coordinates of e utopia and nadir points.

The salition of the utniia.:'mcini:iﬂ nhimn&&mﬂiﬂu “hest
solution” for each objective [maximuom value fn]";rm‘fd.: and Juh
whereas mininum value for overall net emissions). The utopa point
cannot be implemented, as the oljectives are condlicting, but it isused
a5 an ideal reference. The nadi solution (NS & obained through the
wort-casé vihues for the nlg'n;ﬁlt: at the ubopid point. Por nqutle,
when rmﬁruigjnimflur.iu'yfnﬁtmdjﬂuimﬁ\dd:nﬂ}-,ﬂu WOUEtCine
vahie for emissions & abtainesd. This i:'uy-]i:iﬂ};_ihm the trade-off
between objectives {sez Puentes-Cortes et al™ ). Then, there are
established weights to reflect pionties by different decision-makers to
caloulate compromise solwtions for each stakeholder. Finally, there is
abtained a global compromise sohition and dissatisbction. relation of
stakeholdemn

m CASE STUDY

The proposed mathematical approach was applied 1o 2 coe
study for Medoo; sic exsting refineres in Mexico and three
potental lecatons for imstalling additional mefinedes wene
comsidered, based on the demand for products and the existing
infrastructure to lranspor taw materlals and products.
Regarding biorefineries, the possibility of installing six
Iiomefimeres was congdered, becawss curvently there are no
hiotefinetes in this country. One ecodindustry (ie., forest

EHCR: 10 1021 ol uacFerroan g, flkall 217
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Table L Values for the Concentrated Objective Funcion for Each Case

= 1 ] 3 4
TF (=10 178 A& 103 113
E¥ {maa ™ 173 173 173 173
T] {=10% a0 a0 108 105

R 1 12 13 1y
TE{=10"" am 154 114 166
ET {wia '™ LT3 173 17 173
TJ{=10% ET an4 07 STk

5 ﬁ 7 [ 9 10
1% 183 103 114 7 LE8
1.7 173 173 173 1.73 1.73
o [T A0s EXL) it fiTiE)

1.3 & 17 1% 19 oo
187 114 1ém 187 a7 1314
1.53 173 1.73 1.73 173 173
ans A0k A aas g A

plantation) for exch Mexican state was considerad; however,
these are Hmited by land wvadlability as well & dimatic
conditions.

Concerrdng the raw matertal for biomefnedes, different
bliomass types were considered, including sugar cane, sweet
sorghum, woodchip, Aldcan palm, jatropha, and agave waste.
Mo, the cae dudy considers one blomass supplier for each
gdate of the country; nevertheless, each biomass supplier
containg different biomss avalablity according to daa from
SAGARPA ™ Furthennore, according to PEMEX | The Mexdcan
Company of Petroleum ), of wells as places to exirad peirolenm
were taken into sccount, which am denoted "Terrtor waters”,
“Tahasco®, “Veracmz", “Chiapas®, “Puehla®, “Tamaulips®, and
“San Luii Potesi™. In addition, 45 distribution centers

eofreaponiding to storsge and distdbution terminals of

PEMEX allocated around the Mexican temitory were consid-
wred,

Tt is worth noting that the proposed mothematical formulation
i general andit can be applied to other case sudies considering
the specific dita The required parameters ane listed in the
nomendature section & “Moncomputed Parametes”, while the
parameters compisted through the optimization problem (Lo
obtan boundaries for other vardables) can be obtaned from
solving the problem for the diferent invalved objectives. The
needed data for the case study are presented in the Supporting
Ikt b

