Keramydas-Tsolakis-Vlachos-lakovou, 68-83

A System Dynamics Approach towards Food
Security in Agrifood Supply Networks: A
Critical Taxonomy of Modern Challenges iIn a
Sustainability Context

Keramydas Christos, Tsolakis Naoum, Vlachos Dimitrios & lakovou
Eleftherios
Department of Mechanical Engineering
Aristotle University of Thessaloniki
chkeramy@auth.gr; ntsolaki@auth.gr; vlachosl@auth.gr; eiakovou@auth.gr

Abstract

As defined by the Food and Agriculture Organization, food security
exists when all people, at all times, have physical and economic
access to sufficient, safe and nutritious food to meet their needs.
Nevertheless, external forces as, indicatively, climate change, global
population increase, rise of alternative energy sources, agricultural
technological advances, and consumer dietary preferences changes shape
the global contemporary food management landscape by disputing the
aforementioned definition. Furthermore, the recent food security
crisis of 2007-2008 brought food insecurity to the forefront of the
global sustainable development agenda highlighting the need to
reconsider the structure and operations of iInternational agrifood
supply networks (AFSN), and streamline the relevant policy-making.

In this manuscript, we provide a two-fold critical taxonomy of the
food security challenges and future uncertainties. More specifically,
we identify the major challenges that render food security with great
volatility and we provide a taxonomy of existing research efforts,
according to the four food security basic dimensions, i.e.
availability, stability, accessibility, and utilization, as these are
mapped on the relevant sustainability aspects (environmental,
economic, societal, and governmental) of an AFSN. Our critical
analysis demonstrates that food security and sustainable AFSNs have
attracted the global research interest, focusing more on addressing
case-dependent AFSN problems, and less on developing integrated
methodological approaches for the optimization of the entire supply
chain. Our analysis Tfurther incorporates a System Dynamics approach
that captures the dynamic nature of the interrelations of food
security aspects in a sustainability context and further allows the
assessment of different policy interventions. This work is the first
step towards the development of a quantitative strategic decision-
making support tool that could be employed by policy-makers, in both
the private and public sectors, including governments, international
organizations, and food industry enterprises towards the effective
design and efficient operation of AFSNs in a sustainable manner.

Keywords: Agrifood Supply Chain, Critical Taxonomy, Food Security,
Sustainability, System Dynamics

JEL classifications: 13, 02, 01
Introduction

Food security arises as a precarious issue of modern world considering
that humanity confronts a triple-facet challenge including: (i) the
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increasing global population and the associated dietary needs
(according to the Food and Agriculture Organization of the United
Nations (FAO) global food demand is estimated to increase by 70% to
100% by 2050; Evans, 2009; FAO, 2009a), (ii) the limited physical
capacity of the planet to produce food, and (iii) the necessity to
sustain livelihood of humans (Ingram, Ericksen and Liverman, 2010;
Power and Chapin, 2009; Rockstrom et al., 2009). Recently, a prominent
incident that challenged global food security was the food crisis in
2008 that had detrimental effects on the welfare of the poor around
the world (Kumar and Quisumbing, 2013). Specifically, the prices of
some commodities had been continuously increasing since 2004, with the
major surges occurring within the period 2006-2008 (Brahmbhatt and
Christiaensen, 2008; FAO, 2008; World Bank, 2008a). Notably, the index
of food prices provided by FAO indicates a relative price increase by
9% in 2006, 23% in 2007 and 54% in 2008 (FAO, 2008). As a consequence,
the number of undernourished people in 2007 increased by 75 million
over its previous value of 848 million (FAO, 2008).

Food security threats can arise by either higher prices, making food
unaffordable for people, or due to food unavailability owing for
example to embargos or food waste/losses (Defra, 2009; Hubbard and
Hubbard, 2013). Furthermore, examples like the hunger crises in 2011
and 2012 in the ecoclimatic and biogeographic zone of Sahel in Africa
demonstrate the lack of effective strategies to secure food supply
(Maxwell and Fitzpatrick, 2012). Therefore, due to the complexity and
the globalized character of modern food networks, it is important to
identify the major challenges that can occur at each echelon of an
agrifood supply chain (AFSC) (Fritz and Hausen, 2009; Tsolakis et al.,
2014) as to enable effective policy-making.

