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m ABSTRACT

ontextualization: This paper has a

framework for prospective assess-
ment of sustainability in bioethanol in a
dynamical way, this is important as a tool
for policymakers in Colombia.

Knowledge gap: No dynamic models
have been developed with the formula-
tion of viable or desired scenarios. The
evaluation of environmental aspects and
sustainability is always carried out with
past information and historical data, it is
rarely carried out with prospective mod-
els and no restrictions or unwanted sce-
narios are linked. A general bioethanol
supply chain must be modeled, connect-
ing variables that represent sustainability
indicators. The modeled indicators were
proposed by the Global Bioenergy Part-
nership (GBEP).

Purpose: A model is built to evalu-
ate sustainability indicators and know if
the trend behavior of the system evolves
through the desired regions that would
correspond to the sustainability objec-
tives and goals of the sector.

Methodology: A model is developed
with System Dynamics and to integrate

the modeling with the evaluation of sus-
tainability, the concept of constraints, de-
veloped in the Viability Theory, is used;
Here, the desired regions of the system
state are suggested and defined as de-
sired, alert, and undesired scenarios.

Results and conclusions: The model
have been tested with the information of
a bioethanol production chain from sug-
arcane in Colombia with an installed ca-
pacity of 450 million liters per year, using
two sustainability indicators that were
designed and simulated using the con-
straint regions. These indicators are wa-
ter consumption and jobs in bioethanol
production. The results show important
findings for modeling, monitoring, and
assessing sustainability in the biofuels
sector, using indicators and providing a
method of implementing the best practic-
es for sustainability using defined desired
regions of the systems.

Keywords:  Sustainability, = Model-
ing, System Dynamics, Viability Theory,
Bioethanol.
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ontextualizacién: en este articulo se

desarroll6 un marco referencial para
la evaluacion dindmica y prospectiva de
la sostenibilidad del bioetanol de cafia,
como herramienta para los tomadores de
decisiones en Colombia.

Vacio de conocimiento: no se han de-
sarrollado modelos dindmicos con la
formulacién de escenarios viables o de-
seados. La evaluacién de aspectos ambi-
entales y sostenibilidad siempre se realiza
con informacién pasada y datos histéri-
cos, pocas veces se hace con modelos pro-
spectivos y no se vinculan restricciones
o escenarios no deseados. Asi, se debe
modelar una cadena de suministro gen-
eral de bioetanol, conectando variables
que representen indicadores de sostenibi-
lidad. Los indicadores modelados fueron

propuestos por Global Bioenergy Partner-
ship (GBEP).

Propdsito: se construye un modelo para
la evaluacién de indicadores de sostenib-
ilidad y saber si el comportamiento del
sistema evoluciona por las regiones de-
seadas, que corresponderian a los objeti-
vos del sector y metas de sostenibilidad.

Metodologia: se desarrolla un modelo
con dindmica de sistemas y, para la in-
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RESUMEN w

tegracion de la modelacién con la evalu-
acion de la sostenibilidad, se utiliza el
concepto de restricciones desarrollado en
la teoria de la viabilidad; aqui las regiones
deseadas del estado del sistema se sugie-
ren y se definen como escenarios desea-
dos, de alerta y no deseados.

Resultados y conclusiones: este mod-
elo ha sido probado con la informacién
de una cadena productiva de bioetanol a
partir de cafia de aztcar en Colombia con
una capacidad instalada de 450 millones
de litros al afio, utilizando dos indicadores
de sostenibilidad que fueron disefiados
y simulados, junto con la evaluacién de
estrategias de mejora. Estos indicadores
son el consumo de agua y el empleo en
la produccién de bioetanol. Los resul-
tados muestran hallazgos importantes
para modelar, monitorear y evaluar la
sostenibilidad en el sector de los biocom-
bustibles, utilizando indicadores y brin-
dando un método para implementar las
mejores prdcticas para la sostenibilidad
utilizando regiones deseadas definidas de
los sistemas.

Palabras claves: bioetanol, dindmica de
sistemas, modelamiento, sostenibilidad,
teoria de viabilidad

Area Ambiental m ...................
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m GRAPHICAL ABSTRACT

Source: Authors.

K8 nrropuccion

he application of sustainability mea-

surement is currently an important
topic in scientific community research and
government programs in several coun-
tries in the world (Nabavi et al., 2017). The
biofuels sector (Bioethanol, biodiesel, and
Biogas) is one sector where sustainability
is implemented and evaluated. Bioetha-
nol is a biofuel produced from a biochem-
ical process named fermentation of sug-
ars, that sugars are obtained from crops or
biomass of cropses. It is a promising ener-
gy source because it has advantages over
gasoline in terms of energy efficiency and
emissions reduction. (Nigam and Singh,

Graphical abstract: Behavior of sus-
tainability indicators in several re-
gions in a prospective evaluation. The
figure shows 3 scenarios: desired scenario
in green, alert scenario in yellow, and un-
desired scenario in red. The figure shows
the evolution of an indicator of sustain-
ability from an initial condition in the
alert scenario. Note that from some eval-
uation time until a final time , the indi-
cator state is in the region of the desired
scenario (hatched area)

