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Summary

In the last decade, the topic of food security attracted signifatsgrition from the research
community, politicang andthe generalpublic. This is not surprising, as every person should
have a guaranteed physical and economic access to safe, nutriticusuffident amount of

food all year roundncludingthe aimto eradicatall forms of malnutrition, each of these food
security elements an integral pardf the agenda for Sustainable Development defined by the
UNin20155Nonet hel ess, full achievement of the
easy in tke near futureOn the contrary,ecent years have shown an increasing number of

undernourished people around the glold@s is certainlya worrying sign.

The future socigeconomic development, rising population, resource scarcity, changing demand
patterns, diminishing increase of agricultural yields; eafcthese aspects further exacerbate
the uncertainty of foogecurity They underline how important it is to assess the prospect
challengeso feeding the world. Withithebroad spectrum of methodological approaaises

for projection studiesthe computable general equilibrium (CGE) models occupy a strong
position.However asCGE models aressentiallyeconomic models andsemonetary indexes

by defauli the direct application of CGE models fibie evaluation as well a®mmunicating

results on dietary and food security isst@gainsfundamentally challenging.

With this in mind this thesis provides a statéthe-art ovewview on the design and
implementation of the forwarboking exercises within the CGE modeling framework with an
explicit focus on food and nutrition securitfs a part of this workthe author elaborates
whether and how calariequivalents can be included in CGE models, underlining their
relevance fothemodeling framework in genetals well as defininglausible scenarider the

futureglobal and regional food securifyajectoriesn paricular.

The centerpiece of this thesis a comprehensive modeling framewdHat is capablef
analyzingthe development of futureegionalfood security and facilittng discussios on
various aspects dbng-term projections within CGE model#n importantelementof this
framework is the integrated calenmodule that contributes to the reporting as well as the
validation of the modeb sesults. The empiricainalysis conducted with the help tfis
extended modeling framewotknderlineghe importance afuchcaloric metrics and identifies
benefits of their application in scenario analysislt also shows the advantages for
intercomparisorof modeling outcomesat the stage ofensitivity analysisaas well asacross

different studies
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The simulation results reveal the potenfad further elevationoft he average consu

energy intake in all regionsnderthe centralscenarios. However, thexpectedncrease in
calorie availabilityis neither regionally uniform nor scenario specific. Some regions do not
show a substantial improvement in energy intiddaigh indicating that a substantial share of
their population could remain food insecure. Boémtralscenarios emphasize a tendency in
emerging and industrialized countries towardren@nergydense dietscontaining more
animalbased products, sugaed oils. This, in turnmposesherisk of unbalanced dietand

overconsumption

This thesis and the presented method of integrating caloric informatmthe CGE model
provides a solid basis for further research. It maksgbstantial contribution to the discussion

of scenario analgs and application of CGE models in the area of food security modgiing.
this regard, the calaimodule hagprovenitself to be a valuable diagnostic tool and a central
element for food security assessméiie approach dhtegratingcaloric equivalents presented

in this work is very general and caasilybe extended to include other macronutrients, such as
fats, proteins, and carbohydrates. Tihee accessibilityof the data sourcesised and the
transparent implementation procese evident strengthof the approach thanight 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 longerm scenario analgs. The studyof policy mechanisms targag the
adverse developments of dietary shifts might besmohinterestingresearch direction.
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Zusammenfassung

In den letzten zehn Jahren riickte das Thema Ernahrungssichersgirkt in den Fokuder
wissenschaftlichen Forschungsgemeinschaftie derPolitik und der Offentlichkeit. Diese
Entwicklung ist nichverwunderlichdaallen Menschephysischeund 6konomischeZugang

zu angemessener, sicherer und ausgewogener Nahrung lber das ganze Jahr garantiert werdet
soll. Dieses Ziel zusammemit der Beseitigungller Formen der Mangelernahrung formutier

die Agenda fir eine nachhaltige Entwicklung, die von RO im Jahr2015 beschlossen

wurde. Die Verwirklichung dieser ambitionierten Agendaele erscheint aber keineswegs
einfach. Im Gegenteil, die Entwicklung der letzten Jahre paigiveltweit steigende Zalwion
Menschendie von Untererndhrung betroffenen simihs ist zweifellos ein beunruhigendes

