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Summary 

In the last decade, the topic of food security attracted significant attention from the research 

community, politicians, and the general public. This is not surprising, as every person should 

have a guaranteed physical and economic access to safe, nutritious and a sufficient amount of 

food all year round. Including the aim to eradicate all forms of malnutrition, each of these food 

security elements is an integral part of the agenda for Sustainable Development defined by the 

UN in 2015. Nonetheless, full achievement of the agendaôs ambitious goals is far from being 

easy in the near future. On the contrary, recent years have shown an increasing number of 

undernourished people around the globe. This is certainly a worrying sign. 

The future socio-economic development, rising population, resource scarcity, changing demand 

patterns, diminishing increase of agricultural yields; each of these aspects further exacerbate 

the uncertainty of food security. They underline how important it is to assess the prospect 

challenges to feeding the world. Within the broad spectrum of methodological approaches used 

for projection studies, the computable general equilibrium (CGE) models occupy a strong 

position. However, as CGE models are essentially economic models and use monetary indexes 

by default, the direct application of CGE models for the evaluation as well as communicating 

results on dietary and food security issues remains fundamentally challenging.  

With this in mind, this thesis provides a state-of-the-art overview on the design and 

implementation of the forward-looking exercises within the CGE modeling framework with an 

explicit focus on food and nutrition security. As a part of this work, the author elaborates 

whether and how caloric equivalents can be included in CGE models, underlining their 

relevance for the modeling framework in general, as well as defining plausible scenarios for the 

future global and regional food security trajectories in particular. 

The centerpiece of this thesis is a comprehensive modeling framework that is capable of 

analyzing the development of future regional food security and facilitating discussions on 

various aspects of long-term projections within CGE models. An important element of this 

framework is the integrated calorie module that contributes to the reporting as well as the 

validation of the modelôs results. The empirical analysis conducted with the help of this 

extended modeling framework underlines the importance of such caloric metrics and identifies 

benefits of their application in scenario analysis. It also shows the advantages for 

intercomparison of modeling outcomes at the stage of sensitivity analysis as well as across 

different studies.  
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The simulation results reveal the potential for further elevation of the average consumerôs 

energy intake in all regions under the central scenarios. However, the expected increase in 

calorie availability is neither regionally uniform nor scenario specific. Some regions do not 

show a substantial improvement in energy intake though, indicating that a substantial share of 

their population could remain food insecure. Both central scenarios emphasize a tendency in 

emerging and industrialized countries toward more energy-dense diets, containing more 

animal-based products, sugars, and oils. This, in turn, imposes the risk of unbalanced diets and 

overconsumption. 

This thesis and the presented method of integrating caloric information into the CGE model 

provides a solid basis for further research. It makes a substantial contribution to the discussion 

of scenario analyses and application of CGE models in the area of food security modeling. In 

this regard, the calorie module has proven itself to be a valuable diagnostic tool and a central 

element for food security assessment. The approach of integrating caloric equivalents presented 

in this work is very general and can easily be extended to include other macronutrients, such as 

fats, proteins, and carbohydrates. The free accessibility of the data sources used and the 

transparent implementation process are evident strengths of the approach that might further 

motivate its use. Moreover, the proposed modeling framework offers an interesting and 

effective tool for analyzing various research questions concerning dietary trajectories and food 

security policies in long-term scenario analyses. The study of policy mechanisms targeting the 

adverse developments of dietary shifts might be one such interesting research direction.  
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Zusammenfassung 

In den letzten zehn Jahren rückte das Thema Ernährungssicherheit verstärkt in den Fokus der 

wissenschaftlichen Forschungsgemeinschaft sowie der Politik und der Öffentlichkeit. Diese 

Entwicklung ist nicht verwunderlich, da allen Menschen physischer und ökonomischer Zugang 

zu angemessener, sicherer und ausgewogener Nahrung über das ganze Jahr garantiert werden 

soll. Dieses Ziel zusammen mit der Beseitigung aller Formen der Mangelernährung formuliert 

die Agenda für eine nachhaltige Entwicklung, die von der UNO im Jahr 2015 beschlossen 

wurde. Die Verwirklichung dieser ambitionierten Agenda-Ziele erscheint aber keineswegs 

einfach. Im Gegenteil, die Entwicklung der letzten Jahre zeigt eine weltweit steigende Zahl von 

Menschen, die von Unterernährung betroffenen sind. Das ist zweifellos ein beunruhigendes 

Zeichen für die Weltbevölkerung. 

Die zukünftige sozioökonomische Entwicklung, eine weiterwachsende Bevölkerung, 

Ressourcenknappheit, Änderungen des Nachfrageverhaltens und langsameres Wachstum der 

landwirtschaftlichen Erträge, all diese Aspekte gemeinsam sowie jeder einzeln für sich, 

verschärfen die Unsicherheit der zukünftige Nahrungsmittelversorgung. Sie unterstreichen, wie 

wichtig es ist die Herausforderungen vorausschauend zu erkennen, um die Weltbevölkerung zu 

ernähren. Innerhalb des breiten Spektrums von aktuellen, methodologischen Ansätzen für 

Zukunftsprojektionen spielen die allgemeinen Gleichgewichtsmodelle eine bedeutende Rolle. 

Trotzdem sind sie in erster Linie ökonomische Modelle und verwenden daher standardmäßig 

nur monetäre Indizes. Eine direkte Anwendung von allgemeinen Gleichgewichtsmodellen für 

die Auswertung und Kommunikation der Ergebnisse zu den Themen Nahrung und 

Ernährungssicherheit erscheint deshalb problematisch.  

Vor diesem Hintergrund gewährt die vorliegende Dissertation einen aktuellen Überblick über 

die Konzeption und Umsetzung von Zukunftsprojektionen mit allgemeinen Gleich-

gewichtsmodellen mit explizitem Fokus auf Fragen der Ernährungssicherheit. Innerhalb von 

individuellen, aufeinander aufbauenden Kapiteln erarbeitet der Autor nachvollziehbar, ob und 

wie die kalorischen Äquivalente in die allgemeinen Gleichgewichtsmodelle integriert werden 

können. Damit wird deren Relevanz für die Modellierungsrahmen im Allgemeinen und für eine 

Feststellung der Plausibilität der Zukunftsszenarien für die globale und regionale 

Ernährungssicherheit im Besonderen betont. 

Das Herzstück dieser Dissertation liegt in der Darstellung der umfassenden Modellierungs-

rahmen, die eine Analyse der zukünftigen Ernährungssicherheit ermöglichen und bei der 



 

xvi 

Diskussion der unterschiedlichen Aspekte von langfristigen Vorhersagen mit den allgemeinen 

Gleichgewichtsmodellen unterstützen sollen. Ein wichtiges Merkmal davon ist das integrierte 

Kalorien-Modul, das die Basis für die Kommunikation der Simulationserkenntnisse bildet und 

die Validierung der Berechnungsergebnisse des Modells unterstützt. Die empirische Analyse, 

durchgeführt mit dem erweiterten Modellierungsrahmen, unterstreicht die große Bedeutung der 

Kalorienmetrik und identifiziert deren Vorteile für die Szenarioanalyse sowie für die 

Vergleichsmessungen unter der Sensitivitätsanalyse. 

Die Simulationsergebnisse zeigen deutlich das Potential für eine weitere Zunahme der 

Energieaufnahme der Durchschnittsverbraucher in allen Regionen unter den zentralen 

Szenarien. Allerdings ist der weitere Anstieg weder regional uniform noch szenario-spezifisch. 

Manche Regionen zeigen keine deutliche Steigerung des Energieaufnahmeniveaus, was darauf 

hindeutend, dass ein erheblicher Teil der Weltbevölkerung unterernährt bleiben könnte. Beide 

Szenarien unterstreichen die Tendenz in den Industrie- sowie Entwicklungsländern zu 

energiedichterer Diät, mit einem steigenden Verbrauch von tierischen Produkten, Zucker und 

Ölen. Dies führt wiederum zu Risiken des Ungleichgewichts in der Ernährungsweise und des 

Überkonsums.  

Diese Dissertation bietet mit der Integration des Kalorienmoduls in ein allgemeines 

Gleichgewichtsmodell einen interessanten Ansatz für weitere Forschung. Sie leistet einen 

wesentlichen Beitrag zu der Diskussion der Szenarioanalyse und der Anwendung von 

Gleichgewichtsmodellen im Bereich der Ernährungssicherheit. In diesem Zusammenhang hat 

sich das Kalorien-Modul als ein wertvolles Diagnoseinstrument sowie als zentrales Element für 

die Auswertung der Ernährungssicherheit gezeigt. Der Ansatz für die Integration von 

kalorischen Äquivalenten ist universell gestaltet und kann weiterhin für die Abbildung der 

anderen Makronährstoffe, wie Proteinen, Kohlenhydraten und Fetten, verwendet werden. Der 

freie Zugang zu den angewendeten Daten und der transparente Integrationsprozess 

gewährleisten eine einfache Anwendung dieses Ansatzes. Außerdem bieten die vorgestellten 

Modellierungsrahmen ein interessantes und effektives Instrument für die Analyse eines breiten 

Felds von Forschungsfragen bezüglich der Nahrungstrajektorien und ernährungs-

sicherheitsrelevanten Richtlinien im Rahmen der langfristigen Szenarioanalysen. So erscheint 

beispielweise die Bewertung der Effektivität von Politikmechanismen zur Prävention von 

negativen Entwicklungen der Ernährungsgewohnheiten als ein wichtiges und 

vielversprechendes Forschungsgebiet. 
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1 Introduction  

1.1 Motivation  

In recent years, the topic of food security, its current metrics, future projections, and the 

assessment of potentially beneficial/harming policies has received increasing attention from the 

research community. The main trigger for this augmenting interest is often associated with 

several sharp price spikes in international crop markets since 2006. This might be an indicator 

of substantial limitations of the present production systems in satisfying the increasing demand 

for food (Thomas W. Hertel et al., 2016; Godfray and Robinson, 2015; Pieters et al., 2013). In 

addition, trends such as rising populations and incomes, changing demand patterns, diminishing 

increase of agricultural yields exacerbate the uncertainty of food sufficiency and thereby 

underline the importance of assessing prospect challenges to feeding the worldôs population in 

the future (FAO, 2017).  

According to various simulation exercises of recent studies, global demand for food and non-

food items is projected to increase by +50% to +91% over the period 2010ï2050 under the 

current and more extreme development assumptions (Le Mouël and Forslund, 2017). This high 

magnitude and dispersion in projections raises many additional questions. For example, how 

and where can additional food be produced or where can food consumption be potentially 

reduced? Will the food reach food insecure regions and to what extent will other regions be 

able to cope with the increasing or changing demand? And essentially, what would all this mean 

for the average consumer or household within those regions? Notwithstanding the fundamental 

importance of these questions for scientists and policymakers, they generally stay open-ended 

and are associated with the formulation of a common ñproblem space.ò  

The definition and evaluation of a ñsolution spaceò to the problems of food security seems to 

be an even more challenging task according to existing literature. Evidently, there are multiple 

reasons for this. Thus, Keating et al. (2014) have indicated that there are numerous solution 

strategies, also called ñpathwaysò, for addressing global and regional food security issues in the 

long term. Although qualitative evaluation of these pathways is present, their quantitative 

assessment is often restricted by the availability of technical and economic data. The situation 

is often aggravated by the intrinsic complexity of food security as a concept, attributed to its 

multidimensionality and context specificity (Pérez-Escamilla et al., 2017). This fact indicates a 

limited validity of the one-fits-all solution to problems of global/regional food security and 
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stresses the importance of integrated policy-making strategies at both national and international 

levels. Hence, there is a strong need for the creation of models and tools facilitating a general 

understanding of interlinkages between forthcoming challenges for global/regional food 

security on one side and a platform for the quantitative assessment of efficiency and feasibility 

of solution pathways in their whole complexity on the other side. 

Within the kaleidoscope of modern methodological approaches suitable for the ex-ante analysis 

of food security, computable general equilibrium (CGE) models have a particular importance. 

CGE models allow for an explicit analysis of linkages between different sectors, actors and 

markets of the economy (Bacchetta et al., 2012). Because this methodology is capable to 

represent an economy as a whole with all its complexity, it is considered to be a powerful tool 

for assessing economy-wide structural changes (Tonini et al., 2013; Dixon and Rimmer, 2010). 

These characteristics are crucial for the analysis of global and regional food security in the long 

term. At the same time, CGE models are essentially economic models where monetary indexes 

and values are strictly dominant within the analysis (Lemelin, 2017; Tomlinson, 2013). This 

specific feature makes the direct application of CGE models for the assessment and 

communication of results on dietary and food security issues rather challenging. Indeed, it 

might be favorable to move away from this conceptual thinking and explore the possibilities of 

expanding CGE models by physical units, such as e.g., food consumed expressed in tons or 

nutrient/energy equivalents. Unlike monetary values, these metrics are actually able to describe 

the food security status in a comparable manner and provide a needed consciousness dimension 

to the associated changes of food security situation at the individual level. 

1.2 Objectives 

The aforementioned challenges for the analysis of long-term food security within the CGE 

modeling framework are the focus of this thesis. Thus, I aim to evaluate how caloric equivalents 

for supply and demand can be included in the CGE modeling framework. Then, I will assess 

their role in creating plausible baseline scenarios of global and regional food security. These 

two objectives formulate the basis for the theoretical and empirical sections of this thesis. To 

provide context for further research, I aim to discuss opportunities and main obstacles for 

integrating caloric equivalents and other food security measures to the modeling framework 

using the evidence from modern literature and revising the relevance of individual measures for 

long-term scenario studies. Later, I conduct the quantitative assessment of long-term global 
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food security using an extended version of the multiregional, multisector general equilibrium 

model Global Trade Analysis Project (GTAP). A crucial element of this analysis is derived 

from the newly created calorie module and from the procedures for preparing the database 

capturing caloric information within the GTAP environment. Using results from my 

simulations and comparing them to the analysis of recent studies I aim to present the importance 

of this module for reporting purposes as well as the validation of the modelôs results. 

Furthermore, a strong focus is set on the methodology of baseline creation within the CGE 

modeling framework along with the modelôs parameterization. Thus, additional efforts are 

made to discuss the relevance of the modelôs parameterization, especially income elasticities, 

specification of technological progress and regional disaggregation for the assessment of food 

security. 

Synthetizing individual elements, the present study examines the following research questions: 

1. In which way is the introduction of caloric information to the CGE modeling environment 

able to contribute to the reporting and validation of the simulation results? 

2. How will the average consumerôs energy intake evolve under the anticipated trajectories of 

the key macroeconomic variables in selected scenarios? 

3. How much will the adjustment of individual model parameters, such as income elasticities, 

and specification of technological progress affect the energy intake of the average consumer in 

selected scenarios? 

1.3 Structure of the thesis  

In order to fulfill the aim of this research project, the study is organized as follows: Chapter 2 

is dedicated to presenting an overview of the main concepts, definitions, and frameworks 

currently used in the literature analyzing food security and its forthcoming future. Within 

different subchapters, the notion of food security, critical indicators for its assessment, and 

major factors affecting it will be discussed thoroughly. I will also highlight why caloric metrics 

still play a pivotal role in assessing food security. This discussion will provide the conceptual 

basis for deliberating how modeling exercises might facilitate the identification and 

management of potential risks for global food security. In the second half of Chapter 2, 

distinctive features and results of recent forward-looking exercises using a CGE framework will 

be reviewed. Starting with the recapitulation of the notion of ñbaselineò and its place within the 

CGE modeling framework, the chapter continues with a review of the projections of global food 
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security and the methodological approaches applied within recent CGE based modeling 

exercises. The focus lies on identifying the central convergence and divergence points of recent 

studies and detecting common difficulties and shortcomings in assessing food security 

trajectories within the CGE modeling framework. This summary will then serve as a foundation 

for further improvements in modeling exercises related to food security and its long-term 

projections addressed in Chapters 3 and 4. 

Chapter 3 describes critical features of the standard GTAP model and its relevant extensions 

for addressing the existing limitations and supporting the integration of food security 

assessment into the economy-wide economic analysis. Thus, following the description of the 

standard model, existing and newly created extensions pertinent for the analysis of global and 

regional long-term food security within the GTAP modeling framework will be explored. A 

particular focus is placed on the newly defined integration procedure of previously 

underutilized information on caloric equivalents of food items and their accounting procedures 

in the modeling framework. The chapter will further highlight the crucial steps of the 

experiment design relevant for the modeling of food security and ex-ante analysis, such as an 

extension of the modeling database, parametrization of the model, defining the scope of 

simulation scenarios, and further modeling assumptions. Following the specification defined 

by the experiment design, the extended model is then used for the assessment of the long-term 

global and regional food security status. The results of the conducted assessment will be 

summarized in Chapter 4 and they will  present the effects of exogenous storylines on 

trajectories of agricultural production, food availability and market developments. Later in the 

chapter, a sensitivity analysis is performed to explore the impact of income elasticities and 

technological parameters adjustments on the simulation results. The methodological solutions 

and outcomes of individual simulations will be set into perspective against the revised literature 

for discussion and identification of potential qualifications of the present study in Chapter 5. 

The final part concludes with a summary of the main contributions and highlights the scope for 

further research. 
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2 Literature review  

2.1 Food security: past, present, future 

2.1.1 Food security ï key concepts, measurement strategies and its actual 

status 

Food security is a complex concept whose definitions and application angles have been staying 

under constant revision and discourse since 1960-1970s (Jones et al., 2013; McIntyre, 2009). 

Therefore, many contemporary (Peng and Berry, 2019; Pérez-Escamilla et al., 2017; Burchi 

and De Muro, 2016; Berry et al., 2015; Pangaribowo et al., 2013; Jones et al., 2013) as well as 

older studies, such as Shaw (2007), Weingärtner (2004), Maxwell and Smith (1992), put effort 

into the systematization of knowledge on food security, reviewing the underlying concepts, 

their historical background as well as the metrics used for its assessment. Recent literature 

reviews, such as of Peng and Berry (2019) indicate that the definition was constantly evolving 

in an attempt to always address the newly observed challenges arising from individual global 

and local food crises. It also aimed at integrating the new research evidence of their causes to 

the international political agenda. Thus, in the 70s, where the food shortages and extreme 

volatility in food markets were observed, the first official definition of food security was 

presented at the World Food Conference in 1974. It urged that ñ[the] availability at all times of 

adequate world food supplies of basic foodstuffs to sustain a steady expansion of food 

consumption and to offset fluctuations in production and pricesò. This definition corresponded 

to the spirit of the times emphasizing a strong need to address food shortage and extreme price 

volatility issues using the supply ï ñfood availabilityò mechanisms (Berry et al., 2015).  

Later research on food crises of the 70 and 80s suggested, however, that not only a restricted 

food availability was detrimental for the situation of starvation and famine but also issues of 

timely economic and physical accessibility that magnified the crisis events (Peng and Berry, 

2019; Jones et al., 2013). This led to a revision of the definition of food security by recognizing 

accessibility as an individual dimension ñensuring that all people at all times have both physical 

and economic access to the basic food that they needò, as well as acknowledging a need to 

include the time scale to the discussion. The latter became a central topic of the highly 

influential report of the World Bank of 1986. In this report a focal point was made on the explicit 

distinction between chronic food security, associated with problems of continuing or structural 
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poverty and low incomes, and transitory food insecurity, that evolves at periods of intensified 

pressure caused by natural disasters, economic collapse or conflict (World Bank, 1986). 

By the mid of 90s the topic of food security was recognized to be an issue spanning from an 

isolated individual to a global level (Berry et al., 2015). Thus, the 1996 World Food Summit 

underlines the relevance of a multifaceted view on food security stating that ñFood 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 lifeò (World Food Summit, 1996). 

This definition was again refined in The State of Food Insecurity 2001, adding an emphasis on 

the social aspects of the problem: ñFood security [is] a situation that exists when all people, at 

all times, have physical, social and economic access to sufficient, safe and nutritious food that 

meets their dietary needs and food preferences for an active and healthy lifeò (FAO, 2002). 

Hereby, the new definition recognizes the need to consider socio-cultural access and 

preferences, its health effects as well as the importance of having a system of social protection. 

It also includes the quality aspects of food as well its nutrient content and is thus closely related 

to the concept of nutrition security that was emerging in the mid-1990s.  

Nutrition security emphasizes the importance of looking at food consumption on a household 

or even on an individual level, taking into account how the food can be utilized by the body (El 

Bilali et al., 2019; Committee on World Food Security, 2012). Although both, food security 

and nutrition security, evidently have many things in common, there is a general consensus that 

they are not synonymous. Nutrition security requires the existence and realization of an 

adequate sanitary, health and social environment that allows meeting dietary needs with a 

sufficient quantity and quality of nutritious food. Therefore, food security should be considered 

as a precondition to an adequate nutrition and that complementary actions are required to 

achieve nutrition security (Committee on World Food Security, 2012). It is, therefore, not 

surprising that many institutions are presently favoring using a combination of these two terms 

for the discussion and communication of strategies. They either look at the problem from a 

more anthropocentric perspective of ñfood and nutrition securityò, or lean towards the socio-

economic, agricultural and market dimensions at regional, national, or global levels using the 

term ñfood security and nutritionò.   
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The last official refinement of the definition of food security took place at the World Summit 

on Food Security in 2009, where stability was incorporated as a fundamentally important 

dimension of food security. At this summit for the first time, the four dimensions of food 

security, availability, access, utilization and stability were denoted as the four pillars of food 

security. It was also acknowledged that the ñnutritional dimension is integral to the concept of 

food securityò (FAO, 2009). Although the inclusion of a nutritional dimension in the discussion 

of food security is widely agreed to be a logical extension of the concept, the conceptualization 

of the dimensions of food security in the form of pillars is considered to be somewhat 

misleading by some studies. Berry et al. (2015) indicate that this might suggest a static and 

separated nature of the individual dimensions on one side, and might also imply the need of 

ñweightingò the contribution of the individual pillars on another. Even if this concern is not 

widespread, e.g., Barrett (2010) stresses the inherently hierarchical nature of the individual 

dimensions, the common understanding that the individual dimensions of food security are 

interrelated and interdependent support the idea of visualizing food security concept as a 

pathway, as it is done by Peng and Berry (2019), Berry et al. (2015), Jones et al. (2013).  

The application of the pathway concept might also be favorable for discussing scale and time 

dimensions, as well as metrics used for the assessment of specific food security situation as 

suggested by Burchi and De Muro (2016), Berry et al. (2015), Pangaribowo et al. (2013) and 

Gibson (2012). Being a highly complex concept overlapping various socio-economic and 

managerial levels (Bokeloh et al., 2009), the development of universal metrics to monitor food 

security capturing all those levels might be rather elusive (Barrett, 2010). Cafiero et al. (2014) 

support this statement, indicating that while hundreds of standalone measures or index-based 

indicators were proposed over the last 50 years, none of them would be able to capture all 

aspects of food security in sufficient detail at all levels. The existing metrics for the assessment 

of food security have individual strengths and weaknesses and their application hugely depends 

on the level of food security that is in question. Thus, most of the indicators might be 

differentiated according to whether they focus on capturing the macro dimension - at regional 

or national levels, or on capturing individual characteristics within specific dimensions of food 

security - at the level of an individual or a household (Figure 1).  
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Figure 1: The time and scale dimensions of food security 

 

Source: Own elaboration based on Peng and Berry (2019), Berry et al. (2015), Jones et al. (2013) 
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Although, the PoU indicator is limited in its applicability,1 as it cannot estimate household food 

security, it still might reliably measure the inadequacy of food consumption on national levels 

and moreover, serve as an extremely affordable monitoring tool of availability and access, even 

for low-income countries (Cafiero et al., 2014).  

Recent revisions of the SOFI reports indicate a lack of global improvement of the food security 

situation (FAO et al., 2021, 2022). Although, the prevalence of undernourishment remained 

mostly unchanged between 2014-2019, the last three years, however, record a rapid increase in 

the amount of people suffering from undernourishment (Figure 2). The FAO reports that the 

most alarming situation is observed in Africa, where the PoU has been rising since 2015 

resulting in a state where one in five people face hunger. This not only represents a complete 

reversal of the improvements achieved since 2004, but also raises concerns about a further 

increase in the number of undernourished people in the regions as indicated in  the SOFI report 

(FAO et al. 2022). This overall dire state of undernourishment in Africa is regrettably 

accompanied by macroeconomic risks (see Chapter 2.1.3 for more details) besides the negative 

contribution of forces majeures, such as the impact of the COVID-19 pandemic, political 

conflicts as well as extreme weather events, and is consistent with the extent of poverty in the 

region (FAO et al., 2019).  

Not more than three years ago, the development of the PoU in other regions raised fewer 

concerns (FAO et al., 2019). However, the outbreak of COVID-19 has rapidly changed the 

overall dynamics of the state of food security situation (FAO et al., 2022). In addition to the 

struggles of recovering from the pandemic, the war conflict between Russia and Ukraine bears 

enormous risk to the food security of Europe and beyond. Both countries play an important role 

in the agriculture, energy and fertilizer markets, not to mention the suffering a war brings to 

millions of people in the heart of Europe. As a consequence, it is necessary to continuously 

keep a close watch on the food security situation in every single region. In this regard both, the 

absolute number of undernourished people as well as the relative prevalence of 

undernourishment, play a pivotal role in understanding the complex overall picture. For 

example, the PoU of Latin-American and the Caribbean has been worsening quickly since 2015, 

going from a relatively low 5.7% to 9.1% in 2021 (FAO et al., 2022). Furthermore, in Oceania, 

the absolute number of undernourished people has been on the rise since 2010. And even though 

this region accounts for only a small share of global malnutrition, putting greater attention to 

 
1 See Wanner et al. (2014) for more details 
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the food security in regions of rapid deterioration is necessary. Subregional dynamics should 

not be neglected as well. Looking at the harsh effects Western Africa was facing in recent years, 

closer attention must be paid by policy makers and the world community on a number of topics. 

It is important to mitigate the negative effects of the COVID-19 pandemic and stabilize the 

overall geo-political as well as socio-economic situation in countries affected by uprisings and 

conflicts (FAO et al., 2019, 2021). Additionally, it is important to focus on more than just 

internal issues. The impact of the external environment and trade cannot be neglected. It is 

important to draw valuable conclusions from intense impacts, such as the continuing Russian-

Ukrainian conflict. It is necessary for each country to become more resistant to external trade 

shocks, by diversification supply sources for key commodities and adequately weigh the 

benefits and risks of each individual policy in order to reverse the persistent increase in 

undernourished people (Abay et al., 2023).  

Figure 2: Prevalence of undernourishment and the number of undernourished people 

 

Notes: Projected values for 2021 are illustrated by dotted lines. Lower and upper bounds of the estimated range 

are illustrated by dashed lines. 

 

Source: own elaboration based on FAO et al. (2022) 
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and the EIU, respectively, are two renowned indexes used to discuss food security trends on a 

national level (Pérez-Escamilla et al., 2017; Jones et al., 2013). Like the PoU, due to the 

underlying objectives and construction methodology, they are not intended to provide insights 

on household or individual-specific food security levels. On the contrary though, both 

indicators represent a complex set of measures aiming to capture the multidimensional nature 

of food and nutrition security and the incidence of hunger on a national level. 

Calculation of the GHI utilizes four indicators for capturing three equally weighted dimensions:             

1) inadequate food supply, represented by the percentage of the population that is 

undernourished, 2) child undernutrition, i.e., the proportion of children under five suffering 

from stunting and wasting, and 3) child mortality rate of under five years old. The data is 

provided by various sources: the PoU by the FAO, the United Nations Interagency Group for 

Child Mortality Estimation (UN IGME) and UNICEF provides information on child mortality, 

while the joint database of UNICEF, WHO, and the World Bank, as well as Global Database 

on Child Growth and Malnutrition, Demographic Health Surveys, Multiple Indicator Cluster 

Surveys and statistical tables from UNICEF are sources of information on the children 

undernourishment status defined with the help of anthropometric indicators (Grebmer et al., 

2019, 2021). 

Each indicator component is standardized in order to relate the status of an individual country 

to the global situation. They are then aggregated to define the GHI score for each country. 

Following, the countries are ranked on a 100-point scale and categorized as countries of ñlowò, 

ñmoderateò, ñseriousò, ñalarmingò and ñextremely alarmingò hunger (Jones et al., 2013). 

Considering the equal contribution of each dimension to the final score, the GHI might be 

considered as a conceptual extension and a tool for scrutinizing the results on undernourishment 

provided by the FAO. The developers of the indicator mention that the combination of 

undernourishment indicators and indicators related to the children nutrition status facilitates 

capturing the nutrition status of a particularly vulnerable subset of the population for whom an 

inadequate dietary intake leads to a high risk of illness, poor physical and cognitive 

development, and death. Such strategy also allows reduction of random measurement errors of 

individual dimensions (Grebmer et al., 2019; Pérez-Escamilla et al., 2017). At the same time 

Jones et al. (2013) raise concerns that the capacity of the GHI to adequately capture food 

insecurity and hunger might be somewhat questionable, as determinants of combined indicators 

are not necessarily associated with food insecurity (e.g., access to health services, household 

water and sanitation, etc.). As previously discussed, this concern underlines the debate on the 
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applicability of definitions, dimensions and metrics of food security. Although the developers 

of the GHI themselves are extremely objective about the created index. They indicate that an 

implementation of a combined index might always be subject to a certain amount of critique. 

They also state that this type of indicator needs to be revised occasionally to better reflect the 

state-of-the-art knowledge, the availability of new indicators or additional data in general 

(Wiesmann et al., 2015). 

In this regard, the Global Food Security Index (GFSI) is a much more complex index used for 

assessing and monitoring progress in more than 100 countries in regards of food security with 

respect to the four distinct dimensions: ñaffordabilityò, ñavailabilityò, ñquality and safetyò, and 

ñnatural resources and resilienceò (The Economist Intelligence Unit (EIU), 2021). The index 

was subject to a substantial transformation since its inception in 2012, increasing its complexity 

from being a composition of 25 in its early version, to up to 58 in the unique indicators in the 

most recent version (EIU, 2012, 2021). The dimension of affordability is determined with the 

help of 11 indicators and aims to evaluate costs and the existing capacity of people to pay for 

food at a country level. At the same time, 16 indicators measure the sufficiency of national food 

supply, the access of individuals to it and the risks of its disruption, summarized in the 

availability dimension. Quality and safety are the third dimension of the GFSI and it consists 

of 12 quantitative and qualitative indicators exploring the nutritional quality of average diets 

and the food safety environment of a country. Because this dimension explores the energy and 

nutrient intake of individuals, diversity of diets as well as characteristics of food-safety control 

institutions, this dimension is often associated with the utilization dimension of the 

conventional food security definition (Izraelov and Silber, 2019). ñNatural resources and 

resilienceò is a relatively new dimension that was added to the 2017s iteration of the index 

(EIU, 2019). It aims to assess the countriesô susceptibility and ability to adapt to existing natural 

resource risks as well as to the effects of climate change. With a total of 19 indicators this is the 

dimension with the highest number of indicators. The information for each individual indicator 

is collected from a variety of reliable sources including governmental, and non-governmental 

sources as well as international agencies, such as FAO, World Bank, WFP, etc. This is often 

considered as an additional strength of the GFSI by several authors (Pérez-Escamilla, 2017; 

Jones et al., 2013). 

A GFSI score is calculated for each dimension, normalized and aggregated across categories 

which then enables a cross-country comparison. Unlike the GHI which only focuses on 

emerging economies, and middle- and low-income countries, the GFSI also captures the 
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situation of developed countries. The overall score ranges from 0 (least favorable) to 100 (most 

favorable). Al though several sources, e.g., Pérez-Escamilla et al. (2017) as well as early reports, 

e.g. EIU (2015), indicate the presence of the food price adjustment factor used for recalculation 

of the index quarterly, the more recent revisions of the index do not indicate its presence (EIU, 

2018). Incorporation of the module capturing aspects of natural resource use and resilience, 

initially in form of an adjustment factor, and later as an individual block of indicators is on 

contrary an interesting feature of the index that will likely retain in the future. In fact, many 

authors of recent reviews on food security concepts urge the need of incorporating sustainability 

as a long-term dimension to food security that is capable of influencing all other dimensions as 

indicated in Figure 1 (El Bilali et al., 2019; Peng and Berry, 2019; Berry et al., 2015). Index 

calculation mechanics allow the use of multiple predefined weighting schemes for individual 

indicators: peer-panel weights used for the generation of the annual report, and neutral weights 

that assume all indicators are equally important and distributed evenly. With the latest revisions, 

users received even greater flexibility to explore the index utilizing one of five customizable 

weighting schemes.2 This is an important feature that allows users of the index to test their own 

assumptions about the importance of each indicator. Nonetheless, it was not able to fully 

eliminate the concerns of previous reviewers (e.g., Pérez-Escamilla et al., 2017; Thomas and 

Hombres, 2017; Jones et al., 2013) about the subjective nature of scoring for many of the 

qualitative indicators that form the index, as well as the unbiasedness of expert-judgment on 

the selection of indicators and weights generating the final ranking. The recent statistical 

assessment of Izraelov and Silber (2019), however, suggests that the expertsô choice of 

indicators and weighting for the index creation is reasonable to generate a country ranking for 

the level of food security. Nonetheless, this encouraging outcome should still be taken with a 

certain level of caution. Relative to the PoU and the GHI, the GFSI and the compendium of 

indicators on which it is based should be interpreted as a measurement of the conditions 

contributing to food security or of the environment potentially enabling food security rather 

than the actual food security level (Izraelov and Silber, 2019; Thomas et al., 2017). It does not 

focus on the impact of food security level such as the amount of food consumed or the 

nutritional status of the population like other previously discussed indicators. Instead, it has 

features capable of capturing other socio-economic aspects and governance areas, e.g., political 

risks, levels of corruption equality, presence of development agencies, food safety programs, 

etc., that are usually not directly included in food security indicators (Thomas et al., 2017). 