2011; Zabed et al., 2017) Bioethanol pro-
duction policies are currently focused on
creating projects and sustainability stan-
dards, which is encouraging many coun-
tries to explore the use of biofuels in their
energy systems. Biofuels have the poten-
tial to partially replace fossil fuels, reduce
greenhouse gas emissions, increase the
diversity of the energy mix, create jobs,
and promote rural development. Howev-
er, there are concerns about the potential
environmental and economic impacts of
biofuel production (Valencia and Cardo-
na, 2014).
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Bioethanol is the most technological-
ly mature biofuel derived from microor-
ganisms and a good candidate to replace
fossil fuels (Zerva et al., 2014). Bioetha-
nol is recognized as a promising energy
source compared to gasoline because it
has advantages in terms of energy effi-
ciency and reduction of emissions. Ac-
cording to Nigam and Singh (2011), one
liter of ethanol can contribute 66% of the
energy provided by one liter of gasoline,
but bioethanol has a higher-octane rat-
ing than gasoline. This improves the gas
mileage when they are mixed in fuel for
transportation. By blending bioethanol
with gasoline, we can also oxygenate the
fuel mixture so that it burns more com-
pletely and reduces polluting emissions
(Zabed et al., 2017). That is why it is used
as an additive in gasoline.

Biofuel production policies are current-
ly focused on creating a production with
sustainability standards. This is urging
several nations to explore, implement,
or consider the opportunity to introduce
the production of biofuels from different
feedstocks in their national energy sys-
tems (Pacini et al., 2013). “All of this is
also encouraged because biofuels have
been considered as an option for partially
replacing fossil fuels” (Mata et al., 2013)
and for reducing emissions of greenhouse
gases, increasing the diversity of the ener-
gy mix, creating jobs, and promoting ru-
ral development (Scarlat and Dallemand,
2011). “However, concerns remain about
the potential direct and indirect impacts
for sustainable development, especial-
ly the contribution to greenhouse gases,
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food safety, environmental effects, and
economic development, which are still
discussed in different contexts” (Valencia
and Cardona, 2014).

Thus, the search for sustainable devel-
opment as an adaptive process of learning
by doing may be more comprehensible
from the formulation and application of
sustainability indicators (Dale et al. (2013);
Pupphachai and Zuidema (2017); Evans
et al. (2009)). Ahi and Searcy (2015) and
Banos-Gonzalez (2016) suggest that more
research is needed to identify specific in-
dicators that can be used to measure sus-
tainability. In response to this need, sets of
indicators have been developed to assess
sustainability in biofuels production. One
such set of indicators was proposed by
the Global Bioenergy Partnership (GBEP)
in 2011. This set consists of 24 indicators
that can be used to assess and monitor
bioenergy sustainability at the national
level. “This was the first global consen-
sus of governments to assess sustainabil-
ity in the use of bioenergy through indi-
cators. These indicators are based on the
three pillars of sustainability: economic
sustainability, social sustainability, and
environmental sustainability”. The GBEP
indicators focus on the national and/or
regional market level and consider biofuel
throughout its lifecycle (Hayashi, lerland,
and Zhu, 2014). The use of these indica-
tors provides a tool for generating and
analyzing information. They are useful
for sharing and comparing and for facili-
tating decision-making by different stake-
holders in building sustainability policies
in different contexts (Diaz-Chavez, 2011).
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However, the assessment and monitoring
of these indicators are done based on his-
torical data and present and past behav-
iors. This is useful for learning the current
states of the system but does not enable
the visualization of the evolution of the
system or its future behavior. Thus, this
paper proposes an approach that strength-
ens current methods by including System
Dynamics to better describe future states
of a system through simulations and de-
fining desired regions of sustainability.

In this line, a tool, a way or a method for
modeling systems that allow the study of
chance and necessity is required, as well
as a method that shows emergent behav-
iors demonstrating the existence of adap-
tation. These concepts are developed in
Viability Theory.

In Viability Theory, chance is a choice
(ordinary differential equation) between
the possibilities given by an evolutionary
engine (differential inclusion) and neces-
sity is a condition on the system states. In
this way, each evolutionary path of the
system (opportunity) represents an adap-
tation made by the system because of the
environmental constraints (necessity). A
change of a system is the same as the con-
cept of chance in Viability Theory. Thus,
aim objective of this study is to make an
original contribution to the biofuels sector,

developing a tool that involves the ideas
of chance, necessity, and adaptation, de-
veloped in the context of System Dynam-
ics methodology and Viability Theory to
prospectively evaluate the sustainability
indicators established by the GBEP.

The proposal of this work for sustain-
ability assessment in biofuel sector is
presented with a specific example of
bioethanol production from sugarcane in
Colombia, where constraint conditions
were defined for the state variables, giv-
ing, as result, delimited prospective re-
gions (desired, undesired, and alert) that
must be included for sustainability as-
sessment in all contexts.