Zeichen flrdie Weltbevoélkerung

Die zukunftige soziobkonomische Entwicklunggeine weiterwachsende Bevoélkerung,
Ressourcenknappheit, Anderungen des Nachfrageverhaltens und langsameres Wachstum der
landwirtschaftlichen Ertrageall diese Aspekte gemeinsam sowie jeder einZ@insich
verscharfen die Unsicherhelgr zukinftige Nahrungsmittelversorgur§je unterstreichenvie

wichtig es ist die Herausforderungen vorausschauend zu erkennen, um die Weltbevdlkerung zu
erndhren Innerhalb des breiten Spektrums vaktuellen methodologischen Anséatzdiir
Zukunftsprojektioen spielen die allgemeimeGleichgewichtsmodelle eine bedeutende Rolle.
Trotzdemsind sie in erstekinie 6konomische Modelle und verwendeéaherstandardmafig

nur monetare IndizesEine direkte Anwendung von allgemeinen Gleichgewichtsmodellen fur

die Auswertung und Kommunikation der Ergebnisse den ThemenNahrung und

Ernahrungssicherhegtrscheintdeshallproblematisch

Vor diesem Hintergrundewahrtdie vorliegende Dissertatiaginenaktuellen Uberblickiber

die Konzeption und Umsetzung von Zukunftsprojektionen mit allgemeinen Gleich
gewichtsmodellemmit explizitem Fokus af Fragen der Ernahrungssicherheit. Innerhalb von
individuellen aufeinander aufbauend&mapiteln erarbeitet der Autonachvollziehbarob und

wie die kalorischen Aquivalente itie allgemeinen Gleichgewichtsmodelle integriesrden
kénren Damit wirdderen Relevanz fur die Modellierungsrahmen im Allgemeinen und fur eine
Fesstellung der Plausibilitdt der Zukunftszenarien fur die globale und regionale

Erndhrungssicherheit im Besondeleriont

Das Herzstiick dieser Dissertation liegtder Darstellungder umfassenden Modellierungs
rahmen, die eine Analyse der zuklnftigen Ern&hrungssicherheit ermdglichen und bei der
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Diskussionderunterschiedlichen Aspekten langfristigen Vorhersagen mit dellgemeinen
Gleichgewichtsmodellen unterstitzen sollEm wichtiges Merkmal davon istagintegrierte
Kalorien-Modul, dasdie Basis fur die KommunikatioredSimulationserkenntnisdsldet und

die Validierung der Berechnungsergebnisse des Msdelterstitzt Die empirische Analyse
durchgefuhrt mit dem erweiterten Modellierungsrahpoeterstreicht die grol3e Bedeutwshey

Kalorienmetrik und identifiziert deren Vorteile fur die Szenarioaalyse sowie fir die
Vergleichsmessungen untegréensitivitdtsanalyse.

Die Simulationsergebnisseeigen deutlichdas Potential flireine weitere Zunahme der
Energieaufnahmeder Durchschnittsverbraucher in allen Regionenter den zentralen
SzenarienAllerdingsist der weitere Anstieg weder regionaliform nochszenariospezifisch.
Manche Regionen zeigen keine deutli@teigerunglesEnergieaufnahmeniveguwasdarauf
hindeutend dass ein erheblich&eil derWeltbevélkerungunterernahrbleibenkdnnte Beide
Szenarienunterstreichendie Tendenz in de Industrie sowie Entwicklungslanderrzu
energiedichtaar Diat, mit einemsteigende Verbrauchvon tierischen ProdukteZucker und
Olen. Dies fiuhrwiederumzu RisikendesUngleichgewichs in der Ernahrungsweise umigs
Uberkonsurs.

Diese Dissertation bietetmit der Integration des Kalorienmoduls iein allgemeins
Gleichgewichtsmodelkinen interessante Ansatz fir weitere ForschungSie leisteteinen
wesentlichen Beitrag zu der Diskussion der Szenarioanalyse endrmivendung von
Gleichgewichtsmodellen im Bereider Ernahrungssicherheit. In diesem Zusammenhahg
sichdasKalorien-Modul als ein wertvolles Diagnoseinstrumsatvieals zentrales Elemefir
die Auswertung der Erndhrungssicherhgezeigt Der Ansatz fiir die Integration von
kalorischen Aquivalenten istniversell gestaltetnd kann weiterhin fir die Abbildung der
anderen Makronahrstoffevie Proteinen, Kohlenhydraieind Fette, verwenakt werdenDer
freie Zugang zu den angewendeten Datemd de transparente Integrationsprozess
gewahrleisten eine einfacewwendungdieses Ansatzs. AulRerdem bietewlie vorgestellten
Modellierungsrahmen ein interessantes und effektives Instrument fir die Aeglgsereiten
Felds von Forschungsfragen bezlglich der Nahrungstrajektorien w@wneiéhrungs
sicherheisrelevanterRichtlinienim Rahmender langfristigen enarioanalyserSo erscheint
beispielweisedie Bewertung der Effektivitat von Politikmechanismerzur Pravention von
negativen Entwicklungen der Erndhrungsgewohnheitenals ein wichtiges und

vielversprechenddsorschungsgebiet.
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1 Introduction