 
2 According to the GFSI model from the year 2018 
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Therefore, the application of the GFSI, either as a complementary index or by extending it by 

adding elements capturing the impacts of the food security status, especially at individual and 

household levels, seems to be a viable alternative in the future (Izraelov and Silber, 2019; 

Thomas et al., 2017). 

The list of metrics that directly or indirectly capture specific aspects of food and nutrition 

security is of course not restricted to the three national scale indexes with global coverage such 

as the PoU, the GHI, and the GFSI (Figure 3). Some indicators and assessment strategies are 

used for monitoring and as almost real-time early warning systems in areas of high risk for 

severe food insecurity. These include, e.g., the Famine Early Warning Systems Network, or the 

approaches used by WFP in its Comprehensive Food Security and Vulnerability Analyses. 

Other methods using household expenditure or consumption surveys, food intake surveys, 

anthropometric status and biometric measures might be more suitable for capturing the food 

security access and utilization dimensions at household and individual levels.  

Figure 3: Variety of dimensions, indicators and approaches for capturing food security 

 

Source: own elaboration based on Pérez-Escamilla et al. (2017), Carletto, Zezza, and 

Banerjee (2013), Pangaribowo et al. (2013) 
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Food security measures relying on household surveys and anthropometry are based on the idea 

and potentially better reflect that poor nutrition and food insecurity is likely a resulting problem 

of access and utilization faced by certain individuals or a subpopulation which is more 

vulnerable, rather than a whole nation in general. The application of these methods is also 

subject to substantial costs and might not be feasible for regular global food security 

assessment, as a larger amount of data and time are required (de Haen et al., 2011). Moreover, 

assessing the future food security trajectories at a household level might face additional 

methodological hurdles. Thus, differentiation of food security status across various households 

in the forward-looking exercises will require an introduction of an extensive spectrum of 

assumptions on the forthcoming structural shifts within and across households of different 

countries (van Ruijven et al. 2015). As this studyôs orientation is on the application of economy-

wide global CGE models with an explicit focus on the assessment of the food security situation 

at a macro level, meaning the national levels, the extensive discussion of household-related 

food security indicators is beyond the objectives of the present study. Similar to Timmer (2000), 

I believe that the adequate assessment of the macro dimension of food security should not be 

belittled as it creates predetermining conditions for the ñmicroò level, meaning householdsô and 

individualsô access to food on a reliable regular basis through self-motivated interactions with 

local markets and home resources. The interested reader might, however, delve into the 

discussion of benefits and shortcomings of individual food security metrics using Pérez-

Escamilla et al. (2017), Leroy et al. (2015), Carletto et al. (2013), Pangaribowo et al. (2013) 

and de Haen et al. (2011) as potential entry points. The following chapter will discuss the 

importance of universal measuring units, especially calories, for the assessment of the food 

security situation of the world. 

2.1.2 Calories in the food security context, why are they still  relevant? 

Chapter 2.1.1 shows that food security is a multidimensional concept that comprises a broad 

portfolio of indicators and is subject to the various dimensions, levels and components that 

might be used for the assessment of the food security situation. It also indicates that currently, 

no single indicator or index can encapsulate all characteristics suitable for capturing all 

dimensions of food security at every potential level. Traditionally, either due to data limitations 

or practical considerations, food availability as a source and to a certain extent as the 

determining trigger for other dimensions of food security is receiving more research attention. 
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Consumption and availability of specific food items or a group of food items are central 

variables used for assessing the availability dimension of food security (WHO and FAO, 2003). 

Both indicators are usually specified in the form of either metric units, such as grams, 

kilograms, or even tons, or are represented by the attributed energy equivalents ï kilocalories 

or kilojoules (FAO, 2003). For analyzing and comparing food security statuses across different 

countries, the information on food availability is typically standardized with the help of data on 

population size and daily consumption, resulting in, e.g., g/capita/day or kcal/capita/day. The 

WHO also applies these measurement units in their recommendation on norms for consumption 

amounts in healthy diets and for exposing unhealthy dietary habits (WHO, 2020). Even though 

both measurement units are widely applied and are often used in literature and modern 

databases (e.g., in Food Balance Sheets and Household Consumption Surveys), their 

application for the analysis of food security has certain distinctive features. Absolute metric 

units universally play a central role when a discussion of the dietary recommendations for a 

single product group takes place and are generally applied when their consumption is positively 

associated with a ñhealthyò diet (WHO and FAO, 2003). At the same time, caloric equivalents, 

which are a derivative combination of metric units and food composition tables, are used when 

more generalized information on more than one commodity group is in focus. This is 

particularly true when broad commodity groups, like fruits, vegetables, or starchy roots, are 

pulled together for defining overall food availability and adequacy of food supply within a 

region.  

Being a universal and equitable denominator for food items, caloric equivalents are a widely 

used metric that is either used directly, e.g., for measuring the overall food availability within 

a region, or applied in relative terms capturing the contribution of individual commodity groups 

in the assessment of the overall diet or nutrition quality. Both applications are of fundamental 

importance for assessing current and future food and nutrition security dynamics. Thus, global 

food consumption, measured in kcal per capita per day, has been increasing steadily over the 

last decades (Figure 4). Availability of calories per capita from 1961 to 2013 increased globally 

by 687 kcal/cap/day and by 949 kcal/cap/day in developing countries.3 There was, however, 

substantial heterogeneity across regions subject to the different economic performances. 

 
3 The data presented in Figure 4 and discussed in this chapter represents the synthesis of information for the earlier 

iteration of Food Balance Sheets covering the period between 1961 and 2013. The updated version of Food Balance 

Sheets that use revised methodology provides this information only for the short time span from 2014 to 2018. 

Therefore, it is not suitable for long-term analyses and is not applicable for use in Chapters 3 and 4 due to the 

existing differences in the base year. However, the trend of increasing global calorie availability captured in the 

old database continues and reaches 2929 kcal/cap/day in 2018. 
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Middle-income countries, and China in particular, were able to considerably improve the 

availability of food items for final consumption. With its more than two-fold improvement over 

the last 50 years, China substantially outpaced the existing growth of other developing regions 

and is rapidly approaching food consumption levels typical for high-income regions (Figure 5). 

On the contrary, the progress of low-income countries was rather modest (+14% kcal/cap/day) 

and even lagged behind the performance of the high-income countries group (+18%). As 

previously acknowledged by the WHO and FAO (2003), regional differences in total kcal 

consumption still persists and might be closely related to the overall economic performance of 

those regions and individual countries (see Chapter 2.1.3.). A relatively low improvement of 

regional food availability is an additional restrictive factor to a better access to food in sufficient 

quantity and quality for millions of people who currently remain undernourished.  

Figure 4: Historical trends of food availability, 1960 - 2013 

 

Note: Country grouping is based on the World Bank Country Groups of June 2018.
4
  

Source: Own elaboration based on FAO (2016) 

 
4 Information presented in figure was created with the help of country code package (Arel-Bundock et al., 2018) 

for matching information between the World Bank lending groups and the information provided by FAO. 
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The development of food consumption patterns within the group of high-income countries 

might, in contrast, be suitable as a tool for assessing other rapidly emerging but contrary food 

security issues ï malnutrition and overconsumption. Since the year 2000, calorie consumption 

within high-income countries is at its historical maximum and has fluctuated on average around 

3380 kcal/cap/day (Figure 5). The within group variation stays, however, rather large. For 

example, the average food consumption of Japan with 2726 kcal/cap/day is one of the lowest 

within the high-income group, while the USA, Belgium and Austria, with 3682, 3733 and     

3768 kcal/cap/day, respectively, were the countries with the highest food consumption in 2013. 

Therefore, the calorie consumption levels within high-income group and, particularly one that 

are registered in the most affluent countries, should be related to the upper bounds of the 

attainable food consumption typical for todayôs average person.  

Figure 5: Trends in aggregate food demand by income groups and globally, 1960 - 2013 

 
 

Note: Country grouping is based on the World Bank Country Groups of June 2018. China is included to the group 

of low- and middle-income countries. 

Source: Own elaboration based on FAO (2016) 
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The existence of such clearly defined upper bounds in attainable consumption over the whole 

history of observations supports the idea of food consumption limits and the strengths of the 

well-known economic regularities such as Engelôs law (see Chapter 2.1.3 for more details). The 

existing boundaries also indicate the importance of breaking down the overall food 

consumption into key food groups using caloric equivalents. This allows further capturing and 

monitoring of global tendencies of dietary and nutrition transition as discussed in Chapter 2.1.3, 

as well as in studies of Masters (2016), Tilman and Clark (2014), Barry M. Popkin (2006). 

Although hunger and malnutrition have such a severe impact, it is also required to pay close 

attention to intake development of highly energy-dense commodity groups and to excessive 

calorie consumption (Gómez et al., 2013; Popkin et al., 2017). The increasing number in 

availability and consumption of ñemptyò calories (energy-dense food items with low nutritional 

value) might negatively contribute to the worsening health status of the population and increase 

the risk of non-communicable diseases (Swinburn et al., 2019; Gómez et al., 2013). Changes in 

eating habits observed over the past 50 years resulted in a rapid transition from a state where 

the prevalence of underweight was double that of obesity, to one where more people are obese 

than underweight (NCD Risk Factor Collaboration, 2016). Currently, almost 39% of the 

worldôs population is considered overweight (WHO, 2017). This number is even higher in the 

developed world, where almost 58% of the population were affected in 2016 (WHO, 2017). 

Despite being distinct in affluent countries, the fast increase of the average body mass is also a 

rising problem in the low-income countries (Farrell et al., 2018). The proportion of people 

classified as overweight has increased from 9.2% to 25.8% between 1975 and 2016. Even 

though the current level of obesity in low-income countries is four times lower than in high-

income countries, the existing strong positive dynamics is a worrying sign (see Figure A1 in 

Appendix).  

Going beyond the simple reporting of the current dietary statistics, caloric equivalent as an 

equitable and comparable metric that additionally allows further normalization might be of high 

relevance in other research fields. For instance, von Lampe et al. (2014) and Le Mouël and 

Forslund (2017), name these properties as pivotal for quantitative assessment of future 

trajectories using simulation models and validation of study results. Unfortunately, the 

economic background of many simulation models applied for assessing global future food 

trajectories, global CGE models in particular, typically do not consider information on nutrition 

and energy content. They rather limit  themselves to the utilization of information on monetary 

flows for capturing economic relationships and product flows within an economy. Such 
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specifications are, however, not capable of providing sufficient insights on diet quality changes, 

as a clear and transparent explanation in terms of shifts in food consumption per capita is simply 

not represented. Considering the fundamental importance of changing diets in the discussion 

on future food consumption as well as the food and nutrition security, a broad implementation 

of the widely applied nutritional metrics, such as calories, seems to be a favorable feature for 

the modern CGE models used for creating forward-looking exercises. In the following 

subchapter, the critical macroeconomic tendencies that are capable of influencing global food 

security, and which are traditionally incorporated in simulation exercises focusing on future 

food consumption, will be reviewed. 

2.1.3 Increasing macroeconomic risks 

Food security remains a critical and increasingly complex objective for any food system 

(Hinrichs, 2013). The tight relationship between food production and consumption drivers at 

the macro-level, sharpened by regional, household and individual factors, determines the 

conditions required to achieve food security. This also applies to its closely related objectives 

of eliminating hunger and malnutrition5 in the future which are often considered to be 

challenging (FAO et al., 2017, 2021). Many studies indicate that the future agricultural system 

will be subject to a broad specter of socio-economic, environmental, climatic and governmental 

challenges (Barron et al., 2013; FAO, 2017a; Foley et al., 2011; Kearney, 2010; Laborde et al., 

2016; OECD, 2012) and that a systemic approach to address those challenges is required 

(Keating et al., 2014; McKenzie and Williams, 2015). The recent review of the FAO (FAO, 

2017) identifies 15 trends for this century that will shape the future of mankind, as we all depend 

on food and agricultural systems. The limited availability of natural resources and the adverse 

effects of the climate change, as two of the identified trends, are considered to be restrictive 

factors for the expansion of agricultural supply while preserving the long-term sustainability of 

food production. Nonetheless, similar to earlier studies (e.g., Nowicki et al., (2007), Rosegrant 

(1999)), the role of population dynamics, economic growth and the associated changes of 

consumption behavior are still considered to be pivotal for determining the future demand for 

food and agricultural commodities. Considering the scope of this study, the key macroeconomic 

determinants and tendencies related to global food security are further discussed in this chapter. 

 
5 Call for eradication of hunger and ending all forms of malnutrition by 2030 is included to the set of Sustainable 

Development Goals (SDGs) adopted by world leaders in September 2015. 
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Population dynamics 

A change of the population size, its average age and gender structures, along with its spatial 

concentration are agreed to be critical drivers for the overall food demand and the shifts in 

existing consumption habits. The recent estimates of the UN Population Division (2022) 

indicates that the worldôs population will continue to grow and will reach 8.5 billion by 2030, 

9.6 billion by 2050, and 10.4 billion by 2100.6 Compared to approximately 7.0 billion people 

that were living in 2011, the global population will increase by 21.4%, 37.1%, and 48.6% in 

2030, 2050, and 2100, respectively. These numbers mask a considerable degree of 

heterogeneity which is expected to be both across and within regional groups. A slowdown in 

population growth is expected for almost all regions (Figure 6 and Figure A2 of Appendix), but 

for Sub-Saharan Africa and the South Asian regions a continual growth is projected.  

The expected increase in population of the Sub-Saharan region is primarily attributed to the 

high fertility rates (UN Population Division, 2017). Although a continually declining 

population growth resulting from a decreasing fertility rate in SSA is foreseen, it is not expected 

to fall below 1% before 2070-2075.7 At the same time, the contribution of the South Asian 

region to the growth of the worldôs population is mainly assigned to the overall high population 

and an intermediate fertility rate.8 This continuous growth might result in these two regions 

consolidating about 41% of the global population by 2030, 45% by 2050 and staggering 55% 

by 2100. According to the FAO (2017), such a substantial increase in population might 

seriously jeopardize the overall development of countries within those regions and strain their 

agricultural systems. The FAO is particularly concerned with the future of agriculture-

dependent countries with limited land and water resources, like Niger and Somalia. Against this 

background, population dynamics in high-income countries do not raise much concern 

regarding increasing food demand and food security. Even if the growth rate is projected to be 

positive for the period of 2022 until 2045, it is expected to be small (0.10 percent per annum) 

for the medium variant trajectory.  

 

 
6 These estimates are rounded to the first decimal and represents the medium variant scenario according to UN 

Population Division (2022)  
7 Own estimation based on data of UN Population Division (2022) for medium variant. 
8 Three out of ten countries with the largest population are in this region: Bangladesh, India and Pakistan. 

According to the UN classification, in 2015-2020 these three countries are classified as having an intermediate 

fertility rate (average between 2.1 and 5 births over a lifetime) (UN Population Division, 2021) 
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Figure 6: Global population by region: historical and projected, 1950 - 2050 

 
Notes: a) Country grouping is based on the World Bank Country Groups of July 2022, downloaded on 22 February 

2023 from https://datacatalogfiles.worldbank.org/ddh-published/0037712/DR0090755/CLASS.xlsx. High-

income countries (HIC) are classified in a single group, regardless their geographic location. All other 

countries, qualified as low- and middle-income countries (LMIC), are classified by geographic region: 

Europe and Central Asia (ECA), East Asia and the Pacific (EAP), South Asia (SAS), Latin America and 

the Caribbean (LAC), Near East and North Africa (NNA) and sub-Saharan Africa (SSA). If not specified 

otherwise, LMIC and EAP include China (mainland only). Country groups and China are hereafter 

generally referred to as ñregionsò.   

 

Source: own elaboration based on UN Population Division (2022), visualization idea is adopted 

from FAO (2018) 
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The anticipated population growth is strongly tied to the global trend of urbanization and 

humans generally reaching higher ages. Staying rather constant between 2011 and 2030   

(+0.3% - own calculation based on data from UN Population Division (2018b)), rural 

population in absolute terms is expected to be reduced approximately by 9% by 2050 (Figure 

7). Thus, the global share of the rural population is predicted to decrease from 48% in 2011 to 

40% in 2030, and 32% in 2050. Like earlier projections, e.g., the projections of OECD (2012), 

the growth of urbanized areas is expected to be distributed unevenly across regions. The most 

substantial shift from rural to urban areas is anticipated to take place in areas of the major 

population growth ð Sub-Saharan Africa and South Asia (Figure 8). The rapid urbanization 

process is often associated with an attempt to diversify oneôs sources of income (Barron et al., 

2013), and to get access to the better medical, education and other services that are more 

concentrated and easier to access in urban areas (Maggio et al., 2015).  

Figure 7: Global rural and urban population: historical and projected 1950 - 2050 

 

Source: Own representation based on UN Population Division (2018b) 
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energy-dense and nutrient-poor diet which is characterized by high consumption of animal 

products, sugars, fats and oils, more processed, and more out-of-home food (Kearney, 2010; 

Popkin et al., 2017; Rayner et al., 2006). In addition, the improved distribution and 

transportation infrastructures, and higher penetration rates of foreign suppliers and supermarket 

chains in urban areas contribute to the intensity and speed of nutrition transition and dietary 

shifts (Kearney, 2010). 

Figure 8: Regional urbanization trends: historical and projected 1950 - 2050 

 

Source: Own representation based on UN Population Division (2018b) 

Aging of society is an another aspect of population dynamics, that according to several authors, 

e.g., Laborde et al. (2016) and Vásquez, Vita, and Müller (2018), might require additional 

attention when the future of food demand and supply are analyzed. Currently, 25% of the 

population in Europe is already 60 years or older and this proportion is projected to reach 35% 

by 2050. In Latin America and the Caribbean, in Asia as well as in Africa, the share of people, 

aged 60 years or more is projected to be approximately twice as high by 2050 as in 2017. 
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Although the population of all countries is expected to become older within the foreseeable 

future, in the short-term it will remain young in regions where fertility rates are high (UN 

Population Division, 2017, 2019). Predominantly, this is the case in the African region where 

60% of the population was below the age of 25 in 2019. Even though the proportion of people 

below age 25 is anticipated to decline towards 50% by 2050, it still be higher than the rates of 

other regions in 2019.  

The trend toward an aging population might have diverse consequences for the food systems 

and food security. On the one side, it is known that both, children and the elderly, have a 

relatively lower energy requirement compared to adults (FAO, 2001a). Thus, individual regions 

might face lower food needs in terms of calories if the corrections are made according to the 

expected lower metabolic demands of the youth and elderly. According to Vásquez et al. 

(2018), the aging phenomenon regarding food consumption observed in the period from 1975 

to 2014 has counteracted the rise of energy demand needs by -2%. The authors also indicate 

that this reduction may correspond to the food needs of approximately 40 million adults, which 

is comparable to the population of South Korea. On another side, with an aging society, the 

growth potential of the economy slows down, while social security systems become 

unsustainable and healthcare burdens increase (FAO, 2017). Through the market repercussions, 

these developments might have an adverse effect on food supply and hamper the availability 

and accessibility of food. Therefore, aging of population, either directly or indirectly through 

market mechanisms, is capable of influencing both sides of the supply-demand equation. It 

makes quantifications of its future effect on food systems subject to substantial uncertainty.  

However, even if a 40 years accumulation of the effects of global population aging might seem 

to be sizable and could release a sufficient amount of food capable of satisfying the needs of a 

medium-sized country, its contribution to the analysis of the future demand should not be 

overrated. The same study of Vásquez et al. (2018) indicates that the population growth from 

1975 to 2014 has increased the food demand by +116%.9 Putting population aging in such a 

perspective makes its contribution to the discussion of future food demand trajectories rather 

marginal. 

 

 
9 The study of Vásquez et al. (2018) has strictly analyzed the food demand from the biophysical and demographic 

perspectives. The well known impact of rising income on food demand, changes of lifestyle and other socio-

economic factors were not disentangled from this estimate.  
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Economic growth and changing consumption patterns 

With the gradual deceleration of population growth (Figure A2 of Appendix), rising income as 

the pivotal measure of economic growth, will take the position of the central driving force of 

global food demand (Baldos and Hertel, 2014; Fukase and Martin, 2017). Overall, the average 

citizenôs income represented by a gross domestic product (GDP) per capita10 was 11011 USD 

in 2021, 1.5 times the amount of 1990. In spite of of the global improvements, remarkable 

differences across regions and country groups remain (Figure 9). Moreover, a growing income 

gap can be observed between high-income and low- and middle-income country groups. In 

2021, the average per capita income in high-income countries was 42539 USD, while it was 

only 5104 USD in low- and middle-income countries. China is clearly an upstart in the GDP 

per capita development statistics for the group of the middle and low-income countries. During 

the period from 1990 to 2021, its GDP per capita has increased more than ten times, reaching 

11188 USD in 2022. Although other low- and middle-income countries have also undergone a 

positive growth in the analyzed period, it was either below the Chinese pace or severely volatile 

(Figure A3 of Appendix).  

Figure 9: Per capita gross domestic product: historical trends 1990 - 2021 

 

Source: Own representation based on World Bank (2023) 

 
10 Within this chapter if not stated otherwise, GDP per capita is defined in constant 2015 USD. 

0

3000

6000

9000

1
9
9
0

2
0
0
0

2
0
1
0

2
0
1
5

2
0
2
1

G
D
P
 
p
e
r
 
c
a
p
i
t
a

,
(c
o
n
s
t
a
n
t
 

2
0
1
5
 

i
n
t
e
r
n
a
t
i
o
n
a
l
 

$
)

0

10000

20000

30000

40000

1
9
9
0

2
0
0
0

2
0
1
0

2
0
1
5

2
0
2
1

World High-income countriesEurope & Central Asia

China East Asia & Pacific South Asia

Latin America & CaribbeanMiddle East & North AfricaSub-Saharan Africa



Increasing macroeconomic risks 

27 

The economic development of Sub-Saharan Africa is of a recent concern in this regard      

(Figure 9). Eventhough, that the region was able to show positive dynamics between 2002 and 

2014, on average increasing its GDP per capita by 2.52% per annum, this tendency was recently 

interrupted. For two consecutive years, 2016 and 2017, the growth rate of GDP per capita 

became negative and equaled -1.05% and -0.23%, respectively. The disruption of the trend 

towards improved standards of living is attributed to the combination of a slowdown in 

economic growth due to the recession in most oil-exporting countries (IMF, 2017) and a rapidly 

increasing population within the region. Although the economic growth briefly recovered in 

2018, the heterogeneity of resource-intensive (e.g., Nigeria) and non-resource intensive (e.g., 

Ethiopia) countries within the region is substantial. The subdued growth within resource 

intensive countries implied that the income growth would not advance further (IMF, 2019). As 

assumed, the recovery process could not be sustained: over two consecutive years, the GDP per 

capita decreased by more than 4%, and brought the region back to its level of 2010 (World 

Bank, 2023). The latest edition of the Africaôs Pulse (Calderon et al., 2022) suggests that the 

Africa region continues to struggle with the effects of the Covid-19 pandemic. The economic 

gap between rich and poor widened significantly. This dynamic is greatly associated with the 

job and income loss, especially among less-skilled workers in the informal sector. Rising 

unemployment affects women particularly hard. Overall, the economic growth in 2022 has 

slowed down even further and the expected per capita income growth of 0.7% percent will not 

have significant impact on poverty reduction and prosperity growth in the medium and long 

term. This is an extremely worrying sign for both, the region itself, and the world community.  

The globally observed economic growth and increase in income had far-reaching consequences 

for consumer behavior and on food demand in the past and is likely to continue its influence in 

the future (Gouel and Guimbard, 2019; Popkin et al., 2017; Drewnowski and Popkin, 1997). 

The rapidly increasing income in developing countries gave way to a global middle class that 

developed a more diverse, and at the same time, much more animal-based diet habit. As a result, 

two empirical regularities concerning the shift in consumption behavior have received broad 

acknowledgment in the economics literature. Jointly, they are considered to be fundamental for 

projecting the future of consumption behavior under the continuous increase in income growth 

(FAO, 2018; Gouel and Guimbard, 2019; Zhou and Yu, 2014). The previously discussed 

nutritional transition, sometimes also referred to as ñBennettôs lawò, is the first regularity. It 

suggests that the prospective increase of income and economic improvement will change the 

typical diet, including less carbohydrates (e.g., staple food) and instead more proteins and fats 



Increasing macroeconomic risks 

28 

(e.g., animal-based food) in the typical diet. In accordance with this, the per capita availability 

of animal-based calories in middle and low-income countries has increased by 3.5 times during 

the period between 1961 and 2013, from 126 kcal/day/cap in 1961 up to 441 kcal/day/cap in 

2013 (Figure 10).  

Figure 10: Relationship between consumption shares of broad food groups and GDP                   

per capita, 1970 and 2011 

 

Notes: Non-parametric regression run with the Food Balance Sheets data and World Bank information on GDP 

and population using Loess command with a 0.75 span in R. Individual dots indicate the relationship 

between consumption patterns and GDP, for the set of overlapping countries across two datasets. To capture 

country dynamics, the dataset was truncated to include only observations available for both years (n = 98). 

Year 2011 is used for a greater consistency across datasets. Dietary patterns observed within a more recent 

2012, 2013 FBS, do not deviate substantially from the year 2011. Product grouping is specified in Table A1 

of the Appendix 

 

Source: Own elaboration based on FAO (2016) and World Bank (2019) 

At the same time, the per capita calorie availability of cereals has increased by 27% from 1059 

kcal/day/cap to 1352 kcal/day/cap. But not only the amount, also the diversity of food 

consumption of the average consumer has increased over the past 50-60 years. This pattern can 

be observed for both, the high and low- and middle-income country groups (FAO, 2017, 2018). 

For instance, according to the information provided by the Food Balance Sheets (FBS), 
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consumption11 of fruits and vegetables as an aggregated group has doubled in the same period 

(Figure 11). Notwithstanding the existing clear trends at aggregate levels, this development 

might be region and product-specific. The Global Panel on Agriculture and Food Systems for 

Nutrition (2016) associates a substantial increase in consumption of fruits with the rising 

income, while no systematic pattern between income and vegetable consumption was 

identified.12  

The contribution of vegetable oils to the daily energy intake surpasses the contribution of fruits 

and vegetables globally. This tendency emerged in the 1970s and 1980s where a sharp increase 

in the consumption of vegetable oils was observed globally (Figure 11). Since then, the absolute 

consumption difference between high-income and low- and middle-income countries has 

widened further. In 2013, the consumption of vegetable oils was almost twice as high in high-

income countries. Masters (2016) associates this divergence in vegetable oil consumption with 

an absence of adequate income growth in the African region (Figure 9) as well as a rapid 

increase in consumption of animal sourced fats in the South Asian region.  

Figure 11: Trends in food demand by income groups and globally, 1960 - 2013 

 

Source: Own elaboration based on FAO (2016) 

 
11 FBS provides information on the supply of food available for further consumption (see Chapter 3.2.3 for further 

details). For the simplification purpose, the term ñconsumptionò is used as an equivalent here. 
12 The study adopted results of Masters (2016). Masters (2016) conducted his analysis using the information from 

the Global Dietary Database and not from the FBS.  
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The modest share of vegetable oils in the daily consumption observed in low- and middle-

income countries should, however, not be interpreted as an indicator of a limited dietary shift 

in this regard. On the contrary, the vegetable oils was the only group with a noticeable upward 

shift in income gradients (Figure 10 and Figure A4 in Appendix). Its relative growth of 

consumption between 1961 and 2013 in low- and middle-income countries (+196%) outpaced 

the growth of consumption in high-income countries (+140%). The development of vegetable 

oil consumption in high-income countries and its relationship to the overall economic 

performance over time stays, however, remarkable. Across the broad food consumption groups, 

vegetables oils was a single commodity group experienced a substantial increase. In 2013, the 

group accounted for a non-negligible 15% of daily energy consumption (Figure 11). This 

development was also noticed by other scholars, e.g. Kearney (2010) and resulted in a broad 

discussion about the consequences for fast emerging economies by Popkin (2014) and Popkin 

et al. (2012). Arguably, putting this conspicuity in the context with economic development, the 

visible increase in the use of vegetable oils and its prevalence in diets may be an interesting 

proxy for general economic development and changing affluence observed in the society, even 

for the group of highly developed countries. 

Figure 12: Trends in food demand for the group of other products by income groups and 

globally, 1960-2013 

Source: Own elaboration based on FAO (2016) 
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The aggregated group of other food products captured in Figure 11, does not have a clear-cut 

trend at the global level in 50 out of 53 years of the analyzed time frame, and tended to fluctuate 

between 543 and 594 kcal/cap/day. The fast dietary transition intensified in developing 

countries over the last two decades, and the availability of calories of the ñOthersò product 

group is slowly increasing (Figure 11).13 Figure 12 illustrates that the most prominent shifts can 

be observed in the consumption of sugars and sweeteners (+75 kcal/cap/day), as well as for the 

group of alcoholic beverages (+40 kcal/cap/day). This makes them both the main upward forces 

of growth for the aggregate ñOtherò goods. Their growth was, however, partially compensated 

by a reduction in consumption of pulses and starchy roots, such as potatoes, cassava, yams, etc., 

by -42 kcal/cap/day and by -26 kcal/cap/day, respectively. Thus, the amount of starchy roots in 

consumption has dropped from 9.5% to 5.3% in developing countries and was reduced by half 

in high-income countries.14 

The observed substitution of food products within and across broad commodity groups of 

consumer baskets are vivid examples of processes that are closely associated with the second 

regularity of consumption shifts, defined in economic literature as Engelôs law (Timmer et al., 

1983). Engelôs law suggests that the share of expenditure on food consumption declines as 

income increases (FAO, 2018). As noted by Zhou and Yu (2014), it is possible to look at this 

regularity from an angle of the maximum capacity of individuals to consume food until they 

get fully saturated. Consequently, the authors indicate that as income increases, consumers tend 

to increase their calorie consumption, but their marginal growth rate declines as food intake 

approaches the saturation point. The practical importance of this regularity for the assessment 

of food security within simulation modeling exercises will be provided in the consecutive 

chapters.  

The expected rise of consumption driven by the population and economic growth shows only 

one side of the equation. These anthropogenic factors pose, however, further challenges for the 

environment and its limited natural resources that might affect the supply side. The individual 

aspects of these problems will be discussed in the following subsection. 

 

 
13 In the last three years of the dataset, from 2011 to 2013, per capita availability of kcal from the group of ñOtherò 

products reached its historical maximums and surpassed 600 kcal at the world level.  
14 Availability of starchy roots for further consumption has dropped in high-income countries from 5.6% to 2.8%. 
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Limits of natural  resources and additional pressure from the adverse effects of            

climate change 

A recent FAO report (2017) indicates that all elements of the ecosystem and its related natural 

resources, such as land, water, forests, energy, fish stocks, and biodiversity that are already 

connected to or are actively engaging with agricultural or food production cycles, have faced 

increasing stress and have been competed for by their users in the past decades. The pressure 

driven by the augmenting demand causes not only an increasing scarcity and a competition for 

the available resources, it also results in an increasing deterioration of their quality. Agriculture, 

in this regard, is at the forefront of existing challenges. Water and land are fundamental 

elements required for crop production and livestock and thus are crucial for global food 

security. At the same time, those resources are an essential part of the ecosystem and critical 

prerequisites for living and functioning of organisms and other living beings. Looking at a field, 

there is a piece of land, cultivated and managed by mankind in order to grow a certain crop to 

contribute to the overall food supply. Within the soil itself lies another ecosystem, including 

organisms and animals that, on one hand contribute to the well-being of the soil and, on the 

other hand are heavily influenced by the agricultural processes. Substances used on the soil to 

increase fertility and nutrient density influence groundwater or surface water quality. Once 

crops start to grow, a field provides living space for many other animals. Not to speak of the 

impact agricultural machinery has on those living within the field, using pesticides and plant 

production products heavily decimates insect population, although they play an important role 

in pollination. These contrasting interests regarding the uses of the same resources makes the 

achievement of global food security, while maintaining at the same time the overall stability of 

the ecosystem as a whole, a key challenge for the present century. 

Currently, approximately one-third of the worldôs farmlands are moderately to highly degraded 

(FAO, 2017). The recent studies of the FAO (2017, 2018) indicate that the dry-land regions, 

which are found mostly in developing regions, are particularly susceptible to soil degradation. 

This imposes substantial risks for the livelihoods of the local people and the long-term health 

of the ecosystem. In the last 50 years, however, a major expansion of arable land was observed 

in developing regions (Alexandratos and Bruinsma, 2012). From 1961/1963 to 2005/2007, the 

total area of arable land in use increased by a third and reached 1592 million ha in developing 

countries. Low-income countries had the largest change in land-use within this time, showing 

both, the highest agricultural land expansion as well as deforestation rate. At the same time, the 

use of arable land declined in developed countries. The reduction of arable land in developed 
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regions, however, could not counterbalance changes in developing regions. Globally, land 

allocation has shifted in favor of agricultural use (crop and grazing land), diverting land from 

forestry. Estimates provided by the OECD (2012) indicate that during the period from 1970 to 

2010, the share of agricultural land increased by about 4 percentage points, while land used for 

forestry activities decreased by 3.2 percentage points. FAO (2018) sees this tendency as an 

indication that, while the overall increase of cropland area is still possible, it might be limited 

by the magnifying risks of impinging high environmental, social and economic costs associated 

with using land that is unsuitable for agriculture. Similarly, Winkler et al. (2021) reports on the 

recent trend of deceleration of the land use change globally. 

The expansion of agricultural production in regions with dry climates is imposing additional 

pressure on aquifers and water bodies. Although the significance of agricultural water 

withdrawal strongly depends on the role of the sector within the economy and the prevailing 

climatic conditions, it contributes to 69% of the worldôs water withdrawals, substantially 

surpassing other uses of water. However, several studies, e.g., WWAP (2019) and OECD 

(2012), expect as shift in the share of water usage away from agriculture towards industry and 

domestic households. Yet, the overall water demand is projected to increase at the same time. 

Both these trends might have wide-reaching consequences for the quantity and the quality of 

available water resources. Typically, the main concern is increasing water consumption 

expected in regions already experiencing water stress (Figure 13 and Figure 14). 