Further, today there is clear evidence that international regulations
and consumers express a continuous demand for environmental friendly
products and services, which is associated to both opportunities and
threats for many organisations (Validi, Bhattacharya and Byrne, 2014).
The food industry is a prominent example of a complex environment
where customers are highly aware of how food is produced and offered
and where they express a growing demand for sustainably produced and
distributed food (Beske et al., 2013). In addition, sustainability-
related performance (i.e. environmental, economic, societal and
governmental) is pivotal for providing unique benefits for all members
of an AFSC (Bourlakis et al., 2013; Carter and Dresner, 2001).

Given the dynamic, stochastic, and multidisciplinary nature of the
global food security problem, a System Dynamics (SD) methodology seems
proper to embrace food security issues from a SC perspective.
Moreover, SD has been proven thus far a reliable modelling and
simulation methodological tool for the analysis of complex systems and
long-term decision-making management (Haffez et al., 1996; Tako and
Robinson, 2012).

Therefore, this work is a first-time effort towards mapping the major
food security challenges on a comprehensive SD framework. The rest of
the paper 1is organized as follows. In Section 2, we provide a
definition of food security and its major pillars. Following, 1in
Section 3, we identify major food security challenges as these are
mapped on the relevant sustainability axes (i.e. Social,
Environmental, Economic and Governmental). Such a taxonomy 1is
important for the drafting of appropriate management practices as to
minimize risks that can render food security volatile. Moreover, 1in
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Section 4, we develop a conceptual SD framework that captures the
identified food security challenges that could provide important
managerial insights and policy-making implications. Finally, we wrap-
up with summary and conclusions in the last Section.

Food Security Definition

Defining “food security” is rather a complex process as it iIs reported
that there were more than 200 published definitions during the
previous decade (Maxwell and Smith, 1992). The term “food security”
was initially coined by Maxwell and Smith (1992) back to the 1970°s
where the abrupt increase in commodity prices and the energy shock of
1973 intensified the fears for a global food crisis. Today, a rather
complex but inclusive definition of food security is as follows: “Food
security, at the individual, household, national, regional and global
levels is achieved when all people, at all times, have physical and
economic access to sufficient, safe and nutritious food to meet their
dietary needs and food preferences for an active and healthy life”
(FAO, 1996).

According to the aforementioned definition, four (4) critical
dimensions of food security are identified and need to be addressed:
(i) fTood availability, (ii) food accessibility, (iii) food stability,
and (iv) food utilization (FAO, 2009b). This deconstruction of the
term allows for the holistic investigation of food security. A major
drawback is that the pillars/dimensions that comprise food security
have not yet been individually defined iIn an international context
(Coates, 2013). To that end, iIn the subsections that follow, we
provide a short analysis of each pillar of the food security
definition (Figure 1).
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Food Availability

Food availability refers to the adequate supply of food via
production, distribution and exchange processes (Gregory, Ingram and
Brklacich, 2005). The food production is impacted by a plethora of
factors including land, water and energy sources, crop selection,
livestock management and harvesting operations. Moreover, due to
limited natural resources and diversified consumer preferences, food
has to be distributed 1in different regions around the world.
Therefore, appropriate processing, storage, transport, packaging and
marketing of food are required to minimize food waste and price
fluctuations (Godfray et al., 2010). As some societies are self-
sufficient while other are not, an exchange or trade system is
required to facilitate food accessibility to all (Gregory, Ingram and
Brklacich, 2005; Tweeten, 1999).

Food Accessibility

Food accessibility refers to the direct and economic access to
commodities meaning that households have the ability to either produce
their own food supplies or procure/purchase them from other sources
(FAO, 1997). Moreover, access to enough and nutritious food may not
secure food accessibility as the food allocation within a household
may not sufficiently meet the specific dietary requirements of each
member (Ecker and Breisinger, 2012).

Food Stability

Food stability refers to the ability to sustain food security over
time (FAO, 1997). Natural disasters, droughts, civil conflicts and
market instabilities are few of the factors that may result in
temporary or permanent food insecurity (Ecker and Breisinger, 2012;
FAO, 1997).