1.1 Motivation

In recentyears, the topic of food security, itairrent metricsfuture projections, andhe
assessment of potentially beneficial/harming policies has received increasing aftentithre
research community. The main trigger for this augmenting interest is often associated with
several sharprice spikes in international crop markets since 2008s 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.,12013)
addition trendssuch as risingopulatiorsand incoms, changinglemand patterns, diminishing
increase of agricultural yields exacerbate the uncertainty of food sufficeamdythereby
underline themportance ohssessingrospect challengeo feeding the worl@ population in

the future(FAO, 2017)

According to various simulation exercisgfsrecent studiegylobal demand fofood and non
food itemsis projected to increaskey +50% to +91% over the period201Q 2050 under the
current and more extreme development assumpfienslouél and Forslund, 2017)hishigh
magnitudeand dispersion in projectiomaisesmanyadditional questiond-or example, ha
and wherecan additional food be produceor wherecanfood consumption be potentially
reduce® Will the food reach foodnsecure regions and to atextentwill other regionse
able to cope with the increasingchanging demand®nd essentially, Wwat wouldall thismean
for theaverageconsumer or household within those regioNs®vithstanding the fundamental
importance othesequestions foscientiss andpolicymakers, ey generally stay opeanded

and areassociated with thirmulationof acommonfiproblemspace 0

The cefinition and evaluation o sdfution spacgto the problems of food security seems to
bean evermore challenging task accordingexistingliterature.Evidently, herearemultiple
reasons for thisThus,Keating et al(2014) have indicated that thegre numerous solution
strategiesalso calledipathways, for addressinglobal and regional food securigsuesn the
long term Although qualitative evaluatiorof these pathways ispresent their quantitative
assessment is often restrictedtbg availability of technical and economic data. The situation
is often aggravated by the intrinsic complexfyfood security as a concejittributed to its
multidimensionalityandcontextspecificity (PérezEscamilla et al., 2017 hisfact indicates a

limited validity of the onefits-all solutionto problens of global/regioml food securityand



Introduction

stresesthe importance of inggatedpolicy-making strategieat both national and international
levels Hencethere is astrong need fothe creation of models and todiacilitating ageneral
understanding ofinterlinkages betweeriorthcoming challenges foglobal/regionalfood
securityon one side and@atform for thequantitative assessmentedficiency and feasibility

of solution pathway their whole complexityn the otherside.

Within thekaleidoscope of modern methodological approaches suitable fex-tree analysis

of food securitycomputable general equilibrium (CGE) modeds/e a particulamportance

CGE modelsallow for an explicit analysis of linkages between different sectors, actors and
markets of the econom{Bacchetta et al., 2012Because this methodology tapable to
represent an economy asvholewith all its complexiy, it is considered to be@owerfultool

for assesdag economywide structural changd€3onini et al., 2013; Dixon and Rimmer, 2010)
Thesecharacteristics argucialfor the analysis ofjlobal and regiondbod securityin thelong

term At the same timeCGE moded areessentiallyeconomic models where monetamgexes

and values are strictly dominant within the analyksmelin, 2017; Tomlinson, 20137Jhis
specific featuremakes the direct applicationof CGE models for the assessmenand
communicéion of resultson dietary and food security issuegherchallenging Indeed, it
might befavorableto move awayfrom this conceptual thinking and explore the possibilities of
expanding CGE models by physiealits, such as e.g., food consumed expressed in tons or
nutrient/energy equivalentnlike monetary values, these metrics are actually able to describe
the food security status in a comparablenes 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-temg food security within the CGE
modeling framework are the focus of this thesis. Thasn to evaluate how calarequivalents
for supply and demand can be included in the CGE modeling frameWoek, | will assess
their role in creating plausible baseline scenarios of global and regional food sélthess.
two objectives formulate the basis for thbeoreticaland empiricakectionsof this thesisTo
provide context for further researchaim to discussopportunities and main obstacles for
integrating calog equivalentsand other food security measutesthe modeling framework
usingtheevidence from moderiteratureand revigng therelevance oindividual measure$or

long-term scenaricstudies Later, | conduct thequantitativeassessmendf long-term global
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food security usingn extended version dhe multiregional, multisector general equilibrium
model Global Trade Analysis Project (GTAR).crucial elemenbf this analysisis derived

from the newly created cal@imodule andfrom the procedures for preparing tltatabase
capturing caloric information within the GTAP environmentsing results from my
simulations and comparing them to the analysis of recent stuialregopresenthe importance

of this module forreporting purpose as well as the validation achemodel 6s r es
Furthermore, a strong focus seton the methodology of baseline creation within the CGE
modeling framework along with the model 6s
made to discuss thelevanceo f t he model 0 sespecellyircome elasticities,at i o
specification of technologicgrogress and regional disaggregation for the assessment of food

security.
Synthetizing individual elements, theesent studgxamines the following research questions