Figure 13: Proportion of total water withdrawal withdrawn for agriculture  (% of total)  

 

Source: Own elaboration based on FAO (2021) 
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Against this background, the globally accelerating pace of urbanization might further foster a 

concentration of demand in strictly localized urban and suburban areas. This puts the supplying 

local water bodies at constant risks of overuse and being subject to pollution (Khatri and Tyagi, 

2015). According to the classification provided by the FAO, countries are considered water 

stressed if they withdraw more than 25% of their renewable freshwater resources. At the same 

time, countries are defined as approaching physical water scarcity when more than 60% are 

withdrawn (FAO and UN Water, 2021; FAO, 2018). Figure 14 indicates that many countries 

located between 0- and 45-degree latitude are suffering from water stress. According to the 

report of FAO and UN Water (2021), the critical water stress is registered currently in 16 

countries, where all renewable water resources or even more are withdrawn every year.  

Figure 14: Proportion of renewable water resources withdrawn for agriculture (% of total 

renewable water) 

 

Source: Own elaboration based on FAO (2021) 

Taking water and land constraints into account, the FAO anticipates a relatively low expansion 

of irrigated land by the mid-century - approximately 3.7% from 2013 levels (FAO, 2017; 

Alexandratos and Bruinsma, 2012).15 Moreover, the expansion of irrigated areas is anticipated 

predominantly in the more land-scarce developing regions, while only marginal expansions are 

expected in developed regions.  

 
15 The report utilizes information on the growth rate for irrigation areas provided by Alexandratos and Bruinsma 

(2012). The annual growth rate of the irrigation area is projected to be 0.01 per annum. The projected overall 

amount of land under irrigation differs however between these two reports and comprises 337 million ha by 

2050 in the study of FAO (2017a), and only 322 million in the study of Alexandratos and Bruinsma (2012). 
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The contribution of climate change to the transformations occurring within agro-economic 

systems and the existing inverse effects induced by the system on the global climate exposes a 

high number of risks. One of which is the magnification of the existing uncertainty about food 

security. The relationship between agricultural production systems and global climate is 

extremely complex. On one hand, agro-food production and the associated change in land use 

is currently one of the largest contributors to climate change (Swinburn et al., 2019; FAO, 

2017). The FAO (2017a) reports that greenhouse gas emissions from agriculture, forestry and 

other land use have almost doubled over the past 50 years and are expected to increase further 

through 2050. On the other hand, agriculture and consequently the entire food sector, being 

particularly susceptible to the consequences of climate change, have a great potential for 

adaptation and mitigation its effects. Considering that the effects of climate change are difficult 

to generalize,16 there is a consensus that agricultural production is affected by changes in 

precipitation and temperature regimes which have impact on yields (IPCC, 2014; Lobell and 

Field, 2007). Models that analyzed the impact of climate change on yields of key staples, 

specifically wheat and maize, indicate that their production during the period from 1980 to 2008 

declined globally by 5.5%, and 3.8% respectively due to the effects of climate change (Lobell 

et al., 2011). The overall negative contribution of climate change on yields of main staples 

suggests that additional resources and investments might be required to increase the efficiency 

of the agricultural sector and achieve a continuous improvement of the food security situation. 

The impact of climate change on other economic sectors, as well as aggregate economic impact 

are, however, still considered to be small in relation to the contribution of key macroeconomic 

drivers, such as population, urbanization and economic growth (IPCC, 2014). This tendency 

will likely  persist until at least 2050, and is relevant even for the agricultural sector (Hasegawa 

et al., 2014). Nonetheless, this does not mean that effects of climate change should be ignored. 

Its potential impacts might be severe, such as the possibility of reduced economic growth, 

pushing more people in poverty and putting them suspect at risk of malnutrition and hunger 

(IPCC, 2014). 

Summarizing, achieving the ultimate target of global food security might be challenged by a 

broad group of factors. In this chapter, I have summarized the evidence on key macroeconomic 

factors expected to shape food consumption and to challenge food security in the upcoming 

decades. However, it should be acknowledged that the future development of each factor and 

their joint effects entail a great deal of uncertainty about what global food consumption will 

 
16 The effect of climate change is rather heterogeneous and varies both across regions and crops. 
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look like in the future. Additionally, many other factors potentially contribute to the change of 

food systems and the food security situation at both a global and a local level. The general 

improvement of education and gender equality are solid examples of person-related factors that 

play a pivotal role in the development of local labor markets (Bhandari, 2017; FAO, 2017; De 

Muro and Burchi, 2007). Being inherently interconnected, the existing gender inequality and 

the lack of adequate education hampers the potential for growing productivity growth levels as 

well as the efficient use of existing resources (FAO, 2017). Whereas, the overall pace of 

globalization, the future of trade openness, the risks of prolonged armed conflicts, increasing 

migration, transboundary pests and epidemics, and general policy and regulation changes and 

enactments can be counted as national and global drivers (Swinburn et al., 2019; FAO, 2017; 

Popkin et al., 2017; Braun, 2014; Keating et al., 2014; Kearney, 2010).  

The numerous interrelated factors and drivers influencing food demand and supply underline 

the need for interdisciplinary discussions in order to define systematic approaches for narrowing 

down arising challenges, assessing the magnitude of interdependencies and development of 

potential solutions. This led to an integration of a higher level of complexity of and the 

interdependencies between socio-economic and natural systems into recent studies which aim 

at envisioning the future. Taking into account the uncertain nature of interconnected future 

trends and the necessity to quantify future dynamics, efforts are increasingly made to design 

models and simulation exercises suitable for exploring scenarios about future development. 

CGE models, due to their capability to capture the economic system as a whole, are of particular 

relevance for this task. That is why, this methodological approach is broadly applied in the 

current literature for projecting global food demand. In the next chapter, I take a closer look at 

the ideas and principles of forward-looking exercises in CGE models. I will discuss the 

importance of consistent use of a "baseline" as a definition in the CGE modeling environment. 

In conclusion, recently published CGE forward-looking exercises focusing on issues of future 

food security will be investigated for their key assumptions, outstanding scenario design 

features, and outcomes regarding future food security related trends. The results will serve as a 

reference and a starting point for the creation of baseline simulations presented in Chapter 3.3.
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2.2 Literature review on the role of CGE models and baseline scenarios for  

the assessment of food security 

2.2.1 Baselines and their importance for  CGE modeling 

Over the last decades, CGE modeling became a central tool for the analysis of issues related to 

international trade, taxation, public expenditures, social security, demography, environment, 

resource use and many other topics. This is not surprising as the CGE modeling framework is 

based on solid concepts of economic theory and provides evaluation of the economic impact of 

individual policies from a strictly quantitative perspective. Moreover, the fundamental principle 

of CGE models is their capacity to capture the economic processes within the entire economy, 

along with interactions between sectors and potential effects of individual policies. 

Consequently, this method became pivotal in the analysis of structural economic changes and 

answering ñwhat-ifò policy questions. Currently, CGE modeling experiences a new milestone 

in its development. Starting with the drastic increase in world food prices in 2007/2008 that 

preceded the financial and economic crisis of 2007-2009, CGE models have found much wider 

applications for the analysis of forward-looking scenarios of future food demand (Le Mouël 

and Forslund, 2017; van der Mensbrugghe, 2013).  

Within modern literature, the following typology of forward-looking scenarios is proposed (Le 

Mouël and Forslund, 2017; Reilly and Willenbockel, 2010):  

1. Projections: are defined either as baseline projections aiming to evaluate future system 

changes under specific assumptions or in form of ówhat ifô projections.17 

2. Exploratory scenarios: designed to explore possible futures and to capture potential 

uncertainties which might go beyond the observed historical patterns. 

3. Normative scenarios: built to depict the development trajectory required to achieve 

specific targets. 

According to this classification, baseline projection, sometimes also called as a reference 

scenario, is defined as the projection of a future state of a system under a ñbusiness-as-usualò 

assumption and with no influential policy change (Le Mouël and Forslund, 2017). Thus, 

 
17 Reilly and Willenbockel (2010) have modified the typology proposed by Börjeson et al. (2006). The 

modification included a revision of the predictive class of scenarios, which included ñforecastsò and ñwhat-ifò 

scenarios. As a result, ñforecastò was substituted by ñbaselineò or ñprojectionsò. I associate this change with an 

attempt of authors to match the definitions used within a specific modeling community. 
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creating a baseline scenario typically requires revision of various factors and driving forces 

from a researcher, along with the current agricultural and trade policies defining the current 

development trajectory. According to Nowicki et al. (2007) it is possible to specify two levels 

of driving forces that influence a scenario setup. The first level is a group of exogenous driving 

forces. This set of drivers cannot be influenced directly by policies, or at least not within the 

time frame of the created baseline. This typically includes the factors discussed in Chapter 2.1: 

population growth and general demography, macroeconomic development, consumer 

preferences, agricultural or any other kinds of technologies, environmental conditions, and the 

world markets. The second level of driving forces (endogenous) is a set of drivers related to 

policies, which substantially affect the current and future development. These include regional 

or state agricultural policies, enlargement decisions and strategies implementations, WTO and 

other international agreements, and environmental policies (Banse et al., 2008). It is important 

to note that a baseline assumes that current polices remain in force, with modifications over 

time that are reasonably certain to happen, according to the current political situation. Strictly 

speaking, the development of the economy is assumed to progress based on the currently known 

exogenous drivers which have an impact on the development perspectives, and policies, which 

have been or certainly will be implemented during the analyzed period.  

This long narration of baseline characteristics generally provides a transparent view on the 

framework of baseline construction and is widely accepted within individual modeling groups. 

Although, different use of the related technical terms in published studies, such as reference 

scenario, baseline, projection, forecast or combinations of them, often cause difficulties 

interpreting individual forward-looking exercises for the ñnon-modelingò community       

(Figure 15). This issue is broadly attributed to the fact that the non-modeling community 

commonly associates baseline projections with forecasts or the ñfactual-futureò development 

path of the economic system. Different modeling groups are persistently attempting to 

emphasize the existing methodological differences between those modeling exercises and to 

clearly define the applied definitions within their reports, e.g., USDA agricultural projections 

(USDA, 2018), Johann Heinrich von Thünen Institute baseline (Offermann et al., 2012), 

Scenar-2030 (Môbarek et al., 2017). Nonetheless, the difficulty of scientist to properly 

communicate underlying assumptions and model outcomes, in addition to the unpredictable 

perception of these complex exercises by the readers still leaves room for misinterpretation. 
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Figure 15: Complexity and uncertainty in the context of facts, forecasts, projections and 

speculations 

 

Source: Zurek and Henrichs (2007, p. 1284) 

The situation is further complicated by the extension of the concepts of baseline projections and 

ñwhat-ifò exercises for the purposes of sensitivity and uncertainty analyses. The sensitivity 

analysis in modeling exercises is often conducted by defining plausible confidence bounds for 

the analyzed timeframe for individual model parameters and exogenous variables, such as 

population or GDP. Often, these bounds aim to represent a currently existing ñpessimisticò, 

ñbaselineò and ñoptimisticò development trajectories and therefore provide a plausible 

confidence range of simulated outcomes. As a result, it becomes remarkably similar to the 

concept of plausible alternative futures defined as qualitative narratives within exploratory 

exercises. Börjeson et al. (2006) came to a similar conclusion, stating that the exploratory 

scenarios tend to resemble ñwhat-ifò scenarios in terms of the range of scenarios. They, 

however, differentiate exploratory scenarios from ñwhat-ifò scenarios by two distinctive 

features. First, exploratory scenarios try to capture a longer time horizon and anticipate more 

profound structural changes compared to ñwhat-ifò scenarios. Second, exploratory scenarios 

tend to have a starting point set in the future, whereas ñwhat-ifò scenarios typically simulate a 
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development path beginning in the present (Börjeson et al., 2006). Consequently, having an 

adequate narrative storyline and a sufficiently long-time horizon in the analysis, ñwhat ifò 

exercises can seamlessly be conceptualized as analyses of alternative futures and reclassified 

as exploratory exercises. That is why, distinguishing studies according to the previously defined 

typologies as it is done within recent literature reviews (Le Mouël and Forslund, 2017; Reilly 

and Willenbockel, 2010) is subject to some arbitrary judgments and hence, does not always 

match the individual typology types or is not in accordance with the readerôs expectations. It is 

necessary to admit that, currently, the difference between foresight and projections studies is 

visibly decreasing and, therefore, conducting and reviewing studies following the proposed 

typology is extremely challenging. The lack of consensus on the applied definitions does not 

seem to be solely due to the interchangeable use by non-modeling groups, but also due to the 

lack of clear differentiation of those definitions within the existing typologies of methods in 

many expert studies.18 More efforts from the scientific community and modeling teams are 

required in order to introduce and consistently apply the terminology in upcoming studies. 

Does this differentiation of terms matter for the CGE modeling framework and what is the 

position of baselines in it? In CGE modeling, the concept of reference scenarios has always 

taken a special place. This is primarily due to the fact that CGE modeling initially, but not 

exclusively, has been used as a comparative-static exercise. This means, the analysis of policies 

of interest is based on the comparison of values in the initial equilibrium state associated with 

a specific base year, meaning before the implementation of the policy or exogenous shock, and 

readjusted values of equilibrium after the implementation of a simulated shock (Bacchetta et 

al., 2012). With the development and wider application of CGE models, the needs of private 

and public consumers of CGE studies changed. Dixon and Rimmer (2013) indicate that users 

become increasingly interested not only in the estimated effects of policies solely isolated from 

other factors, but rather in the evolution of the entire economy under the introduction of policies 

over time. Additionally, Dixon, Koopman, and Rimmer (2013) highlight that providing baseline 

projections with and without the policy changes facilitates the understanding of comparative-

static exercises by users with a limited modeling experience, therefore making baselines an 

important component for the analysis and the communication of results. This probably became 

 
18 The Handbook of Computable General Equilibrium Models edited by Dixon and Jorgenson (2013) is a good 

example of a limited differentiation and application consistency for the previously identified definitions across 

individual chapters seemingly related to an identical subject and research field. This diversity of applied 

definitions within the CGE modeling community raises questions regarding the need of a strict differentiation 

according to the proposed typologies, along with the questions why individual authors follow or do not follow 

the existing differentiation applied by non-CGE modeling groups. 
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a turning point for the wider integration of forward-looking scenarios as a supporting exercise 

for the CGE modeling framework. It also became the reason to redefining the common 

professional jargon within the CGE community.19 Ever since then, baselines, and to a lesser 

extent, reference scenarios often receive a substantially different connotation regarding the time 

dimension, accentuating the forward-looking character of the exercises, as compared to their 

conventional application within the ñcounterfactual equilibrium analysisò.  

With the recent spike in interest regarding forward-looking exercises amongst the CGE 

community, Le Mouël and Forslund (2017) emphasize another interesting development. It 

seems that baselines in CGE models lose their previous characteristic of being mainly a 

complementary exercise to the counterfactual simulations in their forward-looking connotation. 

More specifically, the creation of baselines is often considered to be an exercise itself. Hence, 

the importance of sufficiently comprehensive, consistent and methodologically transparent 

approaches for baseline creation increasingly receives approval in the CGE modeling 

community (GTAP, 2018a; van Dijk and Meijerink, 2014b; Grethe et al., 2011).20 However, 

achieving the above said still seems to be challenging. There are two interrelated reasons why 

CGE modelers should attempt to use those characteristics along the way, instead of perceiving 

them as a final target outcome: the fundamental complexity of CGE modeling and the 

uncertainty associated with forward-looking exercises. On one side, assumptions on individual 

policies and trajectories of economic development integrated in individual baselines tend to 

vary across studies and models. On another side, the existing variation occurs often due to the 

underlying differences in the studyôs objectives or due to the capability of individual models to 

integrate specific socio-economic patterns at the required level of complexity while preserving 

the theoretical consistency along the model and the associated databases. These differences 

potentially have high implications on the outcome of baseline simulations, as indicated by 

Lampe et al. (2014) and Valin et al. (2014). That is why the consistency check of baseline 

simulations and the comparison of modelsô results across multiple studies is often severely 

hampered. As a result, individual forward-looking exercises are a stand-alone result in many 

cases.  

 
19 The exact period of time when this process took place is uncertain. I associate it mainly with the time period 

around 1990 when the Johansen-style models were first built at the Centre of Policy Studies, University of 

Monash as described by Dixon and Rimmer (2010). 
20 This tendency is particularly evident for studies utilizing the Integrated Assessment Modeling approach and 

focusing their analysis on issues of the global long-term trajectories. 
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Under these circumstances, the work of many individual scientists and research groups that aim 

to create a better understanding of the existing practices in baseline creation by developing 

common denominators for models and conducting the inter-comparison exercises across 

different models seems to be particularly important. A good example of such is the work of the 

AgMIP project (Lampe et al., 2014; Robinson et al., 2014; Schmitz et al., 2014 and others). The 

identified differences in approaches should not only further improve the methodological 

framework of individual modeling teams, but rather support the identification and, to a certain 

extent, unification of ñBest Practicesò in baseline creation across the whole modeling 

community. The recent workshop jointly conducted by the GTAP center and OECDôs Trade 

and Agriculture and Environment Directorates (GTAP, 2018a) has underlined the importance 

of those studies for future baseline development and for the collaborative work of expert teams 

on the creation of explorative exercises of alternative futures in CGE models. 21 It also resulted 

a special issue of the Global Economic Analysis Journal aiming to discuss the opportunities and 

challenges in constructing long-term baselines using CGE models and setting up a new research 

agenda for this topic (Dellink et al., 2020).. 

In the following subchapter, recent CGE forward-looking exercises focusing on food security 

will be reviewed. I will attempt to contrast and compare the individual outcomes of recently 

published studies and identify existing consensus among modeling teams regarding key 

elements and assumptions of implemented, food security oriented, baselines. The summarized 

evidence will suit for generalizing critical elements relevant for the baseline exercises and will 

be used as a roadmap for my own scenario analysis.  

2.2.2 Literature  review on CGEs and baselines for food security 

The application of global simulation models and scenario studies in order to assess the future 

of agriculture and food security has become widespread over the past 30 years. With the 

increasing interest in the topic, several reviews of contemporary global scenario studies revise 

the conceptual approaches and findings of a wide range of studies from different angles, e.g., 

recently van Dijk et al. (2021), Le Mouël and Forslund (2017), Godfray and Robinson (2015), 

Lampe et al. (2014), van Dijk and Meijerink (2014), Willenbockel and Robinson (2014),      

 
21 The recent study by Riahi et al. (2017) is a good example of a multi-model approach for analyzing the alternative 

future. The approach provides an opportunity to better understand the robustness of results by capturing the 

structural model uncertainties as well as conditional uncertainties associated with different baseline simulation 

assumptions. 
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Wise (2013), Reilly and Willenbockel (2010). The recent study of Le Mouël and Forslund 

(2017) summarizes the hypotheses and simulation results of 25 shortlisted studies22, where the 

emphasis on assessing food security, land use and land use changes until 2050 and beyond was 

evident. Studies of van Dijk et al. (2021) and van Dijk and Meijerink (2014) have an even more 

explicit focus on the assessment of approaches regarding projecting the forthcoming global 

food security status within modern studies and provide several novelty features. In their study 

from 2014, the authors proposed a new six-group classification of scenarios, the so-called 

scenario ñfamiliesò, which define alternative futures implemented in 12 global studies. The 

study also provides a database as well as a graphical visualization of a span of assumptions on 

food security drivers and arising projections of food security recognizing its multidimensional 

nature.23 Van Dijk et al. (2021) then extended their work by updating the information on recent 

studies, comprising a meta-analysis of projected food demand. Contrary to the stratification of 

scenarios according to the characteristics of an alternative future, the study of Reilly and 

Willenbockel (2010) identifies more general typological differences across forward-looking 

scenario exercises (previously discussed in Chapter 2.2.1) and explains, with the help of 

individual case studies, why scenario exercises can facilitate our understanding of prospective 

uncertainty within the food system. The studies of Godfray and Robinson (2015), Lampe et al. 

(2014) and Wise (2013) have a similar focus on the elaboration of contrasting approaches to 

projecting global food security, raising the awareness of readers on individual strength and 

limitations of individual approaches along with designing recommendations for future research, 

modeling exercises and their further role in setting policy priorities.  

Considering the multitude of valuable insights available in earlier published literature reviews, 

I aim to generalize and define a status-quo for CGE modeling exercises used for the analysis of 

future food security. I will try to compare assumptions, applied methodologies for the 

assessment of food security and the outcome of individual studies that have been systemized in 

previously published literature reviews and modeling inter-comparison exercises along with 

recent studies that did not receive this systematization. Thus, I attempt to cover central studies 

incorporating CGE models into their modeling environment published in the period between 

2005 and 2023 and identify if a consensual viewpoint on the individual elements of simulation 

 
22 The study of Le Mouël and Forslund (2017) includes only studies where quantified hypothesis and quantitative 

results are available. 6 out of 25 summarized studies used CGE models exclusively or in combination with other 

model types.  
23 The multidimensionality of food security was captured using such proxy indicators as food prices, calorie 

availability, child malnutrition and the prevalence of undernourishment. 
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exercise exists or were developed over time. A strong focus will be on identifying divergence 

in central assumptions across studies and potential trajectories for the further development of 

forward-looking modeling exercises. It is necessary to acknowledge that the existing 

complexity and holistic nature of CGE models, and studies involving them, set an arduous task 

for literature reviewers. In order to overcome these challenges, a specific list of questions was 

defined, as depicted in Figure 16. Each block represents a group of issues listed as bullet points 

which should be answered during the review process. 

Figure 16: Main questions of the overview 

Source: own elaboration 

The initial collection of references was through a review of recently published literature reviews 

and enriched by searching for publications through well-known scientific databases such as 

SCOPUS, WILEY Online Library and queries using the search engines of Google Scholar and 

Google. The following combination of words was used during the query process, specifically: 

food security, food, baseline, scenario, CGE, general equilibrium, future and demand. 

Since any CGE model with the explicit representation of the agricultural sector has a certain 

capacity to discuss the availability dimension of food security and pinpoint the change in 

patterns of the ñaccessò dimension by incorporating price mechanisms, the following studiesô 

pre-selection procedure was further applied:  

¶ The time horizon of the projection study should extend to 2030 or beyond;24 

 
24 The choice of this time frame was motivated by two factors. Firstly, the interest in the mid- to long-term 

development of food security starting at the present year. Secondly, studies whose projected baseline extends to 

2020 tend to implement older base data which go beyond the scope of the selected timeline. 
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¶ The modeling exercises should have an explicit global focus, meaning that CGE models 

applied for analysis of patterns for a single country, with an explicit focus on a single 

narrow sector or specific policy measure, will be excluded; 

¶ The study should include outcomes of future changes of food demand, food 

consumption or food requirements that allow the analysis going beyond simple 

comparison of percentage changes for specific commodity groups relative to the base 

year. Alternatively, the study may underline the future impact on the food 

security/insecurity status, such as the risk of hunger or other food security related 

metrics. This information should be available either within the article directly or 

provided in supplementary material in text, table or graphical form. 

 

Classification and general description of studies 

The described procedure resulted in 30 studies for which key information on assumptions, 

implemented scenarios and metrics on food security outcomes was further collected     

(Appendix B). Of the collected references 22 are published scientific articles, seven are research 

reports and one study is a group of conference proceedings. All studies differ in their research 

focus, objectives and amount of complexity applied in the analysis. Accordingly, the discussion 

on food security issues varies between studies ranging from an indication of a single number 

relevant for food security metrics, e.g., change in world agriculture prices by a specific model, 

to a broader discussion of simulation outcomes assessing risks of hunger and future 

consumption.  

A differentiation between primarily foresight oriented and projection studies discussed in 

Chapter 2.2.1 can be generally identified within the analyzed set of studies. This is possible, 

however, not without a certain amount of generalization. Thus, specific studies such as the work 

conducted under the Agricultural Model Intercomparison and Improvement Project (AgMIP), 

such as studies of Robinson et al. (2014), Schmitz et al. (2014), Valin et al. (2014), and von 

Lampe et al. (2014), which are also assigned to the group of foresight studies, put substantial 

efforts in understanding the underlying reasons for differences in model outcomes simulated 

with a set of harmonized scenarios. This shows a particularly pronounced methodological focus 

of this set of studies, rather than the purely explorative approach of foresight exercises.  

The individual studies may also differ in the number of applied models and implemented 

modeling synergies. Most of the recent forward-looking studies incorporate a complex 
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modeling framework that includes a combination of CGE, PE, crop, land-use change and 

biophysical models, as well as an ensemble of models of individual types (Appendix B). This 

is not surprising because applying CGE models for forward-looking exercises requires to 

consider a vast amount of additional information necessary for the specification of exogenous 

trajectories for crucial variables and the improvement of model parameterization. A tight 

linkage between models of various types might potentially improve the representation of the 

existing functional relationship between human and earth systems (Delzeit et al., 2020; 

Brinkman et al., 2019). Such linkage may also lead to a better specification of exogenous 

trajectories for individual variables through a potentially more accurate matching of required 

information across sectoral or regional aggregations used in the combined set of models relative 

to applying more ad hoc assumptions or integration of trajectories from other studies.  

The increasing number of different modeling techniques applied in individual studies raises, 

however, additional challenges for authors to concisely but comprehensively describe the 

peculiarity of implemented scenarios as well as to homogenously report their modeling results. 

This leads to a reduction of transparency in applied modeling techniques for the interested 

readers and challenges the creation of literature reviews. Thus, without a clear indication made 

by the authors, it is not only increasingly demanding, but often simply impossible to strictly 

differentiate between modelsô inputs and outputs. Naturally, processes within dynamic systems 

have a simultaneous nature and are not independent of each other. A remarkable example are 

the baseline simulations with the exogenous GDP trajectories under various climate scenarios. 

Climate change with its effect on yields, might challenge the achievement of targeted GDP 

trajectories. Therefore, readers should be extremely cautious about the type of scenario defined 

as the reference scenario for comparison in the respective study. The same concerns apply to 

the discussion of projections for the anticipated land-use changes and crop yield trajectories. 

On one side, for the achievement of specific targets of agricultural output, the dynamics of land 

use and yield should stay in a close reciprocal relationship with each other. On the other side, 

both agronomic and economic/market determinants might influence future yields 

simultaneously. That means, the defined variables have both exogenous and endogenous 

components as described by Le Mouël and Forslund (2017) and Wiebe et al. (2015). Even 

though I have tried to unify available information in accordance with the explicitly defined 

questions of Figure 16 (Appendix B) as much as possible, the reader should be aware of the 

challenges to this endeavor posed by a lack of homogenous reporting schemes and hence should 

stay cautious making comparisons across studies. 
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Going beyond the differences regarding the implementation of scenarios and modeling 

characteristics, readers should also pay careful attention to the regional and sectoral coverage 

of the conducted simulation exercises and the implemented reporting schemes in the 

comparison. I have made an explicit focus on studies implementing global CGE models, 

nonetheless the importance of sectoral and regional aggregations should not be neglected. As 

discussed in Chapter 2.1, the overall status of food security is not homogenous across the world 

and its assessment should preferably be conducted at a more disaggregated scale in modeling 

exercises. The literature review has shown that current studies tend to have quite different 

sectoral and regional coverage. As indicated by van Dijk and Meijerink (2014), the spatial and 

sectoral scale of models used for forward-looking exercises are generally flexible and tend to 

be related to the underlying model type and the datasets used. It is well-acknowledged that CGE 

models tend to have a lower sectoral and regional resolution, meaning a higher level of regional 

or sectoral aggregation relative to other simulation models, for instance, PE models.  

In the analyzed studies, the overall sectoral aggregation has shown a somewhat limited variation 

(Appendix B, Table B2). With few exceptions, studies rather consistently break down the agro-

food sector to 8 - 10 sectors. At the same time, the variation in capturing non-agricultural sectors 

was more substantial. This, however, did not considerably contribute to the reporting of results 

due to the dominant focus of studies on agriculture-related issues. On the contrary, the 

divergence in modeling and reporting results with respect to the regional scale was much more 

vivid. The overall number of regions and countries used for aggregation and reporting in the 

reviewed studies was ranging from a humble three country groups25 to a more substantial thirty-

four26. Nevertheless, I have to admit that these numbers might not adequately represent the 

actual resolution of the conducted modeling exercises of a specific study. There are multiple 

reasons for that. Firstly, the combination of models of different types makes it often challenging 

to identify the actual resolution of the conducted analysis for a specific study in general and a 

CGE model in particular. For instance, the study of FAO (2018) indicates that their partial 

equilibrium model included 154 regions - a number that greatly surpasses the number of regions 

typically analyzed in models of the CGE type. Secondly, we should not forget that facing a 

need to report the most ñinterestingò or indicative results of their work or being limited by the 

amount of information they can include in published articles, authors are often forced to lower 

 
25 Le Mouël and Forslund (2017) indicate that in Government Office for Science (2011) only two country groups 

were used ï developed and developing. My review reveals that most likely, a higher number of regional groups 

based on the economic characteristics as well as specific national and subnational attributes were used.   
26 The information on the sectoral coverage used in the FAO (2018). 
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the resolution of their aggregation for reporting. Even studies strongly oriented on unified 

reporting and using a harmonized spatial aggregation across models, such as von Lampe et al. 

(2014) and Fujimori et al. (2022), indicate that a full harmonization of individual regions and 

datasets across models is challenging. To overcome this limitation, authors had to integrate 

larger regional aggregates in order to accommodate differences across different models within 

their study that would further allow comparing results across models. This, however, did not 

result in a coherent reporting strategy for all studies seemingly using the same modeling outputs 

and related to the same project, e.g., Schmitz et al. (2014), Valin et al. (2014) and von Lampe 

et al. (2014). The study of Valin et al. (2014) presents results of simulations only for 4 macro 

regions plus the world aggregate in the body of the article and the supplementary materials. At 

the same time, supplementary online information in Valin et al. (2014) suggest that all models 

were asked to report for the project results according to the 13 initially defined regions plus the 

world aggregate. This is an additional source of confusion for interested readers that needs to 

be kept in mind by research teams and preferably avoided in future studies.  

Comparing scenario design, reference scenarios, underlying drivers and capacity for 

capturing food security outcomes  

In order to find out some points for a comparison across analyzed studies I was further checking 

how homogenous studies are with respect to their strategies in defining scenarios for analysis, 

the choice of reference scenarios, and approaches for capturing results of food security 

outcomes (Appendix B, Table B2).  

The explorative nature of most of the studies generally predetermines the specification and 

number of analyzed scenarios in studies. Thus, most modern studies implement a relatively 

high number of scenarios in the modeling exercises to show a span of potential outcomes and 

conduct a sensitivity analysis of the modelôs outcomes. Over the period from 2005 to 2021 the 

average number of scenarios analyzed within individual studies has increased. This is generally 

attributed to the stronger recognition by the modeling community of the need to integrate issues 

of climate change that received a formalization in the IPCC work, as well as the analysis of 

adaptation and mitigation strategies to the changing climate in long-run forward-looking 

exercises. As mentioned by Popp et al. (2017) and Le Mouël and Forslund (2017), most recent 

IPCC scenarios are built up as the overlap of two dimensions: the extent of climate change that 

is explored through emission scenarios, also known as Representative Concentration Pathways 

(RCP), and the possible future of socio-economic conditions described as Shared Socio-
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Economic Pathway (SSP) narratives. The same approach of scenario development is applied in 

several recent modeling exercises that, besides their primary focus on land-use change 

trajectories, include information on trajectories for specific dimensions of food security, e.g., 

Doelman et al. (2018) and Popp et al. (2017). Doelman et al. (2018) analyze twenty-five feasible 

outcomes of scenarios representing the combination of five individual SSP scenarios and five 

RCP mitigation targets that can be potentially achieved. Additionally, eight counterfactual 

scenarios were performed to quantify the mitigation effect of bioenergy. The resulting thirty-

three simulations implemented by Doelman et al. (2018) show the upper bound of numbers of 

scenarios in the analyzed literature sample. 

In contrast, the study of FAO (2018), using only three alternative scenarios, was aiming to 

depict ñmega-challengesò for equitable and sustainable production, food security and nutrition. 

The scenarios were built on the traditional assumptions of SSP narratives, but do not fully 

resemble them. Moreover, individual scenarios have received a direct association with the 

specific RCPs.27 Using the combination of the SSP storylines and climate mitigation targets, 

authors were aiming to envision a bi-dimensional set of challenges for future food security: 

challenges for food access and utilization as the first dimension and food stability and 

availability as a second dimension. This resulted in a specification of three tailor-made 

alternative scenarios: business-as-usual (BAU), towards sustainability (TSS) and stratified 

societies (SSS). 

The identified divergence between the community and tailor-made scenario design indicates 

that not every business-as-usual scenario and reference scenario is comparable to the others or 

can even be clearly defined in the forward-looking exercises. In an older study of Carpenter et 

al. (2005), which is associated with the Millennium Ecosystem Assessment (MEA), four 

exploratory scenarios aiming to capture the attitude towards global governance and trade as 

well as towards ecosystem management were suggested, specifically: Global Orchestration, 

Techno Garden, Order from Strength and Adaptive Mosaic. The specified scenarios, as well as 

a strategy for reporting modeling outcomes, do not allow to speak about the application of the 

concept ñbusiness-as-usual scenarioò as well as defining a specific reference scenario within 

 
27 The study of FAO (2018) has applied simultaneously two so far rather uncommon features relative to other 

studies applying the SSP scenario framework summarized within this review. Thus, authors allowed themselves 

an integration of different assumptions regarding economic growth, population, growth, technologies and the 

use of natural resources relative to the standard definition of SSPs, motivating it by a better possibility to 

highlight food security challenges. Also, authors have created a direct association with specific RCPs, although 

according to OôNeill et al. (2014) the SSPs as reference pathways assume no climate change or climate impacts 

and no climate policies and a span of RCP is typically analyzed by other studies.  
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the study, as none of the scenarios was intended to become one, as indicated by Carpenter et al. 

(2005, p. 71). This is evidently one of the unique features of the study, which might also be 

considered as a bottleneck of such an approach to simulation exercises. 

