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Abstract

The global pressure to reduce emissions combined with the negative tendency in
the world oil reserves is impelling the improvement and development of renewable
sources of energy. The bioethanol industry is one of the most active sectors. Under
this environment, the market is facing a conflict: to increase productivity (more
resources consumed), without compromising the future natural resources. In
emergent countries as Mexico, there is not yet a well-developed biofuels supply
chain. However, it is growing at a regular pace. As the bioethanol industry
accelerates its productivity and market share, another renewable resource suffers
for this expansion: the water reserves. This work proposes to integrate the
Bioethanol Supply Chain Analysis with the Water Footprint Assessment.
Nevertheless, water changes in time under the influence of several factors,
producing a complex and dynamic behavior. Therefore, a system dynamics model
to evaluate the water footprint of the bioethanol supply chain enables the capacity
to simulate the impact of bioethanol production on water resources over time in
the city of Orizaba in the State of Veracruz, Mexico.
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1 Introduction

In recent years, industries have shown a growing interest in managing water
consumption effectively. Water availability for domestic, agricultural and
industrial use has become an increasingly important topic of international and
interdisciplinary research (Susnik et al. [1]). It is also necessary to consider that
water shortage has become an important limiting factor for sustainable
development in many countries (Donoso et al. [2]). Moreover, there is also a
growing awareness of diverse environmental issues such as global warming and
climate change that encourage research to explore the best practices for efficient
water consumption. In addition, other factors besides climate change affect the
water demand, particularly the increasing rates of population growth and the
associated industrial development (Dawadi and Ahmad [3]). Under such
restrictive conditions, the underlying logic explains that, as the population of the
world increases and water availability decreases, companies must redesign their
supply chains (Carter and Jennings [4]).

This paper consists of three sections. The first section offers an overview of the
importance that sustainability has in supply chains, specifically biofuels supply
chains, as well as why it is recommended to do it from a dynamic point of view.
The second section explains the fact that water footprint is a good indicator to
evaluate sustainability of supply chains and system dynamics can be an efficient
approach to get an insight of water footprint behavior through time. It also explains
the advantages of the synergy between the Water Footprint Assessment
methodology and the System Dynamics approach. The third section shows the
general model of biofuels supply chains in Mexico and presents a preliminary
model that incorporates the water footprint concept into the supply chain of
bioethanol. This initial model is as an approximation to the hypothesis that water
footprint can be modeled and simulated using system dynamics

2 The need of sustainability in bioethanol supply chains and
its dynamical analysis

The literature reviewed shows that there are still big opportunities to define the
best practices and methodologies to help managers to design policies and
strategies to improve the supply chain management. The objective of this effort is
to ensure the sustainability of supply chains by reducing the environmental impact
that they have. According to Winter and Knemeyer [5], the field of Supply-Chain
Management has an inherent connection with sustainability. In other hand,
according to other works, [6—11], the biofuels supply chain is one of the more
dynamic fields looking for better practices for sustainability. It is also crucial to
notice that water is not a fundamental element analyzed in the biofuels supply
chain. However, local sources supply the water used in biofuel production, and
this consumption has social, environmental, economic and industrial impacts
(Dominguez-Faus et al. [12] and Hoekstra et al. [13]). In consequence, water plays
a vital role in supply chains, especially in biofuels supply chains due to the nature
of their raw materials. Therefore, it is necessary for any supply chain, particularly
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in the biofuels supply chain, to determine the amount of water consumed in the
production of biofuels, and it is important to know the impact that this
consumption will have in the hydrological resources of a specific region. The
Water Footprint Assessment is a useful approach to reach this objective. However,
like any other systems, the bioethanol supply chain is in constant evolution. Thus,
it is necessary to analyze dynamically how the system changes and adapts to an
increasing complex market. The System Dynamics Simulation is useful to model
and test different scenarios and hypothesis over time; then it has the potential to
produce valuable information and to facilitate the decision-making process.
Consequently, this article proposes to estimate the Water Footprint of bioethanol
in the central region of the State of Veracruz, using the System Dynamics
approach. The integration of water footprint assessment with systems dynamics is
a useful synergy for several purposes such as:

1) To observe the impact that bioethanol production has over water resources in
a specific region,

2) To identify conflicts among different water demanding activities,

3) To identify and prevent conflicts among different actors such as enterprises,
agriculture, population, or livestock,

4) To design and implement strategies, policies or normativity for the efficient
management of water resources, and

5) To analyze the benefits that new technologies and good practices have on water
resources.