Food Utilization

Food utilization refers to the proper preparation, processing, and
storage of food in order to satisfy the physiological and nutritional
requirements of each individual (Ecker and Breisinger, 2012; FAO,
1997). This pillar of food security further embraces the issues of
education about food preparation and access to healthcare since an
individual®s health status impacts the metabolism of food (FAO, 1997;
Tweeten, 1999).

Supply Chain Food Security Challenges

The major challenge that governments and enterprises all around the
globe have to deal with, within a food security context, stems from
the following core particular characteristic of modern food security
crises, i.e. despite the fact that the world community has sufficient
food to nourish the entire global population, as well as the means to
substantiate it, a significant fraction of the overall global
population is still living in poverty, lacking access to vital food
products (FAO, 2011). In contrast to the traditional form of typical
food crises, where the scarcity of food iInput was the predominant
cause of insecurity, the aforementioned modern “Food Security Paradox”
seems to be a multidisciplinary strategic policy-making and management
issue of the globalized food markets and supply networks.
Specifically, modern food crises proved to be the end-result of the
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corresponding decision-making processes and developments within a set
of miscellaneous Ffields including national and international
governance, demographics, agriculture, trade, sustainable development,
energy, environment, natural resources, health, and of course food and
nutrition. The main social, economic, environmental, and governmental
food security challenges that governments, international
organizations, and food industry companies have to deal with, within a
sustainability context, in the upcoming years are presented in the
following paragraphs (see Table 1).

Initially, the rapid ongoing population growth accounts for a daily
addition of 200,000 people to the global food demand (United Nations
Environment Programme, 2009). According to the United Nations, global
population will rise up to 9.6 billion people by 2050 (United Nations,
2013), with developing countries being the main responsible for this
growth. This fact introduces vital implications on food security that
principally concern food availability, given that the current
projections already speak of a required increase of 50% 1in food
production so as to sustain the soaring demand (Godfray et al., 2010;
Pretty et al., 2010; United Nations Environment Programme, 2009).

Furthermore, as the income of a significant part of the world’s
population is increasing (World Bank, 2008a), the subsequent increase
in food consumption per capita exerts further pressure on global food
availability. Additionally, another interesting point regarding the
income per capita and consumption growth is their direct relation to
the increase of food waste and spoilage (Henningsson et al., 2004)
that further escalate social inequalities. Proper food waste
management along with the adoption of efficient corporate social
responsibility actions across the respective supply networks,
elaborated by multinational or even local enterprises, could provide
significant relief to the parts of population living in poverty.

The change in dietary preferences from traditional foodstuff towards
higher consumption levels of meat, soya, bread, and processed foods in
tandem with the high level of diversification of urban diet have
significantly altered the global food production and distribution
landscape (Dobermann and Nelson, 2011; Gandhi and Zhou, 2014; Kearney,
2010). The impact of these changes on food security becomes even more
critical given that they are attributed to highly populated countries
like China. Additionally, a remarkable increase is also observed
regarding the average global food consumption 1in terms of energy
(kcal) (Babu, Gajanan and Sanyal, 2014; Pérez-Escamilla 2012). For
example, the daily average food energy consumption level in developing
countries rose from 2,110 kcal per person, 30 years ago, to 2,650 kcal
nowadays. This amount is estimated to exceed 2,960 kcal during the
next 30 years. Moreover, it is estimated that, by 2050, 90% of the
population will live in countries with a calory-intake limit of over
2,700 kcal, almost double in comparison with the present 51% and the
4% three decades ago. On the other hand, apart from the
undernutrition, population in many developed and even developing
countries suffer from overnutrition, including overweight, obesity and
other chronic diseases that are related to dietary preferences
(Foresight, 2007). Finally, in any case, either undernutrition or
overnutrition, food and health safety should be ensured (Aung and
Chang, 2014; Gandhi and Zhou, 2014; Lee, Palekar and Qualls, 2011).