The consensus on the choice of reference scenario and the underlying assumptions for the 

critical economic drivers such as population, economic growth, and others, is fundamental and 

predetermining factor for modeling comparison as indicated by von Lampe et al. (2014). In this 

context, the recent spread in the application of SSP scenarios has substantially facilitated this 

process, still leaving sufficient flexibility for modeling teams for capturing the uncertainty of 

baselines (Fouré et al., 2020; Vuuren et al., 2014). The increasing use of SSPs in the latest 

modeling exercises made a remarkable contribution to harmonization of the assumptions on 

population and economic growth.  

Most of the studies published between 2014 and 2022 buildup on the common SSP datasets and 

therefore implement a very similar assumption for the population growth trajectories that is 

expected to result in 9.2-9.3 billion people living in our planet by 2050 (Figure 17). The existing 

small variation across models in intercomparison studies for the population count, such as 

reported in Schmitz et al. (2014), is most likely attributed to the difference in the regional 

coverage of the applied models.28 Against this background, studies of FAO (2018) and of Sands 

and Suttles (2022), which includes assumptions from more recent UN Population Division 

projections, stands out from this unification trend. Both studies try to envision a somewhat more 

challenging scenario for the global food system assessing the pressure of the anticipated 9.7 

billion. The study of Sands and Suttles (2022) integrates also projections based on higher and 

lower fertility population projections of UN Population Division (2017). Within the group of 

older studies, both trajectories indicating that the population is likely to be lower at >8.2 billion 

people such as in Hubert et al. (2010) as well as trajectories with a substantially higher 

estimation on population growth such as in Fischer et al. (2009) were used for the definition of 

a reference scenario.  

 

 

 

 
28 Supplementary data available in Schmitz et al. (2014) indicates the presence of differences across models. 
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Figure 17: Application of the population and GDP growth assumptions across studies 

  

Note: The figure summarizes assumptions associated with the baseline and BAU-type scenarios. Studies that do 

not have a clear indication of the BAU scenario were excluded. 

 

Source: own elaboration based 

A similar unification of assumptions can be observed regarding the expected economic growth, 

but there is an apparent divergence across different versions of the SSP database. Thus, studies 

published between 2011 and 2015 were assuming that the global GDP per capita growth rate 

will be 1.95 percent per annum on average for the SSP2 ñmiddle of the road scenarioò that is 

defined as a world that follows the historical social, economic and technological trends 

(Hasegawa, Fujimori, Shin, et al., 2015; Ishida et al., 2014; Valin et al., 2014). The more recent 

studies applying SSP narratives see the economic development more positive until the middle 

of the centuryï expecting a higher GDP per capita growth trajectory of approximately 2.3-2.4 

percent per annum. Similar assumptions were applied in older studies that based their 

assumptions on the TechnoGarden scenario of MEA, such as Hubert et al. (2010) and McIntyre 

(2009).29 Individual studies, such as Boysen-Urban et al., (2022), Philippidis et al. (2021), 

utilizes a stepwise approach and differentiate growth rates over multiple time periods, e.g. 2.5 

percent per annum for the period 2010-2030, and 2.4 percent per annum for the period 2030-

2050 (Keramidas et al., 2018). In contrast to these positive development expectations, the 

FAOôs most recent projections built their business-as-usual scenario in accordance with the 

more pessimistic SSP3 narrative of the economic development (FAO, 2018). Hence, the FAO 

expects to have a globally comparable 2.1 percent per annum economic growth until 2030, but 

a dramatic downturn afterwards, bringing the growth to a modest 0.7 percent per annum 

 
29 Le Mouël and Forslund (2017), revising the study of McIntyre et al. (2009) indicate substantially higher annual 

GDP per capita growth rate (3.9) relative to the one indicated by Alcamo et al. (2005). 
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between 2030 and 2050. Such a slowdown results in the average world GDP per capita growth 

to be at only 1.3 percent per annum over the entire period (FAO, 2018, p. 61).  

Another fundamental determinant of future food security that receives significant attention in 

the literature are the anticipated yield trajectories. As it was indicated in the previous subsection 

(p. 46) , the comparison of yields across simulation studies is a difficult task. In addition to the 

aforementioned concerns regarding the various components applied in yields specifications, 

van Dijk and Meijerink (2014) identify three additional challenges for the comparison of yields 

that should be acknowledged. Firstly, although some studies differentiate between rainfed and 

irrigated when projecting yields, the authors highlight that many studies do not consider or 

distinguish between different agricultural practices. This is primarily due to the existing 

differences across models and the choice of the modeling complexity. Secondly, homogenous 

reporting schemes for yields are lacking as some studies model or report the yield growth of 

individual crops, while others estimate the yield growth for entire groups, such as cereals. To 

some extent this might be explained by the fact that individual studies integrate results and 

cross-reference outcomes of more disaggregated models in their own analysis. Therefore, 

although enriching the modeling exercise with details, application of this strategy leads at the 

same time to issues of consistency and transparency of reporting in studies of interest. Lastly, 

the authors raise concerns that there is a lack of clear indication in the studies if the presented 

figures for yield growth are based on linear or geometric growth rates (also referred to as 

compound growth rates). The application of geometric growth rates, which implies that the 

percentage growth rate is constant over time, is likely to result in too optimistic yield projections 

according to van Dijk and Meijerink (2014). Linear growth on the other hand is implying that 

the growth, expressed in tons per hectare, is the same for each year which seems to be more 

adequate for capturing yield trajectories (World Resources Institute, 2013). Notwithstanding 

the importance of such a differentiation, I consider this specific issue to be of fairly low 

relevance for CGE modeling exercises as their main interest is predicting the outcome for a 

specific target year rather than the annual rates in between. Also, considering that this issue is 

not explicitly addressed in the reviewed studies, I assume that (standard) geometric growth rates 

are applied and will  be used as a common denominator for further discussions. 

The crop yieldsô development until 2050 according to the business-as-usual or reference 

scenarios of analyzed studies is reported in Table B4 of the Appendix. Table B5 at the same 

time is used to summarize information on crop yields assumptions used in scenarios of 

alternative ï not business-as-usual future. Considering that all studies are projecting yields for 
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different crops or groups of crops for different regions in the world, and that their yield 

trajectories are different both across crops and regions, I attempted to note this information 

where possible. Nevertheless, the reader should keep in mind that the broad list of alternative 

scenarios with respect to climate change adaptation and mitigation, such as in Doelman et al. 

(2018), as well as the incorporation of its effects such as CO2 fertilization, e.g., in Hasegawa, 

Fujimori, Shin, et al. (2015) and Hasegawa et al. (2014), makes a face-to-face comparison of 

yield assumptions challenging. Bearing these peculiarities in mind, the overall perception 

regarding the reviewed assumptions on yields specification summarized in Tables B4 and B5 

of the Appendix largely resembles the conclusions of Le Mouël and Forslund (2017) on yield 

trajectories. Thus, Table B4 suggests that all reviewed studies adopt the hypothesis of 

continuation of the increase of yields trend albeit with a decreasing rate until the middle of the 

century for reference scenarios. The adopted yield trajectories for crops and cereals varies 

across reviewed studies and models and ranges between 0.4% (Hasegawa et al., 2018) and 

1.16% (Willenbockel, 2011). The study of Willenbockel (2011) has, however, a shorter 

projection window covering the period between 2004 and 2030, that might explain a more 

optimistic assumption on yield growth. In general, the anticipated yields are considerably lower 

than the historical trends of 1.8% observed in the period between 1961-2012 (van Dijk and 

Meijerink, 2014). 

Moving forward from the discussion on determinants to the outcomes of food security, it is 

possible to notice, despite similarities in some studies, a substantial variation in assumptions, 

applications, and reporting. In the review of van Dijk and Meijerink (2014), the authors 

identified four groups of currently used indicators relevant for the discussion on food security 

in global food security scenarios and assessment studies: food prices, calorie availability, 

outcomes of child malnutrition and prevalence of undernourishment (in absolute numbers or 

percentage). The study of van Dijk et al. (2021) as well as the present review confirm a 

predominant application of those indicators in recent studies. However, information on the 

underlying procedures for capturing these indicators in simulation exercises is sparce in the 

analyzed studies and reports.  

Except for food prices, all indicators can generally be associated with the post estimation 

procedures in the CGE modeling environment, although they can also be a part of the direct 

output, as indicated by Hasegawa et al. (2018). Tables B2, B3 and B5 summarize general 

information on the application of food security indicators of the studies and show their key 

development for scenario exercises. Van Dijk and Meijerink (2014) indicated that studies 
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reported results of all four indicator groups at both a highly aggregated, meaning global, as well 

as a more region or country specific level. My analysis confirms that this this characterization 

is still applicable, and that the mixture of reporting levels is widely used in more recent studies. 

The literature analysis has revealed that the application of specific indicators is model-specific, 

rather than study-specific. Therefore, it might be worth noting that even if many studies report 

information on food consumption or food availability in the form of calories, readers should 

not expect it as a typical practice included in all CGE models. This diversion exists, as there is 

a substantial number of linkages and application of various models within the studies. For 

instance, information on caloric consumption in FAO (2018) is provided in a partial equilibrium 

model (GAPS), for which this reporting method is much more common. It is important to note 

though, in combination with peculiarities of the baselineôs development, the approaches of other 

CGE modeling teams to capture calories in their modeling environment are either lacking the 

necessary transparency of implementation or are subject to individual limitations. According to 

the supplementary materials, among others, this is the case for AIM-CGE model, e.g., in 

Hasegawa et al. (2014), or the approach of Rutten et al. (2013) for the MAGNET model - further 

details are provided in Chapter 5. Conclusively, the comparison studies, e.g., Valin et al. (2014), 

did not provide sufficient information on the conversion of their modeling results to caloric 

equivalents.  

Projection of undernourishment is another feature that is subject to some contrasting views and 

terminology across studies. Some studies explicitly state the PoU and number of 

undernourished people as their reporting indicator, e.g., FAO (2018). Others, such as   

Hasegawa et al. (2014, 2015, 2018), capture the attention of their readers using the more 

emotional definition of the population at risk of hunger. According to the supplementary 

materials provided in Hasegawa et al. (2018), the indicator population at risk of hunger 

represents ña multiple of the prevalence of the undernourishment (PoU) and the total 

populationò (p. 5 and p. 7). Therefore, in this study it is regarded similar to the indicator 

ñnumber of undernourished peopleò as applied by the FAO (2018).30 

 
30 The literature review conducted for this thesis has revealed some shifts in the estimation strategies for the 

population at risk of hunger indicator. Referring to a similar application in Fischer et al. (2005), Hasegawa et al. 

(2014) were conducting an estimation of the indicator relying on a strong empirical correlation between the 

proportion of the population at risk of hunger and calorie based consumption data defined as an exponential 

function. Despite that, the later studies of Hasegawa, Fujimori, Shin, et al. (2015) and Hasegawa, Fujimori, 

Takahashi and Masui (2015) adopted the FAO based approach for estimation as indicated in the supplementary 

materials of both studies. 
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Comparing food demand trajectories across studies on baseline and reference scenarios, the 

common conclusion on its likely expansion is evident and does not contradict previous reviews. 

Analysis of trajectories of calorie availability simulated in reviewed studies suggests further 

improvement under baseline or reference scenarios by 2050 as well. Similar to the overall 

change of demand, the reported wide range of outcomes in calorie availability indicates the 

presence of a substantial uncertainty attributed to the differences in models and their 

specifications as suggested by von Lampe et al. (2014) and Valin et al. (2014). The general 

spectrum of trajectories on calorie availability and consumption by 2050 fluctuates around 

2950-3100 kcal/cap/day for most of the studies analyzed (Figure 18). Studies of von Lampe et 

al. (2014) and Valin et al. (2014) indicate that under the SSP2 scenario, the average demand 

might increase by 74% from 2005 to 2050, ranging from 62% to 98% across all models 

implemented in their studies. This means that the average calorie availability across CGE 

models ranges from 2636, as reported by the MAGNET model, and 3164 by the FARM model 

under SSP2.31 The more recent study of Popp et al. (2017) applying a marker model anticipates 

the per capita food consumption to be approximately 3156 kcal per day, this also defines the 

upper bound of the study.32 The study of Hasegawa et al. (2018) that had an explicit focus on 

the assessment of the food security situation foresees a slightly lower increase in calorie 

availability in the future ï 3083 kcal/cap/day as an average across all models used in the study, 

and 3026 kcal/cap/day for CGE models. The study of FAO (2018), with its assumptions on 

increasing pressure from socio-economic drivers, foresees that the global daily energy supply 

will be 3005 kcal/day/cap, while daily energy consumption, which accounts for losses and 

wastes at the household level (FAO, 2018, p. 189), will be around 2910 kcal/day/cap. This 

result is slightly below the previous projections of Alexandratos and Bruinsma (2012) that 

projected the availability of food to be around 3070 kcal/cap/day. 

The outcome of alternative scenarios, as summarized in Table B5 of the Appendix, shows that 

the potential future availability of calories might either be much higher or much lower and 

substantially depends on the trajectories of socio-economic development and implemented 

policies. The lowest food availability trajectory, which is associated with the challenging SSP3 

scenario, was found in studies of von Lampe et al. (2014) and Valin et al. (2014). The average 

calorie availability across all models for this scenario was 2424 kcal/cap/day, ranging from the 

 
31 These numbers likely correspond to only part of the entire food consumption captured by aggregated groups 

CR5 and PAS within the study. In the supplementary materials, the authors indicate that these aggregates 

represent 83% of the worldôs food consumption in 2005 (Valin et al., 2014, Supplement p. 12). 
32 Own estimation based on figures available in supplementary materials. 
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low 1867 kcal/cap/day, recorded by ENVISAGE, to the high 2896, recorded by the FARM 

model. These numbers are associated with the consumption of only five key crop aggregates, 

including wheat, rice, rest cereals, sugars and oilseeds, and products of three animal-related 

sectors. Therefore, they might not fully resemble the total calorie availability. In the alternative 

scenarios of other studies, the range of results was shifted upwards and narrowed down, 

resulting in a spread of 2825 to 3375 available kcal/cap/day, as in studies of Hasegawa, 

Fujimori, Takahashi, et al. (2015) and Popp et al. (2017).33  

Figure 18: Projections of calorie availability and prevalence of undernourishment by 2050 

 

Note: figure visualizes information on simulation results summarized in Tables B3 and B5 of the Appendix. 

Individual points show results of the marker model or average across models for individual scenario reported in 

the study. See Tables B3 and B5 of the Appendix for more details. 

Source: Own elaboration 

The particularly interesting and policy-relevant results of alternative futures for food 

availability and food security shall be drawn from the recent study of Hasegawa et al. (2018). 

Using the ensemble of economic models, authors provided strong findings that by 2050, a 

stringent climate mitigation policy, if implemented evenly across all sectors and regions, would 

 
33 In Popp et al. (2017) the result is associated with the marker scenario 
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have a greater negative impact on the global calorie availability than the direct impact of climate 

change. This indicates, that relative to SSP3 without climate change, the ambitious climate 

mitigation efforts aiming to reduce emissions to RCP2.6 level and accounting for climate 

change effects on agriculture would reduce global calorie availability on average by 3% or 88 

kcal/cap/day across all models. Putting this result into a time perspective, 88 kcal/cap/day 

usually represent the progress that average food availability achieves in 5-6 years, such as e.g., 

between 1993 and 1999, or 2004 and 2009. The analysis of Doelman et al. (2019) suggests that 

food availability might be hampered even more, estimating a decrease of 100 kcal/cap/day, 

putting an additional 230 million people at the risk of hunger, if the large-scale land-based 

mitigation policies required for the achievement of the Paris agreement receive a full realization 

by 2050. Fujimori et al. (2019) and Fujimori et al. (2022), with their multi-model assessment 

studies, estimate a slightly lower impact on hunger counts. Thus, Fujimori et al. (2019) reports 

that the number of people at risk of hunger could increase by only 160 million compared to the 

baseline scenario. The more recent study (Fujimori et al., 2022) suggest however that the 

population at risk of hunger might increase by 117.7 (19.5-155.4) million in 2050 relative to 

the baseline. It also indicates that afforestation could have a larger impact on food security 

relative to non-CO2 emission policies. Although there is a certain variation across models, their 

implementation, and scenarios, these results are profound in their indication that carelessly 

designed mitigation policies will likely put substantial pressure on the realization of food 

security objectives.  

Tables B3 and B5 of the Appendix allow several important observations regarding the 

elucidation of other indicators relevant for food security and their comparability, as provided 

by the analyzed literature. The comparison of price behavior across studies seems to be rather 

challenging, either due to the presence of methodological differences across applied analysis 

methods, differences in the aggregation levels, or simply finding a feasible point of comparison. 

Hertel et al. (2016, p.430) stress that in the presence of apparent harmonization of output 

indicators for the studies in the AgMIP group, e.g., von Lampe et al. (2014) or Schmitz et al. 

(2014), the range of the aggregate price index for crops is very wide, extending from a decline 

of 16% to a rise of 46% relative to a 2005 base year, within the SSP2 baseline scenario. 

Moreover, there are systematic differences between models of different types, specifically CGE 

and PE. Due to the relatively larger degree of substitution within demand and supply systems 

of CGE modeling, models of this type tend to simulate lower prices, as von Lampe et al. (2014, 

p. 15) indicated. Therefore, the application of average price indexes for direct comparison of 
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studies with different sets of models, which additionally might apply specific marker models 

for quantification and reporting of individual scenarios, should be conducted with caution. 

Notwithstanding these concerns, the analyzed price trajectories for the baseline scenarios show 

a rather mixed pattern across studies. They range from statements on the limited price change 

for food under SSP2 in Popp et al. (2017) to be an approximate average increase of +19% 

(median across all models) in Wiebe et al. (2015) and an even greater increase of global average 

prices for individual crops ranging from 60% to 97% according to Hubert et al. (2010). This 

extreme growth of prices projected by some studies is associated with the incidence of the 

ñScarcity Syndromeò, according to Baldos and Hertel (2016).34 It has been evoked by the 

2007/08 and 2010/11 food price spikes and reincarnated concerns that the global food system 

will not manage to provide a sufficient amount of food in the future. They, however, believe 

that this episode of higher prices for agricultural commodities is likely to be a transitory 

phenomenon. Although the authors do not entirely exclude the chance of a potentially modest 

increase in prices, according to the results of the Monte Carlo analysis and SIMPLE model, 

almost 2/3 or 65% of outcomes indicate that the crop prices will more likely resume a downward 

trend, albeit slower than before.35 The median value of this price decrease is -5% (Baldos and 

Hertel, 2016).  

Paradoxically, recent projections of the FAO (2018) do not share the same expectations and 

express a greater pessimism regarding the future of food security if the low attention to issues 

of sustainability and equity continues. FAO (2018) with its business-as-usual projections 

anticipate a 13% rise in prices of agricultural commodities. The results of alternative scenarios 

show an even greater price increase. Both alternative development trajectories ï toward 

sustainability (TSS) and stratified society (SSS) analyzed by the FAO produce a similar price 

shift by 2050, namely that prices are likely to stabilize around 35% above the 2012 levels. Even 

though the final prices are likely to be comparable across these scenarios, their development 

trajectory is rather different and reflects the extent to which sustainability challenges are 

addressed. Under the TSS scenario, addressing sustainability challenges implies facing 

increasing prices early on, although prices are predicted to flatten in the long term. The contrary 

is to be expected under the SSS scenario. Here, the prices will have a stronger upward 

 
34  Baldos and Hertel (2016) refer to the term suggested by Paarlberg (1982), describing general pessimism within 

the society about the current or future development of food systems, resulting in a shortage of food supply 

relative to a food demand. 
35 SIMPLE is a PE model, as introduced by Baldos and Hertel (2014). 
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movement relative to the business-as-usual scenario but are still substantially lower than under 

TSS before 2030. The unsustainability trends that likely increase production costs and the 

expectation of more severe effect of the climate change on yields in this scenario will not hit 

the markets immediately, but will increase in weight like a rolling snowball, leading to 

progressive price increases after 2030. In the set of alternative scenarios, Kuiper et al. (2020) 

report a potential increase in food prices as well. Thus, if the labor dynamics, such as 

urbanization and changes of proportion of skilled and unskilled labor are considered, the 

agricultural producer prices index is not going to decline but rather is expected to increase by 

2050 by more than 40% as 2 out of 8 conducted scenarios suggest. However, the increase in 

food prices will  not necessarily put pressure on the poor. Kuiper et al. (2020) stress that the 

sustained price increase will be compensated by higher wages and land prices that is expected 

to dominate the effects of changed prices. This result emphasizes one of the conclusions of 

FAO (2018) regarding the importance of weighting the existing alternatives of the future. It 

also points out the importance of an appropriate pricing of commodities. Prices should reflect 

the inherent nutritional value of food as well as the full range of costs associated with their 

production and consumption along the entire food value chain (FAO, 2018, p. 144). 

The divergence in the expected dynamics of food consumption and future prices caused by both 

the modelsô characteristics and the considered macroeconomic scenarios implicitly contribute 

to the variety of trajectories for child malnutrition, the prevalence of undernourishment or other 

indicators chosen for capturing the outcome of food security. The synthesis of the literature 

provided in the Appendix (Tables B3 and B5) indicates that in contrast the food prices and 

calorie availability, the majority of scenarios foresee a general downward trend in child 

malnutrition and undernourishment for the coming decades. This matches the findings of the 

review of van Dijk and Meijerink (2014). In order to avoid any confusion concerning the 

magnitude of results, readers should pay keen attention to the definition of the selected food 

security indicators in all studies. Older studies tend to include information on specifically child 

undernutrition and malnourishment, newer ones usually capture hunger and undernourishment 

for the entire population.  

A rather a substantial variation is observed for the indicator ñpeople at risk of hungerò both 

across different scenarios as well as across different studies for seemingly similar baseline 

trajectories (Figure 18). Van Meijl, Tabeau, et al. (2020), adopting SSP narratives, anticipate 

that the number of people staying at risk of hunger potentially declines by 2050 under all but 

the SSP3 scenario and stays in the range of 927 million under the SSP3 scenario to 170 million 
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for the SSP5. Hasegawa, Fujimori, Takahashi, et al. (2015), also adopting SSP narratives, 

project a drastically different future, reporting that only about 9 million people will be at risk 

of hunger under SSP5, 86 million under SSP2, and 628 million under SSP3. The authors 

indicate that their results are more optimistic than those of the existing research, particularly 

for SSP1, SSP2, and SSP5, and attribute this to the fact that in contrast to many existing studies, 

they took future improvements in food distribution equality into account (Hasegawa, Fujimori, 

Takahashi, et al., 2015, p. 5). Based on the estimated trajectories, the authors come to the 

common conclusion that inequality of food distribution influences the long-term assessment of 

hunger risk. Hasegawa, Fujimori, Shin, et al. (2015) report comparable results in their analysis: 

90 million people at risk of hunger under SSP2 by 2050.  

Follow-up studies, however, do not adopt the ideas of such a dramatic improvement in food 

distribution and equality. Projections of Hasegawa et al. (2018) report an at least 2.8 times 

higher risks compared to the previous estimates for SSP2 without taking climate change into 

consideration, resulting in 255 million people to be at risk of hunger. Still, this number might 

increase by around 78 million (0-170 million across different models) if the scenario is to be 

combined with the emission mitigation policies of the RCP2.6 scenario and general climate 

impacts. The most drastic outcome of Hasegawa et al. (2018) projects that 767 million people 

will be at risk of hunger by 2050 considering SSP3 narrative.36 The stakeholder designed 

scenarios adopted in the study of van Meijl, Shutes et al. (2020) report under the most unequal 

and unsustainable scenario ñToo little, Too lateò that more than 600 million people will  be at 

risk of hunger. These estimates roughly correspond to the result of the business-as-usual 

scenario of the FAO that foresees the number of the undernourished to be around 737 million 

by 2050 (FAO, 2018). However, the more severe ñStratified societiesò scenario used by FAO 

shows almost no decrease in the PoU from the 2012 benchmark, which means that more than 

1.2 billion people might potentially suffer from undernourishment by the middle of the century 

if the scenario becomes reality.  

Considering that the presented results for undernourishment are not predictions, but rather 

explorative exercises, the substantial variation in global undernourishment counts indicates a 

need for revision and feasibility assessment of existing narratives, a quantitative representation 

of their assumptions, as well as simulation results from renowned modeling teams. These efforts 

should be supported by an application of a more scrutinized yet transparent modeling practices 

 
36 According to the SSP3 scenario with climate impact and emission mitigation policies of the RCP2.6 scenario. 
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aiming to narrow down the problem space. The widespread integration of intercomparison 

tables for modelsô characteristics and definition of scenarios in recent studies is a step towards 

the right direction. The additional mapping of scenarios against scenario families implemented 

by individual authors, e.g. van Dijk et al. (2020), support the comparability across different 

studies as well but might face some limits in terms of consistency.  

At the same time, the interpretation of the modeling outcomes should be closely tied with the 

discussion of the initial modeling assumptions and estimation procedures. It would be beneficial 

for readers and reviewers if modeling teams would explicitly indicate what needs to be 

considered as strictly endogenous or exogenous variables within their baseline studies with 

some further referencing towards underlying assumptions. Greater access to the core 

parametrization of models and quantification of narratives would also facilitate a better 

understanding of the underlying differences in the modeling outcomes. This could enable a 

broad collaboration across modeling teams and individual scientists. The achievement of an 

overall consistency in reporting simulationôs results is also crucial for future exploratory 

research. Considering the extremely wide spectrum of possible global food security outcomes, 

applying more general and robust indicators, such as calorie availability per capita per day 

rather than derived indicators for reporting, seems to be more reasonable for assessing the future 

of global food security.  

Assessing food security including calorie data requires some further investigation, though. 

Firstly, it is important to capture the regional heterogeneity of food products across different 

regions, which cannot be fully realized by using standard international calorie equivalents. 

Quite the contrary, as there is a need to implement region-specific information to adequately 

portray the consumption requirements for each region individually. Secondly, the assessment 

of food security dynamics seems to be incomplete without a broader discussion on general 

assumptions, like shocks and trajectories, and the parametrization of models, in particular of 

their income elasticities. The role of income elasticities in baseline simulations received limited 

attention in the literature so far and is also not fully transparent. Valin et al. (2014) indicate that 

a substantial number of studies recalibrate standard elasticities towards the existing FAO 

projections. This, however, induces risks of making simulation results to be subject to 

endogeneity problem and generating similar food demand trajectories. The present literature 

review suggests as well that the results of various studies revolve around the future food 

availability projected by the FAO. Additionally, like in Philippidis et al. (2021), it might be not 

uncommon to apply strategies of capping the projected food demand through adjustment of 
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income elasticities during recalibration. Considering these results, the next chapter presents the 

development of a new approach that aims to contribute to the discussion of food security 

dynamics and long-term projections, by not only building a calorie module for the model, but 

also by carefully assessing the potential of recalibrating income elasticities, application of 

technological yield shifters and price response mechanisms.
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3 Methodology 

3.1 Description of the applied model 

The importance of the credibility and consistency of the modeling framework for the analysis 

of global food security was highly stressed in the previous chapter. That is why, for the present 

analysis, I propose to utilize a well-known and widely applied global general equilibrium model 

created and maintained by researchers of the Global Trade Analysis Project hosted at Purdue 

University, also known as the GTAP model. The standard GTAP model along with its database 

is often utilized as a core and the development platform by many modeling teams, e.g., the 

previously mentioned MAGNET model. The standard model structure of GTAP is well 

documented by Brockmeier (2001) and Hertel and Tsigas (1997). Nevertheless, the relevance 

of individual elements along with the key assumptions of a standard modeling framework for 

the analysis of global food security should be briefly elaborated.  

The standard GTAP model37 is a comparative static, multi-region and multi-sectoral general 

equilibrium model based on the neoclassical microeconomic theory. While the model 

incorporates many distinguishing features, it resembles a typical for global CGE models 

structure and attempts to depict circular flows and behavioral patterns of agents within the 

economy. This allows further disentangling of the modelôs structure and looking at its 

individual components separately. 

The production side of the model identifies the production activities of the representative firm 

within each sector of a country or region as the combination of intermediate inputs and primary 

factor endowments for the production of output (Figure 19). This process is defined in the art 

of a constrained optimization problem of the neoclassical production function, where producers 

choose a coherent mix of inputs in order to minimize costs of a given output under the 

predefined production technology. The production technology of the representative firm is 

specified via a series of nested constant elasticity of substitution (CES) functions that aims to 

reproduce the substitution possibilities across the full set of inputs used for the production. That 

is, land, natural resources, labor and physical capital can substitute for each other in the value 

added aggregate in accordance with the specified elasticity of substitution (ESUBVA). The 

magnitude of substitution elasticities between factors varies and is sector specific. As a result, 

 
37 Within the present study, version 6.2 of the GTAP model should be considered as the standard one.  
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substitution elasticities for factor endowments within primary sectors are assumed to be 

substantially lower compared to the secondary and service sectors. At the same time, the 

composite bundle of domestic-foreign intermediate inputs is added to the value-added 

composite at the top CES level in fixed proportions, also known as Leontief technology. 

Substitution between domestic and foreign intermediate inputs is implemented under the 

Armington specification. Consequently, the model accounts for the regional heterogeneity of 

intermediate inputs, aiming to adequately explain and track patterns of bilateral trade flows of 

similar products. The level of products heterogeneity is defined by the elasticity of substitution 

parameter between domestic and composite imported commodities (ESUBD) at the upper level 

and elasticity of substitution parameter among imported commodities of different regional 

origin (ESUBM) at the lower level.  

Figure 19: GTAP production technology tree 

  

Source: own elaboration based on Hertel and Tsigas (1997) 

The production process of the representative agent is subject to some further specifications. 

Aggregate national supply of each productive factor is fixed within the standard 

macroeconomic-closures and presumes full regional employment. Besides, the GTAP model 
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domestically38 (e.g., capital and labor) and partially mobile factors, also known as sluggish 

(e.g., land and natural resources).39 Mobile endowment commodities receive a uniform return 

across different sectors, while for sluggish factors returns differ by sectors in equilibrium. The 

magnitude of the supply response and consequently factors mobility is defined by a constant 

elasticity of transformation function (CET). It is regulated by the value of elasticity of 

transformation (ETRAE) and the binary parameter (SLUG), allowing for switching 

specification of an endowment from sluggish to mobile. This differentiation of factor 

endowments is fundamentally important for an adequate representation of the anticipated 

supply response and structural changes within the economy. This is particularly true for the 

agricultural sector, where the assumption of sluggishness of individual production factors in 

addition to land, might substantially divert the medium to long-term response of the agricultural 

sector and consequently influence the food security situation in the analyzed regions.  

On the demand side, the concept of a regional representative household is applied (Figure 20). 

Thus, representative household acts as a utility maximizing agent that accumulates all income 

generated within the economy from factor remuneration and indirect taxes, and further 

reallocates it in the form of expenditures. This specification facilitates an unambiguous 

definition of the welfare changes observed at the national level (Anderson and Strutt, 2012).  

Expenditures by this household are governed by a Cobb-Douglas (C-D) aggregate utility 

function that allocates net national expenditures across three broad categories: private, 

government (public) and savings expenditures. Savings expenditures of the representative 

household are used to purchase capital goods and are thus considered to be an elegant way for 

integrating the investment decision process to the comparative static modeling environment. 

Investments in the model are explicitly savings driven, which means that savings of individual 

households for all regions are accumulated globally and are further fully reallocated in 

accordance with the price of capital. Government demand across composite goods is defined in 

the fixed budget shares form using a Cobb-Douglas specification. Similarly to the domestic 

demand for intermediate goods (Figure 19), government demand for goods might be satisfied 

by a domestic production or by imported foreign goods following the Armington specification.  

 
38 The factor mobility across different regions is not explicitly captured within the standard GTAP model. 
39 Nonetheless, that initial model documentation strictly differentiated factor endowments on two groups, 

specifically mobile and sluggish, recent applications of the GTAP model and parametrization specified within 

GTAP 9 database has a rather small transformation elasticity (ETRAE= 0.001) for natural resources, making 

this sector specific. 
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Figure 20: Demand activities of a representative household 

 

Source: own elaboration based on Hertel and Tsigas (1997) 

The private household demand is one of the central elements of the model dominantly 

responsible for the explicit capturing of the food security situation of a household. It is 

represented by a constant difference of elasticities (CDE) functional form. This non-homothetic 

functional form is used to account for possible differences in income elasticities for the various 

consumption goods. Hence, it allows more flexible price response and richer representation of 

income effects within the demand system compared to the commonly used CES or Linear 

Expenditure System (LES) functions (van der Mensbrugghe, 2015). Relatively low data 

requirements for calibrating a CDE expenditure function along with the favorable economic 

properties are valuable reasons for the common application of this functional form within global
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 CGE models (Valin et al., 2014; Brockmeier, 2001).40 At the same time, this functional form 

lacks some desirable dynamic recalibration procedures for the price and income parameters 

leading to the absence of adjustments in income elasticities regardless of the observed changes 

in income levels (Valin et al., 2014; Yu et.al, 2004). This might cause potential problems for 

an analysis of the long-term food security status for regions experiencing high economic 

growth. However, specifically these regions are typically facing high risks of food insecurity 

within population (see Chapter 2.1.3) and should stay under a careful observation in the future. 

The prospective solution to this issue is presented in Chapter 3.3.3. 

In summary, a widespread application, high credibility, and a well-known versatility make a 

standard GTAP model an interesting candidate for the use as an analytical tool for analyzing 

food security issues. This is certainly why it serves as a core for many studies and research 

objectives, where authors either expand the GTAP model and provide extensions (e.g.,     

GTAP-E, GTAP-POV, GTAP-BIO) or use it as a base for a new model, like the MAGNET 

model, providing various beneficial features. Notwithstanding the existing benefits, the food 

security assessment will not be comprehensive enough without explicit integration of a physical 

non-monetary dimension to the modeling environment. Additionally, since the topic of food 

security and its development need to consider aspects of multidimensional backgrounds, 

applying some of these recent extensions and features of other reworked models could 

potentially be beneficial. This is why, the next chapter will explore the vital model extensions 

relevant for the assessment of future food security, taking into consideration the expertise 

collected in chapter 2 with respect to the modeling of food security, such as the calorie module 

and model parameterization. 