2.1 The biofuels supply chain

In general, the biofuel industry is growing explosively due to environmental
regulations, and renewable or sustainable energy needs. Thus, it is imperative to
analyze the biofuels supply chain. An et al. [14] propose a generalized structure
based on the agricultural biomass feedstock to examine what currently is known
about biofuels supply chains. Other research papers show that it is possible to
implement a sustainable and environmentally friendly energy system that creates
economic value for a country. This argument is present in the work of Eksioglu et
al. [6], who developed a model that searches the minimization of the total cost of
a biomass supply chain, accounting for deterioration, seasonality and availability
of biomass materials. Nevertheless, sustainability is not a central topic in this
article. Zhang et al. [15], explore the sustainability of a biofuel supply chain
through a mixed and integer linear programming (MILP) model, nonetheless, the
study does not consider the dynamic behavior of the supply chain. A dynamic
analysis is useful because biofuel supply chains are complex and have a dynamic
performance over time (Barisa et al. [16]). Finally, the water footprint was not
included in the evaluation of sustainability.

In [8] the authors developed a model that addresses sustainability issues,
however, issues related to water behavior, their impact, its performance over time
on the lands, and the most efficient use for these crops is not considered. Méansson
et al. [17] use the supply chain approach for analyzing the existing biofuel supply
chains in Sweden. None of these works focus on the analysis of the water
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consumption in the case of the bioethanol production. From a different
perspective, the work of Avinash et al. [18] describe the biodiesel supply chain.
Authors examine the development of biofuel as a substitute for fossil fuels to
explore several possible benefits. However, just a few articles analyze the changes
that water availability may have because of its consumption within the biofuels
supply chain. Despite this lack of information, water availability for domestic,
agricultural and industrial use has become an important topic of international and
interdisciplinary research that studies the major water challenges that the world is
facing in many places [1]. The next section focuses on the analysis of the water
footprint in a supply chain and reveals several opportunities.

3 Integrating the water footprint assessment in the supply
chain analysis using system dynamics

In general, the renewable forms of energy are considered “green” because they
cause little depletion of the Earth’s resources (Hall and Scrase [19]). Thus, the
transformation of biofuels as a sustainable solution for fossil fuels must avoid the
intensification of any negative environmental impacts (Love and Nejadhashemi
[20]). Then, it is necessary to assess the impact that water consumption has in the
region where biofuel is produced. According to Ruini ez al. [21], in the last decade,
there has been a bigger interest in the evaluation of the water footprint in parallel
with the carbon footprint. Authors also mention that although there is a wider
interest in the research and assessment of the water footprint of a process, this
concept has not a full acceptation as much as the carbon footprint assessment.
However, several researchers have carried out studies to evaluate the water
footprint in supply chains: Aviso et al. [22] developed a fuzzy input-output model
for optimizing supply chains taking into account diverse constraints for water
footprint. The Water Footprint Assessment opens the door to the analysis of
complex water relationships. This analysis also produces vital information for
policy actors, business leaders, regulators and managers about their
responsibilities on this increasingly scarce resource (Chapagain and Orr [23]).
According to Donoso et al. [2], a useful tool to address the demand—supply
imbalance of global water resources is the water footprint (WF). WF is an
indicator of freshwater use, which looks not only at the direct water use of a
consumer or producer but also at the indirect water use [13]. Thus, the business
water footprint considers both, an operational (direct) and a supply chain (indirect)
water footprint [21].

3.1 Why it is important to assess the WF in biofuels production

There are research studies that assess the green, blue and gray water of bioethanol
such as those by Gerbens-Leenes and Hoekstra [24], or the work of Chooyok [25]
who calculated the water footprint of ethanol from molasses in two provinces of
Thailand based on the methodology described by Hoekstra et al. [13]. Su et al.
[26] investigated the water footprint of four energy crops and one food crop to
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determine the water footprint data, according to a region of Taiwan. None of the
studies addresses the water footprint from a dynamic point of view.

According to Gerbens-Leenes et al. [27], in the coming decades, human beings
will face critical challenges, not only to meet the basic needs for water, but also to
ensure that human activities do not affect freshwater ecosystems performing
ecological functions. This will put additional pressure on freshwater resources;
therefore, it is urgent to propose a process of sustainable intensification by
increasing the efficiency of water use. In [12], the authors analyze the management
of land and water explaining that as biofuel production increases, a growing need
exists to understand and mitigate potential impacts to water resources. The water
footprint of biofuel energy depends on the crop being cultivated, the yield selected
for this purpose, climatic conditions at the location for production, and agricultural
practices [27]. Hence, it is necessary to consider that a continuous growth in
biofuel production could have far-reaching environmental repercussions.
Globally, water resources are scarce, with industry, a fast-growing urban
population, and agriculture competing for it (Deurer et al. [28]). Galan-del-
Castillo and Velazquez [29] establish that, despite the increase in biofuel
production and the amount of research about this issue, the potential effects of
associated water consumption have not been analyzed in a rigorous way. Thus,
only a few studies have examined the relationship between biofuel consumption
and pressure on water resources.