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

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

2. Howwi | | t he av eenagy iatake evolve uncex thedamticipated trajectories of

the key macroeconomic variablesselectedscenarios?

3. How much will the adjustment ahdividual model parametersuch as incomelasticities
and specification of technological progregtect the energy intake of the average consumer

selected scenarios?

1.3 Structure of the thesis

In order to fulfill the aim of this researghoject, the study is organized as follo@hapter 2

is dedicated tqresenng an overview of the main concepts, definitions, and frameworks
currently usedin the literature analyzingfood 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 discussgbroughly | will also highlight why caloric metrics

still play a pivotal role in assessing food security. This discussiorprmaiiidethe conceptual

basis for deliberating how modeling exercises might facilitdte identification and
management opotential risks forglobal food security. In the second half &hapter 2,
distinctive features and results of recent forwlaxking exercisessinga CGE framework will

be reviewedStartingwi t h t he recapitul ation of the not

CGE modeling frameworlkhe chapter continues with a review of the projections of global food
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security andthe methodological approaches applied within recent CGE based modeling
exercises. The focugs on identifying the central convergence and divergence pafinegent
studies and detecting common difficulties and shortcomingsssessing food security
trajectories within the CGE modeling framework. This summarythihserve as a foundation

for further improvements in modeling exercises related to food security and it$elomg

projections addressed @hapters 3 and 4.

Chapter 3 describes critical features of the standard GTAP model arteutantextensions

for addressing the existing limitations and supporting the integration of food security
assessment into the econemige economic analysis. Thus, following the description of the
standard modekxistingand newly created extensions pertinenttfi@analysis of global and
regional longterm food security within the GTAP modeling framework will be explored.
particular focusis placed on the newly defined integraton 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 desigrelevant for the modeling of food security agdante 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 specifidefioad

by the experiment desigthe extendednodelis then usedor theassessment of the loigrm

global and regional food security status. The results of the condastsgsmenuill be
summarizedin Chapter 4and they will presentthe effects of exogenous storylireeon
trajectories ofgricultural productionfood availability and market developmentsater in the
chapter,a sensitivity analysis isperformedto explorethe impact of income elasticities and
technological parameteegljustment®n the simulation resultsThe methodological solutions
andoutcomef individual simulationswill be setinto perspectiveagainst theevised literature

for discussion andentification of potential qualifications of the present stirdhapter 5

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

further research.



2 Literature review

2.1 Foodsecurity: past, present, future

2.1.1 Food securityT key concepts measurement strategies andas actual

status

Food security is a complex concegtose definitiongind application angldsgave beestaying
under constant revisioand discourse since 194@7Gs (Jones et al., 2013; Mcintyre, 2009)
Therdore, many contemporary(Peng and Berry, 201®érezEscamilla et al., 2017; Burchi
and De Muro, 2016; Berry et al., 2015; Pangaribowo et al., 2013; Jones et ala2043)) as
olderstudies such asshaw(2007), Weingartne (2004, Maxwell and SmitH{1992) put effort

into the systematization of knowledge on food securigyiewing the underlying concepts
their historical background as well #se metics used for itsassessmenRecentliterature
reviews, such a®f Peng and Berry (201 dicate that thelefinition wasconstantlyevolving

in anattempt toalwaysaddresshe newly observedhallengesrisingfrom individual global

and localfood crises|t alsoaimed atintegraing the newresearctevidenceof their causegso

the internationalpolitical agenda Thus, in the 70s, wherethe food shortages and extreme
volatility in food markets wre observed the first official definition of food securitywas
presentect the World Food Conference in 19Tdurgedthati [ t he] avail abil it
adequate worldood supplies of basic foodstuffs to sustain a steady expansion of food
consumption and to offset fluctuations in productionand i cThisdefinitioncorresponded

to the spirit ofthetimes emphasiing a strong need to addrefsod shortagand extreme price

volatility issuesusing the supply fi f oawadlabilityd mechanism¢Berry et al., 2015)