The paper is organized as follows:
Section 1 presents the introduction with
background information of the bioetha-
nol sector in Colombia. Section 2 presents
the methodology for the assessment of
sustainability. Section 3 presents the re-
sults with a case study supply chain of
bioethanol production from sugarcane in
Colombia and the whole process of mod-
eling, linking the GBEP indicators. After
that, presents the results, discussion, and
some suggestions for future work, and
Section 4 presents the conclusions and di-
rections for the modeling and assessment
of sustainability indicators for biofuels.
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MATERIALS AND METHODSE

Supply chains are dynamic and com-
plex, and modeling is an important
tool for their analysis and design. System
Dynamics is a modeling and simulation
methodology used for dynamic prob-
lems. “It provides a set of conceptual and
quantitative methods that can be used
to represent, explore, and simulate the
complex feedback and non-linear interac-
tions among system elements” (Forrester
(1961); Sterman (2000)). In System Dy-
namics, the main parts of a system are de-
fined and represented as the causal inter-
actions among attributes that describe it.
A systemic representation is built, named
a causal loop diagram. Consequently, a
mathematical model and stock and flow
diagram are then used for simulation pur-
poses, followed by a testing phase (Ibarra
and Redondo (2015); After the tests, it is
possible to evaluate several prospective
scenarios, making a variation of parame-
ters, this can represent strategies or poli-
cies that can improve the behavior of the
system based on the desired objectives.
Ahmad et al. (2016).

System Dynamics is particularly useful
for analyzing supply chains for biofuels
such as sugarcane bioethanol due to their
dynamic nature and complexity of pro-
duction processes. It attempts to simulate
the behavior of systems over time. This
methodology can help in the analysis and
problem solving of supply chain manage-

ment (Tako and Robinson, 2012). Several
studies have used System Dynamics to
assess sustainability in different sectors,
including the biofuels sector (Nabavi et
al. (2017); Zhang et al. (2017); Dace et al.
(2015)). Specifically in the biodiesel and
bioethanol sector, it has also been used to
obtain prospective scenarios for environ-
mental and social impacts (Musango et al.
(2012), Robalino-Lépez et al. (2014), Dem-
czuk and Padula (2017)).

After obtaining the model, it is neces-
sary to determine whether the system
evolves through desired states that cor-
respond with the sustainability objectives
of the sector. To achieve this, some basics
of Viability Theory such as Chance, Ne-
cessity, and Adaptation have been linked.

The concept of Chance is included in
this evaluation of sustainability indica-
tors in the biofuel sector because pro-
duction systems are constantly changing
over time due to market dynamics and
the energy transition policies. Therefore,
changes in the production chain cannot
be ignored when evaluating sustainabil-
ity indicators.

The Necessity concept is included be-
cause any changes in the system may not
necessarily meet the desired goals from
different business model and sustainabil-
ity trend. It is important that the state of
the system meets certain restrictions to
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ensure that business continuity and sus-
tainability goals are achieved (Aubin,
1992).

The Adaptation concept is important in
this context because the systemic consti-
tution of any productive sector, including
biofuels, occurs as an adaptive response
of the sector to remain in the market.
Adaptation is the direct response of the
systems to the concepts of Chance and

Necessity (Aubin et al., 2011). Therefore,
there is a need for a method of represent-
ing systems that would allow the study
of Chance and Necessity and that would
also show emergent behaviors demon-
strating the existence of Adaptation.

The systematic organization of the meth-
odological framework developed to evalu-
ate sustainability indicators in the biofuel
sector is described below in Figure 1.

Figure 1. Framework for the assessment of sustainability in biofuels.
This propose was developed using system dynamics and viability theory

Source: Authors made from Sterman (2000); Walters et al. (2016); Ziemele et al. (2017);
Ibarra-Vega (2017).

Modeling with
System Dynamics

One of the methods commonly used for
the representation of production systems
is System Dynamics methodology (Ara-

cil and Gordillo, (1997); Sterman, (2000)).
This systemic representation methodolo-
gy is based on the establishment of caus-
al relationships between attributes of the
represented system, which will be con-
sidered as state variables, rates of change,
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auxiliary variables, and parameters, re-
sulting in a deterministic mathematical
model of the system.

The first step is to model the system
under study. Thus, we start by building
a model of the biofuel supply chain to be
evaluated. Specifically, as is widely known,
System Dynamics consists of three main
phases: conceptualization, formulation of
the model, and model evaluation (Aracil
and Gordillo (1997); Sterman, (2000)).

System Dynamics methodology is a
commonly used method for representing
production systems (Aracil and Gordillo,
1997; Sterman, 2000). This methodology is
based on the establishment of causal rela-
tionships between attributes of the repre-
sented system, which will be considered
as state variables, rates of change, auxilia-
ry variables, and parameters, resulting in
a deterministic mathematical model of the
system. The first step in using this method-
ology is to model the system under study.
Specifically, System Dynamics consists of
three main phases: conceptualization, for-
mulation of the model, and model evalu-
ation (Aracil and Gordillo, 1997). In this
case, we start by building a model of the
biofuel supply chain to be evaluated.

The aim of the conceptualization phase
is to understand and become immersed
in the problem being studied. Here, we
need to do what is usual in the scientif-
ic method, such as a review of the state
of art. This allows a clearer view of what
is to be modeled so that we can identify
some parts of the system of interest and
their interrelationships, which leads us to
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build a dynamic hypothesis and a causal
diagram with feedback structures.

Once the causal diagram is built, based
on the attributes of interest identified in
the system, we find the formulation phase,
in which we can carry out a redrafting of
this diagram in the formal language used
in System Dynamics, which is the stock
and flow diagram. With this diagram, the
mathematical model representing the sys-
tem is built. These equations can be intro-
duced into simulation software, which in
the case of this paper was Vensim Ple.