Another critical fact regarding food security 1iIs the concurrent
decline iIn agricultural investments and the lack of sufficient
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infrastructure around the globe that mainly prevents increase In crop
yield (Bandara and Jayasuriya, 2009; Dorward and Chirwa, 2011;
Kabunga, Dubois and Qaim, 2014; Louhichi and Gomez y Paloma, 2014;
Mariano and Giesecke, 2014; Munro, 2003; Sastry, Rashmi and Rao, 2011;
United Nations Environment Programme, 2009; World Bank, 2008b). At the
same time, this lack iIn investments further inhibits the growth of
domestic production, mostly in developing countries (e.g. Africa),
while the existing funding schemes aim only at fostering self-
sufficiency of domestic populations (Anderson, 2010).

Additionally, technological advances in agriculture, including seed
technology (hybrids and genetically modified crops), fertilizers, and
farm machinery, have a critical contribution iIn the increase of crop
yield and agriculture productivity (Dobermann and Nelson, 2011). On
the other hand, these beneficial effects are also debatable as
concerns the way that they are achieved in practise, iIn terms that
they relate to economic and decision-making power which 1is
concentrated to just a fTew agrochemical companies and grain traders
(Branford, 2011).

Another critical factor that affects food security, and was the main
cause that brought food insecurity to the forefront in recent past
(2007-2008), is the fFfluctuation in the global food prices (Gandhi and
Zhou, 2014; Lawrence, Lyons and Wallington, 2009). During the Ilast
five decades, global food prices reached a peak in 2008, raising by
83% on average within a three year-time period. Also, the increasing
food prices in conjunction with the economic crisis and the subsequent
low household budgets, render urban and rural low-income households in
developing countries incapable of meeting their essential dietary
needs (Babu, Gajanan and Sanyal, 2014; D>Souza and Jolliffe, 2013). In
general, higher food prices significantly limit the buying power of
consumers in developing countries, where 60%-80% of the household
spending is directed to food products (10%-20% in developed countries)
(UNCTAD, 2009), imposing critical limitations to food accessibility.

Further, the environmental concerns raised globally during the last
decades, regarding greenhouse effects and climate change in general,
triggered significant changes in the energy landscape (Porter et al.,
2014). In this context, the world-wide perception that biofuels, e.g.
biodiesel and ethanol, could potentially play a key role in reducing
greenhouse gas emissions, especially in the field of transportation
(EU target: 10.0% share of the fuel mix by 2020), and further led to a
rapid increase in their production and demand (FAO, 2006). Despite the
green incentives behind the corresponding energy strategic planning,
biofuels act competitively with agriculture production in terms of
cropland use, which potentially could have critical implications on
food availability.

Furthermore, given that 60% of the global population in developing
countries will live in cities by 2030, urbanization along with human
settlement and urban infrastructure (e.g. roads, housing, etc.), play
a key role in cropland reduction (Deutsch, Dyball and Steffen, 2013;
Porter et al., 2009; Porter et al., 2014). It is estimated that the
ratio of built-up area to cropland area will double by 2050 (from 3.5%
in 2000 to 7.0% in 2050), creating a new threat to food availability
and accessibility. Moreover, urban markets provide a fertile ground
for the establishment of global supermarket chains with important
implications for the food supply chains. Moreover, urbanization along
with trade are prime factors in altering consumer preferences towards
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urban diets of high diversification. As a result, iIn many cases the
traditional supply chains in the interior of many developing countries
are unable to cater for urban population needs. Consequently, the gaps
between wurban and rural populations are increased in terms of
transportation, prices, and market homogeneity.

The relationship between environment and food production is intrinsic,
therefore global climate change directly affects food production,
mainly in terms of crop yield, imposing a great degree of variability
(Pangaribowo, Gerber and Torero, 2013). Specifically, storms of high
intensity, forest fires, droughts, floods and heat waves occur more
frequent, while still difficult to be predicted, thus threatening food
stability around the globe, especially in developing countries which
are more vulnerable due to their agricultural based economies. Also,
given that agriculture accounts for 70%-85% of the total global water
consumption, It is unnecessary to mention that the suspended threat of
water scarcity endangers health, mainly of rural populations, and
farmer productivity (United Nations Environment Programme, 2009).
Further, melting glaciers in Central Asia and droughts in Africa are
just two examples that highlight the importance of water availability
on farm production and livestock breeding. As water is considered one
of the most limiting factors regarding food production increase, the
current estimates highlight that water scarcity may account for a
reduction on the world food production by at least 5% by 2050.