3.2 Extension of the GTAP model and its database for food security 

assessment 

3.2.1 Identified framework for the model extension 

The standard GTAP model was designed to be flexible, robust and readily specified to meet 

specific needs (Hertel, 2013, p. 825). Its modular nature and rich number of modelôs extensions 

can substantially change the modelôs behavior and lead to a better fit for a wide spectrum of 

 
40 Calibration of the CDE expenditure function requires the information on only three individual components, 

specifically own-price elasticities of demand, income elasticities and average budget shares for all commodities.  
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research topics. The multidimensional nature of food security and the need of its analysis in the 

form of long-term projections raise however further challenges for the modeling framework. 

Therefore, the new framework shall pursue the objective of a better representation of the 

currently existing macro-trends defined within Chapter 2.1.3 and incorporate the required 

dimensions for the food security assessment, specifically information of the FBS in form of the 

calorie module, as specified in Figure 21 and explained in Chapter 3.2.3. However, of no little 

interest is the question: what types of other currently available model extensions are reasonable 

and shall be further integrated into the modeling environment? This question is not easy to 

answer as it requires some critical assessment of where the ñweakestò spots of the standard 

model are and to what extent they can be addressed with the existing model and database 

extensions. At the same time, the applied modifications should satisfy the requirement of the 

parsimonious modeling environment, which means - staying sufficiently simple, it shall still be 

able to answer the required questions with respect to future food security.  

Population dynamics, socio-economic performance, limits of natural resources and the 

increasing completion for their use by various economic sectors seem to be some of the biggest 

concerns for future regional food security. Nevertheless, each of those individual issues shall 

be viewed either as an exogenous or endogenous element of the modeling environment. 

Traditionally, socio-economic trajectories are typically exogenously predetermined within 

CGE models.41 At the same time, the resource allocation, as well as the competition across 

different sectors and regions, tend to be endogenously determined. As indicated in Chapter 

2.1.3, globally all resources are subject to unequal distribution, which might potentially result 

in a large difference in the achievement of individual regional food security objectives. Land, 

as one of the central contributors for agriculture, requires thereby additional attention when the 

modeling of food security is coming into question. Studies of Schmitz et al. (2014), Valin et al. 

(2014) and other articles of the AgMIP Intercomparison Project provide a great overview on 

the features of modern models that might be subject to the integration into the standard 

modeling framework. Similar to earlier studies, they indicate that specification and modeling 

of land is far from being simple within the global modeling exercises. Indeed, the choice of 

underlying assumptions and modeling features typically determines the specification of the 

entire modelôs structure and might have a strong influence on the modeling results. The authors 

 
41 The exogenously predefined trajectories mainly contribute the information to the database of the underlying 

model. Nevertheless, the individual features, such as the population or technological adjustment mechanisms 

might be further specified within the modelsô code and comprise the Projections module of the modeling 

environment.  
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underline that the definition of the land with respect to the spatial dimension, mobility, 

technologies are crucial for this topic. The land specification within the standard GTAP model 

at the same time is rather simple. It is defined at the upper nest of the production function and 

formulated as a single / homogenous production factor. This is a rather strong assumption. It 

might be, however, addressed with the help of the GTAP-AEZ extension to the model and 

database that aims to supply richer information on the land cover and regional specification of 

the production process.  

Figure 21: Framework of the modelôs extension 

 

Source: own elaboration 

The study of Schmitz et al. (2014) also underlines that the issues of the land use and land 

modeling currently goes far beyond purely agricultural purpose, as the biofuels and climate 

change concerns gain their momentum. And indeed, in the past decade the awareness regarding 

the interwoven nature of the food, water, and energy security received an extensive discussion 

in the literature and formulated the basis for the systems thinking approach also often defined 

as a nexus (Bazilian et al., 2011; Kling et al., 2017; Sage, 2013). The food ï energy nexus is, 

however, not implemented in the standard GTAP model neither at the database, nor at the 

modelôs levels. Considering that many world regions emphasize an increasing need for the 

production and use of renewable sources of energy such as biofuels, there is an evident need to 

capture these dependencies within the modeling environment. 

The next individual subchapters will further discuss the specifications of individual extensions.  
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3.2.2  GTAP-BIO and AEZ features 

The modeling framework identified in the previous subchapter indicated the potential scope for 

extension of the standard GTAP model aiming to better capture the agriculture-energy nexus 

and its impact on food security. During the last years, a substantial number of actions were 

taken in this direction and formalized in extensions of the standard GTAP model (Corong et al., 

2017). In this study, I actively rely on the accumulated expertise within the GTAP consortium 

and individual extensions created by various authors over time. Integration of those extensions 

to the standard model is however far from being simple and requires a series of interrelated 

actions to the core model, underlying parameters, and the database. As such, within this 

subchapter, a short overview of adjustments made through the GTAP-BIO and GTAP-AEZ 

model extensions for the standard GTAP model utilized within this study will be provided.42 

GTAP-BIO is a modification of the variant of the standard GTAP model, specifically        

GTAP-E43 (McDougall and Golub, 2007; Burniaux and Truong, 2002), aiming to introduce the 

production and consumption of the first generation biofuels and its by-products to the energy-

economy-environment-trade linkages analysis. The first version of the GTAP-BIO model 

structure and its specification without by-products was proposed by Birur, Hertel, and Tyner 

(2008). Then, the structure of the model and related datasets were further extended to include 

the biofuel by-products such as Distillerôs Dried Grains with Soluble (DDGS) and oilseed meals 

in the studies of Taheripour, Hertel, and Tyner (2011), Taheripour et al. (2010). This model 

was further applied with some structural modifications within studies of Golub and Hertel 

(2012), Keeney and Hertel (2009), Taheripour and Tyner (2011) and received some adjustments 

matching the specification of actualized datasets and parameter specification (Taheripour et al., 

2016; Taheripour and Tyner, 2013).  

Relative to the standard GTAP model provided in Chapter 3.1., Birur, Hertel, and Tyner (2008) 

have substantially revised and expanded the production structure of the model (Figure 22). The 

energy resources were taken out of the intermediate input nest within the new structure and 

incorporated as the capital-energy composite within the value-added nest. Using the multi-level 

CES function, the substitution possibilities between various energy sources are implemented. 

 
42 GTAP-BIO and GTAP-AEZ modules are often applied together within different studies, e.g., in Birur et al. 

(2008), Golub and Hertel (2012), Taheripour et al. (2010) and both went through several modifications and 

methodological adjustments over time.  
43 GTAP-E model is the variant of the standard GTAP model explicitly incorporating the energy-factor and inter-

fuel substitution (e.g., coal, gas, oil, etc.) to the model.  
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The biofuel products were introduced at the lowest level of the production function and 

considered to be a substitute to petroleum products.44  

Figure 22: Extended production technology tree 

 

Source: own elaboration based on Birur et al. (2008, p.53) 

Within the same study, Birur et al. (2008) have integrated features of the GTAP-AEZ module 

(Hertel et al., 2009), thereby making another critical adjustment to the original production 

technology. In the standard GTAP model, the land is considered to be a homogenous factor of 

production within each region (Figure 19). Considering that soil and climatic characteristics 

 
44 For an in-depth description of the mathematical formulation of the function, please refer to Birur et al. (2008). 
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might substantially differ within countries, e.g., in China, Canada, the USA etc., this 

specification of land within the model might not adequately depict a potential land use change 

under the adjusting macroeconomic conditions in individual regions (Birur et al., 2008). 

According to Lee et al. (2005), differentiation of land is required and might be achieved in 

accordance with diverse agro-climatic conditions and production patterns observed in different 

areas. Thereby, 18 global Agro-Ecological Zones (AEZs) that differ along the possible length 

of growing period (6 categories of 60-day growing period intervals) and climatic zones (3 

categories: tropical, temperate and boreal) were specified for each individual region within the 

model and underlying datasets.45 Thus, the production factor ñlandò typical for the standard 

model is now considered to be a sub-product of 18 individual competing AEZ elements within 

the technological tree used for production of the homogenous commodity. ñThe suitability of 

each AEZ for production of alternative crops and livestock is based on currently observed 

practices, so that the competition for land within a given AEZ across uses is constrained to 

include activities that have been observed to take place in that AEZò (Golub and Hertel, 2012, 

p. 10). In order to mimic the observed land-use change patterns within the model, the behavior 

patterns of the landowners are specified by a Constant Elasticity of Transformation (CET) and 

introduced to the model in the way depicted in Figure 22.  

Figure 22 indicates that, the rent-maximizing landowner driven by the relative return to land, 

first decides on the allocation of land among three economic uses of the broad land cover types, 

such as cropland, forest and pastures, and later on the allocation of land to individual sectors in 

the lower nest. The decision-making process is constrained by the substitutability (mobility) of 

land across different land-use types and sectors defined by the parameters of the CET function, 

specifically ETL1-ETL3 within various nests. This specification of the land allocation decision 

process underlines the conventional assumption of mobility of land resources within individual 

AEZ, but not across AEZs. As it was indicated by Golub and Hertel (2012), a parametrization 

of the key elements of the CET function might have a substantial impact on the induced land 

cover changes under the diverse simulation scenarios. In the studies of Hertel (2010) and Hertel, 

Tyner, and Birur (2010), the authors utilized uniform land transformation elasticities across 

AEZs and regions following the recommendations of Ahmed et al. (2008). Although, the 

uniform land transformation is rather a strong assumption; in a lack of specific country 

 
45 A detailed description of the GTAP-AEZ database and the underlying datasets is provided by Lee et al. (2005), 

Monfreda et al. (2009) and by Baldos (2017).  
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estimates, its application might be adequate.46 Therefore, I am adopting the strategy of Hertel 

(2010) for the specification of this function. 

The household demand for private goods was also modified in order to represent the 

substitutability options between composite energy product and non-energy products in a CDE 

function (Figure 23). The composite energy product itself is specified in the form of the CES 

function allowing for substitution between petroleum-biofuel composite (hbiooil) and all other 

energy commodities. CES functional form is further applied to petroleum-biofuel composite, 

allowing for substitution between petroleum products and the three types of biofuels. 

Notwithstanding the importance of this modification for the adequate representation of 

household consumption patterns, it will not have a considerable impact on depicting food 

consumption adjustment patterns and, consequently, the food security situation. 

Figure 23: Extended consumption structure  

 

Source: own elaboration based on Tyner et al. (2010, p. 10) 

The calorie module required for capturing specific food security dimensions will be further 

discussed in the following subchapter. 

 
46 Within the literature, several alternative strategies can be found. Thus, Golub (2012) utilizes the land 

heterogeneity index to linearly adjust initial CET calibration. Taheripour and Tyner (2013) implement a ñtuningò 

procedure based on the regional ranking of observed land cover change within various global regions observed 

in the period of 2004-2010. 
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3.2.3 Calorie module and the system of food security indicators 

I further extend the GTAP framework with a submodule aiming to depict the flow of products 

in the form of caloric equivalents. This is an important step in building capacity for analysis of 

regional food security status and its long-term trajectories, aiming to support and to some extent 

substitute the less intuitive way to depict food product flows in the form of value equivalents 

available within the standard model. For the calculation of individual caloric equivalent flows 

within the model, such as production, consumption, export and import, several explicit steps 

should be made.  

First, information about the caloric content and physical volumes for individual and aggregated 

groups of products matching the modelôs aggregation in the base year shall be defined. For this 

purpose, the food balance sheets (FBS) of the FAO are used as the primary source of 

information. The choice of using the FBS for the analysis in this study was primarily motivated 

by both the structure of the database as well as by its regional and sectoral coverage.47 The FBS 

provides a complex view on the pattern of food supply for all major countries on an annual 

basis (FAO, 2016). According to Thar et al. (2020) the FBS, due to the regular updates, 

standardized procedures and availability, also remain a vital source on food composition data 

and are suitable for across country comparison. Moreover, the FBS gives its users insights into 

the availability of each food item and correspond it to the source of its supply and utilization, 

e.g., the supply of each primary commodity directed towards human consumption. The 

underlying data generation process and the required sectoral and regional aggregation are 

discussed in Chapter 3.3 in detail.  

Nonetheless, it is appropriate to make a short digression here. Traditionally, the description of 

the data generation process is held separately from the specification of modeling features and 

coding. This is done to guarantee a certain degree of modularity, flexibility and independence 

of the modeling environment from the underlying data sources. The integration of the caloric 

information from the FBS is, however, somewhat different in this regard. It is attributed to the 

 

47 ñGlobal Dietary Databaseò (2017) might be considered a potentially promising alternative source of 

information. Nonetheless, the use of the database for the current analysis was restricted by insufficient 

disaggregation with respect to the key staples and not good matching with aggregation of GTAP. The difference 

between reported years applied for the GTAP database and the Global Dietary Database is also present. Active 

attempts to create new databases and approaches capturing nutritional status at the national and subnational levels 

are present and might contribute to future research, e.g., USDA (2021), Schmidhuber et al. (2018) and Smith et al. 

(2016). 
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fact that there are conceptual differences in representing specific flows of supply and demand 

in structures of the FBS database and the GTAP model.  

Thereby, in the second step, it is necessary to initiate a consistent linkage between the 

accumulated in the first step information and the core part of the model in the base year. When 

the initial link between different data and the model is achieved, it is necessary to specify a 

separate updating mechanism for the variables of interest for all consecutive steps of the 

simulation process. It can only be achieved with a clear understanding of the inherent 

differences between the original model and the data stored in the FBS. Let us look at it in more 

detail.  

On the supply side, the FBS for individual country is constructed in accordance with the concept 

of the supply for domestic utilization reproduced by Formula 1 (FAO, 2001b, p. 12).  

ὖὶέὨόὧὸὭέὲὍάὴέὶὸίὉὼὴέὶὸίὅὬὥὲὫὩί Ὥὲ ὛὸέὧὯίὃὺὥὭὰὥὦὰὩ Ὓόὴὴὰώ Ὢέὶ
ὈέάὩίὸὭὧ ὟὸὭὰὭᾀὥὸέὲ

 [1] 

Conversely, the supply of products in the GTAP model represents the production of 

commodities within the geographical boundary and therefore holding the information on direct 

consumption of imported flows separately as specified in Figure 19 and Figure 24. The model 

with the help of individual equations and market clearing specifications has also a richer 

disentangling of domestic sales (QDS) and imported flows (QIM) (Figure 24).  

The demand, also known as utilization side, in FBS is subject to even greater representation 

differences. In the FBS, specific utilization activities related to the production process and not 

associated with the products available for final consumption are segmented across different 

activities, such as seeding, feeding animals or other uses (Formula 2 and Figure 24).  

Ὓόὴὴὰώ Ὢέὶ
ὈέάὩίὸὭὧ
ὟὸὭὰὭᾀὥὸὭέὲ

ὃὲὭάὥὰ
ὊὩὩὨ

ὛὩὩὨ
ὊέέὨ 

ὓὥὲόὪὥὧὸόὶὩ
ὕὸὬὩὶ
ὟίὩί

ὡὥίὸὩὊέέὨ [2] 

Within the GTAP model and the associated database, the flow of commodities used as inputs 

in other sectors is not restricted to the broad utilization groups specified in FBS. This means, it 

is specified in a more disaggregated form and fully resembles the production linkages across 

all sectors captured by traditional Input-Output (IO) tables or Social Accounting Matrixes 

(SAMs). In addition, not all individual elements of FBS database such as ñWastesò48 and 

 
48 It seems that since the initial publication of Food Balance Sheet ï a Handbook (FAO, 2001), the definition of 

the category ñWasteò went through the process of several conceptual revisions (Chaboud and Daviron, 2017). 

In the current version of the FBS database, this element was reformulated and named as ñLossesò. 
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ñChanges in stocksò have a representation within the GTAP model and underlying database as 

it is indicated in Figure 24. This makes the direct linkage with the GTAP model less trivial and 

might generate a potential for various implementation strategies.49 

Figure 24: Visualization of food product flows in the GTAP model relevant for calorie 

module 

 

Source: own elaboration 

I will continue this subchapter by presenting the potential approach for integration of 

information from the FBS to the GTAP modeling framework, formalized in the form of the 

calorie module.  

The initial step in creation of the calorie module is based on resembling the flowsô structure 

observed within FBS in the GTAP (Figure 24). The implementation is initiated by the 

association of the main flows and linkages defining the relationship between the core model 

 
49 Considering the substantial difference in the conceptualization and construction of FBS and GTAP databases, 

there is a potential to have more than one strategy for integrating caloric information to the CGE modeling 

environment. One of the known alternatives is proposed by Rutten et al. (2013). Rutten et al. (2013) indicate 

that, nonetheless, that results are not homogenous for all regions, their methodology tends to produce relatively 

higher nutrition outcomes compared to FBS outcomes by region. The method proposed within this study takes 

a conceptually different view on the construction process of the database and the model. I attempt to associate 

key FBS elements within the GTAP model and, therefore, fully replicate the initial structure for its key elements. 
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and the related GTAP database (Table 1, column 1). There, the initial quantities (values) in the 

base data are linked to the new variables (notated with _L). This linkage is initiated under 

assumption that initial price indexes are equal to ñ1.0ò50 in Formula 3.  

ὗόὥὲὸὭὸώὖzὶὭὧὩ ὍὲὨὩὼὍὲὭὸὭὥὰ ὠὥὰόὩ [3]  

An update of the newly initiated variables is realized at each iteration of the model simulation 

using the following stylized equation for each new variable (Formula 4).  

ρππzЎὠὥὶὔὥάὩὒͅ ὠὥὶὔὥάὩὒͅz ὟὴὨ [4]  

where VarName_L represents the newly initiated variable, and Upd represents changes 

in the quantities resulted from the model. 

 

Table 1: Initiation of quantity data and updating mechanisms 

ˉ Equation 
Updating 

coefficient 
Description 

1 
QO_L(i,r)  = VOM( i , r );  

(all, i , NSAV_COMM)( all,r,RE G)  
qo(i,r)  

Quantity of output of 

commodity i in region r 

2 
QDS_L(i,r)  = VDM( i , r );  

( all , i , TRAD_COMM)( all , r , REG)  
qds(i,r)  

Domestic sales of commodity 

i in r 

3 
QXS_L(i,r,s)= VXMD( i , r , s)  

( all , i , TRAD_COMM)( all , r , REG)( all , s, REG)  
qxs(i,r,s)  

Export sales of commodity i 

from r to regions s 

4 
QST_L(m,r) = VST( m, r )  

( all , m, MARG_COMM)( all , r , REG)  
qst(m,r)  

Sales of m from r to 

international transport 

5 
QIM_L(i,r)= VIM( i , r )  

( all , i , TRAD_COMM)( all , r , REG)  
qim(i,r)  

Aggregate imports of i in 

region s, market price weights 

6 
QFM_L(i,j,r) = VIFM( i , j , r ) 

( all , i , TRAD_COMM)( all , j , PROD_COMM)( all , r , REG)  
qfm(i,j,r)  

Import demand for good i by 

industry j in region s 

7 
QPM_L(i,r)= VIPM( i , r )  

( all , i , TRAD_COMM)( all , r , REG)  
qpm(i,r)  

Private household demand for 

imports of i in region r 

8 
QGM_L(i,r) = VIGM( i , r )  

( all , i , TRAD_COMM)( all , r , REG)  
qgm(i,r)  

Government demand for 

imports of i in region r 

9 
QFD_L(i,j,r)= VDFM( i , j , r ) 

( all , i , TRAD_COMM)( all , j , PROD_COMM)( all , r , REG)  
qfd(i,j,r)  

Domestic demand of good by 

industry j in region r 

10 
QPD_L(i,r) = VDPM( i , r ) 

( all , i , TRAD_COMM)( all , r , REG)  
qfp(i,r)  

Private household demand for 

domestic of i in region r 

11 
QGD_L(i,r) = VDGM( i , r ) 

( all , i , TRAD_COMM)( all , r , REG)  
qgd(i,r)  

Government demand for 

domestic I in region r 

 
50 The modelôs database and the model structure are explicitly constructed to function with monetary values. 

Hence, there are no explicit quantities and prices integrated into the model.  
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As previously stated, the initiation of variables specified within Table 1 does not fully match 

the structure identified in Figure 24 and thereby resembles principles of FBS construction 

(FAO, 2001b). In order to address this issue, the recalculation of flows with respect to the newly 

defined sets (Table 2) and underlying variables are further required (Table 3).  

Table 2: Sectoral mapping required for the depiction of new flows 

New Set Sector  New Set Sector 

FOOD_MANUF proc_dairy 
 

SEED veg_fruit 

FOOD_MANUF proc_rum 
 

SEED plant_fibers 

FOOD_MANUF proc_nonrum  SEED crops_nec 

FOOD_MANUF rveg_oil 
 

OTHUSES forestry 

FOOD_MANUF sugar 
 

OTHUSES minerals 

FOOD_MANUF bav_tob 
 

OTHUSES ethanol1 

FOOD_MANUF proc_rice 
 

OTHUSES ethanol2 

FOOD_MANUF proc_food 
 

OTHUSES biodiesel 

FOOD_MANUF fishing 
 

OTHUSES coal 

FEED dairy_farms 
 

OTHUSES oil 

FEED cattle 
 

OTHUSES gas 

FEED wool 
 

OTHUSES oil_pcts 

FEED nonruminant  OTHUSES electricity 

SEED paddy_rice 
 

OTHUSES en_int_ind 

SEED wheat 
 

OTHUSES oth_ind_se 

SEED crgrain 
 

OTHUSES ntrdservices 

SEED oilseeds 
 

OTHUSES CGDS 

SEED sugar_crops 
 

  

Table 3: Additional variables required for reproduction of FBS flows in GTAP 

 Initiated Variable  Description 

SQSEED_L(i,r) Demand of i by plant production sectors in region r 

SQFEED_L(i,r) Demand of i by livestock and non-ruminant sectors in region r 

SQFOOD_MAN_L(i,r) Demand of i by food manufacturers in region r 

SQFOOD_L(i,r) Demand of i by private household and government in region r 

Thus, for instance, flows of individual products used at the production of livestock sectors for 

feed purposes would be quantified using the following formula (Formula 5) 

31&%%$,ͅÉȟÒ 1&$ͅ,ÉȟÊȟÒ

ᶰ

1&-ͅ,ÉȟÊȟÒ

ᶰ

 
[5] 

Analogous procedures were implemented for the calculation of product flows representing 

demand on imported and domestically consumed commodities used by government and private 
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households directly, processing food industries and other flows directed for utilizations 

purposes in various sectors (Formula 6-9).  

313%%$,ͅÉȟÒ 1&$ͅ,ÉȟÊȟÒ

ᶰ

1&-ͅ,ÉȟÊȟÒ

ᶰ

 [6] 

31&//$-ͅ!.ͅ,ÉȟÒ 1&$ͅ,ÉȟÊȟÒ

ᶰ ͺ

1&-

ᶰ ͺ

,ͅÉȟÊȟÒ [7] 

31/4(53%3,ͅÉȟÒ 1&$ͅ,ÉȟÊȟÒ

ᶰ

1&-

ᶰ

,ͅÉȟÊȟÒ [8] 

31&//$_,ÉȟÒ 10$_,ÉȟÒ

ᶰ _

10-_,ÉȟÒ

ᶰ _

 

                                1'$ͅ,ÉȟÒ

ᶰ ͺ

1'-ͅ,ÉȟÒ

ᶰ ͺ

 

[9] 

The initiation procedures of new variables described above have allowed mimicking the 

structure and main principles of construction of FBS flows within the GTAP framework. Thus, 

it allows formalizing both supply (GTAPLEFT) and utilization (GTAPRIGHT) sides formally:  

'4!0,%&4ÉȟÒ 1/ͅ,ÉȟÒ 1)-ͅ,ÉȟÒ 183ͅ,ÉȟÓȟÒ

ᶰ

 

Where: 

ᶪÒ ᶰ 2%' 

ᶪ É ᶰ .-2'ͺ#/-- 

[10] 

'4!0,%&4ÉȟÒ 1/ͅ,ÉȟÒ 1)-ͅ,ÉȟÒ 134ͅ,ÉȟÒ 183ͅ,ÉȟÓȟÒ

ᶰ

 

Where: 

ᶪÒ ᶰ 2%' 

ᶪ É ᶰ -!2'ͺ#/-- 

 

[11] 

'4!02)'(4ÉȟÒ 31&//$,ͅÉȟÒ 31&//$-ͅ!.ͅ,ÉȟÒ 31&%%$,ͅÉȟÒ 

 313%%$,ͅÉȟÒ 31/4(53%3,ͅÉȟÒ 

Where: 

ᶪÒ ᶰ 2%' 

ᶪ É ᶰ 42!$ͺ#/-- 

[12] 
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The following steps are associated with the association of information from the FBS and linking 

them to the earlier initiated structures. For this purpose, the new variables storing the 

information about the energy content in terms of calories and physical quantities for individual 

food product groups matching the GTAP aggregation were introduced and read in the model 

(see Chapter 3.3.1.2). These variables will be further utilized for a depiction of food flows in 

terms of caloric content, along with estimates of the regional and global food availability and 

food security indicators. 

Table 4: Newly initiated variables used for linkage with FBS database 

Variable or 
Coefficient 

Updating coefficient or equation Description 

CUNIT(i,r)  - Region specific caloric content of product i 

Supply side 

QPRO( i , r )    p_qpro ( i , r ) = qo( i , r )  quantities of commodity i produced in reg. r 

QIMP( i , r )    p_qimp( i , r ) = qim( i , r )  quantities of commodity i imported in reg. r 

QSTOC( i , r )  No direct linkage  quantities of commodity i stocked in reg. r 

QEXP( i , r )  p_qexp( i , r ) = qxw( i , r )  quantities of commodity i exported in reg. r 

Utilization side 

QCON( i , r )  
p_qcon( i , r ) = 100/ SQFOOD_L( i , r ) 

* C_SQFOOD_L( i , r )  

quantity of commodity i consumed in reg. 

r 

QPRC( i , r )  

p_qprc ( i , r ) = 

100/ SQFOOD_MAN_L( i , r ) * 

C_SQFOOD_MAN_L( i , r );  

quantities of com. used in proc. sector 

produced in reg. r 

QFEED( i , r )  

p_qfeed ( i , r ) = 

100/ SQFEED_L( i , r ) * 

C_SQFEED_L( i , r );  

quantities of commodity i feed in reg. r 

QSED( i , r )  
p_qsed( i , r ) = 100/ SQSEED_L( i , r ) 

* C_SQSEED_L( i , r );  

quantities of commodity i for seed in reg. 

r 

QWAST( i , r )  No direct linkage  quantities of commodity i wasted in reg. r 

QUTIL( i , r )  

p_qutil ( i , r ) = 

100/ SQOTHUSES_L( i , r ) * 

C_SQOTHUSES_L( i , r )  

quantities of commodity i used in reg. r 

for non-food purpose or potentially 

distorting local consumption patterns51 

 
51 The flow ñother usesò is defined within the FBS as the residual flow and specified with consideration of non-

distortion to the national food patterns by quantities of commodities in question used for manufacturing of non-

food products (e.g., oils for soaps) or consumed mainly by tourists. The overall share of those flows within the 

database considered to be relatively low.  
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Exemplary, the procedure for estimating caloric equivalent for an individual element of the 

supply side is provided below. Thus, using the initial values stored for the variables (column 

1), for instance, QPRO and the updating procedures (column 2) indicated in Table 4, it is 

possible to estimate the caloric content of products. Considering that variable QPRO has an 

explicitly specified updating procedure, the calculation of the underlying caloric content of 

produced commodities (CQPRO) is realized through the following equation at the initial 

equilibrium (Formula 13).  

#102/ÉȟÒ 102/ÉȟÒ #z5.)4ÉȢÒ,  

where: ᶅ Ò ᶰ 2%' 

 ᶅi  ɴTRAD_COMM 

[13] 

 

Utilizing the information generated by this equation, the broad scope of additional indicators 

depicting different levels of geographical (global or regional) and sectoral (plant-based 

products, animal products, cereal products, etc.) details might be further derived. Table 5 

indicates some of them.  

Table 5: Regional and global indicators of calories production 

Variable or 
Coefficient 

Equation Description 

WCQPRO ὡὅὗὖὙὕ В В ὅὗὖὙὕὭȟὶͺ   

Total amount of calories 

produced in the world 

WCQPRO_HD ὡὅὗὖὙὕ
В В ȟͺ

ᶻ
  

Quantity of calories produced per 

capita per day in the world 

RCPRO_HD(r) ὙὅὗὖὙὕ
В ὅὗὖὙὕὭȟὶͺ

ὖὕὖͅὒz σφυ
 

Quantity of calories produced in 

region r per capita per day 

The identical estimation procedures and derived indexes are proposed for other relevant 

variables where the proper linkage between datasets exists as defined in Table 4.  

It is necessary to stress that two newly generated variables adopted from FBS, specifically 

ñWastesò and ñStocksò, currently do not have feasible equivalents within the GTAP model and 

database.52 That is why they cannot be estimated using the previously specified approach. This 

 
52 Neither ñStocksò nor their equivalent ñChanges of Stocksò are currently present within the GTAP model. Their 

implementation is restricted mainly by the lack of information on mechanisms for their utilization over time and 

the practicality of their application within a comparative static model environment. At the same time, the absence 

of ñWastesò and mechanisms explicitly accounting for them within global CGE models might be attributed to 



Calorie module and the system of food security indicators 

82 

problem raises a fundamental question of the relevance of the information embedded within 

these ñnon-linkedò indicators of FBS for the long-term analysis of food security. Let me briefly 

evaluate the potential consequences of the presence or absence of this information for the 

current analysis beginning with the indicator for ñStocks Changes.ò In principle, the indicator 

of ñStocks Changesò within FBS comprises the information about ñchanges in stocks occurring 

during the reference period at all levels from production to the retail stage, i.e., it comprises 

changes in government stocks, in stocks with manufacturers, importers, exporters, other 

wholesale and retail merchants, transport and storage enterprises, and in stocks on farmsò 

(FAO, 2001b, p. 12). There is a negative relationship between the indicators ñStocks Changesò 

and ñAvailable Supply for Domestic Utilizationò indicated by Formula 1, meaning that 

increases in stocks of a commodity reduce the availability for domestic utilization indicated by 

the negative sign of the variable ñStocks Changesò. Conversely, reductions of stocks are 

assigned by the positive sign of the variable since it increases the available supply at the 

observed time period.  

Assuming that countries are typically trying to maintain their food stocks and utilize them in 

the moment of the ñgreatest needò, it is possible to anticipate the limited long-run deviations of 

this indicator from the individual countryôs mandates for stock maintenance. Similar patterns 

might be anticipated at the global level for individual commodity groups. Indeed, 

notwithstanding the presence of random fluctuation of stocks over time (Figure 25), there is a 

limited tendency for the reduction or expansion of stocks globally. This is confirmed by a study 

of Laio, Ridolfi, and DôOdorico (2016), demonstrating that overall regional and global per 

capita food stocks are stationary.53 Thereby, assuming a relatively conservative scenario of 

prevailing current management practices for stock holdings observed over the last 50 years, the 

indicator of ñStock changesò might be disregarded or targeted towards ñzeroò due to the limited 

additional insights and unnecessary potential complications for the analysis of long-term food 

security.54  

 
the lack of consistent and sufficiently detailed information across countries required for their proper integration 

to the modeling framework. 
53 Laio, Ridolfi, and DôOdorico (2016) indicated that calculation of the global and regional food stocks along with 

capturing their dynamics is a challenging task, requiring further research and being dependent on the high quality 

disaggregated stock data. Although, authors provided a consistent reconstruction process of aggregated food 

stock data, there is currently a limited opportunity to meaningfully fit this information to the GTAP modeling 

framework proposed within this study. 
54 The well-known projections of Alexandratos and Bruinsma (2012) similarly do not include changes in stocks 

into the long-term projections. 
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Figure 25: World stocks changes for various commodity groups 1961 - 2013 (1000 tons) 

 

Source: Own elaboration based on data of FAO (2016) 

The second indicator in question is ñWastesò.55 An integration of this indicator into the analysis 

is subject to a number of reservations of different nature. Alexandratos and Bruinsma (2012) 

indicate that estimates of food losses and waste in the FBS are uncertain on one side and should 

be viewed from the perspective of underlying definitions on another side. Thus, within the FBS 

- Handbook ñWastesò are defined as ñan amount of the commodity in question and derived 

therefrom not further pursued in the food balance sheets, lost at all stages between the level at 

which production is recorded and the householdò (FAO, 2001b, p. 13). This definition seems 

to be rather restrictive, as it does not account for the pre-harvest losses along with the post-retail 

wastes. The last is a particularly important source of food losses in industrialized countries, 

where more than 40% of food losses occur at retail and consumer levels (FAO, 2011). At the 

same time, low food security status is typically observed within non-industrialized countries, 

where more than 40% of the food losses occur at post-harvest and processing levels 

(Gustavsson, Cederberg, and Sonnesson, 2011). This peculiarity of the initial data structures 

should be considered during the creation of the model and interpretation of model outcomes. 

Under these circumstances, the observed fluctuations of the world food losses for the specific 

 
55 Term ñWastesò was substituted to ñLossesò in the recent version of FBS database. 
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commodity groups (Figure 26) might not fully capture the ñactualò volumes of food losses, but 

rather a specific part of it.  

Figure 26: World food losses for various commodity groups 1961 - 2013 (1000 tons) 

 

Source: Own elaboration based on data of FAO (2016) 

At the same time, under the increasing discussion of the problem of accounting and 

differentiation between food losses and waste currently observed in the literature (Campoy-

Muñoz et al., 2017; Chaboud and Daviron, 2017; Parfitt et al., 2010), this element within FBS 

is going through a substantial revision of the underlying estimation methodology and utilized 

definitions. This gives hope for a continuous improvement of the underlying datasets in their 

capacity to capture food losses. It also motivates us to utilize the current information on 

ñLossesò for estimation of their proxy trajectories under specific assumptions.  
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Thus, assuming that FBS are consistently capturing the food utilization practices and that 

individual elements of the utilization side of FBS are subject to technological constraints, the 

following updating procedure based on the estimation of shares of individual elements of FBS 

in the total supply might be applied (Figure 27). 