After programing the mathematical
model in the simulation software, we pro-
ceed to make model runs, which, through
graphic behavior of the variables, make
it possible to see whether there is a con-
sistent relationship between the dynam-
ic hypothesis and the formulated model.
This is done in order to know whether
the model is potentially useful. Continu-
ing with the evaluation, it is important to
determine the sensitivity of the model in
relation to its parameters.

Prospective evaluation
and viability

The second step is to determine wheth-
er the system evolves through desired re-
gions that correspond to the objectives of
the sector and sustainability goals.

In this sense, the ideas of chance, neces-
sity, and adaptation developed in the con-
text of the methodology of System Dy-
namics and Viability Theory are involved.
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From the systemic and mathematical
representation achieved with System Dy-
namics methodology, we can perform dif-
ferent types of analysis of the orbits of the
system. For example, a study of the in-
variant sets of the system and the changes
that may occur in these sets when the pa-
rameters are varied could be performed,
through applying the Theory of Nonlin-
ear Dynamical Systems. But, the purpose
of this paper is to determine how the or-
bits evolve in near time periods, that is,
to study the transient behavior and to de-
termine whether, when they evolve, they
do so in the desired regions. To find out
whether the system evolves through de-
sired regions that correspond to the ob-
jectives of the sector and sustainability
goals, Viability Theory (Aubin et al., 2011)
has been used.

Viability Theory is used to design and
develop mathematical and algorithmic
methods to investigate the adaptation
of the states of complex systems to their
viable evolution sets (Aubin, 1992). The
purpose of Viability Theory is to attempt
to directly answer the question of dynam-
ic adaptation of uncertain evolutionary
systems to environments defined by con-
straints (Aubin et al., 2011).

Viability theory makes it possible to de-
termine whether these thresholds (i.e., vi-
ability constraints) can be satisfied, and, if
so, for what states of the system (Dome-
nech et al., 2014). These constraints can be
named sustainability regions.

Thus, the methodology performed seeks
to establish whether future states of the

productive system, that is, its indicators,
are desired states. We call this: the prospec-
tive evaluation of sustainability indicators.

The development of the methodology
proposed for carrying out the prospective
evaluation of sustainability indicators be-
gins with the presentation of the follow-
ing elements:

*» Initial system state or baseline . The
initial state is the state that describes
the first condition of the system. If is
the vector representing the system
state for any time then the initial state
is represented as , where is the space
of all possible states that could be ad-
opted by the system.

< Assessment time . This is the time when
the evaluation of the system indicators
will be done; thus, it is expected that if
if defines the time of the initial state of
the system, the evaluation time will be
greater than the time of the initial state
, that is to say, .

<* Trending scenarios . Trending scenarios
are partitions of the state of spaces of
the form that satisfy two conditions: 1)
the intersection of the scenarios must
be empty () and 2) the union of the sce-
narios must be the space of possible
states for the application ().

For the assessment of sustainability in
the biofuels sector, we have defined the
following three scenarios:

1. Desired scenario
2. Alert scenario
3. Undesired scenario



SYSTEM DYNAMICS AND VIABILITY THEORY FOR SUSTAINABILITY ASSESSMENT, APPLICATION FOR...
Ibarra-Vega, D. y Redondo, J.M.

Thereore, the system has the desired value after it in a well-defined time inter-
values for the time of evaluation when val, the system is in the region of the de-
for the time of evaluation and any future  sired scenario ( ), (Figure 2).

Figure 2. Prospective evaluation of sustainability indicators. The figure
shows three scenarios: desired scenario in green, alert scenario in yellow,
and undesired scenario in red. We also see the evolution of an indicator of
sustainability from a certain initial condition in the alert scenario. Note
that from some evaluation time until a final time , the indicator is in the
region of the desired scenario (hatched area)

Source: Ibarra-Vega (2017).

Therefore, behaviors such as those pre-  scenario for one of the evaluation times,
sented in Figure 3 do not comply with the its later condition evolves in the region of
mentioned conditions because, although  other scenario; thatis, but, (Figure 3).
the system is in the region of the desired

Figure 3. The orbit of the indicator reaches the desired scenario
at the evaluation time but evolves into other scenarios

Source: Authors.

Area Ambiental [Pyl
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The purpose of the prospective evalu-
ation is for the decision makers to know
whether they will reach the goals set for
the indicators or whether they should ap-
ply some types of actions that will allow
them to achieve these goals and to expe-
rience these actions through simulation
before implementing them.

Now, it may also occur that,, but for time
values after the evaluation time, . Then,
what we can assume is that the evaluation
time has been inadequately established
or that the evaluation time is too early for
the fulfillment of the goals to be reached.

Statistics analysis

For the simulation of the model and
to generate real trend scenarios with be-
haviors that represent reality, statistical
analyzes of behavior validation were car-
ried out, for this, parameter values were
obtained based on the existing informa-
tion, in this way, the calculation of the pa-
rameters was carried out, associated with
the growth of sugarcane cultivation and
bioethanol production using multi-year
growth averages.

And,

To review the trend behavior, the MAPE,
the Average Absolute Percentage Error
of three main variables of the bioethanol
supply chain, was calculated. The formu-
la used is the following;:

In System Dynamics, it is allowed to
have MAPE of up to 15% depending on
the object of the model. It should be not-
ed that from the methodological point of
view, these models are perceived as mod-
els of trend behavior and not predictive
models. Once the bioethanol supply chain
model has been simulated, it is necessary
to carry out statistical tests for validation
and to relate the dynamic hypothesis, the
structure of the model, and its behavior
(Cérdenas, 2015). In System Dynamics
models, exist different validation crite-
ria or techniques established by (Barlas,
1989) where, mainly, the validation of the
structure and behavior is required.