Trade is another critical factor that determines global food security
(Pyakuryala, Roy and Thapa, 2010). In the current food trade terrain,
developed countries and a few international corporations exert control
over the food consumption 1in developing countries, through their
export policies, or the food production, through the purchase of
cropland (Branford, 2011). As a consequence, developing countries are
gradually becoming more food-vulnerable in terms of low domestically
produced food quantities, high prices, and land ownership.
Furthermore, trade along with urbanization are two major factors that
shape consumer preferences and diet around the globe (United Nations
Environment Programme, 2009). Moreover, international wars, internal
conflicts In countries or even economic embargoes introduce crucial
uncertainties to global food supply networks by vitally undermining
their stability performance in terms of supply capacity and continuity
(Vlajic, van der Vorst and Haijema, 2012; United Nations Environment
Programme, 2009).

Finally, governance plays a key role in food security issues, given
that policy-making and diplomacy are among the core factors that shape
the global food security Jlandscape (Branford, 2011). Issuing
protective trade regulations, maintaining beneficial international
affairs, protecting domestic cropland property rights, and ensuring
food self-sufficiency are a few of the most challenging decision-
making TFfields where governments have to take action 1in the near
future. Especially, the developing countries appear to face critical
weaknesses in almost all of the aforementioned priorities. On the
other hand, Tfood industry enterprises and supply networks should
target to economic sustainability through their effective and social
responsible strategic operation, as the increasing economic and social
inequalities might prove to be a boomerang, seriously endangering
corporate profitability.
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Table 1: Food security future challenges and uncertainties

Dimension Challenge Sustainability Aspect | peferences
Soc Env Eco Gov
Availability | Local/National/Globa | Obsolete and limited Bandara and Jayasuriya (2009);
1 production agricultural production Dorward and Chirwa (2011);
infrastructure and inputs (i.e. Louhichi and Gomez y Paloma
training, facilities, . . (2014); Kabunga, Dubois and
knowledge, technologies, credit Qaim (2014); Mariano and
markets) Giesecke (2014); Munro (2003);
Sastry, Rashmi and Rao (2011)
Income Limited income opportunities . N touhi;hi and Gomez y Paloma
2014
Income Income growth o Kabunga, Dubois and Qaim (2014);
Production Limited agricultural sources Gandhi and Zhou (2014);
® ® Qureshi, Hanjra and Ward (2013)
Demographics Population growth and food demand . UNEP (2009), Godfray et al.
(2010); Pretty et al. (2010)
Food disposal Food waste management UNEP (2009)
Energy Diversification of energy Erb, Haberl and Plutzar (2012);
resources ° Negash and Swinnen (2013);
Thompson and Meyer (2013)
Distribution Trade liberalization ° Pyakuryala, Roy and Thapa (2010)
Climate change Greenhouse gas emissions . Porter et al. (2014)
Energy Biofuels . FAO (2006)
Exchange Urbanization Deutsch, Dyball and Steffen
° (2013); Porter et al. (2009);
Porter et al. (2014)
Investments & Decline in investments and lack UNEP (2009)
Infrastructure of infrastructure ® ®
Technology Technological advances in . N N Dobermann and Nelson (2011);
agriculture Branford (2011)
Accessibility| Price affordability Commodities” price Babu, Gajanan and Sanyal
° ° ° (2014); D’Souza and Jolliffe
(2013); UNCTAD (2009)
Customer preferences | Substantial changes in the food Gandhi and Zhou (2014);
consumption behavior in ° Kearney (2010); Dobermann and
developing countries Nelson (2011)
Investments & Decline in investments and lack N o World Bank (2008b)
Infrastructure of infrastructure
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Dimension Challenge Sustainability Aspect | peferences
Soc Env Eco Gov
Stability Risk management Supply chain disturbances . N Vlajic, van der Vorst and Haijema
(2012)
Weather Extreme weather phenomena . Pangaribowo, Gerber and Torero
(2013)
Politics Wars, conflicts, embargoes . ° UNEP (2009)
Utilization Hygienic and Inability to track the source of o R Lee, Palekar and Qualls (2011);
sanitary quality contamination Lee and Whang (2005)
Health safety Health safety incidents Aung and Chang (2014); Gandhi
® ® ® and Zhou (2014)
Nutrition balance Food nutritional value Babu, Gajanan and Sanyal
b ® (2014); Pérez-Escamilla (2012)
Nutrition balance Obesity levels in developed N Foresight (2007)
countries