B RESULTS

The aptimdsstion model is 2 multdobjective mdsed-dim eger Bisear
progrramming problem The model corstats of 8407 continuom
varables, 2161 binary vartables, and 5431 constraints. Tt was
coded in the GAMS software. This mode] was sobved wsing the
solver CPLEX with a compuster with an Intel Core i7 processor
at 290 GHz with 16 GB of RAM. The aversge CPU time for
each shation of the mathematical model was around 0,156 2.
The mulistakebolder approach consddered 20 individual
stakeholders, which are assodated with diverse weighting
fators The vsed weights represent the preferences and criteria
af the partidpants. As can be seen, the complecity of the
problem incresses o more paridpants with different criteria
and priodties are sdded o the mulderiteria dedsion-making
endronment We have presented a set of representative crileria
for the problem avoiding the indusion of stakeh oldes who can
e sirmdlar levels of preference. Obvously, the wed formudation
allows including stakeholders with the same level of priodties

about the objective functions, Table 1 summarives the value of

the weighting factors, the compromise solutions for each one,
and the disatisfaction milo for each case. Tahle 2 presents the
values of the concent rated o bjective functions. It & important to
note that the dissssfaction valoe i obtaned Tor each of te
sakeholders with respect to the compromise solution, which i

o455

the solution without considenng weights in the objective
frarac thoms.

According to Tables | and 2, the case with the highest
dimatisfaction ratio is caxe 14 The dsmtsfiction ratio for this
came 15 6. 10, where the assodated objectives to biorefineries and
refmeries (profit and jobs) are neglected It means that the
objectives relited with forest platstions have ligher weights.
Maoy, it can benoted that the total jobs is one ofthe lowest values
for the remaning solutions. Moreover, there ane severa cases
with low dissatsfaction rmidos; one of these b case 11, whose
objectives relaited to fored plantations are welghted In case 11,
the number of jobs is improved significantly to 308 million new
jobs, while the profit is reduced from $US 266 3 100 10 SUS
203 x 10" with respect to case 14.

Figure } shows diverse points, where the total profi and
generated jobs e maxdmized, whereas the emisions are

AR
6 -

L]

Gaewraind ivky

approach: best profitvalue [A), best jobs valoe (B), best otal emissions
valie I:L':Irﬁopic sebution [LIP), nadir lﬂwm[ﬁp],uﬁmrmiﬁc
sodution (5],

minimized; this bgure aso shows the poinis for the wtopian
solution, the nadir solution, and the compromise solution. Pomt
A does not consider the environmental and sodal objectives; it
represents the solution of maxmum profi, and this point could
be a feasible point However, the tagets for emissions and
nimmber of jobs are far from their best valoes [ addition, this
paint s the closest point to e compromise sohdion, bt it
moves away from the utopla solution with regpect to the number
of jobs. Point B does not condder the economde and sodal
abjectives; it represents the sohution with the lowest emisions.
Point C is given by the solution of madmum number of jobs
without considering the other objecives. The wopia palnt
denotes the beit solution, although this solution is infeasible,

B0 10 W2 e s R eneg M1 347
AT Ly dahalk Clem, g, 000, 6 9951 9960
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and #t is dready represented by the maximum total profi, the
madmem number of jobs, and the mintmum  emissons;
therefore, this solution & not possible to dmplement.

Table 3 shows mumerical results of points detalled in Figore 3,
It is important to note that the wopia padint and campromise

Table 3. Results for Compromise Solution, Uopic Point, and
Solutions A, B, and C and Comparikon between Points A, B,
and C with Utopic and Compromise Solutions

ml!:ann.u net mu-?

pake M {romme = 107) vl jals
A 18 130 174320 AR gan

I raan 164,00 A 088 200
C 17 &30 15510 057 @00
F g A Aas 164.04 EL L
M 171597 19308 oy

L IH Ll 171a1 gm0

% [ IF AP a0 551 ST

& DVF BUP 1747 i i

% DIF CUTp 41 5% 1278 a

Wl ALS ~57% ikt ~17.58
ROIF RO 1742 — 5 —10 25530
wDIF C-C5 Alsk T —~10 28742

solution are compared with sohtions A, B, and C. For insance,
companiig podit A with tle ubopia podit, it can be noted tha the
totel profit in point A is 7.3% lower than the total profit in the
utopia polnt, and the net emdssions are 5.519% lower than the net
emissions in UP; the total jobs are 98. 77% lower than the jobs of
thie TP It can be seen that comparing point Bwith respect to the
wbopia point for the emisdons, there is notany difference. These
are the same in both cates, because in point B emissions are
odrimdeed and in the uopda peint emssions are abo minmmieed.