Laterresearch orood crisesof the 70 and 8)suggestedhowever that not only a restricted

food availabilitywas detrimental fothe situation ofstarvation andamine butalsoissues of

timely economic and physicaccessibilitythat magnified thecrisis event{Peng and Berry,

2019; Jones et al., 2013hisled to arevision of thedefinition of food security by recognizing
accessibility as an individual dimensibe nsur i ng t hat all peopl e a

andeconomicaccesdo thebasi ¢ f oo d ,tahweell asackmeaviedgg a eeddd

include the time scale to the discussion. Thettéat became a central topic of the highly
influentialreport of the World Ban&f 1986 In this reporafocal point was made on tleplicit

distinctionbetweerchronicfood security associated with problems of continuing or structural
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poverty and low incomes, and transitéopd insecurity thatevolves at periods of intensified

pressure caused by natural disasters, economic collapse or qavditd Bank, 1986)

By the mid of @sthe topic of food securitywas recognized to be an isssganningfrom an
isolatedindividual toa global level(Berry etal., 2015) Thus, the 1996 World Food Summit

underlines the relevance of a multifacetedveew ood security stating the
the individual, household, national, regional @haballevels [is achieved] when all people, at

all times, have physical and economic access to suffigefg,and nutritioutbod to meet their

dietary needs anfdod preference or an act i v éWoddi-dod Guenmit, 1986y | i f e o

This definitionwas agaimefined in The State of Food Insecurity 208ddinganemphasion

the social aspects the problemii F 0 0 d s e csituatiort tlyat ekistssvhen all peepht

all times, have physicagocialand economic access to sufficient, safe and nutritious food that
meets their dietary needs and f o@AO, 2002ef er en c ¢
Hereby, the new definitionrecognizesthe need to consider soedoltural accessand

preferencegts health effects as well dseimportance of having system ofocial protection.

It alsoincludesthe qualityaspecs of food as well itswtrient contenand is thusloselyrelaed

to theconcepof nutrition security that was emerging in the rii€l90s

Nutrition securityemphasizeshe importance of looking éod consumptioron ahousehold

or evernon anindividual leve| taking into account how the food can be utilized by the l§atly
Bilali et al., 2019; Committee on World Food Security, 20hough both food security
and nutrition securityevidentlyhavemany things icommon there is ayeneral consenstisat
they are not synonymoudlutrition security requireghe existenceand realization ofan
adequate sanitary, health and social environment that satfeeetingdietary needs with a
sufficient quantity and quality of nutritious footherdore, food security should be considered
as a precondition tan adequate nutrition and that complementary actions are required to
achieve nutrition securitfCommittee on World Food Security, 201%) is, therefore,not
surprising that maninstitutionsare presentlyavoring usingacombination of tksetwo terms
for the discussion and communication of strategiBsey either lookat the problenfrom a
more anthropocentriperspectiveof fifood and nutrition security or leantowards the socio
economi¢ agricultural and marketimensiors at regional, national, or global levels using the

term Afood security and nutritiono.
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The lastofficial refinement of the definitionf food securitytook place athe World Summit
on Food ®curity in 2009 where stability was incorporated aa fundamentally important
dimension of food securityAt this summitfor the first time,the four dimensions of food
security availability, access, utilization and stabiliyere denotedasthe four pillars of food
security.lt was alscacknowledged hat t he #Anutritional di mensi
f ood s @&AQ 2009) Athibughtheinclusionof anutritional dimension in the discussion
of food security is widely agreed to be a logiesiensiorof the concepthe conceptualization
of the dimensions of food security ithe form of pillars is consideredo be somewhat
misleadingby some studiesBerry et al.(2015) indicate that thisnight suggesa static and
separated nature of the individual dimensionsoneside and might alsoimply the need of
fiweightingd the contribution ofthe individual pillarson anotherEven if thisconcernis not
widespread,e.g, Barrett (2010) stresgsthe inherently hierarchical nature tbfe individual
dimensionsthe common understandirigat the individual dimensionf food securityare
interrelated and interdependesupportthe idea of visualizing food security concepas a
pathway as it is done byPeng and Berr{2019, Berry et al.(2015, Jones et a(2013)