Figure 27: Procedure for updating FBS 

 

Source: own elaboration 

Figure 27 indicates that by utilizing the information from GTAP on total changes of food 

supply56 within individual regions and food categories and information on shares for 

corresponding individual elements of FBS, the volume of food products attributed to each 

utilization category might be estimated using the following relationship (Formula 14).  

ЎὉὰὩάὩὲὸ έὪ ὟὸὭὰὭᾀὥὸὭέὲЎὟὸὭὰὭᾀὥὸὭέὲὉzὰὩάὩὲὸὛͅὬὥὶὩ  [14] 

Thus, the percentage change for the amount of wastes can be expressed as: 

ᾧὗὡὃὛὝͅὟὖ Ὥȟὶ ὛὌὗὡὃὛὝὧzͅὗὙὍὋὌὝὟͅὖὭȟὶ    

Where:  

[15] 

 
56 Within FBS the following identity holds Supply = Utilization. 
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ᶪÒ ᶰ 2%' 

 ᶅi  ɴTRAD_COMM 

SHQWAST is a share of waste in total utilization according to the structure of FBS 

C_QWAST_UP is a newly initiated variable for storing the updated values 

c_QRIGHT_UP is a newly initiated variable for storing updated values of Utilization 

 

Similarly, other utilization elements of FBS can be estimated (Formula 16 ï 20) 

ᾧὗὅὕὔͅὟὖὭȟὶ   ὛὌὗὅὕὔὭȟὶ z ᾧὗὙὍὋὌὝὟͅὖὭȟὶȠ [16] 

ᾧὗὖὙὅͅὟὖὭȟὶ    ὛὌὗὖὙὅὭȟὶ z ᾧὗὙὍὋὌὝὟͅὖὭȟὶȠ [17] 

ᾧὗὛὉὈͅὟὖὭȟὶ     ὛὌὗὛὉὈὭȟὶ z ᾧὗὙὍὋὌὝὟͅὖὭȟὶ Ƞ [18] 

ᾧὗὊὉὉὈͅὟὖὭȟὶ  ὛὌὗὊὉὉὈὭȟὶ z ᾧὗὙὍὋὌὝὟͅὖὭȟὶȠ [19] 

ᾧὗὟὝὍὒὟͅὖὭȟὶ  ὛὌὗὟὝὍὒὭȟὶ z ᾧὗὙὍὋὌὝὟͅὖὭȟὶȠ [20] 

Where:  

ᶪÒ ᶰ 2%' 

 ᶅi  ɴTRAD_COMM 

 

 

Alternatively, the updated shares estimated according to the GTAP database might substitute 

share coefficients within Formulas 16-20. Considering that, FBS do have a different 

representation of commodity flows than the representation applied within the GTAP model, it 

would be not surprising to see the divergence in the modelsô results under these two 

specifications. At the same time, there is limited evidence to favor one estimation procedure 

over another because both data sources are theoretically consistent, and their individual 

credibility is not in question.  

In the follow-up chapter, the experiment design will be further elaborated in detail. The 

individual subchapters will provide guidance for specific steps of composing the database 

suitable for exploring new features of the extended model. It will also outline the scope for 

potential simulation scenarios, define aggregation levels and lastly provide information on 

adjustments made for modelôs closures.  
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3.3 Experiment design 

3.3.1 GTAP database and its extension for the analysis of food security 

3.3.1.1 Extension of the database relevant for GTAP-BIO and AEZ 

In the following analysis, the version 9.2 of the GTAP Database, was utilized as a point of 

departure. The original database combines information on 141 countries and regions and 57 

sectors, including 20 food and agricultural sectors, for 3 benchmark years 2004, 2007 and 2011 

(Narayanan et al., 2015). For the present study, the most recent year, specifically 2011 was 

selected as the base year.  

As indicated in Chapter 3.2.2, the standard modeling environment of the GTAP model does not 

explicitly capture production, consumption and trade of biofuel products and does not include 

favorable AEZ specification. The same is true for the underlying GTAP database. In order to 

address this limitation and adequately depict processes occurring within biofuel and related 

industries in the benchmark year 2011 (e.g., due to the supply of by-products during the 

production process), a series of modifications was made to the database. The process of the 

database modification is thoroughly described in studies of Taheripour et al. (2007) and 

Taheripour and Tyner (2011).57 Here, I am adopting the methodology proposed within these 

studies and shortly indicate the critical elements of the underlying process.  

In the first step, the relevant data items were collected from various sources: 

- Production and consumption of biofuels for the benchmark year is attained from the US 

Energy Information Administration (EIA), 

- The information on bilateral trade for biofuel products is obtained from EUROSTAT 

for all European countries and from USDA for all other trade participating countries,  

- Data on the cost structures of biofuel commodities is adopted from Taheripour et al. 

(2007), 

 
57 Taheripour et al. (2016) provide a full description of the process of integration for the first and the second 

generation of biofuels to the GTAP database version 9. Within the present study, the second generation biofuel, 

that is currently not produced at the commercial level as indicated in  Taheripour, Zhao, and Tyner (2017), was 

not explicitly modeled and therefore not specified within the database. This is motivated by the substantial 

uncertainty of the development path trajectory in a newly generated industry and an explicit focus of this study 

on baseline projections.  
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- Harvested area, crop produced, area of forest, pasture and cropland were adopted and 

updated for individual aggregated regions according to GTAP 8 Land Use and Land 

Cover Data Base for the year 2007 (Baldos and Hertel, 2012). 

On the second stage, the collected information is used to introduce the biofuel and its by-

products as new sectors. This is achieved through reallocation, also known as ñsplittingò, of the 

monetary flows attributed to the original GTAP sectors where biofuels are actually embedded 

to the new sectors.  

Thus, three new sectors and their relations to the original GTAP sectors were identified: 

- Ethanol-1 is split from the food processing (ofd) sector, 

- Ethanol-2 is split from the chemicals rubber and plastics (crp) sector, 

- Biodiesel is split from the vegetable and oilseeds (vol) sector. 

For each of these cases, I use the SplitCom program (Horridge, 2005) and a supporting 

procedure developed as a TABLO code (Taheripour et al., 2007) to split the targeted sectors 

and to reallocate the flows of by-products to the relevant sectors.58  

I need to reaffirm that, as indicated by Taheripour et al. (2007), Taheripour and Tyner (2011), 

implementation of these procedures and generation of the GTAP-BIO database requires specific 

ad hoc assumptions and implementation of additional adjustments either to the Input-Output 

tables in the GTAP Data Base or to the external data specified at the first step. The creation of 

the baseline scenarios requires however a high level of the internal consistency of the primary 

database of the model. Considering that the initial GTAP database provides a consistent 

representation of the world economy for the benchmark year (Aguiar et al., 2016), preserving 

those properties might be of a higher priority for this exercise. That is why the biofuel 

production figures for specific regions, where input-output tables did not support sufficient 

production volumes, were properly adjusted in accordance with the present Input-Output 

tables.59  

Integration of AEZ information also required some additional refitting of the data and 

application of TABLO code for data processing. As a starting point, the mechanisms and data 

structures described within Lee et al. (2009) were used to generate the land cover database. 

 
58 The exact procedure is described in Taheripour et al. (2007). 
59 The alternative approach would require an adjustment of the Input-Output tables with the potential need for 

further recalibration of model parameters and database. The TABLO program GTAPAdjust (Horridge, 2011) 

might facilitate the process of rescaling the database and eliminating imbalances in it.  
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Later, the information on the crop cover as well as the land use was introduced to the aggregated 

database (see Chapter 3.3.2) through pre-aggregation of GTAP 8 Land Use and Land Cover 

Data Base using the FLEXAGG program (Villoria and McDougall, 2012) and follow-up 

reallocation mechanism of crop rents across individual AEZ based on the share information of 

its individual components within the aggregated GTAP Land Use and Land Cover Data Base.60 

Due to the limitation of the initial database, additional redistribution of the available land was 

conducted for sectors that typically do not utilize a substantial amount of land for production 

purpose. Thus, land rents attributed to the non-ruminant sector were redistributed across all land 

using sectors. These rents were further reallocated within individual sectors across all factors 

of production in order to guarantee a consistent factor reallocation structure. The factor 

reallocation for the forestry sector also received some adjustment at this stage. As a result, 

natural resources were reallocated towards land for an adequate representation of AEZ 

information for forestry in the database (see Figure C1 in Appendix). 

3.3.1.2 Extension of the database relevant for the calorie module 

In order to facilitate functioning of the calorie module described in Chapter 3.2.3, the GTAP 

database was augmented by the information on calories and physical volumes obtained from 

the FBS (FAO, 2016). The FBS store annual food supply and utilization data for more than 90 

food items across more than 180 countries and cover the period from 1961 to 2013.61  

The FBS database provides insights into the availability of each food item, i.e., each primary 

commodity, and corresponds it to the source of its supply and utilization within a specified 

period. The estimated total supply of food items corresponds in FBS to the quantity imported 

and produced within a specific country adjusted for changes in stocks. The food available for 

human consumption is calculated on the residual basis as the difference between the estimated 

total supply and the potential use for the purpose of exports, wastes and further directions of 

processing for primary commodities, such as their utilization for animal feeding, seeding 

activities and non-food uses (Formula 21).62 Using food composition tables, the food quantity, 

 
60 Application of the more recent version of the AEZ database does not lead to dramatic changes of results at the 

defined aggregation level.  
61 As indicated in Chapter 2.1.2, p.13, the FBS received a recent revision that covers only a period between 2014 

and 2018. However, the base year of the utilized GTAP database within this exercise is 2011. Therefore, to 

guarantee the concordance of the data between different databases, the previous version of the FBS database was 

adopted for further application. This version is still accessible over the FAOSTAT. 
62 Formula 21 is a truncated representation of relationships depicted in Formulas 1 and 2 (Chapter 3.2.3). 
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initially evaluated in 1000 tones, is converted into caloric equivalents and, later on, divided by 

the population for deriving the per capita dietary energy supply expressed in kcal per day.  

ὖὶέὨόὧὸὭέὲὍάὴέὶὸίЎ έὪ ίὸέὧὯίὉὼὴέὶὸίὡὥίὸὩὖὶέὧὩίίὭὲὫὊέέὨ [21] 

Additionally, in order to facilitate an adequate and sufficiently comprehensive representation 

of the food supply of individual countries and allow comparability across them, the FBS 

implement some standardization procedures. This implies the conversion of processed 

commodities to their primary equivalents, e.g., quantities of flour are converted and expressed 

in wheat equivalents. This procedure greatly facilitates the analysis of the FBS with no loss of 

pertinent information captured by unstandardized FBS.63  

In order to integrate the information about the kcal content of the individual product groups to 

the GTAP database that is explicitly much more aggregated relative to the FBS, the following 

procedure is proposed. Assuming that the FBS has the most detailed representation about the 

food consumption patterns for each product and product group within individual regions 

captured by unstandardized FBS, it is favorable to utilize the information on the caloric content 

implicitly captured by the standardized version of the FBS. Thus, alternatively to the utilization 

of the international calorie equivalents of individual food items that might not perfectly match 

the aggregated nature of the GTAP sectors and capture sectoral and regional differences, the 

following simple calculation procedure for recycling information stored within variables of 

FBS is proposed (Formula 22).64 

ὊέέὨ ίόὴὴὰώ ήόὥὲὸὭὸώ ὯὧὥὰȾὧὥὴὭὸὥȾὨὥώzσφυ 

ὊέέὨ ίόὴὴὰώ ήόὥὲὸὭὸώ ὯὫȾὧὥὴὭὸὥȾώὩὥὶ
ὪὥέὅὃὒὯὧὥὰȾὯὫ 

[22] 

 

The realization of these procedures is achieved through a combination of two indicators that 

are freely available for the direct extraction out of the FBS, specifically "Food supply quantity 

(kg/capita/year)ò and "Food supply quantity (kcal/capita/day). The estimated indicator was 

stored in the HAR file under the header ñKCALò. 

 
63 Nonetheless that the unstandardized FBS are not freely available for the public, the procedures underlying the 

standardization process of FBS are extensively explained in FAO (2001).  
64 Formula 22 was derived from the procedures described in FAO (2001b, pp. 14ï15). Although I do not 

recommend utilizing the information on international caloric equivalents in their ñraw formsò for the extension 

of the GTAP database with calories, due to the chance of losing the required level of regional and sectoral 

specificity captured by the FBS, the user might still find the required information and the related aggregated 

sectoral and regional values within the provided HAR files and utilize it for own simulations.  
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The estimated energy content of individual product groups of the FBS should be further 

aggregated to the sectoral and regional levels used within the GTAP database. This step was 

completed in accordance with the newly defined mapping of sectoral and regional aggregation 

between GTAP database and FBS tables (Appendix D) and was implemented in the form of a 

Tablo code, see Supplementary Materials. Thus, shares of individual products summarized 

under the category ñFoodò was estimated and utilized for weighting of their individual 

contribution to the caloric content of aggregate commodity groups identified within the GTAP 

database. Thereafter, utilizing the analogous procedure, I aggregated the weighted "sectoralò 

energy content to the most disaggregated regional level of the GTAP database, and then to 23 

world region and country groups selected for the present study (see Chapter 3.3.2 and Appendix 

E for further details).  

As previously indicated, in addition to information on caloric content of food products and 

volumes of their supply and utilization, the FBS retain the information on the population within 

each individual country. Thus, in order to fully resemble FBS elements within the GTAP 

database, the information on the population within the GTAP database was actualized according 

to the level captured within the FBS. 

Additionally, to the same Tablo code responsible for the aggregation of information, I 

incorporated a consistency check routine responsible for evaluating the balances between 

supply and utilization sides as well as mechanisms for correcting any potential disbalances. The 

implementation of those mechanisms was motivated by the fact that within the FBS used for 

fitting to the GTAP database benchmark year 2011, some discrepancies of different magnitude 

between supply and utilization sides for specific sectors and regions were observed. Since it 

was not feasible to trace the source of those discrepancies within the standardized FBS database, 

the universal procedure for their treatment was chosen as the most appropriate solution. 

Therefore, after a sorrow inspection of the existing discrepancies, I have implemented the 

reallocation mechanism between supply and utilization elements for sectors in question at the 

most disaggregated level of the FBS. Although I was striving to realize the least possible 

number of adjustments to the underlying database, several assumptions based on the conducted 

analysis of discrepancies and the underlying methodology of the FBS were still required.  

Thus, analyzing the size and direction of disbalances, I have identified that 96 countries have a 

higher value of utilization compared to the supply, while the higher levels of supply relative to 

utilization were registered only for 67 countries. Considering that changes in stocks might have 
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both positive and negative values, expanding or contracting the supply of products available for 

utilization, this element was seen as a potentially suitable balancing element within the 

standardized version of FBS. At the same time, I recognize that according to the methodology 

of the FBS, the amount of waste is calculated as the particular share of the available supply (see 

e.g., FAO (2001)). Therefore, despite only marginal effects being anticipated, readjustment of 

stock size and the available supply will potentially lead to changes in waste accounts. However, 

considering that the information about the waste is not always available within the dataset, or 

at least not in the current version of it and that the anticipated change of supply would be rather 

marginal under the described procedure, the proposed strategy for further rebalancing of FBS 

seems to be adequate.  

Implementing of indicated techniques for integration of information stored within the FBS and 

its aggregation to the level of the GTAP database has allowed me to resemble the regional and 

items aggregation captured within the FBS database, see Figure 28.65  

Figure 28: Daily calorie intake per head in selected countries according to FAO FBS and 

the extended GTAP database for 2011 

 

Source: Own elaboration based on results at the stage of modelôs calibration and data of FBS 

(FAO, 2016)   

 
65 Slight deviations between the aggregated numbers are unavoidable due to the difference in the rounding and in 

number of sectors / regions that are involved in the regional consumption. However, the magnitude of those 

deviations is considered to be small and is not able to substantially change the overall picture.  
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3.3.2 Regional, sectoral and factor aggregation of the database 

The extended version of the GTAP database with 141 individual regions and 60 economic 

sectors went through a series of regional and sectoral aggregations to facilitate computation and 

improve the comprehensibility of simulation outcomes. For the regional aggregation, I aimed, 

on one hand, to retain the geographical and economic proximity of countries within country 

groups and, on the other hand, to adequately depict the diverse levels of food consumption in 

terms of calories. Thereby, the regional aggregation represents a mixture of 23 large economic 

regions and individual marker countries (Appendix E, Table E1). 

Due to the focus of the study on issues of food security, sectoral aggregation was conducted 

with the objective of preserving sectoral details of agriculture and food-related industries at the 

maximum disaggregated level of the GTAP database, while aggregating other sectors according 

to their sectoral similarities (Appendix E, Table E2). Additionally, parametrization of the 

consumption side of the model specified under the GTAP-BIO submodule (Chapter 3.2.2) has 

required an additional aggregation step for estimation of substitution parameters between 

composite energy products and non-energy products. Thus, coal, oil, gas, biodiesel, ethanol1, 

oil_pcts, ethanol2, electricity, and gas were considered to be elements of a single sector ï 

ñhenergyò.66  

The aggregation procedure for factor endowments was only applied with regard to labor 

endowments (Appendix E, Table E3). The default factor aggregation specific to this version of 

the database was applied. Thus, two labor groups were differentiated in accordance with their 

relative skill levels. All other factor endowments were kept at the most disaggregated level 

identified within AEZ extensions of the database.  

3.3.3 Identification of the scope for baseline scenarios and sensitivity 

analysis 

In the present study, the medium-term reference scenarios of the world economy and related 

indicators of the regional food security will be analyzed through the combination of growth 

projections for the main macroeconomic indicators and the GTAP model. Considering the 

substantial uncertainty in the development of macroeconomic indicators in the medium and 

 
66 henergy represents the energy composite sector utilized within the specification of household demand. 
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long-term perspectives, along with a considerable number and diverse nature of variables 

potentially affected by those changes, the need for the cone of trajectories for regional and 

world food security is evident. For this purpose, I am adopting the framework of the Shared 

Socio-economic Pathways (SSPs) proposed by OôNeill et al. (2014, 2017) and widely applied 

within the climate change research (Doelman et al., 2018; Fricko et al., 2017; Riahi et al., 2017).  

Within the SSP framework, the underlying uncertainty of socio-economic development is 

captured with the help of five narrative scenarios. The individual narrative scenarios represent 

a combination of plausible alternative trajectories for qualitative and quantitative characteristics 

of the socio-economic drivers, also known as elements in the SSP framework, in the absence 

of climate policies and climate change, such as demography, socio-economic developments, 

institutional factors, governance efficiency, technological changes and environmental 

conditions (OôNeill et al., 2014). Four of the narratives (SSP1, SSP3, SSP4, SSP5) describe 

various combinations of high or low challenges to adaptation and mitigation from the socio-

economic perspective (OôNeill et al., 2017). Finally, a fifth narrative (SSP2) represents 

moderate challenges of both kinds and is associated with depicting historical or business as 

usual  patterns within the SSP scenarios spectrum (Fricko et al., 2017). Thereby, potential socio-

economic challenges are identified under the combination of diverse macroeconomic trends 

and ranked according to the potential of society to adapt and mitigate those risks (Figure 29).  

Figure 29: Graphical representation of the five SSP scenarios 

 

Source: own elaboration based on OôNeill et al. (2014, p. 391) 
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The analysis of the long-term food security status for individual countries and regions typically 

concentrates on the definition of the problem space (Keating et al., 2014). That is why the most 

challenging scenarios for achieving favorable food security conditions or scenarios identifying 

potential risks for increasing food insecurity should be prioritized within explorative exercises. 

For this study, I keep to this strictly pragmatic and parsimonious approach in the choice and 

specification of scenarios. Thereby the focus is made on two scenarios that would suffice for 

capturing the medium (SSP2) and the most challenging trajectories (SSP3) for future global 

food and nutrition security. 

The core assumptions of narratives in SSP scenarios, which are also typically considered to be 

the most outcome-relevant for the explorative studies, are assumptions about the trajectories of 

population and economic growth. The combination of high population growth and low 

economic growth (Figure 30) under SSP3 scenario, also known as ñFragmentationò, is 

considered to be the most challenging scenario from both adaptation and mitigation 

perspectives. These two characteristics serve well as a proxy indicator of potentially high risks 

for the realization of food security strategies at global and regional levels. Additionally, the 

qualitative narratives of this scenario characterize prospective regional developments as 

extremely inward and self-sufficiency oriented, leaving limited or no space for collaboration on 

international and regional issues. The processes of de-globalization underlying this scenario 

will cause a potential reshaping of currently observed international trade patterns. In this 

narrative, due to the increased protectionist attitudes of local governments, the agricultural and 

energy sectors are expected to be particularly prone to structural changes. The insulation of 

these sensitive sectors through restrictive trade policies might potentially have unfavorable 

consequences for individual local societies in their attempts to achieve development goals and 

improve food security. The situation is further aggravated by faster and uncontrolled 

urbanization processes, lower investments in human capital, slow technological advancement, 

a limited increase in resource efficiency and uncoordinated governmental actions. 

At the same time, the more ñpositiveò development path within a subjectively pessimistic 

spectrum of SSP futures - SSP2 scenario should imply substantially lower risks for global and 

regional food security compared to SSP3. This scenario lies within the middle-of-the-road 

pathways relative to the span of plausible outcomes for each element describing narrative 

scenarios in the SSP framework.67 It assumes the development path that is consistent with the 

 
67 A detailed description of the conceptual framework along with development methods for all SSP storylines is 

available within studies of OôNeill et al. (2014, 2017). 



Identification of the scope for baseline scenarios and sensitivity analysis 

96 

historically observed trends in demographics, human and economic development, technological 

progress, political and institutional practices, and trends in utilization and management of 

natural resources. Thereby this scenario should theoretically fulfill the role of the business-as-

usual scenario in the present exercise.68 

Figure 30: Development of global population and world GDP under five SSP scenarios 

 

Source: own elaboration based on the underlying database of Riahi et al. (2017) 

Although the underlying SSP framework provides the required complexity of the anticipated 

systematic changes and dependences in the world economy, the consistent implementation of 

individual quantitative and the most critical qualitative characteristics of narrative scenarios in 

economic models is still an extremely challenging task. Integration of the SSP framework into 

the GTAP modeling exercises is not an exception and is restricted by the explanatory capacity 

and built-in functionality of the model. 

In order to explore the processes that might occur within the world economy and to evaluate 

the food security status of individual regions under the selected SSP scenarios, I utilize the 

updating procedure of the GTAP database defined as an application of external projections for 

 
68 As discussed in Chapter 2.2.2, the different views on the specification of the business-as-usual scenario currently 

exist, e.g., FAO (2018) incorporates elements of SSP3 to their business-as-usual scenario. In the present exercise 

I am not adopting the strategy of mixing different trajectories for macro-drivers of different scenarios. Thereby 

I stick with the assumption that SSP2 is a business-as-usual trajectory. 
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the main macroeconomic indicators specifically created and adjusted for SSP narratives. Thus, 

to replicate the potential structural socio-economic changes, exogenously specified growth rates 

for the national real GDP, population, unskilled and skilled labor were retrieved from macro-

econometric estimates of MaGE (Macroeconometrics of the Global Economy) model for 

individual SSP narratives (Fouré, 2016). With the help of the baseline data aggregation module 

(see Appendix F and Supplementary Materials), the compiled information was further 

aggregated to the level of the required regional aggregation specified in Chapter 3.3.2. The 

acquired growth rates were then utilized as exogenous trajectories for the associated variables 

of the GTAP model. 

The choice of this data source is motivated by the requirement of an implicit consistency across 

different datasets. That means, on one side, that the anticipated trajectories are coherent with 

assumptions of the single macro-econometric model ï MaGE in this case. On the other side, 

the underlying information for variables of interest would be available for the complete set of 

countries and regions ï the condition relevant for a good matching of information across 

external data sources and the GTAP database. Speculatively, this provides a more robust and 

consistent approach for updating the GTAP model database, compared to the selection of 

information from multiple data sources that might have a different country and variable 

coverage as well as to be subject to different underlying assumptions. Nonetheless, it is 

important to stress, that there is currently no shortage of alternative data sources for trajectories 

of individual macro variables. Thus, information about the potential GDP growth can be 

alternatively retrieved from individual studies such as Cuaresma (2017), Dellink et al. (2017), 

Leimbach et al. (2017) or databases of individual international institutions, such as OECD 

(2018).69 The population projections might also be retrieved from alternative sources, such as 

a study of KC and Lutz (2014) or recent UN projections, e.g., United Nations (2019). Hence, 

keeping the idea of increased harmonization and transparency of future projections in mind, 

greater systematization and consistency check of the core macro-data across various sources, 

along with the description of specific application guidelines, might be a relevant area of 

research. Due to the objective reason, this kind of analysis and intercomparison of data across 

different sources goes beyond the scope of the present study.  

 
69 IIASA SSP Database (https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=10) comprise and hosts 

information on quantitative projections of these sources, as than prepare their projections for GDP, population 

and other variables in accordance with the SSP framework.  
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However, what stays within the scope and defines the central focus of the present modeling 

exercise is an analysis of the GTAP model outputs under different scenarios and different 

modeling assumptions. Utilizing information on exogenous trajectories for the main macro-

variables, the simulation attempts to ñshiftò the entire database to the future, endogenously 

recovering the underlying output augmenting technical change within the GTAP model 

required for achieving the specific GDP target in the upcoming decades.70 The underlying 

macroeconomic mechanism might receive various implementations within a model and is 

strongly assumptions driven (Chateau et al., 2020). Thus, without a further specification of 

sectoral differences, recovered technical change coefficients within the standard GTAP model 

would represent uniform technical progress across all economic sectors. As discussed by 

Robinson et al. (2014), the underlying assumption seems to be generally unrealistic and does 

not receive strong empirical support within the modern literature. That is why, similarly to the 

method described in Robinson et al. (2014), I rely on the econometric estimates for creation of 

sectoral differentials to endogenized productivity growth. For simulations, I adopt the sectoral 

differentials implemented within the study of Hertel and Martin (1999), which are summarized 

in Table 6. Thus, as indicated in Table 6, the total factor productivity in the agricultural sector 

is assumed to be relatively higher compared to the manufacturing and services sectors. These 

estimates are in line with the results of more recent studies, such as Kets and Lejour (2003), 

and assumptions of other well-known modeling teams, such as MAGNET (Robinson et al., 

2014).  

Table 6: Ratio of a sectoral value-added productivity growth relative to the economy-wide 

average 

Sector Relative ratio 

Agriculture 1.4 

Manufacturing 1.0 

Mining 0.0 

Services 0.5 

Source: Own elaboration  

Specific modeling features, applied parameterization of models, as well as assumptions on the 

trajectories of baseline, determine simulation results as individual elements, but also through 

 
70 Some recent studies, e.g. Fouré et al. (2020), Ho et al. (2020) call the underlying process as calibration of model 

to the exogenous trajectory.  
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interaction with each other. That is why special attention should be given to sensitivity analysis 

in forward-looking exercises. That is why I will  individually vary different characteristics of 

model specification or parametrization with respect to each of the selected SSP trajectories to 

evaluate their contribution to the results.71 A part of the sensitivity analysis will assess the 

contribution of inclusion of richer details on trajectories of the agricultural sector to the 

modeling outcomes. Indeed, the question about the adequacy of agricultural sector development 

under the condition of changing agricultural yields for main crops driven by the improvement 

of agricultural practices is staying sharp for the forthcoming analysis. To address concerns on 

the adequacy of endogenously recovered technological growth by the model and also to receive 

a reference point for the food security, I adopt information on technological shifters for 

business-as-usual scenario applied in the study of FAO (2018). The effects of climate induced 

shifters specified in the FAO (2018) will be at the same time not implemented. This is motivated 

by several factors. As I indicated earlier, the SSP scenario framework does not explicitly include 

the potential effect of climate change to the modeling framework. Although, individual studies 

within intercomparison exercises integrate individual effects into simulations (see Chapter 

2.2.2), an integration of the full range of effects to the analysis within a single model without a 

clearly defined feedback mechanisms between economic and bio-physical processes is subject 

to a substantial uncertainty. Moreover, the effects of climate change relative to other factors 

might be also subtle at least until the middle of century.  

I am also keen to analyze the potential effect of different trajectories formulating the future 

capital endowments. Thus, two individual trajectories for anticipated capital accumulation will 

be implemented. The first approach assumes the conventional 2% annual growth rate of capital, 

which is homogenous among the model's regions. This assumption is commonly applied within 

individual modeling exercises, for instance, in Brockmeier et al. (2012). Alternatively, utilizing 

the information about the projected size of capital stocks within MaGE (Fouré, 2016), the 

growth rate trajectory for capital endowments within individual regions was estimated for 

individual SSP scenarios (Figure 31). The implementation of this approach within the modeling 

exercise aims to provide us an alternative view on the role of capital endowments in the 

agricultural sector and its relevance in defining the food security status of individual regions in 

the long term.  

 
71 The data handling as well as the visualization of results are realized with the help of newly defined procedures 

of coupling GEMPACK and R, extensively explained in Appendix G.  
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Figure 31: Projected average annual growth rates of capital stocks in modelôs regions over 

the period 2011-2030 (%) 

 

Source: Own estimations based on MaGE (Fouré, 2016) 
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2013).Considering this trade-off, it was decided to exogenously adjust the CDE parameters to 

the changes in income levels.  

To this end, I cleaned and compiled the data regarding prices, incomes, and budget shares from 

the original GTAP database. Then, I adjust the CDE elasticities in collaboration with Dr. Ole 

Boysen utilizing the approach documented in Boysen (2017a) as follows: Using the per capita 

incomes as forecasted for 2030, new targeted income elasticities for the 141 countries and 

regions of the GTAP database are estimated using the AIDADS demand system, see 

Supplementary Materials. The estimation procedure for this demand system is explained in 

detail in Reimer and Hertel (2004a, 2004b), as well as in Cranfield et al. (2002). The original 

parametrization for the AIDADS demand system fitting the current version of the database was 

adopted from Hertel (2016, p. 12). Then, the parameters of the CDE function were calibrated 

to the target income and price elasticities estimated at the first step by using a generalized cross-

entropy procedure as discussed in Boysen (2017a). The final estimates of the newly calibrated 

parameters of the CDE function were then integrated into the disaggregated GTAP database. It 

is necessary to stress that no additional assumptions aiming to control future demand or to 

calibrate/target income elasticities towards FAO food demand projections were utilized within 

this exercise, see e.g., Valin et al. (2014) for more details. The information on the income 

elasticities for the aggregation of choice is provided in Appendix H.  

I am also interested in seeing how implementation of the yield price adjustment mechanism that 

is commonly applied in studies with the biofuel module extension would affect the results of 

the baseline simulation. The idea behind the need of implementing a yield intensification 

mechanism is relatively simple. Considering that the land supply is limited, and feedstock or 

crop prices would rise, producers have an incentive to increase the use of non-land inputs to 

boost production per unit of land.72 But how this behavior would affect the outcomes of food 

security if the big macro shocks would be applied is still rather puzzling and will be investigated 

as a part of the sensitivity analysis.   

Utilizing the built-in functionality of the RunGTAP and GEMPACK software packages, the 

decomposition analysis of simulation results will be conducted. Using such tools as ñsubtotalsò 

and to a lesser degree AnalyseGE; I aim to disentangle the contribution of individual exogenous 

variables on the endogenous variables within complex shocks and to get a better understanding 

 
72 The method of implementing such a behavior to the model can be found in Keeney and Hertel (2009) as well as 

discussion of alternative parametrization assumption in Golub and Hertel (2012). 
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of the modeling outcomes. This method has however some limitations as it does not allow 

evaluating a contribution of alternative parametrization of the model, such as income elasticities 

or changes of modelôs structure. These elements of uncertainty are addressed in form of 

individual simulations of sensitivity analysis. The information about assumptions of individual 

scenarios and characteristics of individual parameters, such as income elasticities, utilized for 

the assessment of future food security and conducting the sensitivity analysis of modelôs 

outcome is summarized in Table 7.  

Table 7: Matrix of the proposed simulations for sensitivity analysis 

Simulation 

Macroeconomic 

variables 
Production factors 

Income 

elasticity 

Assumption 

of yield price 

response 

Technological 

yield shifter 
GDP Population Labor 

Capital 

(% p.a.) 

Scenario 1 (S1) SSP2 SSP2 2 target on no 

Scenario 2 (S2) SSP3 SSP3 2 target on no 

Scenario 3 (S3) SSP2 SSP2 2 default on no 

Scenario 4 (S4) SSP3 SSP3 2 default on no 

Scenario 5 (S5) SSP2 SSP2 2 target off no 

Scenario 6 (S6) SSP3 SSP3 2 target off no 

Scenario 7 (S7) SSP2 SSP2 SSP2 target off no 

Scenario 8 (S8) SSP3 SSP3 SSP3 target off no 

Scenario 9 (S9) SSP2 SSP2 2 target off yes 

Scenario 10 (S10) SSP3 SSP3 2 target off yes 

Contrary to the fact that SSP narratives do express particular views on the development of trade 

and globalization, e.g., assuming ñmoderateò international trade under SSP2 or de-globalization 

under ñconstrainedò trade for the SSP3 scenario; I decided not to implement ad hoc adjustments 

of model parameters, such as making Armington elasticities higher/lower, implementing new 

or relaxing current trade policies, etc.73 I am aware that these assumptions might have 

 
73 In the recent study of Popp et al. (2017), all modeling teams were applying common assumption of 

regionalization of international trade for both SSP2 and SSP3 scenarios. However, different assumptions for 

agricultural trade restrictions or preferences were implemented by different modeling teams. Anderson and Strutt 

(2016), conducting their baseline exercises to 2030 were adopting assumption of doubling the short-to-medium 

term of Armington elasticities that shall resemble a typical regularity between short and long-term elasticities 

(McDaniel and Balistreri, 2003). This would mean, however, that the substitutability between commodities 

would increase that might cause higher interconnection between markets. This does not fit well to the verbal 

description of the present SSP scenarios. Moreover, Bekkers et al. (2020) using the sensitivity analysis within 

dynamic CGE models has quantitatively shown that the increasing the size of trade elasticities has limited impact 

on trade growth and the share of various regions in global growth. 
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potentially a sizable effect on regional food security, particularly under the SSP3 scenario. The 

theory suggests that restricting trade would primarily raise prices for consumers and limit 

market access for producers, resulting an increasing pressure on food security. However, given 

sufficient market capacity and adequate policies, it is likely that both producers and consumers 

in regional markets will adapt to the new realms in the medium-long term. Therefore, although 

trajectories of the macro variables will likely capture most of the effects, there are still some 

risks that our scenarios related to the SSP3 trajectories might underestimate adverse effects for 

individual regions.  