Marepver, there is not difierence between point C and UP
conceming tie total jobs.

To compare poimts A, B, and C with respect to the
compromdse soluthon, it is necessary to darify that the negative
sign [ —) indicates the direction with respect to C5; for example,
the tota] profft in point A i 5.7 8% larger than dn C5, this means
that the profit in CS & below prafit i A

Flgute 4 diowa the results for diferent impontant polets such
a8 the compromive soltion for each weighted cave, utopic amd
nadit solutions (lower and upper bounds), and global
compromise solution I s importan to emphasize that most
of the polnis ame Far, ot least in one objective, from the utopi

ol
£ This way, UP is the wlopic point; this 45 an dnfessible point
because this point represents the best posible values for all
objectives, which is not possible in a read system became the
considered oljectives are in opposition. Hence, lirge differences
betwesn UP and other points such A, B, C, or CS are expedted.

Potnt B is obtatned by mintmbdng net emissbons thenefore,
padnt Borepresents the point witl the lowest emdssions level; for
that resson, the number of lfomest plintations is madmized In
this regard, the number of jobs s incresged because forest
plantations have the biggest wmitary factor for jobs by
comparison with Worefinedes and refinedes. In addition. point
C represents tle maximum mumber of jobs, which comesponds
o the poind with e mod mumber of korest plantations.,

Finally, it i important to remember that point C8 8 not the
poiit where joba, net profit, and emdsions are optimized Point
C8 is the poirnt where most of the optimal sltions for each
slakebolder are obtadned Esch one of the stakeholdes has
different priarities. For example, for some of theny, jobs am not
important (see Table ). Forthesmore, Flgane 3 indicates that
many solitions of the weighted cises are close 1o the gobal
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Figure 4. Salufions for the multistakeholder approach considering different cases.
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Figure 6. Dssatishotion proporton for each stakehokler case.
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compromise solution, which can give an ovwerdew ol the
tridividisl optimal solutdon beladors.

In addition, Figure 4 shows that 11 optimal solutionsare close
tothe CS point, whileonly 1 solution is dess to C pobnt, and tse
rematning solutions have levels of jobs simdlar to that of point C
Inst different vahses for profit aad emdssions.

Finere & shows the trade-offs and behavioms of the alyjective
fungtions i the compromise solution set First, it should be
mndemtood that 100 mears that the huction i cose to it ideal
valse, while 0 means that its vahse is Br from this amount; it does
pot mean that the functon valee i3 100 or zerm. Hence, it i
obmerved that the solution tries to compensateall objectives; for
tnatanee, # tries to achieve the matmum prafit of refinerdies
because the mvense of these is higher than biorefinedes and
forest plantations. Alse, i bomfinedes are sconomdally
nomvishle processes, the solution tris to reduce blorelfinery

lomes, becanse they represent a process that is emvisorment ally

friendly becnise it contributes to decressing emissions. Alko, it
can be seen from Figure 5 that the objective fanctons for forest
plintations are completely distant from thetr ideal value; i is
because thetr implementation promotes the reducton of the
refineries’ profit becawse of the dharge for emitted carbon

In addition, it can be observed that the compromise solution
meets at least the economde objective (Le., profdt of refinerdes)
and the environmental snd wodal objecdtives (e, genersted jobs
in blorefmedes ).

In Figure & it 44 important to note that the dissatigfaction is
related to weights of importance given for each case. For
example, case 14 shows the highest dissatisBction proportion.
Thisis becauseinthat case, the abjectives of forest plamtations
proft and jobs in eco-industries and total embsions are
wieighted; comequently, the objectives related to eco-industries
are not realby satished (Fiure 5 L In addition, 11 is worth noting
that the most important contabution from veng this method-

040 10 102 mcw wahe e 001 9T
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ology consists of reaching a trade-off for all the padicipants so
they are pleased and providing a disassion framework for

negotisting an optimal solution whidy can satisfy the oriteria of

st of the decision-makems.