Despite their advantages, the limitations of WFA are the prediction of long-
term impacts, as well as the changes that water could have in its availability
through time. Consequently, it is necessary to support this methodology with an
approach able to deal with the behavior of a system in the time. The System
Dynamics Methodology is useful to model and simulate the water footprint of
biofuels supply chain through a given period.

Systems thinking is the process of understanding how things, like parts of a set,
influence each other. According to Aslani ef al. [30], System Dynamics (SD) is a
systems thinking based methodology useful to understand and model the behavior
and activities of complex systems over time. System Dynamics Models (SDM)
utilize Causal Loop Diagrams (CLD), which help analyze feedback loops,
variables, levels, and delays that can affect the behavior of a system over a period
(Rendon-Sagardi et al. [31]). System Dynamics Models (SDM) are frequently
developed to identify complex interactions of variables in different sectors, as well
as the definition of policies in water management systems, analysis of energy
systems, and in biofuel supply chains [30]. A system dynamics model can depict
the interaction and relation that have the different variables of a biofuel supply
chain, such as water use and water availability. It is also relevant to underline that
the system dynamics approach enables the possibility to model the water behavior
as a continuous variable. For a more detailed description about System Dynamics
and System Dynamics Modeling, the work of Forrester [32], Rehan, ez al. [33] and
Chen and Wei [34] is highly recommended.

The integration of the water footprint assessment with a system dynamics
modeling process, promises to be significant and worthy, since according to
Hoekstra et al. [13], water availability fluctuates in time and consequently, the
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complex relationship of relevant water variables could be represented through a
dynamic model.

3.2 System dynamics modeling for the water footprint in the biofuels
supply chain

The application of system dynamics methodology for different aspects of the
biofuel supply chain has evolved in the last decade [16]. Despite this effort, there
are just a few works in the area of biofuels supply chain using the System
Dynamics approach. In [31], the authors carried one of these studies, developing
a System Dynamics Model to evaluate whether the production of ethanol in
Mexico could meet the potential demand for this substance as a biofuel additive.
Even if this work is relevant, water is not analyzed as an important element of the
supply chain of ethanol. The work of Susnik ef al. [1] develops a system dynamics
model to analyze the current and future behavior of a catchment to assess water
scarcity in the Kairouan region, Tunisia. The work of Jin ef al. [35] incorporates
the system dynamics approach into the ecological footprint for forecasting the
ecological footprint. In Rehan et al. [36], the authors developed causal loop
diagrams and a system dynamics model to support the financially sustainable
management of urban water distribution networks. A different approach to water-
related issues is the one shown by [34]. Authors explore the applications of system
dynamics modeling in water security systems. Finally, they discussed the progress
of research on flood control and disaster mitigation using this methodology. In
[34], the authors also show that the System Dynamics method presents more
relatively mature research and applications in water resource security. The work
of El-Gafy [37] was to develop a system dynamics model to explore how the water
footprint of crop production and consumption change under certain scenarios.

The literature review validates that no research addresses the integration of
water footprint assessment (WFA) using system dynamics for the analysis of
biofuels supply chain. The synergy between the Water Footprint Assessment
(WFA) and System Dynamics Modeling (SDM), consents several benefits.
Table 1 synthesizes the main advantages of this synergy.

Table 1:  Main advantages of WFA-SDM synergy.

System Water .
Dynamics | Footprint Integration
Advantages ynam P SDM-
Modeling | Assessment WFA
(SDM) (WFA)
Dynamic simulation of water consumption Yes No Yes
Evaluates water resources management No Yes Yes
Determines the volume and type of water use No Yes Yes
Forecasts the consumption of water by type Yes No Yes
Forecasts water availability for a region Yes No Yes
Identify future conflicts and their effect Yes No Yes

It is important to mention, that despite the fact that system dynamics modeling
has the potential for developing comprehensive water system models, there are
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practically no works about the dynamic water footprint assessment of biofuels
supply chain. Next section describes the model that results from the integration of
the WFA to the SC analysis from the system dynamics perspective, for the region
of Orizaba in the State of Veracruz, Mexico.

4 Proposed model for the WFA in bioethanol supply chain

Figure 1 shows the current structure for the analysis of a sorghum-and-molasses-
based bioethanol supply chain in Mexico. In Figure 2, it is also highlighted the
importance that water has as one of the most relevant variables in the bioethanol
supply chain. The water performance and its impact on the hydrological bodies of
a particular region should be considered to perform an efficient analysis and
quantification of the water consumption along the bioethanol supply chain.

The general scheme shown in Figure 1, can be converted into a Causal Loops
Diagram (CLD), which is the previous step to the Forrester’s diagram modeling
that will help simulate the interaction of all the variables that have been identified
in the supply chain. An approximation model to the main Causal Loop Diagram
that best could help in further research is shown in Figure 2. The Forrester’s
diagram that is useful to simulate dynamically the water footprint along the
bioethanol supply chain is not included in this research work.