To validate the behavior, the Monte
Carlo method, also known as multiple
probability simulation, was employed. In
system dynamics, sensitivity analysis us-
ing Monte Carlo is a technique that allows
us to assess how variations in model pa-
rameters influence the model’s behavior.
This is achieved by iteratively running
the model with different randomly gen-
erated parameter values. This allows the
modeler to see how the model’s output
varies over a range of possible parameter
values. Section 3.1 presents the results of
the statistical analyzes described here.
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RESULTS AND DIscussion X

RESULTS

For implementation of the proposed framework, a supply chain of bioethanol from
sugarcane was modeled, as shown in the Figure 4.

Figure 4. Limit of the supply chain of bioethanol
used in this study

Source: Authors.

Description and modeling
of the system

In Colombia, bioethanol is produced
from sugarcane, due to the production of
this type of plant is widely consolidated

in the country and this crop has higher
energy efficiency compared to other raw
materials from which bioethanol can be
produced. In Colombia the crops of sugar-
cane take place mainly in the Cauca River
Valley, in the departments of Valle , Cau-
ca, Risaralda(CUE- Consortium, 2012).
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For this paper, we took as base a bioetha-
nol supply chain of sugarcane, presented
in CUE- Consortium (2012) and Valencia
and Cardona (2014). The main links in the
chain of bioethanol are producing sugar-
cane (hectares of sugarcane), processing of
raw materials, production, and transporta-
tion (Ibarra-Vega, 2016). Below the key at-
tributes that were identified to obtain and
define the system to be studied and that
describe the parts of the supply chain of
bioethanol are shown and defined.

<+ Sugarcane area: Refers to the total of
hectares of sugarcane planted for the
production of bioethanol.

*» Net increase: Refers to the rate of in-
crease in the value of hectares for sug-
arcane production.

< Harvested: Refers to the amount
of hectares harvested that are con-
conducted for the production of
bioethanol.

» Preparation of sugarcane: Refers
to the cleaning and grinding pro-
cess of harvested sugarcane

%+ Installed capacity: Refers to the
bbioethanol maximum produc-
tion of bioethanol in liters, in the
country.

< Sugarcane juice: Refers to the
number of liters of sugarcane juice
obtained for fermentation.

X/

<+ Bioethanol production: Refers to
the production process in function
of production rate of fermentable
juice and installed capacity

+» Produced bioethanol: Refers to the ac-
cumulation of produced bioethanol, in
liters

+» Distribution: Refers to the total volume
of bioethanol for blending with gaso-
line.

% Productivity: Refers to an indicator
that shows the volume of bioethanol
produced per hectare of sugarcane.

After identifying the main variables, of
the sugarcane supply chain, it is possibly
create a basic causal diagram. Reinforcing
loops are represented by the letter “R”
and balancing loops are represented by
the letter “B”. There are four balancing
loops (B1-B4) and two reinforcing loops
(R1, R2). The causal loop diagram is the
base to obtain the stock and flows dia-
gram (Figure 6).

Figure 5. Causal loop diagram of
the studied system of bioethanol

Source: Authors.
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Figure 6. Stock and flows diagram of of the studied system of bioethanol

Source: Authors.

From the stock and flow diagram the
responding differential equations of the
system are obtained, those represent the
evolution in time of the state variables of
the system (Sterman, 2000). Thus, it can
say that the number of hectares of sugar-
cane planted is given by:

where IN is the net increase given by
changing a demand factor, d, in relation to

the time and number of hectares of plant-
ed sugarcane and is defined by a piece-
wise function. r is a parameter to increase
the number of hectares of sugarcane ac-
cording to historical data from sugarcane
crops in Colombia; this is related to the
time steps ti and t;.
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The harvested flow variable, C, is the
number of hectares of sugarcane that are
harvested per a fraction of the number of
hectares, w. This is given by:

The flow variables IN and C are mea-
sured in hectares of sugarcane, ha.

The amount of bioethanol produced
is estimated annually; it accumulates in
bioethanol produced variable, B, which is
given by the difference between the pro-
duction of bioethanol, PD, and distribu-
tion, D1IS .

the production of bioethanol is mod-
eled as a piecewise function:

In turn, the sugarcane juice j is defined
by the product of the efficiency R and the
auxiliary variable sugarcane preparation,
A, which is a function of the crop yield,
R, the milling rate, M, and the fraction for
bioethanol, f, expressed as follows:

k is the percentage production rate pa-
rameter. The installed capacity x in this
model is represented by a capacity in-

crease as a Table function f(x) and a rate
of increase,u, as follows:

The variable flow distribution, DIS, is
given by the product of bioethanol pro-
duced and a distribution rate, Td

The amount of inventory of bioethanol,
1b, is represented by the difference be-
tween what is distributed, DIS, to stock
and what is sold, V:

Sales relate to a constant sale rate Tv:

To estimate the net increase, it is asso-
ciated with a demand factor, d, which is
modeled as a piecewise function of the
productivity, P. A parameter threshold
for increasing the demand factor is de-
fined as n. In this way, the productivity
P is defined by the amount of bioethanol
produced B in the number of hectares of
sugarcane aimed at production, ha, as fol-
lows:
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Statistics analysis
and validation

For the validation of the structure, the
estimation of the parameters began, with
this, it seeks to justify the value of the pa-
rameters of the model with the histori-
cal information (Cérdenas, 2015), in this
case, with the information of the actual
production of bioethanol from sugarcane
in Colombia. The parameters that were
considered in the supply chain model are
presented in Table 1. The estimation of the
most important parameters, such as the
net increase in sugarcane cultivation and
the increase in bioethanol production, are
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presented in Table 2 and Table 3. For the
net increase of cane and the increase in
installed capacity, the validation consist-
ed mainly of finding the average values
of annual production of bioethanol and
the installed capacity from 2006 to 2015,
based on this it was estimated the rate of
net annual production increase of bioeth-
anol and was included in the model. In
Figure 7, a comparison of behaviour be-
tween bioethanol production historical
data and simulation data is presented.
Figure 8 shows the behavior validation
correlation between the real values and
the simulated values of the area planted
with sugarcane.

Figure 7. Comparison between bioethanol production historical
data and simulation data

Source: Authors.
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W Table 1. Initial conditions

Parameter or initial condition | source
Harvest yield 118 Ton/Ha CUE, 2012
Milling yield juice 70 Liters/Ton CUE, 2012
Net increase of sugarcane area Prom of 2006- | Percentaje Asocafia, 2016
2015
Increase capacity Prom estimated | Percentaje Asocafia, 2016
2006-2015
sugarcane area (Net) 203.184 Ha Asocafia, 2012
Bioethanol produced 265.684 Thousands of | FedeBiocombustibles,
liters 2015

Source: Ibarra-Vega (2016; 2017); CUE- Consortium (2012).

W Tahle 2. Estimated rate of increase in sugarcane cultivation

Year ‘ Net area planted National Net Increase (Calculated)
(hectares)
2006 203.184 NA
2007 202.926 -0,1270
2008 205.664 1,3493
2009 208.254 1,2593
2010 218.311 4,8292
2011 223.905 2,5624
2012 227.748 1,7164
2013 225.560 -0,9607
2014 230.303 2,1028
2015 232.070 0,7673
Average 1,499

Source: Authors.
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B Table 3. estimate of rate of increase in Bioethanol Production

Production

(Thousands of liters).

Production (Simulation)

Net increase (%)

2006 265.684 146.000 NA
2007 271.773 284.223 2,29
2008 255.584 304.196 -5,96
2009 327.705 322.045 28,22
2010 291.286 343.088 -11,11
2011 337.398 362.915 15,83
2012 369.722 385.776 9,58
2013 387.859 409.477 4,91
2014 406.468 431.624 4,80
2015 456.403 444.329 12,29
Increase average 6,760

Source: Authors.

W Table 4. Milled sugar cane and Hectares of planted sugar cane

2006 22.019.933 21.907.400 203.184 203.184
2007 21.090.203 22.250.100 202.926 206.297
2008 19.207.728 22.587.400 205.664 209.424
2009 23.588.646 22.929.800 208.254 212.599
2010 20.272.594 23.277.400 218.311 215.822
2011 22.728.758 23.630.300 223.905 219.094
2012 20.823.629 23.988.600 227.748 222.416
2013 21.568.243 24.352.200 225.560 225.788
2014 24.283.248 24.721.400 230.303 229.211
2015 24.205.089 25.096.200 232.070 232.685

Source: Authors.

Area Ambiental m
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As a complement to the validation of the
behavior, the calculation of the Average
Absolute Percentage Error (MAPE) was
used, which calculates the accuracy of the
model trend, defining a MAPE up to 30%
as valid (Barlas, 1989, Bautista, 2016). The
MAPE synthesis is presented in table 5,
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was calculated using the information pre-
sented in table 4, for Milled Cane, Planted
Cane Area, and Produced Bioethanol (The
most important for the supply chain), the
values generated by the model were com-
pared with the historical values collected
between 2006 and 2015.

I Table 5. MAPE simulation of three main variables

Variable MAPE 2006-2015 %
Ground cane 7.217
Net area planted National 0,016
Bioethanol Produced 6,742

Source: Authors.

Figure 8. Comparison between historical data of sugarcane hectares
and simulation data

Source: Authors.
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Sensitive analysis with
Montecarlo in Vensim

Sensitivity analysis is a technique used
to assess how the uncertainty in the out-
put of a model or system can be divid-
ed and allocated to different sources of
uncertainty in its inputs. It is a what-if
analysis that helps you understand how
changes in the input variables of a model
will affect the output.

The results of the numerical sensitivity
analysis that were performed on the ini-
tial model are shown below. Numerical
sensitivity exists when changes in the as-
sumptions change the numerical results
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(Valencia, 2017). This test was performed
using Vensim Plus software. This software
can do repeated simulations in which the
selected model parameters are modified,
for each simulation. This can be very use-
ful for understanding the behavior limits
of a model. For the variables Produced
Bioethanol, Sugarcane area planted, and
productivity, it is possible to see the evo-
lution with modifications in the demand
growth rate (d1) with values (0.4 to 1.05),
the initial value of the demand is 1. The
behavior of the variables shows a possi-
ble reduction of up to 60% and a slight
increase, above the current demand. This
allows us to see the great sensitivity that
the model must market demand.