O the one band, it is impotant 1o mote that the present
approachisable to generate o ptimal solutions for esch one of the
dakeholders (see Flgum 4). Thes optimel solitions ame
obtzned for moliple stakebolders msodated with their own
priofty gcenario (see Table 1]; each senario denotes one
stakeholder with different prorities. Subsequently, the reported
solution (C5%) b the closest sohition to the averge for optimal
solutions fbor each sskebolder. Tt showld be noted thal some
atakeholders might be unmtsfied or dissgree with the reported
solution | however, the proposed metho dology tries to decrease
their dissatisfaction

O the other band, the mpoited methodology his considered
that esnch stakeholder has the sune weight for the decidon-
meaking process (to do not gve preference). Nevertheless, #t &
flerdble, and the priariies can be changed (ditfferent welght
factors in eg 1) depending on the spedfic cae study or i the
reported solution does mol satisfy most of the stakehalders

B CONCLUSIKONS

This work has presemted a mode] formulation for the planmiisg
and integration of the fuel produsction system integrated with
forest pladations applytag a soluffon approsch based on a
mudistakebolder scheme. The model incomorates the specihc
economic objectves for the stakeholders invalved o well o the
created jobs and overll emdsions s individual objectves. A
multistakeholder optimization appreach s presented to
compersate the comsidered objectives and to oblan feasible
solutions dose to the individual best solutions. The proposed
approach abio alows (denitfying the disatisfaction for the
involved stakebolders in different feasible solutors. Further-
more, the proposed approadh can be easlyimplemented to solve
Large aptimiration problems with muliple objecives.

The propesed approach bas been applied to 4 case study from
Mexico. The results showed that a dhange in the prionties of a
gakeholder can produce wisatdacony solutiors for other
decision-m ke, Funthemorme, this approsch allows proposng a
solution with the lowest dissatsfaction ratio taking into scooent
diverse goak.

Fnmally, a possilile extensdon for this paper 8 b0 aceowst For the
involved wncertainty in the demands and pdces of bWofuels,
becaime variations on these prces can affect sedoudy the
topology of the supply dhan. Another extension can be the
incomporaion of methodalogies based on geogrphic bnfonma-
tion systems dn order to ke imo account tnformation aboat
Iocations 1o be afforested a5 well & locations with kigh emaon
levela In addition, an tnteresting solution dtemative to consider
different priorities between muliiple dakebolders & game
theory, which can be applied and compared in fiture works
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The Supporting Information & avallable free of charge on the
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B NOMENCLATURE

Noncomputed Parameters

W Weight Factor for the objective of jobs in eco-indus des
™ Weight factor fioc the chjective of peofit of refinedes

W™ Weight factor for the objective of profit of blorefineries
Weight factor for the objective of pralit of eco-industres
T Welght factor for the objective of total emissions