The application ofhe pathwayconceptmight alsobe favorable fordiscussingscaleandtime
dimensionsas wellas metrics used for the assessmergpaftificfood securitysituationas
suggestedby Burchi and De Murdq2016), Berry et al.(2015, Pangaribowo et a{2013 and
Gibson (2012) Being a highly complex concepbverlappingvarious sociceconomic and
managerial levelBokelohet al, 2009) the developmentdf universal metricso monitorfood
securitycapturingall thoselevels might be rather elusiyBarrett, 2010)Cafieroet al.(2014)
support this statemenndicaing thatwhile hundreds of standalomeeasure®r indexbased
indicatorswere proposed over the last 50 yearsneof themwould be al# to capture all
aspects of food security sufficient detailt all levels Theexisting mérics fortheassessment
of food securityhave individuaktrengthsaand weaknessemd their application hugetiepend
on the level of food security that is in questiohus, nost of the indicatorsmight be
differentiated according tehether theyocuson capturing the macrdimension- at regional
or national levelsor on capturing individual characteristiegthin specific dimensions dbod

security- at the level ohnindividual or ahouseholdFigurel).
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Figure 1: The time and scale dimensions of food security
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It is important to note, thatational leveloriented measuremretargetediowards identifying
nationalscale food availabilitghortagesand riskgypically neglectingssues of distributioon

a household level and thautritional requirementsn an individual level. The Prevalence of
Undernourishment (PoU) is one of the most vkelbwn indicators attributed to this group.

was created bthe FAO to measurdood insecurity It provides an estimate fothe proportion

of anational populatiorthat cannot medhe minimumcaloricrequirementsThis indicator is
usedto measure¢he progress of the 2.1.1 Sustainable Development Goals (SDG). It is also one
of thecentral indicators in the annually published report series The State of Food Security and
Nutrition in the World (SOFI)provided by the FAO in cooperation with other renowned
international institutions. It is based on the concept of the adequacy of the dietary energy supply
in terms of calories relative to the dietary energy requirememaferage individualesulting

from acomplex statistical procedure capturingequal access to foodCafiero et al., 2014;
Wanneret al, 2014) National estimates of the PoU are reported as-ygaemoving averages

to address existing uncertainty and reliability conceab®ut some of the underlying
parametersg.g.,information on available food stocks for which reliable information is scarce
(FAO et al.,2019) At the same timeegional and global aggregategtoé PoU are reported as

annual estimategissumingthat possible estimation errod® not correlate across countries.
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Although,the PoU indicatois limited in its applicability* as itcannotestimatenousehold food
security, it still might reliably measure the inadequacy of food consumgtarational levels
and moreovelrserve as aaxtremely affordable monitoring tool of availability and accesen

for low-income countrie¢Cafiero et al., 2014)

Recent revisioaof the SOFI reporsindicatealack ofglobalimprovemenof the food security
situation(FAO et al., 2021, 2022Although, the prevalence aindernourishmentemained
mostly unchangebletween 20142019 the lastthreeyears however, record rapidincreasen
the amountof people suffering from undernourishmérigure 2). The FAO reports thathe
most alarming situation is observed in Africa, whére PoUhas been rising since015
resulting ina state wherene in five peopléacehunger.This not onlyrepresents complete
reversal ofthe improvementsachievedsince 2004 but also raise concernsabout afurther
increase irthe number of undernourishpdoplein the regions as indicated the SOFI report
(FAO et al. 2022) This overall dire state of undernourishmern Africa is regrettably
accompanied by macroeconomic risks (see Chapte3for more detailspesideghe negative
contribution offorces majeurs, such ashe impact ofthe COVID-19 pandemicpolitical
conflictsas well aextreme weather eventendis consistent with the extent of poverty in the
region(FAO et al., 2019)

Not more than threeyears agpthe development of the PoU in other regiorssedfewer
concerng(FAO et al., 2019)However,the outbreak of COVIEL9 has rapidly changed the
overall dynamicf the stateof food securitysituation(FAO et al., 2022)In addition tothe
strugglesof recoveimg from the pandemigthewar conflict between Russia and Ukralvesars
enormous risk to the food security of Europe and beyBath countries play an important role

in the agriculture, energy and fertilizer markets, not to mention the suffering a war brings to
millions of peoplein the heart of EuropéAs aconsequence, it is necessary to continuously
keep aclose watch on thivod security situatiom every single regiarin this regard botfthe
absolute numberof undernourishedpeople as well as the relative prevalence of
undernourishmentplay a pivotal role in understandinghe complexoverall picture For
examplethe PU of LatinrAmerican andheCaribbearhas beemorsenng quickly since 2015

going fromarelatively low 5.7% to 9.1%hn 2021(FAO et al., 2022)Furthermorein 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 SeeWanner et al(2014)for more details
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the food securityin regions of rapidieterioration imecessarySubregionaldynamicsshould
notbeneglectedis well Looking at the harséffectsWestermAfrica was facing in recernytears
closer attentiomustbe paid bypolicy makers and the world commundg anumber of topics
It is important tomitigate thenegativeeffects of the COVIBL9 pandemic andtabilize the
overall geepolitical as well as socieconomic situatinin countries affected by uprisings and
conflicts (FAO et al., 2019, 2021)Additionally, it is important to focu®n more thanjust
internal issuesThe impact of the external environment and tradmot be neglectedt is
important to draw valuable conclusions from intense impacts, sutble esntinuingRussian
Ukrainian conflict It is necessary for each country to becanae resistant to externahde
shocks by diversification supply sourcedor key commoditiesand adequalg weigh the
benefits and risk®f eachindividual policy in orderto reversethe persistent incese in

undernourished peop(@bay et al., 2023)