Figure 9. Numerical sensitivity analysis, Montecarlo method with
Vensim, for three variables

Source: Authors.

Area Ambiental
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Indicators

Once the mathematical model of the
supply chain has been defined and vali-
dated, we proceed to link the social and
environmental variables, considering the
causal diagram constructed (Figure 5).
Thus, a connection to environmental and
social indicators generated from the sup-
ply chain is displayed.

For this paper, two indicators were cho-
sen from those proposed by GBEP (2011):
one from the environmental pillar and
the other from the social pillar. The envi-
ronmental indicator is water consump-
tion, and the social indicator is jobs in the
whole of the supply chain. Later, the indi-
cators must be represented in a stock and
flow diagram to obtain the equations rep-
resenting the temporal evolution.

Once the model of the bioethanol pro-
duction chain has been built, we proceed
to model the indicators to be evaluated.
When modeling these indicators, we con-
sidered the information of a production
chain of 450 million liters of bioethanol
per year in Colombia.

Use and water efficiency
indicator

This indicator can measure the volume
of water withdrawn from a watershed
for the production and processing of bio-
energy feedstocks per unit of bioenergy
output (GBEP, 2011). In this case, the in-
dicator was modeled considering the es-
timated water consumption for growing
sugarcane intended to produce bioetha-
nol. The amount of water consumed is a
function of the number of hectares of sug-
arcane planted.

The stock and flow diagram in Figure 9
complements the one in Figure 6. It shows
the dynamics of the water consump-
tion indicator. The stock represents the
amount of water consumed, and the flow
represents the rate at which water is con-
sumed. The rate of water consumption is
a function of the number of hectares of
sugarcane planted.

Figure 9. Water indicator int the stock and flow diagram

Source: Authors.
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The initial conditions defined for the
simulation of the model with the indica-

tor of water consumption are presented in
the Table 6.

The simulation model shows that the
annual water consumption variable
without any intervention is in the unde-
sired scenario in 2020. This is because the
amount of water consumed is not with-
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in the desired range of 1.25 billion cubic
meters. Therefore, a strategy or policy is
needed to move the indicator state to the
desired region. We implemented water
saving strategies for sugarcane cultiva-
tion, which is the activity with the highest
water consumption. These strategies seek
savings of 20%, 30%, and 60% in water
consumption, with the combination of
improved irrigation techniques.

W Table 6. Water saving techniques

Saving strategy Technical description of savings Irrigation per Percentage
hectare per year savings
NA BAU (Business As Usual) 9000 m3 NA
Savings 1 ACI (Administrative Control of Irrigation) 7200 m3 20
Savings 2 ACI and alternating groove 6300 m3 30
Savings 3 ACI, alternating groove, and pipe with gate 3600 m3 60

Source: CUE- Consortium (2012).

The assessment of the water consump-
tion indicator (Annual behavior) reveals
that implementing savings strategies
would enhance the situation and steer the
system towards the desired area. Howe-
ver, this improvement is only observed

in the system that incorporates savings
strategies 2 and 3 (refer to Figure 10). As
a result of its temporal evolution, it is in
the region of the desired scenario at t =
2020 and t,=2025, satisfying the proposal
of this paper.
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Figure 10. Prospective behavior for assessment water consumption
(A) with water savings strategies

Source: Authors.

Employment generation
indicator

This indicator is defined by GBEP as
net job creation because of the production
and use of bioenergy. We used this emplo-
yment indicator in this paper, measuring
it as the number of jobs generated throu-
ghout the production chain of bioethanol
presented in figures 5 and 6.

The GBEP defines this indicator as the
net number of jobs created due to the
production and use of bioenergy. In this
paper, we used this employment indica-
tor to measure the number of jobs gene-
rated throughout the production chain of
bioethanol. The causal diagram in Figure
(11a) shows the link between the indica-
tor of the number of jobs and the other va-
riables in the model. The stock and flow
diagram in Figure (11b) can model the in-
dicator itself.
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Figure 11. (a) Causal diagram of jobs indicator; (b) Stock and flow
diagram of the job’s indicator

Source: Authors.

The initial parameters and conditions
to simulate the model are the same that
were presented in Table 1. For every 300
million liters of bioethanol produced an-
nually, there is an employment relations-
hip of 60,000 jobs.

The evaluation results of the job indica-
tor, without intervention of government
policies, indicate that the suggested ini-
tial conditions and with the scaled-up
production of bioethanol, there will be a
decrease in the number of jobs. This de-
cline leads to the undesired region (Red)
by te = 2020 in the temporal progression.
Consequently, it becomes crucial for the
government to implement sectoral poli-
cies aimed at increasing job opportunities
in bioethanol production. Additionally,
monitoring the correlation between etha-
nol production or production growth and
the generation of new jobs is essential to
achieve social benefits.

Therefore, theses results of the jobs in-
dicator indicate an improvement in the
time evolution of the indicator, given by
the implementation of a policy that seeks
to increase the number of jobs by 10 and
50% and to decrease the number of jobs
by 20% at t = 2025 in the model. The desi-
red scenario was defined as the existence
of more than 120.000 jobs.