wl® Weight Bactor for the objective of jobs of relinedes

W Welght Factor for the objective of jobs of biorefineries

Computed Pammeters

PR Dbtained lower bound of refinery profit

PR Obtained epper bound of mfinery profit

PP Obtained lower bound of biorefinery profit

'Y Obtained wpper bound of biorefinery profit

PT Oblined lower bowsd of eco-induwtry profit

PUY O btained wpper bound of acodndustry prolit

EXT Obtated bower bound of net smissions

EYT Obtained upper bound of net embsions

Obtained lower bound of generated fobs in refineries

Obtained upper bound of generated jobs in relineries

" Dbtained lower bound of generated jobs in Morelinedes

" Obtained upper bound of genersted jobs in Morefineries

j‘m Obtaned lower bound of genensted jols i forest
plant aticns

7 Obtaned upper bound of generated jobs in forest
plasst atizms

Variables

C5  Compromise solution given for each case of stakebolders

C5* Generl compromise solution

P*  Relinery proit

Biorelmery profit

P'  Eeodndustry profit

E' Totd embsions

™ Refinery jobs

I®  Biorefinery jobs

" Eeodndustry jobs

DR DMHasmtsdacion reation

T] Tota generated jols

TP Tota prafit

Indexes
i Index 1med to denote cases of stakebolders with different
poorities

-k

D0 T T acmusch e g RO T
A Lrwernatde Chern, S, M1, 6 9451

Doctorado en Ciencias en Ingenieria Quimica

66



APENDICE

ACS Sustalnable Chemistry & Engineering

Resemrch Aricle

Lets
1 Set contaimdng all dements of index i

B REFEREMCES

(1} Lumdgren, T Markhind, P. O Sarakovis, E.; Zhou, W. Carbon
rices and incentives forte chnolagical deve lopment. | Emsiron, Manage
25, 150, 393 —4805.

(2) ¥u, H. Y Zhu, 8. L. Toward Paris; China and climate change

ations. Ady, Clim f_'.luﬂg Res 2015, 6 (1), 56—66.

(3) Liw, 2. Jy Sum, D0 Py Ling € X3 Zhao, X 0 Yang, Y. Moki
nl:g'-u:l:i'l.'r mmm‘:ﬂu ape rating oonditions in 2 cuiting process
based on bow carbon emision costs | Cleaner Prod 2016, 124, 266—
75,

(4] Enber, T Summerton, Py Poling, H.; Chewpreecha, U Ren, X
Wills, W Octaviane, Cg McParand, 1) Beach, R Cai, ¥ Calderon, 5y
Pisher-Vanden, K Loboguemen-Rodrguer, A M. Macosconemic
:i:r|:|]'u.l;b| of dimate du.nst m:i'l:'ga.tim:in Latin Amenca: A crossmode]

ian. Energy Econ, 2006, 56, 625—6346.

[5) Vandwek, T Kemmidas, K Saveyn, B Kious, A Viontis, 7. A
ghobal stocktake of the Pars pledges: Implications for energy systems
and economy. Global Emiran. Chang. 2006, 41, 46—63.

() Badan, By Fire By Gopinath, M Global resilience to dimate
change: Examining giobal sconomic and environmiental perfsrmance
I'ﬂ.ljﬁ:l'l.s from a ﬂnln.'l carbon dovide markst Reowr, Enzagy Foon
OLG, 45, B6—64.

(7] Hong, B. H.; How, B 53 Lam, H. L. Overvisw of sustainabls
hiomass supply chuin: from concept to modelling. Clean Tachnal
Enviran. Palicy 2016, 18 (7], 2173—2194.

(8] Mg, BT Mg [ K Tan, B B Optimal planning design and
g}nﬂu:::'l d:}u‘:ﬁidﬁ: hﬂﬂs}' pa.ﬂ::l. I Cleaner Prod, A5 87, 29—
A

[Q‘] Guenther Libbers, "r'ln"._; Rergmuann, H Thervsen, [, Potential
anahysis of the biegas production-as measure d by efiects ofadded valoe
mdﬂn?llﬂmﬂl‘l‘_ I Cleaner Prod 20016, 129 556564,

(1) Schakel, W Oreggiond, G Singh, B.; Strémman, A; Ramdrez, &
Ameming the techno. environm ental of 00 ntilimtionvia
dry reforming of methane forthe production of dimethy ether [, CO),
LiiL 2016, I6, 138— 149,

(11} Tapda, |- B. Dy Tan, B B Pumy optimization of rmﬂﬁ-])erhd
carbon capture and somge sptenrs with mametric wmoertainties.
Process Saf Environ, Prof. M14, 82 (6], 545—554.

(12} Brunor, A M. B Sdringala, P D, Py larioni, L Nasind, L
R.qg;lﬁ,L..; Proietti, Py Praiett, 5. Vitone, A Pelleri, P Carbion halasice
and Like Cpcde Assesenent in an ek plantation for mined area
rechimation. [, Cleaner Prod. 2017, 144, 69—75.

(13} Grossmann, L E. Review of nonlinear mimed-integer and
disjunc tive programming echniques. Chgim Eng. M2, 3, 27252,

[14] You, B; Grossmann, L E.hl:i:nd.-int-r.—grrnmlhw Progrmming
murdels and algorithms for large-scale supply chain design with
stochastic inventory manigement. fnd. Ens Cheon. Resr. 2NR, 47,
THOR-TRI1T.