Figure 2: Prevalence of undernourishment and the number afindernourished people
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Other weltknownresearchnstitutionssuchasthelnternational Food Policy Research Institute
(IFPRI) andthe Economist Intelligence Un{EIU), havetheir own vision oncapturing the

world food securitystatusandthe extremes of its manifestationlike the condition of hunger
Thus,theGlobal Huinge Index(GHI) andtheGlobal Food Security Index (GPSby thelFPRI

10
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andthe EIU, respectivelyare tworenownedndexes usetb discusgood securitytrendson a
national level(PérezEscamilla et al., 2017; Jones et al., 2013ke the PoU, due to the
underlying objectives and construction methodology, they are not intended to provide insights
on household or individuaspecific food security level On the contrarythough both
indicators represent a complex set of measures aiming to capture the multidimensional nature

of food and nutrition security artdeincidence of hungesn anational level.

Calculation ofthe GHI utilizes four indicators for capturing thresgually weightedlimensions:

1) inadequate food supplyrepresented by the percentage of the population that is
undernourished2) child undernutritioni.e., the proportion of children under five suffering
from stuntingand wastingand 3) child mortalityrate ofunder fiveyears old The data is
provided byvarioussourcesthe PoU by the FAQ the United Nations Interagency Grouprfo
Child Mortality Estimation (UN IGME)andUNICEF provides information oghild mortality,
while the joint database of UNICEF, WHO, and the Wdkhk, as well as Global Database
on Child Growth and Malnutrition, Demographic Health Surveys, Multiple Indicator Cluster
Surveys and statistical tables from UNICHEFe sources of information on the children
undernourishment statwkefined with the help chnthropometriandicators(Grebmer et al.,
2019, 2021)

Each indicator component sséandardizedh order to relate thetatus of anndividual country

to the globalsituation They are themggregatedo definethe GHI score for each country.
Following, thecountries are ranked on a 100int scale and categorized@sintriesofi | o wo ,
Amoder at eod, A s eand foeuxst &r ,e mig¢ & ly a ranh(lomeptet ralg @013h u n g €
Consideringthe equal contribution ofachdimensionto the finalscore,the GHI might be
considered as@nceptuaéxtensiorandatool for scrutinizingheresultsonundernourishment
provided by theFAO. The developersof the indicator mention that the combination of
undernourishment indicatoend indicators related tehe children nutrition statugacilitates
capturingthe nutrition status o particularly vulnerablsulset of the populatiofor whom an
inadequate dietary intake leads #@high risk of illness, poor physical andognitive
development, and deatBuch strategalsoallows reductionof random measurement errafs
individual dimensiongGrebmer et al., 2019; Pér&scamilla et al., 2017At the same time
Jones et al(2013) raise concerns thdhe capacity othe GHI to adequately capture food
insecurityand hungemightbesomewhatuestionablgasdeterminants of combineddicatos

are not necessarily assocaitgith food insecurity(e.g., access to health services, household
water and sanitation, etcAs previously discussedjis concern underlireghe debate on the

11
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applicaility of definitions dimensionsandmetricsof food security Although the developers
of the GHI themselveareextremely objectivaboutthe created indexTheyindicate thatan
implementation oficombined indexnight alwaysbe subject t@ certain amount focritique.
Theyalsostatethat this type of indicatoneed to be revised occasionally better reflect the
stateof-the-art knowledge the availability of new indicators or additional daita general
(Wiesmann et al2015)