—— |

Agriculture Domestic Industry

Water
Footprint

Sugar
mill

Ethanol Terminal for
Energy —_— production biofuel blending
crops mill and storage

Sugarcane E—

Grain sorghum ———» Supplier

Figure 1:  Current structure of a bioethanol supply chain in Mexico with the
water footprint variable.

The causal loops diagram in Figure 2 is in the conceptual stage; hence, specific
results as well as policy options or strategies are beyond the scope of this paper.
They will be related to the conclusions drawn from the research project
completion.

Figure 2 is an approximation model that was developed considering the
conceptualization for bioethanol production in Mexico depicted in Figure 1. De
description of the feedback loops defining the dynamics of the system under study
is as follows. In loop B1, if the available area for sugarcane sowing increases, the
amount of sugarcane that can also be planted increases. In the other way, if
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Figure 2: CLD for the analysis of the bioethanol supply chain and its water
footprint.

the amount of sugarcane that can be planted increases, the available land
decreases. Loop B2 represents the consumption of sugarcane as the result of sugar
production. This relation explains that when sugar production increases, the stock
of sugarcane decreases. Moreover, if the sugarcane stock increases, the potential
production of sugar increases. In loop B3, if the available area for planting
sorghum increases, the amount of sorghum that can be planted also increases. In
the other way, if the amount of sorghum that can be planted increases, the available
land for sorghum decreases. In loops B4 and B3, if sorghum and sugarcane-based
molasses stocks increase, the production rate of ethanol increases. In the other
hand, if production of ethanol increases, feedstock decreases (molasses and
sorghum). In loop B6: An increasing ethanol demand reduces the ethanol stock,
which at its turn, increases the ethanol production. In the other sense, a decreasing
demand reduces the stock consumption, which affects the ethanol production.

For loops B1 and B3, it is important to consider the availability of land, which
according to Babel et al. [38] generates significant social and economic changes
because the increasing demand for ethanol reduces the land availability for
alimentary purposes. The relation between the variables sugarcane sowing (in the
CLD as Sugarcane Sowing) and sugarcane green water consumption (in the CLD
as Green Water Consumpt Sug) is positive because if sugarcane sowing increases,
the amount of green water consumed, also increases.

The relations between the variables in the CLD shown as Gray Water Generat
Sug, Green Water Consumpt Sug, Blue Water Consumpt Sug, and the variable
Water Footprint Agriculture, are positive because as the consumption of these
types of water increases, the Water Footprint will also increase. The same type of
relation occurs for the variables associated to sorghum, and it has an impact also
associated to the water footprint of the agriculture stage (in the CLD as Water
Footprint Agriculture).
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In regards to the production stage, the variable generation of gray water (in the
CLD as Gray Water Generat Prod), and the variable blue water consumption (in
the CLD as Blue Water Consumpt Prod), have a positive influence on the variable
water footprint of the production stage, represented in the CLD as Water Footprint
Production. This effect explains that if any of these consumptions becomes
greater, then there is a greater impact of the water footprint for the region under
study.

Figure 2 also reveals several conflicts: (1) an increasing demand for food will
produce a higher pressure on the system, reducing the land availability and thus
the potential production of ethanol. (2) The domestic water consumption and the
available water for agriculture purpose will suffer some stress if the ethanol
industry demands more water. (3) A higher demand for ethanol will reduce land
availability and water availability. Thus, any government policies to promote
ethanol consumption must take into account both kind of resources. (4) As an
emergent country, Mexico is strengthening its industrial activity that undoubtedly
will consume more resources. Thus, the economic and industrial conditions are
favorable to accept some guidelines and recommendations for selecting the right
kind of industry in a particular region.

5 Conclusions

The present study proposes an analysis for the estimation of water availability and
its behavior from a dynamic perspective. This emergent research topic takes
relevance when the analysis considers water as one of the most important elements
in the biofuels supply chain. Consequently, this article also proposes a model,
which is able to incorporate the water footprint assessment of biofuels, specifically
bioethanol, in its supply chain analysis, for the region of Orizaba in the State of
Veracruz, Mexico.

The model has a particularity: it is possible to evaluate the performance using
the System Dynamics approach since its modeling technique could help the
bioethanol industry to develop policies and strategies that contribute to fulfilling
the sustainability requirements of its supply chain. The CLD is an original attempt
to show how the water footprint concept can be modeled with the system dynamics
methodology.

As a future work and improvement of the proposed model, it is necessary to
consider the analysis and assessment of the water footprint in all the stages of the
supply chain, including the distribution stage of biofuel. More knowledge and
insight about the ethanol industry will be available if the oil production system and
market fluctuations are taken into account in the present analysis. However, the
complexity and effort to model this integration will also increase.
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