Figure 12 shows the evaluation with
three different policies affecting the em-
ployment rate. Policies in E1 and E2 are
proposed by the national government. It
is concluded that the implementation of
policies to increase employment by 60%
(E2) would improve the outlook and bring
the system within the desired region, be-
cause its evolution is within the region of
the desired scenario at t =2020 and t >t
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Figure 12. Prospective evaluation of number of jobs

Source: Authors.

This study created and verified the
structure of a generic framework for as-
sessing sustainability in biofuels using
System Dynamics and Viability Theory.
The model represents change over time
through differential inclusion genera-
ted by System Dynamics modeling. The
framework defines prospective regions
(desired, undesired, and alert) based on
constraint conditions defined on the in-
dicators. Objective regions for the evolu-
tion of the system’s states are defined as
necessary. Adaptation refers to changes
or parameter arrangements that repre-

sent decision rules for the system to defi-
ne which satisfy viable constraints for an
evaluation time interval. This perspective
of Viability Theory inspires the methodo-
logy for sustainability assessment. The
desired region is the same concept as the
viable region.

This proposal for evaluating viable re-
gions or the sustainability of the studied
system is a good approximation under
the conditions where the structure of a
system intended for evaluation is known
or clearly defined. The goal is that once
the system is modeled, it can be identified
the system’s indicators or variables repre-
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sent sustainability measures, allowing us
to technically and prospectively define
desired, alert, or undesired regions. The-
refore, the initial step is to build the model
that represents the problem or system un-
der study. Without this preliminary step,
the methodology proposed in this article
would be restricted by lacking an adequa-
te prospective representation.

The proposed approach can also be
used as the basis for other studies of other
biofuel production processes, since the in-
tegration of System Dynamics methodo-
logy and the concepts of Viability Theory
performed in this paper seek to establish
whether the future states of any produc-
tive system, that is, its sustainability in-
dicators, are in the desired states. These
desired states must be defined as trending
scenarios of the behavior and evolution of
each indicator that is going to be evalua-
ted. Desired states should be obtained for
each biofuel production assessment con-
text, including the raw material, produc-
tion scale, and supply limits. These results
constitute an important level of novelty

his paper presents a framework for

sustainability-assessment indicators
in the biofuel sector. The methodology in-
volves the ideas of chance, necessity, and
adaptation developed in the context of
the Theory of Viability. These ideas were
represented within a theoretical sugarca-
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within the ongoing debate on sustainabi-
lity assessment.

This paper proposes that when carrying
out the prospective evaluation of sustai-
nability indicators in biofuels production,
it is necessary to consider the following
general elements: the initial system state
or baseline, the evaluation time , and the
trending scenarios.

The authors have identified possible
trends for further research. New consi-
derations should be addressed to the fo-
llowing areas:

% Modeling additional sustainable indi-
cators in order to increase the impact
of this framework;

% Adding some policy measures;

% Including criteria to define the evalua-
tion time;

X/

% An accurate validation based on the
structure of the system to be evalu-
ated, historical data, and sensitivity
analysis.

concLusions EN

ne bioethanol supply chain with an insta-
lled capacity of 450 million liters per year
based on the methodology of System Dy-
namics.

This paper uses a qualitative approach
to demonstrate that System Dynamics
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methodology can be used to represent
the sugarcane bioethanol production sec-
tor or other biofuels from other sectors in
Latin America and the world. The cons-
traints, desired regions, and evaluation
times of the indicators depend on the be-
havior of each biofuel market and on the
local economy where this framework can
be implemented.

The methodology developed in this
research for sugarcane bioethanol in Co-
lombia can evidence that it can be used
to evaluate the future sustainability of the
bioethanol and other bioufel production
system. To do this, the production chain
must be modeled by defining the raw ma-
terial, installed production capacity, and
annual increase in biofuel production.
Sustainability indicators are also chosen
and modeled for evaluation. After buil-
ding the model, it is necessary to deter-
mine whether the system evolves throu-
gh the desired regions by increasing the
evaluation times and interval values ac-
cording to the policies and interests of the
context in which it is developed.

In the development of the research, it
was possible to model and mathematica-
lly express biofuel sustainability indica-
tors proposed by GBEP in a dynamic way,
the indicators used show that it is possible
to formulate dynamic indicators to carry
out prospective evaluations and not static
ones as they are normally formulated.

The production of biofuels is expected
to increase and become a substantial part
of the diversification of energy sources
in Colombia, however, it is necessary to
evaluate the sustainability of each market
in order to explore its effects in different
dimensions such as economic, social, and
environmental. A framework can be used
as a high-impact tool for assessing sustai-
nability in present states and future states
in economies with bioenergy production
with different raw materials.

Our successful application demonstra-
tes the framework potential to guide de-
cision-making on biofuel development
and ensure a balanced approach that
prioritizes both energy security and food
security. Future research could explore its
applicability to other biofuels and further
refine the indicators for tailored assess-
ments.

The competition between sugarcane for
ethanol production and crops for food
requires clear and sustainable agricultu-
ral policies, particularly regarding water
and soil nutrient consumption. Increa-
sed sugarcane planting can impact food
security, especially in resource-limited
areas. Therefore, we need models to find
a balance between biofuel production and
food production, thus ensuring a sustai-
nable future where both energy and food
needs are met for generations to come.
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