[15) Hugo, A P'i':d:ih'rg:-uwhﬁ_, E M. Emvironmentally conscious :Iucn.g
range planning and design of supply chain netwarks [ Claner Prod
2005, 13 (15), 14711431

(18} Guillén-Gosalber, (v Grossmann, L E Optimal design and
panning of sustainable chemical supply chains under nncerminty.
AIChE J. 2P, 55 (1], 99—-111L

(17} Sancher- Batista, A P Santibanez-Aguilar, |. Bj You, B Ponce
Ortega, J. M Optimal design of energy synems invehang pollution

'ﬁu'mg]i forest ]:l-].m.uﬁuu. ACS Sustainable Chan Eng. 2017, 5
(3}, 258520,

(18) Vaissiere, A. C.; Levrel, FL; Pioch, 5 Wetland mitigation banking:
Kegotiations with stakeholders in a2 zone of scological-economic
vizhility. Land Uke Pﬂlh'.}' 2017, &7, 512—518.

(19 Kou, (i3 Peng, Y.y Wang, (5. Bvalation of custering algodithms
for financial risk anahysis using MC DM methods. inf S0 2004 275, 1—
i

G450

I:lﬂ-:l e Brucker, K.y Machars, | Verheke, A MuMicriteria a.ruﬂ}'m
and the resolution of sustainable deve lopment di eromas: A stakeholder
m mta.ppu'wch.hmg:mnf.fﬁ:ﬂ_ﬂnml}_]ﬂ[l],ﬂl—],]]_

(21) Ghodsi, 5. H; Kemchian, R Estalaiki, 5. M Nikoo, M Ry
Zahmatkesh, 2 Developing a stochastic conflict resclution model for
urban mmoff quality management: application of mfo-gap and
hargining theories_ j. Hydrol 20146 533, 200212

(22] Zawvala, V. M Managing conflicts among decimionmakens in
mubichjaciive design and operations. Swfainability in the Design,
Synﬁu]; md'ﬁna]‘p.d.:qll'-ﬂ.l!mi:d Erginsering Processes 2016, 169—1R0.

[23) Daowding. A W3 Fnie-Mercado, (5 Zavala, V. M. A famework
for multi-stakeholder dn:ium-m.ﬂ;ingmdcpuﬁ]icl resol idigin Eﬂu@ﬂ,
Chem. Eng, 2016, 20, 136—150.

[24) Marre, [. By Thebaud O Pascoe, &; Jennings, 5 Boncoewr, [
Coglan, L Is econmmic vahation of ecosystem services useful to
decimion-makers? Lessons leamed from Australion coast] and marine
management. [ Emiron, Manage. 2016, 178, 52—42.

(25) Puentes-Cortés, L F; Ma ¥, Ponce-Orega | M, Ruk-
Mercada, G Favala, V. M. Valwation of water and emmsions in expeTgy
systems, Appl. Bnergy 2018, 216, 518—528

(28] Gonzalez-Arave, By FrentesCortes, L. Py F‘m-;!ﬂrbeg:lrj M.
Defining priorties m the design of power and watker diswribution
Mh’urh.ﬂrtﬂ!}' AT, 13T, 12 e—1{M)

{27) Fuentes-Cortés, L. Fy Ponce-Oreega, 1 My Zawala, V. M.
Ea.'limr_in.g stakeholder P ties in the np:n.tim‘Lnfnmﬂ?:hud. heat and
power syntems. Appl. Them. Eng. 2018, 125, 480488,

(28) SAGARPA. Estadistics de la Produccion Agricols, 2017, hetp://
wwwazgarpa gobomy) guienesomos/ dat osabiertos /siap Paginas /
estadntica aspy {Accessed January 100 2008 ).

DG T 10T acmusch e en g BRO T AT
ACS Bwanabide Cheri, Bag, K018, 8, 9451 e

Doctorado en Ciencias en Ingenieria Quimica

67