To round up, in this chapter, I defined a set of exogenous trajectories and model parameters that 

might be of high relevance for the assessment of food security and conducting sensitivity 

analysis of the model. Jointly with endogenous variables, exogenous variables define a set of 

model closures. In the following subchapter, I will shortly revise changes made for the standard 

GTAP closures.  

3.3.4 Model closures 

In the model, I apply slightly modified conventional GTAP closures typical for application in 

the long-term analysis, such as Anderson and Strutt (2016). This closure presumes that the 

national employment of each productive factor is fixed. Labor and produced capital are assumed 

to be mobile across all uses within a country but immobile internationally. The regional balance 

of trade is determined by the relationship between regional investment and savings. The 

macroeconomic closure is neoclassical, which means investments are endogenous and adjust to 

accommodate any changes in savings is permitted on a regional level.  

The modification of closures was related to the correction of variables introduced or eliminated 

through the modification of the model at the stage of integrating new features for biofuel and 

AEZ modules and capturing sectoral differentiation of productivity growth. Thus, many 

previously existing parameters of the technical change typical for the standard GTAP model 

were influenced by these adjustments. In addition, determined by the lack of detailed 

information at the level of AEZ on the trajectories for conversion or conservation of additional 

unmanaged land by economies, the decision was made to keep its amount exogenous.
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4 Results 

This section provides simulation results of my GTAP model application for the first two 

scenarios of Table 7, the business-as-usual (SSP2) and the pessimistic (SSP3) trajectories. The 

first part of this section analyses the outcome of the model using both a standard output of the 

GTAP model as well as additional insights received from the newly created calorie module. 

The second part of the section will concentrate on the assessment of sensitivity of modelôs 

outcomes when applying individual assumptions with respect to future trajectories of macro-

determinants on one side and model specifications on the other.   

4.1  From the standard output to the dietary composition view 

4.1.1 The exogenous storylines as a key determinant of forward -looking 

exercise 

Explaining results and the underlying mechanics of simulations is often considered to be one 

of the biggest challenges for the general equilibrium analyses. The forward-looking projections 

of food security are not an exception in this regard. In order to understand the outcome of a 

forward-looking exercise, it is necessary to review the anticipated regional developments for 

key macroeconomic drivers and factors of production utilized in its construction (Figure 32).  

The trajectories of the business-as-usual SSP2 scenario until 2030 underline that the GDP and 

population will grow in all regions of the world, except for Japan, where the population is 

expected to decline by 5.33%. At the same time, labor dynamics show potentially substantial 

changes. Although the development of the ñunskilled marketò is comparable to the overall 

population growth, remarkable shifts are anticipated for ñskilled workersò. Here, a limited 

number of regions is expected to have a reduction of the ñskilledò labor force by 2030 under 

the SSP2 scenario, specifically the USA and ROW. On the contrary, most of the regions defined 

within the aggregation are expected to experience a rapid expansion of their ñhigh skilledò labor 

force. This will likely result in a substantial shift in both production and hence, consumption 

habits both at regional and global levels. A particularly rapid growth of the ñskilledò population 

is expected to be in Africa. Seven out of eight regions of the African continent are expected to 

have an increase of the ñskilledò labor by more than 100% in 2030 compared to 2011. West 

Africa, in this regard, is a region where the expected growth of skilled labor is likely to be 
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especially prominent. The dynamic is greatly influenced by including Nigeria in the aggregated 

region. Being one of the most populated countries on the continent and at the same time 

possessing one of the youngest populations, the expectation of having an extremely high growth 

of skilled labor seems to be justified. The high pace of human capital expansion in the region 

coincides with the expectation of its rapid economic growth. Thus, the projected GDP growth 

is expected to be the second largest of all regions ï only 0.6 percentage points per annum below 

the rapidly progressing China, but 0.5 points higher than the third fastest growing economy: 

India. 

Figure 32: Regional trajectories for exogenous shocks under SSP2 and SSP3 scenarios 

Source: Own estimations based on MaGE (Fouré, 2016) 

The trajectories for the macroeconomic variables under the SSP3 narrative reaffirm in their 

quantifications that individual global regions are likely to face various challenges. The global 

economic performance is expected to be lower in this scenario. However, developed regions 

are more likely to be exposed to the slow down than developing regions. The population 

dynamics also vary across regions of different economic performances. The quantitative 

trajectory denotes the expectation of a rapidly growing population in the developing regions. 

The developed regions, at the same time, are expected to have a further slowdown of their 

population growth, which is predominantly caused by lower fertility rates, as well as higher 

mortality rates. Thus, similar to Japan, the EU is projected to fail the replenishing of its 
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population based on predicted future birth rates. As a result, this will cause a reduction of 

population by 9.2% in the case of Japan and by 0.9% in the case of the EU under SSP3 by the 

end of the projected period. The dynamics for both labor markets, ñskilledò and ñunskilledò, 

introduce the assumption of a lower progress of educational development in the SSP3 narrative 

(Figure 32, panels 3 and 4). Even though, this narrative universally assumes a lower increase 

in education for all regions, developing regions, due to their population growth dynamics, are 

expected to be more affected by this. 

Obviously, a combination of the trajectories for macroeconomic drivers and production factors 

primarily shapes the future food production and consumption in the simulated scenarios. 

Considering the positive signs for the overall economic and population trajectories for both 

scenarios, a further expansion of food demand is to be expected at a global level. The specific 

effects of the macroeconomic drivers on the improvement of the average food availability and 

consumption in the scenarios is less obvious, both at regional and product levels. The overall 

increasing GDP is likely to elevate total and per capita food consumption levels and will likely 

promote more diversified consumption baskets for the average consumer following the 

renowned regularities and patterns. At the same time, rapid population growth will  have a twin 

effect ï on one hand contributing to the overall consumption increase, but also deteriorating 

availability of food per capita if the economic and technological growth will not keep up with 

the rising demand. Due to the different dynamics of these drivers for each region across both 

scenarios, the entire structure of the food markets as well as the expected regional dietary and 

energy composition will be subject to changes driven by both, local and global changes. As a 

result, this means the outcomes of the trajectories for both scenarios need to be regarded with 

caution.  

4.1.2 Agricultural production and market developments 

The results of the SSP2 based scenario (Scenario 1) show that production and consumption is 

likely to increase in all food sectors across all analyzed regions. Due to the improvement of 

global well-being, the realization of Bennetôs regularity for dietary shifts by 2030 is well 

defined within the projections at the aggregate level. The most rapid increase is expected to be 

in the production and consumption of processed meats and animal products, followed by the 

expansion of consumed vegetable oils (46%) and sugars (50%). The expansion of the vegetable 

and fruit sectors as well as the crops sectors is expected to be almost 1.8-2.4 times lower than 

the expansion of the animal-related sectors. This result is consistent with the magnitudes of 
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income elasticities in the demand system, which are, on average, lower for cereals (see Figure 

32 and Chapter 4.2 for further details). The anticipated strong expansion of the cereal grains 

production (crgrain) as shown in Figure 33 is an interesting case. This sector has the highest 

growth rate of all crops globally, despite the relatively low average income elasticity as 

indicated in Table H1 of the Appendix. The substantial global growth of this sector is largely 

determined by their high share in the consumption in the African region that, at the same time, 

is exposed to a substantial GDP and population growth.  

For the SSP3 scenario, the overall increase in food production is expected to be lower than in 

the SSP2 scenario (Figure 33). This is an important indication that the current economic 

foundation of food consumption and the related dietary changes contribute more to the 

expansion of food needs than the increasing population. The individual sectors are affected 

differently by the change of scenarios at the global level. The strongest effect is observed in the 

animal end products as well as in the processed food sector, where the overall global production 

was reduced by almost 30% under SSP3 relative to SSP2. This is not surprising though, as these 

products are associated with high income elasticities (Table H1 of the Appendix).  

Figure 33: Change of the quantity index of world supply in agro-food sectors under SSP2 

and SSP3 scenarios relative to the base year 2011 

 

Source: own elaboration based on simulation results 
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The processed rice sector was, on the contrary, affected the least by the change of the socio-

economic trajectory, with a reduction of merely 11.9%. Several factors have contributed to this 

outcome: currently, rice is one of the primary staples for more than half of the worldôs 

population, especially in the fast-developing regions. According to the GTAP database, the 

processed rice sector is predominantly responsible for providing the private household with its 

base crop. This covers almost 90% of householdôs demand for domestically produced rice.74 At 

the same time, both rice commodities are associated with the defined relatively low income 

elasticity levels. Hence, they might be fairly resistant to significant changes even when income 

shifts substantially. Considering that the population growth in the SSP3 scenario is expected to 

be predominantly in those regions that have a high share of rice consumption in their diet, and 

that the effect of economic growth is expected to be rather insignificant, the low sensitivity of 

the sector to scenario changes is feasible. 

Figure 34 shows that the overall trajectories for preference shifting on a regional level are 

consistent with patterns observed on a global level. Remarkably, the expansion of the animal-

related sectors is expected to be more pronounced than for crops in both scenarios. The 

increasing role of processed products is also evident. Besides the general similarity of expansion 

trends for broad commodity groups, there are apparent regional and country group related 

differences, where the current economic performance and the projected economic growth 

jointly contribute to shaping the production patterns and food needs in the long term. The 

anticipated high pace of economic growth in developing countries, that are primarily 

summarized in groups 2 and 3 of Figure 34, result in a swift expansion of the animal and 

processed goods production.  

Despite this, the group of developing countries should not be considered as homogenous. The 

growth rates for the broad sectors as shown in Figure 34 are expected to be on average 46 

percentage points lower for group 2 relative to group 3 that primarily includes countries 

representing the African continent as well as the Rest of the World combined. It suggests likely 

differences in dietary transition stages across these two country groups, meaning that group 2 

is located at a higher stage of dietary transition associated with more established and diversified 

production-consumption baskets. Group 3 on the other hand is subject to a more considerable 

 
74 Consumption of paddy rice by households is portrayed in the database as something rather untypical for most 

of the regions in the world except for countries of West African and the Middle East regions. Nonetheless for 

the adequate link of FBS and GTAP and portraying of the calories, mixing of primary and processed products 

does not seem to be an adequate solution. Considering this, the decision was made not to aggregate monetary 

flows in order to preserve the actual relationships between individual agricultural sectors. 
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variation in the projected growth across sectors: ranging from a modest 13% expansion for the 

processed non-ruminant sector in Cameroon to a 522% expansion of the processed dairy 

production in Western Africa. Such a substantial expansion in Western Africa is primarily 

driven by the combination of a low initial production level in the base year and a substantial 

anticipated GDP change in the projected period. Other points in Figure 34 additionally suggest 

an even more remarkable change of future production. The expansion of individual crop sectors 

for group 1 is one such example. Nonetheless, this result is to be considered an anomaly 

associated with the notably small initial size of the sector in 2011 and is, therefore, not 

particularly meaningful. 

Figure 34: Change of the production quantities for the broad ag-food sectors under SSP2 

and SSP3 scenarios 

 
Note: Each point represents information on change in percentage and the pre-simulation level for particular ag-

food related sectors for each country of the respective group. Information for the wool and plant fibers sectors 

were excluded from this figure due to a lack of their relevance to the food production/consumption topic. 

Groups for the vertical dimension of the facet grid were specified in accordance with their economic and not 

geographical proximity. Group 1: EU28, HEUROPE, USA, NOAM, HAsia, JPN, ZAF, OCEA; Group 2: 

LATAM, BRAZ, CHN, INDIA, LDC_Asia, RestAsia, MENA, EGY; Group 3: WAfrica, MAfrica, CMR, 

EAfrica, ETH, SAfrica, ZAF, ROW 

Source: own elaboration based on simulation results 
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Further accessing the outcomes across scenarios, one notices that both reference scenarios share 

common development patterns regarding the broad ag-food sectors and regional groups    

(Figure 34). The Spearman coefficient for the production trajectories for both scenarios without 

differentiating regional and product subgroups indicates a correlation that is equal to                

0.94 (p = 0.0000)75. Calculation of the Spearman coefficient differentiating results by product 

and country groups, as summarized in Table 8, suggests a slightly lower correlation for the 

animal-related and processed product groups for country group 1 containing primarily 

developed countries. Patterns for developing regions on the other hand share greater similarity 

across the two scenarios. This result is in line with the previous discussion of the assumed 

incidence of shocks on individual country groups (see p. 105). 

Table 8: Spearman correlations for the change in production output under regional and 

broad ag-food commodity groups 

Regional 

groups 

Product groups 

Crops Animal related Processed 

Group 1 0.96 0.88 0.90 

Group 2 0.94 0.95 0.97 

Group 3 0.91 0.99 0.91 

Note: all coefficients are significant at the 0.01 level 

 

Source: own elaboration based on simulation results 

The analysis of the disaggregated results for cropping sectors and their regional dynamics 

indicates potential for interesting changes. It was already noticed that cereal grains are the sector 

with the most prominent expansion potential across all crops on the global level. The production 

of cereal grains will grow universally, with a particularly high expansion in Africa where the 

average growth across regions is expected to be above 50% in both SSP2 and SSP3 scenarios. 

The growth in production for cereal grains in other regions is also expected to be substantial. 

For instance, the US is expected to expand its production by 35%. It will allow the US to 

preserve its prominent position in producing this product group in the world (Figure 35). Quite 

the contrary is expected for the EU, which risks facing a reduction of its share in global 

production by 1.5 percentage points due to the anticipated growth of only 16%. Several regions 

in Africa and, in particular, Western Africa are expected to increase their visibility in the cereal 

grains market. The West African group of countries, as defined in aggregation, ranked fourth  

 
75 Pearson correlation reports slightly higher statistics. 
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in 2011 (Figure 35) and will surpass the EU by 2030, increasing its share of the world cereal 

grains market by 4.3 percentage points. China, showing only a marginal 2.84% increase in the 

SSP2 scenario, is capable of preserving its strong second position in cereal grains production 

nonetheless. Expansion of the cereal grain production in other regions will not result in a 

significant reallocation on the global production ranking. It makes it one of the most stable ag-

food sectors based on contribution of individual countries as indicated by the pre- and post-

simulation country rankings in Figure 35.  

Figure 35: Within and across countries change of relevance of individual sectors in the 

ag-food production under SSP2 scenario 

 

Note: *The percentage in the middle of each cell indicates the share of the sector in the total ag-food production 

sectors, excluding forestry and wool sectors, of the region for the base year. Small deviations from totals 

(100 percent) are due to rounding. Regions and sectors are sorted based on their contribution to the ag-food 

output in the base year.  

Source: own elaboration based on simulation results 

Global wheat and oilseeds markets are expected to have stronger shifts.76 The estimated 

reduction of wheat production in the European Union (-5.3%) will result in a substantial loss of 

its share in the total production of wheat, ranking it behind other strong wheat-producing 

 
76 Measured by the mean of squared ranks changes. 
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markets like the Rest of the World, China, and India - occupying first, second and third places 

by 2030. This result is in line with expected patterns of the macroeconomic drivers and the 

augmenting need to meet the growing demand for one of the key staple crops.  

The ag-food sectors that require a higher stage of processing, such as sugars, oils and processed 

non-ruminants are more likely to be subject to the rapid regional expansion driven by increasing 

demand pressure. With some exceptions, the simulations indicate the potential expansion of 

fast performing developing regions and unchanged or sorrowing shares of developed regions in 

markets for those products. The key determinant for this outcome is the expected relative 

difference in the performance of regions and their resulting role for the markets. Thus, Brazilian 

and High-income European economies, subject to the relatively lower development path 

assumptions compared to their close competitors, are losing their shares in global production. 

The changes are particularly dramatic for the agro-food sectors of Brazil, because the country 

lost its share of world production in 14 out of 19 sectors. The lower development of Brazil in 

the SSP2 scenario, compared to other developing regions, will likely  result in a reduction of its 

share for the traditional and well-established in-country production sectors such as oilseeds and 

sugar. 

The anticipated production dynamics has a noticeable effect on the prices. Comparing the world 

price changes in agro-food sectors for two reference scenarios, the model simulations predict a 

general tendency to the reduction of prices for animal and other later staged processed agro-

food sectors compared to the base year (Figure 36). The price dynamics for sectors of primary 

crops share a more mixed pattern. In the SSP2 scenario, world prices for paddy rice and wheat 

sectors are expected to decrease by 9% and 22% relative to the base year. At the same time, the 

rising demand for non-staple crops typical for consumption at higher levels of economic 

development result in a marginal increase in prices. Thus, prices for sugar crops are expected 

to rise by 4% and by 7% for vegetables and fruits over the analyzed period (Figure 36). 
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Figure 36: Change of the world prices for ag-food commodities in reference scenarios 

 

Source: own elaboration based on simulation results 

The more challenging trajectory defined in the SSP3 scenario results in lesser price drops for 

the animal and processed sectors and simultaneously, an upward shift in prices for all primary 

crops. This dynamic suggests the risk of a general price increase for the end consumer in this 

trajectory compared to the SSP2 scenario and corresponds the storyline of the SSP3 narrative. 

The upsurge of prices is, however, expected to be relatively small. Only the sectors of grain 

crops as well as vegetable and fruits are predicted to face a price increase of more than 10% by 

2030.  

4.1.3 Food consumption and calorie availability 

Moving from the supply towards the demand analysis, many similarities in the simulationsô 

results are expected. Altogether, the anticipated patterns for consumption generally resemble 

the output patterns, as indicated by Figure 37, and shows its overall increase relative to the pre-

simulation levels.  
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Figure 37: Pre and post-simulation consumption of agro-food commodities from domestic 

sources (mln. USD) 

 
Note: Hollow circles correspond to the pre-simulation consumption level 

Source: own elaboration based on simulation results 

This outcome meets the initial expectations, as the applied modeling environment presumes the 

unity and the circular nature of consumption-production relationship at the aggregated levels. 

The analyzed regions are also expected to have higher changes in the overall consumption of 

animal and processed products, compared to staple crops. However, the overall contribution of 

those changes to the food security within individual regions remains somewhat ambiguous. Let 

us look at these developments through the prism of the newly created calorie module: 

The first important feature of the module is its ability to capture the food availability of the 

average consumer within each region. The simulation results indicate that under the assumed 

trajectories of the economic development, none of the regions have a lower per capita calorie 

availability in 2030 relative to the base year 2011 for both, the business-as-usual SSP2, and the 

more pessimistic SSP3 development trajectories (Figure 38). This is, surely, an encouraging 

outcome, which at the same time must not be interpreted as a flourishing global future for at 

least two reasons: First, it is necessary to consider that not only the overall amount of 

kilocalories available for consumption, but also the adequacy of future diets with respect to the 
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contributing sources is of fundamental importance. Secondly, as shown in Figure 38, the 

anticipated increase of calorie availability is neither regionally uniform nor scenario specific.  

Figure 38: Average calorie availability in 2011 and in 2030 in different scenarios  

 

Source: own elaboration based on simulation results 

For example, the calorie availability in the EU is expected to be the least affected within each 

of the baseline scenarios. This is primarily since the population in the EU already has a high 

level of food availability. At the same time, both, the modest economic and demographic 

growth are expected to result in limited or no structural changes by 2030. Yet, the model 

predicts that the average European consumer faces an increase in potential consumption of 11% 

for their diet as caloric equivalents in the SSP2 scenario. The expectation of the more stringent 

socio-economic conditions of the SSP3 on the other hand will increase availability by less than 

1% based on the consumption level of 2011. Although European consumers have a high level 

of animal products within their diets ï more than 27% - the consumption is expected to expand 

further and reach 30% of their total calorie consumption by 2030 for the assumed trajectories 

of the SSP2 scenario. The consumption of dairy products is projected to continue being a 

primary caloric source within the animal produce sector. However, the pig and poultry sectors, 

as well as the beef sectors, catch up, showing 1 and 3 percentage points of higher expected 

growth, thus increasing their contribution as sources of calories in the SSP2 scenario. The 
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contribution of energy-dense products such as vegetable oils and sugars is expected to increase 

for SSP2 as well. The negligible reduction of the contribution of sugars to the European diet 

(0.1 percentage points) is only to be expected for SSP3 scenario (Figure 39).  

Figure 39: Dietary composition in the EU in 2011 and in 2030 in different scenarios  

 
Note: for a better representation, individual sectors were aggregated into Cereals (wheat, crgrain, crops_nec, 

proc_rice), Soy (oilseeds), Pig and poultry (nonruminant, proc_nonrum), Sugar (sugar_crops, sugar),              

Beef meat (proc_ruminant), Beverages (bav_tob), Other food (proc_food) 

Source: own elaboration based on simulation results 

The projected stability of calorie consumption and dietary patterns observed in the EU is, 

however, atypical for most analyzed aggregated regions. The highest percentage change in 

calories availability per capita are expected to be, non-surprisingly, in the regions of high 

economic and the low demographic growth - ROW and China. In China, the calorie availability 

is expected to increase by substantial 62% in the SSP2 scenario and 52% in the pessimistic 

SSP3 scenario. In 2011, meat consumption accounted for 18% of kilocalories consumed in the 

Chinese diet and increases to 29% in the SSP2 scenario and 28% in the SSP3 scenario, whereas 

the shares of cereals (47% in 2011), as well as vegetables and fruits (16% in 2011) decrease to 

36% (SSP2) and 37% (SSP3), as well as 11% (in both scenarios), respectively. The general 

trend of sweetening the diet and rising consumption of vegetable oils is also evident. Al though 
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simulations indicate a doubling of the consumption for these products in both scenarios (Figure 

40, upper panel).  

Figure 40: Consumption of energy dense products in selected regions in 2011 and in 

2030 in different scenarios 

 

Source: own elaboration based on simulation results 
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Similar developments are observed for the rapidly developing regions of the African continent 

(Figure 40, lower panel). This is the second important insight of the module, which indicates - 

without an adequate adjustment of the consumption habits - countries that are facing rapid 

economic growth are likely to face the adverse effects of the rapid dietary transition and the 

risks of overconsumption. These in turn increase the risks of worsening the health status for 

broad social groups and hence, the rising pressure on the health system. 

The third important insight, that the calorie module facilitates to capture, is the substantially 

more evident susceptibility of countries and regions to the alternative socio-economic 

trajectories; and the importance of the individual drivers in the selected baseline assumptions. 

The simulation results show that the average difference in calorie availability across two 

scenarios for all regions is expected to be a non-negligible 12.6%. Such a difference lies within 

a range of plausible expectations as the difference in consumption outcomes is implicitly 

defined by the business-as-usual and pessimistic nature of these two SSP narratives.  

With respect to the anticipated challenges and trajectories from the scenarios, it is necessary to 

recognize that individual baseline drivers are not developing universally; they often correlate 

with the current socio-economic development levels and are therefore generally country 

specific. Thus, the outcome of the projected socio-economic changes, as well as the dietary and 

food security outcomes should also be captured at the country- or region-specific levels. 

Previous application of solely monetary indexes as the common denominator allowed modelers 

to capture the relative changes in consumption over the projected period but faced its 

explanatory limits in the important aspects of dietary shifts. The introduction of the nutrient 

variables to the system, on the contrary, helps to give a more general and likely more 

comprehensive view of baseline assumptions stressing their individual importance. Using the 

estimated per capita calorie availability and applying decomposition analysis methods, it is 

possible to show that the role of individual macroeconomic drivers and that the magnitude of 

differences between SSP2 and SSP3 scenarios ranges substantially across regions (Figure 41).  

The anticipated GDP growth continues to be the determination factor of future food availability 

in all regions. In the analyzed scenarios, its contribution to the food availability dynamics 

outweighs the contribution of all other factors. Following the magnitude of applied shocks, the 

contribution of population growth and labor dynamics consistently outpaced the contribution 

of assumed capital trajectories in developing regions. Since the agriculture sector prevailingly 

relies on ñunskilled laborò, the expected shifts of labor supply may have a substantial effect on 
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future food production systems. Considering the change in availability of unskilled labor as a 

production factor, the agricultural sector may have to shift to a different input mix. However, 

given the existing competition between sectors for scarce resources, such adjustments are 

unlikely to be easy. The decomposition analysis suggests the agricultural sector to be weak in 

this regard. Thus, the trajectory for skilled labor used in both scenarios negatively affects the 

overall food availability in the analyzed time frame.  

Figure 41: The effect of individual baseline shocks on future food availability  

 

Source: own elaboration based on simulation results 
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growth. It is expected to be 2.8 times higher in the SSP2 scenario, and therefore equals 40.9% 

in the analyzed period compared to a modest 14.2% in the SSP3 scenario. Other factors appear 

to contribute less to the discrepancy between calorie availability for the projected period in the 

US. However, it cannot be generalized that a high difference in calorie availability in both SSP 

scenarios is typical for countries of high economic development. Within the conducted 

simulations, neither the European Union, Oceania, nor Japan ï regions of comparable 

development levels and relatively similar socio-economic trajectories - share this high 

discrepancy between the two scenarios.  

Looking at the discrepancies between scenarios for the countries and regions of the African 

continent, it is possible to observe that four out of eight African regions, EAfrica, MAfrica, 

WAfrica, and ETH to be precise, are expected to have a 4 to 6 percentage point higher 

discrepancy in caloric consumption between both SSP scenarios compared to the average 

difference observed for all countries. For these regions, the absolute difference in expected 

population growth between scenarios seems to play a non-negligible role (Figure 41). All four 

regions are expected to have a difference in population growth of more than 8 percentage point 

between the SSP2 and SSP3 scenario. Combined with the slowdown in economic performance 

in SSP3, these regions are expected to face an average 12% decrease in calorie consumption 

compared to the SSP2 scenario.  

Beyond the indicated differences across regional and sectoral trajectories, the calorie module 

enriches our understanding of the model parametrization and assumptions underlying the 

defined shocks. Therefore, the next chapter will  provide an overview of the observations made 

regarding the contribution of income elasticities, technological changes, as well as the 

assumptions for the expansion of capital as a production factor. 

4.2 Sensitivity of the model 

The outcome of the forward-looking exercises is strongly driven by the specific modeling 

features, applied parameterization, and assumptions on the trajectories implemented as the 

baseline. Therefore, it is fundamentally important to understand how the combination of the 

analyzed trajectories and modeling features can affect the results of the analysis.  

In the previous chapter, the outcomes of two simulations showing different trajectories with 

regard to economic developments and food security of the future were explained and 

summarized. With the help of the built-in functionality of the RunGTAP, known as Subtotals, 
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a decomposition analysis has been conducted to show the contribution of individual exogenous 

elements ï so called ñshockedò variables to the overall shock.  

In this chapter, I will now discuss how the choice of the modelsô parameters with respect to 

income elasticities, technological shifters as well as assumptions on capital expansion have 

influenced the overall result of simulations. The newly created calorie module contributes to 

the current uncertainty analysis by providing an additional, previously unavailable regional per 

capita dimension, facilitating the discussion on the validity of results. However, before going 

into a detailed discussion concerning regional patterns, the critical assessment will be 

introduced by looking at more general, aggregated levels (Figure 42) and pinning these results 

down to the individual simulation characteristics one by one (Table 7).  

Figure 42: Quantity index for the world supply of selected agro-food commodities in 

different scenarios 

 

Note: Scenario 7 (S7) was not able to converge.  

Source: own elaboration based on simulation results 

Initially, the contribution of the calibration of income elasticities for the conducted simulations 

will be evaluated. Building on the theoretical foundation elaborated in Chapter 3, where the 

general importance of income elasticities and demand systems for defining consumer behavior 

was discussed, the need for a recalibration of the modelôs parameters was identified at the early 

SSP2 SSP3

p
a
d
d
y

_
r
i
c
e

w
h
e
a
t

c
r
g
r
a
i
n

o
i
l
s
e
e
d
s

s
u
g
a
r

_
c
r
o
p
s

v
e
g_
f
r
u
i
t

c
r
o
p
s

_
n
e
c

d
a
i
r
y

_
f
a
r
m
s

c
a
t
t
l
e

n
o
n
r
u
m
i
n
a
n
t

p
a
d
d
y

_
r
i
c
e

w
h
e
a
t

c
r
g
r
a
i
n

o
i
l
s
e
e
d
s

s
u
g
a
r

_
c
r
o
p
s

v
e
g_
f
r
u
i
t

c
r
o
p
s

_
n
e
c

d
a
i
r
y

_
f
a
r
m
s

c
a
t
t
l
e

n
o
n
r
u
m
i
n
a
n
t

0

5

10

15

20

25

30

35

40

45

50

55

60

65

%

Scenarios
S1

S2

S3

S4

S5

S6

S8

S9

S10



Sensitivity of the model 

122 

stages of this work. Following the logic of Engelôs and Bennettôs regularities, the income 

elasticities for staple food items decrease over time. However, how large the target income 

elasticities will  be at the sectoral and regional levels as well as how much recalibration would 

influence the production and consumption patterns, remains an empirical issue. In Chapter 3.3.3 

the procedure and the underlying assumptions of the applied recalibration were summarized. 

The results of this recalibration of income elasticities for the target year 2030 are shown in 

Figure 43.  

Figure 43: Calibrated and default income elasticities 

 
Note: Groups for the vertical dimension of the facet grid were primarily specified according to economic rather 

than geographical proximity. Group 1: EU28, HEUROPE, USA, NOAM, HAsia, JPN, ZAF, OCEA;          

Group 2: LATAM, BRAZ, CHN, INDIA, LDC_Asia, RestAsia, MENA, EGY; Group 3: WAfrica, MAfrica, 

CMR, EAfrica, ETH, SAfrica, ZAF, ROW 

Source: own elaboration based on simulation results 
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socio-economic development, tends to have low elasticities for the staple crops, for both 
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same time, developing regions, which are represented by groups 2 and 3, without recalibration 

show a substantially higher level of income elasticities for the primary food products as well as 

a higher variation within and across groups.  

The recalibration has resulted in an average reduction of income elasticities for primary crop 

commodities by 32% for the countries of group 2 and 13% for group 3. Considering the general 

diversion towards diets richer in animal products, income elasticities for the aggregated country 

groups also capture this development resulting in a small upward shift ranging between 1% and 

3.7%. For the group of processed goods, no generalization can be made. Due to the implicit 

heterogeneity of the included commodities, the change in income elasticity is highly individual 

in every group and for every product. Excluding processed rice from the groupôs aggregate, the 

change of income elasticities for processed products was on average below 1% for the group of 

developing countries. The income elasticities for the group of developed countries on the other 

hand have a tendency towards a slight increase in all other sectors.  

The direct comparison of the results of simulations 1 and 3 for SSP2 and 2 and 4 for SSP3 

trajectories clearly confirms that the application of calibrated income elasticities results in a 

non-negligible change in the global production of food products. Due to the different 

substitutability across commodity groups as well as the importance of individual products as 

intermediate inputs, some sectors were more affected by the adjustment of income elasticity 

parameters than others (Figure 42). Without recalibration, the overall production is expected to 

be more than 10% higher for rice-related sectors as well as for vegetables and fruits. Cgrains, 

cropsnec and oilseeds tend to be overestimated on the other hand. Since the output of the wheat 

sector is generally used as an input to the expanding sector of animal production, the adjustment 

of the income elasticity is unlikely to have an impact on the volume of global wheat production. 

Following this thought, the global production of animal products is then expected to increase 

with recalibration. The difference in the global output for this product group is subject to rather 

big differences, ranging from 2.5% in additional global production of dairy farms and more 

than an 8% increase in production of ruminant and no ruminant meat in both scenarios. It is 

necessary to notice that although both SSP scenarios result in different overall production 

levels, the recalibration of income elasticities for each scenario shares a uniform pattern.  

As a next step, the changes at the regional levels will be analyzed. The recalibration of 

elasticities resulted in mixed trajectory of results for the regional change in calorie consumption 

per head per day (Table 9). On the one hand, regions with an already high socio-economic 
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status, such as the EU or US, are expected to have an even higher kcal consumption for 

recalibrated elasticities. Although, the difference from the results with default elasticities is 

minimal, with less than one percentage point, this outcome is somewhat surprising. The cause 

for this is that estimated income elasticities for the animal- and energy-dense products in those 

regions still show a modest increase. At the same time, although income elasticities for cereals 

and other plant-based products are close to zero, observing negative income elasticities at 

aggregated national levels for those commodity groups is still unlikely, even for highly 

developed regions. While those regions already possess a high overall level of consumption in 

the base year, further economic growth are still expected to contribute to the overall growth of 

calorie availability. 

Table 9: Linear change of the total regional per capita calorie availability under default 

and adjusted income elasticities (%) 

 

REG 
SSP2 SSP3 

Scenario 1* Scenario 3** Scenario 2* Scenario 4** 

1 EU28 11.38 10.77 0.43 0.15 

2 HEUROPE 19.57 18.97 1.95 1.65 

3 USA 34.33 33.64 6.47 6.29 

4 NOAM 24.53 23.44 13.31 12.67 

5 LATAM  21.66 22.38 12.13 12.54 

6 BRAZ 14.02 12.84 6.84 6.15 

7 OCEA 44.50 42.87 28.38 27.35 

8 CHN 61.90 83.65 53.53 72.95 

9 HAsia 36.67 33.41 26.50 24.12 

10 JPN 13.44 12.84 5.59 5.26 

11 INDIA  38.11 50.01 30.66 39.46 

12 LDC_Asia 47.58 54.95 33.50 38.18 

13 RestAsia 24.50 28.82 15.11 17.74 

14 MENA 26.49 28.20 13.46 14.23 

15 EGY 24.99 34.57 18.76 25.84 

16 WAfrica 46.37 48.88 28.36 29.61 

17 MAfrica 49.97 51.31 31.87 32.51 

18 CMR 25.13 27.03 14.82 15.71 

19 EAfrica 41.06 45.05 24.17 26.35 

20 ETH 31.40 32.77 13.54 14.09 

21 SAfrica 24.61 27.92 16.66 18.91 

22 ZAF 25.57 25.37 18.52 18.55 

23 ROW 69.65 61.65 52.07 46.58 

Note: *Scenario adopts targeted income elasticities **Scenario adopts default GTAP income elasticities. 