Symbols: Soc for Social, Env for Environmental, Eco for Economic, Gov for Governmental.
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Supply Chain Food Security Challenges

The SD approach has been successfully used in the past to tackle
policy-making and strategic decision-making problems (Forrester, 1961;
Sterman, 2000). SD 1is a simulation methodological tool which is
appropriate to analyse and understand the development and the
behaviour of complex systems over time. The SD approach was developed
in MIT and was originally used to examine the instable employment
environment in General Electric while over the years the tool has been
employed to conduct simulations of diverse scientific and engineering
systems (Forrester, 1969). According to Roberts (1978), the feedback
control characteristics of the SD approach render it as the
appropriate tool for decision-making at a strategic level regarding a
broad range of problems, from managerial and socioeconomic to
organisational ones.

Therefore, SD is a simulation-based technique that could be employed
to model the feedbacks that both promote and limit food security. The
integration of food security and the SD approach has only recently
attracted the research interest iIn order to successfully capture the
dynamics and the interdisciplinary nature of a food security system
and i1ts components (Ayenew, 2013; Muetzelfeldt, 2010; Shilling, 2012).
To that end, in this Section we propose a SD modelling framework that
could be employed as a useful tool for assessing the impact of various
interventionary policies on promoting food security (see Figure 2).

The core concepts of SD are feedbacks, causal loop diagrams and stock
and flow maps. Feedback loops and structures are necessary because
systems rarely exhibit linear behaviour due to the interactions among
the physical and institutional configuration of the systems. Feedback
structures are fundamental because they capture the real patterns or
modes of systems” behaviour as they dynamically evolve through the
time. Causal loop diagrams are used in order to capture the mental
models which managers conceive of a system. Except for the latter
remark, causal Uloop diagrams assist modellers in representing the
feedback structures of a system. In a causal diagram, arrows describe
the causal influences among the variables of the system (Sterman,
2000). Each arrow is assigned a polarity that indicates the relation
between dependent and independent variables. A positive (+) polarity
denotes that the effect changes towards the same direction as the
cause (reinforcing loop). On the other hand, a negative (-) polarity
denotes that the effect changes towards the opposite direction of the
cause (balancing loop).
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Conclusions and Discussion

Generally, fTood security arises as a pivotal issue iIn the public
agenda and a plethora of global initiatives supported by international
organizations aim at eradicating extreme poverty and hunger. To that
effect, this paper captures the associated challenges and the complex
nature of the decision-making process for the promotion of food
security within a sustainability context. We first presented a
definition of food security and its components. Following that, we
identified critical challenges and we presented a critical taxonomy of
indicative existing state-of-the-art literature along the
sustainability axes. Further, we developed a SD framework that
captures the multidimensional nature of food security and 1its
determinants.

Our critical analysis reveals that even though food security has been
addressed by the research community, there is a lack of integrated
systemic approaches that could incorporate sustainability aspects and
might support the effective design and planning of the respective
agrifood networks. Tackling food security and sustainability within an
AFSC context is vital to ensure the consumers” confidence over the
agrifood product security (Lee, 2004; Unnevehr, 2000) through
promoting food security at each echelon of an AFSC network (Defra,
2006; Marucheck et al., 2011; Thirumalai and Sinha, 2011).

Further, the findings of our literature review highlight the dynamic
and stochastic nature of food security. Consequently, the necessity
for the development of tools to approach the dynamic and stochastic
food security problems is recognised, since theoretical analyses that
have been mostly employed, thus far, focus mainly on generic
interventions. The provided SD modelling approach, along with the
respective critical taxonomy, could provide important managerial
insights about the drafting of robust policy interventions towards the
promotion of food security and the efficient development and
management of sustainable AFSCs.
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