Source: own elaboration based on simulation results 
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The calorie availability per capita per year for the rapidly developing regions on the other hand 

is likely to be substantially overestimated if no recalibration of elasticities is performed. With 

a default parameterization of the model, the Chinese per capita calorie availability is expected 

to change by 83% in the SSP2 trajectory during the analyzed period. This changes to an 62% 

increase, if the recalibrated income elasticities are used. Indian calorie availability is strongly 

affected as well by the adjustment of elasticity parameters and is on average 10% lower than 

the simulation with the default elasticities. Interestingly enough, the procedure of recalibration 

of income elasticities only minimally affects most regions of Africa and the Middle East. This 

is because the high economic growth expected in this region is not able to considerably outpace 

the growth of their population. Although certain economic improvement can be observed; they 

do not result in a considerable per capita income change. This, at the same time, is tied to the 

limited adjustment of the already high income elasticities typically observed in regions of lower 

stages of economic development. Most regions within the African continent of the aggregation 

have less than a 5 percentage points difference in per capita caloric consumption for the adjusted 

vs. non-adjusted elasticities in both scenarios. These results lead to the conclusion that choosing 

adequate income elasticities or applicable approaches for their recalibration remains 

challenging. There is a general necessity to better understand how the consumption and rising 

income correspond to each other, considering the regional and country-specific differences. 

Assessing the inclusion of the yield price response for primary agricultural products that 

received an application in studies adopting biofuel extensions was conducted by comparing the 

simulation results for scenarios 5 and 6 with the corresponding reference scenarios 1 and 2. As 

described in Chapter 3.3 (p.101), the general idea of including the yield intensification as well 

as its adequate parametrization is subject to some debates. The yield price response mechanism 

is realized in the model by adjusting the elasticity of substitution for the upper nests of the 

production structure by recalibrating ESUBVA according to the predefined yield price 

elasticity. Considering the finiteness of land supply, producers have a potential incentive to use 

non-land inputs to increase production per area, as the price for commodities rises. However, 

the mechanics of yield price response and the resulting dietary effects in the baseline scenario 

are not this straightforward. It is well known that the endogenous technological adjustments, 

which are required for reaching the exogenously targeted GDP, may have a substantial effect 

on the predicted prices, and potentially lead to their reduction in long-term simulations. The 

price response at the same time, causes further production changes as the yield price mechanism 

steps up. Although the yield price response is likely to be crop and region-specific, no consistent 
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dataset covering all regions and products specified in this exercise could be found. That is why, 

similarly to earlier studies, the indicative 0.25 for the yield price elasticity was adopted. The 

activation of the mechanism then results in a general reduction of the ESUBVA for all primary 

commodities, and across all regions, and thus leads to a lower supply response. 

The comparison of simulation results indicates that without this adjustment (simulations 5 and 

6), the average regional calorie availability per capita is overestimated by as much as 2.4%. 

Regardless of the reference scenario, all regions but China are expected to have a slightly larger 

calorie availability. The trajectory for China was not substantially influenced by the 

introduction of this procedure in general. This particular position of China can be explained by 

the expected high rate of technological change required to achieve the targeted GDP. Which, at 

the same time, subdues the effects of a land endowment shortages and price shifts for final 

commodities. 

At a sectoral level, the caloric content derived from cgrains, oilseeds and sugar crops in the 

African region seems to be affected the most by the parameterôs adjustment ï more than a 10% 

difference. Although each individual commodity group may lead to overconsumption in the 

future, only cgrains currently possesses high relevance for this region. Hence, it is necessary to 

note that the introduced yield price mechanism suggests an up to 16% reduction in caloric 

consumption for individual countries of the African region in the SSP2 trajectory and an up to 

13% decrease in SSP3. Future research needs to perform a detailed assessment of the yield price 

mechanism in Africa, focusing on the locally prevalent commodity groups. It is also necessary 

to stress that specific commodity groups may show a substantially higher change across 

scenarios, e.g., crop_nec. However, their overall dietary contribution still remains limited at 

both, the regional and the global level and therefore, they will  be of lesser importance for future 

research. 

The role of capital, as one of the primary production factors, and its exogenous adjustment was 

assessed in simulations 7 and 8. Although simulation 7 has failed to converge, simulation 8 

provides some valuable insights on the application of external country-specific capital 

trajectories and the implications for food security. The country-specific expansion of capital 

resulted in an overall expansion of agro-food production for all sectors at the global level. 

Comparing this scenario to other scenarios of the SSP3 family, the vast majority of sectors 

experience the highest relative change in this scenario (Figure 42). At the same time, the 

assumed non-homogenic capital expansion, as indicated with Figure 31, has resulted in a non-
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symmetric growth of agro-food production across regions and across sectors. While 92.7% or 

405 of the analyzed agro-food sector country combinations suggest expansion of production, 

the remaining 7.3% or 32 of indicate its reduction (Figure 44). 

Figure 44: Regions and sectors that may be negatively affected by asymmetric 

implementation of capital expansion 

 

Source: own elaboration based on simulation results 
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the aggregated African regions. This pattern follows the ideas of Rybcznski theorem that 

suggest that a rise in the endowment of one factor will lead to a more than proportional 

expansion of the output in the sector which uses that factor intensively. 

Although a general expansion of production was predicted, it did not contribute positively to 

the average calorie availability worldwide. In fact, the average calorie availability was lowest 

in this scenario. This is the result of changing production habits and especially the significant 

expansion of bioenergy production. At the regional level, eleven of twenty-three regions have 

their lowest calorie availability in scenario 8 ,compared to other scenarios of the same SSP3 

scenario family (Table 10).  

Table 10: Sensitivity analysis of regional consumption across SSP3 based trajectory  

(kcal/cap/day) 

REG 
SSP3 scenarios 

Scenario 2 Scenario 4 Scenario 6 Scenario 8 Scenario 10 

World 3578.18 3731.47 3636.06 3397.01 3578.32 

EU28 3419.62 3410.01 3481.27 3487.9 3490.61 

HEUROPE 3501.92 3491.39 3592.26 3588.32 3608.14 

USA 3873.04 3866.42 3941.51 4176.01 3914.94 

NOAM 3527.04 3507.1 3567.02 3452.32 3563.09 

LATAM  3073.17 3084.38 3103.62 3004.57 3105.25 

BRAZ 3507.56 3484.76 3582.52 3401.09 3606.66 

OCEA 4092.06 4059.3 4124.6 4361.31 4109.94 

CHN 4727.81 5325.73 4725.7 4064.75 4559.2 

HAsia 4055.38 3979.05 4090.52 3467.59 4055.91 

JPN 2862.54 2853.73 2892.71 2933.52 2888.47 

INDIA  3201.18 3416.87 3225.37 2885.23 3113.74 

LDC_Asia 3239.52 3353.16 3263.04 3035.99 3255.44 

RestAsia 3000.38 3068.87 3033.36 2857.21 3033.12 

MENA 3416.83 3440.07 3488.84 3474.75 3501.97 

EGY 4213.49 4464.6 4321.42 4008.69 4254.79 

WAfrica 3445.81 3479.36 3770.26 3674.47 3682.92 

MAfrica 2992.35 3006.88 3222.76 3092.24 3097.43 

CMR 2960.79 2983.75 3171.63 3116.99 3191.75 

EAfrica 2753.94 2802.44 2877.16 2772.31 2855.49 

ETH 2387.85 2399.47 2505.73 2241.43 2522.42 

SAfrica 2675.3 2726.92 2782.57 2646.08 2786.77 

ZAF 3555.76 3556.69 3585.97 3603.08 3578.76 

ROW 4921.66 4743.83 4939 4853.6 4937.55 

Source: own elaboration based on simulation results 
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This result indicates that a rapidly changing resource allocation, such as capital, contributes to 

substantial shifts in the production/consumption patterns, increasing competition of individual 

sectors for primary and intermediate production factors. This will likely cause tension across 

different socio-economic objectives. The outcome might be particularly impactful for regions 

of the developing world, like China and WAfrica.  

Looking at scenarios 9 and 10, they share a common strategy in applying external technological 

shifters to the model. The magnitude of individual shifters was adopted from the study of FAO 

(2018) and is summarized in Figure 45. These simulations produced a fairly comparable 

outcome to the central scenarios of this study at the global level. The projected global per capita 

calorie availability was equal to 3902.9 kcal/cap/day and 3578.3 kcal/cap/day for scenario 9 

and scenario 10, respectively.  

Figure 45: Sector- and region-specific technological shifters for primary crops (% p.a.)  

 
Note: regions are sorted according to the assumed magnitude of technological shifters 

Source: own elaboration based on FAO (2018) 
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At the regional level, the daily per capita caloric consumption is consistent across scenarios for 

most of the regions and shows only small deviations. The difference in the SSP3 trajectories 

between scenario 2 and scenario 10, for all but African regions, was ranging between -3.6% 

and +3.0% (+0.6% on average). In combination with the ñlargerò shocks of the SSP2 scenario 

family, integration of technological shifters resulted in larger variation between simulations and 

suggested a difference between -4% and +2.6% (-0.9% on average). At the same time, the 

African region shows a substantially larger variation in the simulation outcomes with a 

minimum of 0.6% for ZAF and an up to 7.8% difference in case of CMR.  

Interestingly, the application of external technical ñyieldò shifters (Figure 45) suggest that both 

China and India shall experience a lower calorie availability compared to the availability 

simulated in the central scenarios 1 and 2. A greater reduction is observed for the consumption 

of non-animal products. It is important to notice that individual sectors are affected differently 

across these two regions, as the applied technological shifters are region- and sector-specific. 

In China for example, calories sourced from the wheat sector are projected to be 7.3% and 6.6% 

lower for the SSP2 and SSP3 trajectories, respectively. India, at the same time, shows a 

reduction of 4.4% and 6.1% in the calories sourced from the wheat sector. Even larger 

disparities can be observed for sectors of cgrain, and crop_nec. These simulation outcomes 

imply that endogenously defined technological changes in primary scenarios result in 

overestimation and stress the importance of sector-specific definitions of technical parameters. 

Calorie availability sourced from animal products in China and India, on the contrary, was 

mostly unaffected in scenarios 9 and 10 - both countries were only experiencing modest 

variation from central scenarios - below 2%. This result is not surprising though, as the applied 

shock had a strong crop yield focus. That is, consumption of animal products may only 

experience spillover effects through the use of intermediate commodities along a production 

chain and not be directly influenced. Following the practices of deeply integrating and 

thoroughly accessing primary agricultural products, more efforts should be dedicated to the 

analysis and definition of technological shifters for the animal related sectors in future research. 
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5 Discussion  

Envisioning the future with the help of simulation models is supposed to facilitate our 

understanding of the complex interactions within the global economy and prepare a solid and 

reliable knowledge base for policymakers in addressing socioeconomic challenges. One of 

which is the objective of improving global and regional food security. The earlier chapters 

described the current advances in the CGE modeling environment that approached the task of 

assessing food security and food availability dynamics. The overview on conducted studies and 

the presented simulations underline the broad spectrum of challenges that researchers face 

regarding scenario and model development as well as regarding the reporting of results on food 

security dynamics. 

In this study, the caloric equivalent was identified as a more generalized metric suitable for 

capturing food security and food availability in CGE models. Based on the conducted literature 

review and the set of modeling exercises, it was investigated which additional insights could be 

gained from this metric in scenario analyses and what kind of potential limitations it might have 

at the stage of integration to the modeling environment. For this purpose, the standard GTAP 

database and model were extended to include the caloric equivalents from the FBS and were 

then used for scenario analysis. Despite differences between scenarios and the modeling 

approaches of earlier and present studies, some common ideas and simulation outcomes provide 

valuable insights.  

The results of the analysis point out that the application of for CGE models typical monetary 

and relative changes metrics might face its limits providing a regional status-quo on food 

security development. The introduction of caloric equivalents and the application of per capita 

consumption indicators, on the contrary, allow the presentation of a clear distinction between 

different socio-economic trajectories, stressing the importance of trade-offs and controversies 

in the development of dietary and nutritional goals within and across countries. In combination 

with traditional forms of CGE simulation metrics, the caloric count can provide a much-needed 

ñconsciousness-raisingò dimension for the results of global modeling exercises. Additionally, 

it offers a sensible person-related attribute to the problem of global food security. However, 

generalization and aggregation of results into a single number, such as a single global average 

per capita calorie availability, should be used cautiously in the communication of results, even 

when it is useful for the aspects of model validation and reporting. Like other metrics in the 
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aggregated CGE modeling environment, this new one might still be substantially influenced by 

a sectoral or regional aggregation, the resolution of inputs within a dataset, as well as 

parametrization or imposed exogenous trajectories used in the modeling exercise. The 

underlying uncertainty raises reasonable questions about the further extension of the modeling 

environment to capture sophisticated indicators such as the prevalence of undernourishment or 

others complex metrics in forward-looking exercises. 

Taking the dietary shifts and the accelerating general development of individual regions into 

consideration, it is crucial to provide a broader view on trajectories of the major commodity 

groups and preferably not limit the analysis to the assessment of a single product category, a 

single regional aggregate or a single scenario. The occurring changes in consumption habits 

over time, and the adequate modeling of those patterns raise many questions and challenges 

that should be addressed further. The applied income elasticity adjustments and recalibration 

of model parameters used in this study, similar to earlier studies, have confirmed the substantial 

influence of the demand function parameters on simulationsô outcomes (Philippidis et al., 2021; 

Ho et al., 2020). Nevertheless, it is important to emphasize that only applying caloric 

equivalents as a universally comparable unit across food sectors allows capturing of potential 

risks of over- or underconsumption for the average consumer within individual regions. 

Therefore, this metric is recommended for further use as an essential benchmark for the control 

and validation of modeling outcomes in CGE based forward-looking exercises.  

The choice of the integration procedure of caloric information to the CGE modeling 

environment is, however, of high importance, and needs to be communicated carefully by 

modeling teams. The method of integrating caloric details presented in this study proposes a 

full integration of the currently available information on calories contained in the FBS to the 

modeling framework based on the sectoral and regional mapping. This approach aims to 

represent the trajectory of the typical regional calorie availability as a proxy for consumption 

included in the FBS database, rather than entirely tracing and redistributing calories sourced 

from primary commodities within the CGE environment like it was done by Rutten et al. (2014) 

or Chepeliev (2021). In general, calorie tracing within a CGE model is greatly hampered by a 

relatively low disaggregation within the currently existing database, although being possible in 

principle. This makes disentangling of calorie flows across sectors and regions, where 

processed commodities are of high or rising importance, particularly challenging. Also, Rutten 

et al. (2013, 2014) report notable overestimation of the caloric count ï of approximately more 

than 20% above the FBS levels, even for the initial year. The same problem arises if the upswing 
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of out-of-home food consumption and the increasing importance of highly processed 

commodities within service-oriented sectors, such as hotels, restaurants, and others, is 

represented. The problem of calorie-tracing is also tied closely to the issue of parametrization 

in forward-looking exercises. In this regard, modeling teams might face even greater challenges 

while recalibrating the modelôs parameters, such as income elasticities. In such cases, the well-

known and widespread consumption regularities might face a challenge of not being able to 

fully show the anticipated dynamics of dietary change. Retracing calories is also fairly non-

transparent, due to the nature of CGE models. These tend to implement a relatively simple 

production process and therefore are not able to fully show the existing heterogeneity of 

technologies used within individual countries, as well as region-specific food composition 

preferences hidden behind aggregated sectors. Considering these aspects, the proposed 

application of the FBS, albeit being comparatively straightforward, seems to provide richer 

information on food availability patterns and to include more sectoral and technological 

specificity than the current CGE models and underlying databases can capture. Hence, further 

sectoral breakdown of the underlying modelôs database for agricultural and processed foods, 

especially for animal products and cereals, seems to be essential and beneficial for future 

research focused on forward-looking analysis. 

The results of the conducted simulations provide another fruitful field for discussion. They 

suggest that regions of substantial economic dynamics, particularly developing countries, are 

expected to have a considerable expansion of per capita calorie availability. This expansion 

seems to even exceed the average caloric demand currently observed in highly developed 

regions. At the same time, this development pushes the global average per capita calorie 

availability by 36% in the SSP2 scenario and by 25% in the SSP3 scenario. Both of those 

estimates as well as outcomes of the sensitivity analysis tend to be higher than the previously 

reported estimates of calorie availability / consumption (see Chapter 2.2.2 and Figure 46).  

This outcome can be interpreted from different angles. On one hand, the higher per capita 

caloric availability observed in the simulations of this study seems to have a solid foundation. 

The primary data source for caloric information - the FBS, is widely criticized for 

overestimating the reported caloric consumption. The reasons for this overestimation are 

generally known. As discussed in Chapter 3.2.3, earlier estimates suggest that approximately 

30% of produced food is wasted globally (FAO, 2011). More recent data provides a greater 

differentiation for this number, suggesting that 17% of available food is wasted and 14% is lost 

along the supply chain (UN Environment Programme, 2021). Al though it is technically possible 
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to reduce the value of available food for the simulations manually using some scaling factors 

or shifters, which would bring the global availability average to 3000 kcal/cap/day range, there 

are numerous concerns with doing so. Firstly, the value depends on substantial regional and 

development level-related differences defining the overall of the pre- and post-harvest losses 

(FAO, 2019). Secondly, it is necessary to bear in mind that the applied methods to integrate 

caloric information as well as the underlying datasets themselves do not allow explicit 

disentanglement of wastes and losses within the modeling environment, and that estimates are 

also used as a proxy for consumption. Therefore, a distinction should be made between food 

availability and food intake when reporting results. Thirdly, it might be necessary to make some 

unwarranted assumptions regarding food waste and loss developments trajectories when 

conducting the forward-looking exercise. Considering the current methodological and data 

limitations, as well as the existing heterogeneity within and across regions about this topic, the 

application of such rough generalizations might be questionable. At the same time, the 

presented results confirm and reinforce the rising concerns regarding nutrition and regarding 

overconsumption (see Chapter 2.1.2, pp. 18-19, and Figure A1 of Appendix A). Current 

trajectories of macroeconomic development assume a full consumption; hence the projected 

excess of available calories might impose substantial risk and adversely affect food security in 

rapidly developing regions. This tendency requires careful but prompt action by policymakers 

in terms of developing guidelines for healthy and sustainable diets, raising social awareness, 

and promoting a sustainable food culture. 

On another side, this dynamic might also suggest that the currently applied assumptions and 

parameter adjustments achieved by recalibration in this modeling exercise are insufficient for 

adequately representing consumption dynamics for rapidly developing regions. Therefore, 

additional adaptation of the modeling environment is required. This argument is likely invalid 

if the information on food waste and losses are taken into account. Moreover, the author 

considers intense adjustment of parameters on the consumption side as harmful for simulation 

studies, as it might lead to an overfitting of the model and biases of the outcome of simulation 

results. That is why ad hoc adjustments of core model parameters should preferably be restricted 

to the absolute minimum. Also, more efforts are required from the scientific community in 

reaching a consensus on boundaries for retrospective modeling and parameter adjustments for 

future forward-looking exercises. Subsequently, future research will benefit from greater 

transparency of the calibration process and systematization of information on applied 

parameters used by different modeling teams. 
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Figure 46: Comparison of the per-capita food consumption estimated in this and other 

studies for the year 2030 

 

Note: AIM/Hub was previously called AIM/CGE (Fujimori et al., 2022). 

 

Source: own elaboration based on the results of own simulations and studies of  Fujimori et 

al. (2022), Hasegawa et al. (2014, 2018), Gouel and Guimbard (2017), Popp et al. (2017), 

Bodirsky et al. (2015), Hasegawa, Fujimori, Shin, et al. (2015), Hasegawa, Fujimori, 

Takahashi, et al. (2015), Valin et al., 2014. The information collected within this study is 

supplemented with information of van Dijk et al. (2021) for individual studies. 

Al though some recent model comparison studies show a positive attitude by making this kind 

of information available for the public, e.g., Schmitz et al. (2014) and other studies of the 

AgMIP project, an actual comparison between modelsô parameters is still substantially 

hampered. One of the reasons for this is, again, the choice of individual researchers regarding 

the level of regional and sectoral aggregation in the datasets used for reporting results. Thus, 

comparison is typically possible for key staple crops such as rice and wheat, as well as for 

animal related sectors such as the ruminant and non-ruminant sectors. However, this kind of 

comparison needs to be conducted with caution as it is not always possible to identify and map 

sectors with the used naming conventions provided in modelôs documentation. For example, 

the GTAP database, distinguishes between processed and paddy rice as well as between cattle 

(ruminant) and cattle meat (proc_ruminant). With respect to the regional aggregation, large 
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countries such as China, the USA, India and Brazil are typically singled out. Therefore, only 

those regions and sectors can be subjected to a direct comparison.  

The present analysis has shown that the calibrated income elasticities applied in this study are 

generally within the range and of a comparable magnitude to the values shown by other 

modeling teams in the AgMIP intercomparison exercises (Schmitz et al., 2014; Valin et al., 

2014). Nonetheless, income elasticities for animal-based products tend to be at the upper end 

of the range. In contrast to some modeling teams, I intentionally did not design the calibration 

procedures to generate negative income elasticities for staple crops in individual countries or 

regions (Figure 47). As explained in Chapter 4.2, even if  individual commodities were to be 

considered as inferior goods for certain consumer groups, adjusting the parameters accordingly 

would still be rather uncommon to observe at aggregated national levels. As indicated by Valin 

et al. (2014), five out of ten modeling teams currently use FAO food demand projections to 

calculate income elasticities. I see certain risks in applying this approach for explorative 

forward-looking exercises, because, as was also noted by Valin et al. (2014), this generally 

results in relatively similar demand trends. To eliminate this concern, the AIDADS demand 

system and methods of generalized cross-entropy were used to generate and calibrate the 

alternative set of income elasticities for the CDE demand function that is traditionally applied 

in the GTAP model.  

Figure 47: Intercomparison of applied income elasticities 

 

Source: own elaboration based on simulation results and Schmitz et al. (2014) 
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Notwithstanding the underlying efforts and considering the results of the sensitivity analysis, I 

still see the need for a broader discussion within the research community regarding the currently 

applied procedures for defining and applying empirical estimations for critical model 

parameters, such as income or price elasticities. It would be beneficial if these estimated values 

would be consistently and systematically reported in tabular form as supplementary material by 

every author. Similar to Ho et al. (2020) and Chen (2017), I call for further empirical testing 

with respect to the selection of different functional forms and model parametrization both 

before and after recalibration. Only this can further improve our understanding of input/output 

relations and enhance transparency of modeling exercises. 

The need for a systematization of scenario exercises and careful explanation of the underlying 

baseline assumptions is similarly necessary. A non-negligible difference of the calorie 

availability presented in the sensitivity analysis of this study manifests the importance of the 

underlying assumptions both for applied data and modeling features. The recent tendency to 

harmonize and to structure this information by various modeling groups is a step towards 

improving transparency, inference, and reliability of CGE modeling exercises. The collective 

use of the SSP framework by various modeling teams clearly shows that even joint work with 

a harmonized set of scenarios can provide a large range of results and trajectories. In this regard, 

I share some of the concerns about the recent trend of generating new sets of explorative 

storylines that would, in turn, further expand the room for discussion on ñalternativeò futures. 

Although individual storylines might contribute to the analysis of the ñwicked problemsò 

(Saghai et al.,2018; van Dijk et al., 2020), 77 they bear a high risk of not having any adequate 

base for comparison across different studies. Moreover, even within the current set of 

trajectories, I see a vast number of details that can be incorporated further into scenarios that 

will refine our view on future developments. Thus, it is feasible to integrate information on 

price trajectories for critical natural resources, land supply and land utilization trajectories, 

sectoral investment specifications, and many other potentially favorable features discussed in 

Chateau et al. (2020), Fouré et al. (2020), Ho et al. (2020). 

In view of the occurrence of long-lasting extreme events, such as the COVID-19 pandemic and 

the Russia-Ukraine war conflict, it may be necessary to revise projections for the key 

 
77 ñWicked problems are public problems that are characterized by a high level of complexity, uncertainty and 

systemic challenges that impact across local to global scalesò (van Dijk et al., 2020, p. 1). The interested readers 

might benefit from exploring the concept of wicked problems in relation to the issues of complex systems and 

scenario analysis extensively discussed in studies of Andersson and Törnberg (2018) as well as Wilkinson and 

Eidinow (2008) 



Discussion 

138 

macroeconomic drivers and apply a fine-tuning of the modelers' perspective with respect to the 

currently used business-as-usual scenarios. Several studies, e.g., Laborde et al. (2020, 2021) 

and Birner et al. (2021), suggest that the impact of the COVID-19 pandemic on food security 

most likely will not underlie the mere effects it has on agricultural production. It will, on the 

contrary, arise from other transmission channels such as the overall economic performance, 

labor participation, supply chain disruptions, consumer behavior adjustments, and policy 

responses. All of those aspects tend to predominantly affect the accessibility dimension of food 

security (Béné et al., 2021).  Although this pandemic's full impact and duration are hard to 

predict, some studies, e.g., Dijk et al. (2021), point out certain resemblances of the current 

regional and global developments to the SSP3 scenario. The recent upsurge in war conflicts and 

geopolitical tensions in various regions of the world support concerns about increased 

fragmentation78 of the global economy and slower return of the world economy to its pre-

COVID pace (OECD, 2022). Depending on the duration and impact of these uncertain events, 

e.g., the number of involved regions within the armed conflicts or participating regions in the 

sanctions, export restrictions, etc., the effect on the regional food security in one or another 

region is subject to unprecedented uncertainty.  

The armed conflict between Russia and Ukraine is a vivid example of the above statement. 

Many authors (Abay et al., 2023; Lin et al., 2023; Ben Hassen and El Bilali, 2022; Berndt et 

al., 2022; FAO et al., 2022) indicate that the war causes a sequence of immediate and long-term 

effects on food security in terms of trade, production and prices.  A few authors, e.g. Ruta 

(2022), additionally provide a more specific view on  market disruption channels, identifying  

commodity markets, logistic networks, supply chains, foreign direct investment, and specific 

factors impacting individual countries. The channels all impact each other, driven by the chain 

of events caused by displacement of population, damage of civilian infrastructure, restriction 

of free movement of people and goods, which in turn prevent cultivation, harvesting and selling 

crops (Lin et al., 2023). A further direct impact on the regional development poses the rapid 

increase in global food, fuel and fertilizer prices (Arndt et al., 2022). Trying to protect one's 

own country by adopting specific trade policies, such as restricting exports to isolate one's own 

markets, leads to high fluctuations in international markets and devastating effects on global 

food security (Abay et al., 2023). The most recent report of the UN (2023) indicates that the 

number of people who are acutely food insecure or at high risk of food insecurity has more than 

 
78 The narrative of the SSP3 anticipates the international fragmentation and pictures the world with an increased 

regional rivalry and more conflicts, which in turn reduces support for international institutions and partnerships 

for achieving development goals (OôNeill et al., 2017) 
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doubled since 2020 and reached 345 million people in 2022. This development further questions 

the extreme positivism of previous research on food security trajectories. Although it is 

important to note, that quantifying the impacts on food security and the duration of such extreme 

events as pandemics and armed conflicts over a horizon of more than 2-3 years is challenging, 

as the market correction mechanisms tend to have a strong compensatory effect in the long 

term. Current studies often conduct a medium-term analysis with a time horizon of one to three  

years or harvesting seasons, e.g. Lin et al. (2023), van Meijl et al., (2022), UNDP (2022). A 

compendium of studies with more detailed information about regional peculiarities in 

addressing the COVID-19 pandemic or other shocks of comparable magnitude could be an 

interesting area for future research and is highly relevant for the improvement of long-term 

scenario assessment in the future. 

Further work should also be dedicated to identifying approaches for assessing food security 

dimensions beyond the pure evaluation of availability and access. Similar to other studies, the 

current modeling framework only allows a superficial evaluation of food security pillars beyond 

food availability. Considering the general tendency of price reductions for the broad group of 

commodities, an overall improvement in general access to the food available can be foreseen. 

These results are in line with expectations of other recent studies covering issues of regional 

hunger. Nevertheless, it is still challenging to provide a more elaborate discussion on issues of 

food access at the current stage of research. Discussions on this topic strictly using the 

information on the countries' food consumption distribution functions seem to be sensitive to 

the applied parameters as indicated in Chapter 2.2.2. Therefore, future analyses would benefit 

from including richer details on the income dimension, volumes and patterns of consumption 

at a more disaggregated level than the currently used concept of a single representative 

household. This statement goes in line with the recent discussion on the analysis of poverty 

within the GE framework (Hertel et al., 2015; Savard, 2005). Modeling of these issues stayed, 

however, beyond the scope of the present study. Neither have I considered climate variability 

as well as climate mitigation strategies such as afforestation or integration of second-generation 

biofuels, as these have been shown to have a disproportionally lower effect on food security 

issues than the main socio-economic trajectories in the analyzed time-frame. Further work 

including these aspects could be very beneficial for future research, considering the worsening 

effects of climate change and the continuous increase in extreme events.  
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6 Conclusion 

In the last decade, the topic of food security received significant attention from the research 

community, politicians, and the general public. This rising interest is not surprising, as it is 

essential for every single person to have physical and economic access to safe, nutritious and a 

sufficient amount of food throughout the year. Including the aim to eradicate all forms of 

malnutrition, each of the food security elements is an integral part of the agenda for Sustainable 

Development defined by the UN in 2015. Nonetheless, the full achievement of the agendaôs 

ambitious goals is far from easy. Future socio-economic development, rising population, 

resource scarcity, changing demand patterns, diminishing increase of agricultural yields; each 

of these aspects might exacerbate food insecurity. Jointly they underline how important it is to 

understand the entire complexity of prospect challenges to feeding the world. Within the broad 

spectrum of methodological approaches used for projection studies, CGE models occupy a 

strong position. However, as CGE models are essentially economic models and utilize 

monetary indexes by default, the direct application of CGE models for the evaluation and 

communication of results on dietary and food security issues is fundamentally challenging. 

With this in mind, this thesis provides a state-of-the-art overview on the design and 

implementation of forward-looking exercises in the CGE modeling framework with an explicit 

focus on food and nutrition security. In the individual chapters, the author elaborated how 

caloric equivalents can be included in CGE models, underlining their relevance for the 

modeling framework in general, as well as for defining plausible scenarios of the future food 

security trajectories in particular. 

The centerpiece of this thesis is a comprehensive modeling framework that is capable of 

analyzing the developments of future regional food security and facilitating discussions on 

various aspects of long-term projections in CGE models. An important feature of this 

framework is the integrated calorie module that contributes to the reporting and validation of 

the modelôs results. The empirical analysis, conducted with the help of this extended modeling 

framework, underlined the importance of including such caloric metrics and identified the 

benefits of their application in the scenario analysis. It also demonstrated the advantages of their 

application during the sensitivity analysis as well as for the comparison of modeling outcomes 

across studies.  
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The simulation results revealed the potential for further elevation of energy intake of the 

average consumer in all regions across both central scenarios. However, the expected increase 

in calorie availability was neither regionally uniform nor scenario specific. Some regions did 

not show a substantial improvement in energy intake though, indicating that a considerable 

share of their population could remain food insecure for the analyzed time frame. Both central 

scenarios emphasized the tendency in emerging and industrialized countries toward more 

energy-dense diets, containing more animal-based products, sugars and oils, which in contrast 

elevates the risks of dietary imbalances and overconsumption.  

Many efforts have been devoted to comprehensively documenting the process of model and 

database creation, and to transparently communicating the effects of model-specific features 

and parameter adjustments on simulation results. The sensitivity analysis revealed a non-

negligible difference in calorie availability across different simulations. This result highlights 

the increasing importance of transparency when communicating the role of individual modeling 

features in relation to simulation outcomes. Furthermore, the newly created tools for generating 

baseline shocks and reporting results using well-known statistical packages are the other two 

contributions of this study. They aim to improve transparency and replicability of analysis and 

data visualization within the GTAP framework.  

The methodological discussion and the practical experience collected when working on this 

thesis regarding scenario analyses and the application of CGE models for food security 

assessment suggest that several research fields require critical evaluation from the research 

community. Further research is needed in the area of scenario building and examination of the 

compatibility of different trajectories of socio-economic development, biophysical and 

economic parameters. These elements possess a strong interconnection and require a consistent 

application in modeling exercises. Although it is possible to generate an infinite number of 

alternative scenarios, it is advisable to stay pragmatic in their generation and keep the focus on 

analyzing ñplausibleò alternative futures, due to the limited research capacities. This 

parsimonious approach, together with the extensive sensitivity analysis of parameters, can make 

a valuable contribution to both the refinement of currently used modeling methods as well as 

improving the transparency of results for reviewers and users.  

In this regard, the calorie module has proven to be a valuable diagnostic tool and a central 

element for food security assessment in the CGE modeling environment. The approach of 
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integrating caloric equivalents, as presented in this work, is very general and can be extended 

to include other macronutrients, such as fats, proteins, and carbohydrates. The openness of the 

used data sources and the transparent implementation process are evident strengths that might 

further motivate its use. Moreover, the proposed modeling framework offers an interesting and 

effective tool for analyzing various research questions concerning dietary trajectories and food 

security policies in long-term scenario analyses. The study of policy mechanisms targeting the 

adverse developments of dietary shifts might be one such potential direction of research.
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