In this regard,lte Global Food Security IndefGFSI)is a much more complardexused for
assessingnd monitoring progresa more than 100 countries regards ofood securitywith
respect tahefour distinctdimensionsi af f or dabavVvatlyabilitgand fAqual.i
finatural resources and resilien¢@he Economist Intelligence Unit (EIU), 202T)he index
was subject to a substantial transformasimee its inception in 201#)creasingts complexity
from being a composition d5 in its early versionto upto 58 in theunique indicators in the
most recent versiofEIU, 2012, 2021)The dimension of affordability ideterminedwith the
help of 11 indicatorsandaimsto evaluatecosts andhe existing capacity of people pay for
foodat a country levelAt the same timgl6indicatorsmeasue thesufficiency of nationalood
supply, the accessof individualk to it and the risks of its disruptionsummarizd in the
availability dimensionQuality and safetyarethe third dimension of th&FSland itconsists
of 12 quantitative and qualitativimdicatorsexploringthe nutritional quality of average diets
and the foodsafetyenvironmenbf a country Becausehis dimensiorexploreshe energy and
nutrient intakeof individuals diversily of diets as well asharacteristics dibod-safay control
institutions this dimension is often associated with the utilizatidimension of the
conventional food security definitiofizraelov and Silber, 2019YiNatural resources and
resilienc® is a relatively new dimension that was added to the 2@&ation of the index
(ElU, 2019) It aims to aess the 0 u n tsusaeptilsilily anc@bility to adapto existing natural
resource risks as well &sthe effects of climate changé/ith atotal of 19indicatorsthis isthe
dimension with the highest number of indicatdnise informatiorfor eachindividual indicator
is collected from a variety of reliable sources including governmeartdihongovernmental
sources as well as international agenasesh as=AO, World Bank, WFP, etclhis is often
consideredhs a additionalstrength of theGFSI by several author@PérezEscamilla, 2017,
Jones et al., 2013)

A GFSlscore is calculated for each dimensianrmalized and aggregated across categories
which then enablesa crosscountry comparison.Unlike the GHI which only focuses on
emerging economiesaand middle and lowincome countries, the GFSI also captures the

12
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situation of developed countrieBhe overall score ranges fron{l@ast favorablejo 100(most
favorable) Althoughseveralsourcese.g, PérezEscamilla et al(2017)as well as early reports
e.g.EIU (2015) indicatethe presence of tifeod priceadjustment factoused for recalculation

of theindex quarterlythe mae recent revisiosof the ndexdo not indicate its presen¢gIU,

2018) Incorporation ofthe module capturingspectsof naturalresource use anesilience
initially in form of an adjustment factoand later as an individual block of indicatorsois
contraryan interestingfeature of the indexhat will likely retainin the future In fact, many
authors of recent reviews on food security concepts urge the need of indogmusatainability
asalong-term dimension to food security that is capable of influencing all other dimensions as
indicatedin Figurel (El Bilali et al., 2019; Peng and Berry, 2019; Berry et al., 20f)ex
calculation mechanics allow the use of multiple predefined weighting schemes for individual
indicators: peepanel weights used for the generation of the annual repattneutral 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 scheme&This is an important feature that allows users of the ind@stdheir own
assumptions about the importance of each indicator. Nonethédlegas not able to fully
eliminatethe concernsof previous reviewerée.g.,PérezEscamilla et al., 2017; Thomas and
Hombres, 2017; Jones et al., 20EHBputthe subjective nature of scoring for many of the
qualitative hdicators that form the index, as welltas unbiasedness @xpertjudgment on

the selection of indicators andeights generatingthe final ranking The recentstatistical
assesment oflzraelov and Silber2019) however suggest thatt h e e xhwieerot s 6
indicatorsand weightingor theindexcreationis reasonabléo generate aountry rankingfor
thelevel of food securityNonethelessthis encouragingutcomeshouldstill be taken with a
certain level ofcaution.Relative to the PoU and the GHhet GFSI andhe compendium of
indicatorson which it is basedhould beinterpretedas a measurement of the conditions
contributing tofood securityor of the environmentpotentially enablingood securityrather
thanthe actual food security lev@kraelov and Silber, 2019; Thomas et al., 201i7/does not
focus onthe impactof food securitylevel such asthe amount offood consmed or the
nutritional status of the population like other previously discussed indicéitistead it has
features capable of capturing other semionomicaspectand governance areasg. political

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

etc.,that areusually not directly included in food security indicatoffhomas et al., 2017)

2 According to the GFSI model from the year 2018
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Therefore, the application of the GFSI, eithea@®mplementary indegr by exterding it by
adding elements capturinige impacts of the food security status, especaliyndividual and
household levels, seems to be a viable alternative in the flneelov 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 theeenational scale indexes with global coverageh

as the PoU, the GHI, and the GHS&Igure3). Some indicators and assessment strategies are
used for monitoring ands almostreattime early warning systems in areas of high risk for
severe food insecurityrheseinclude, e.g., th€amine Early Warning Systems Network o
approaches used by WFP in its Goehensive Food Security and Vulnerability Analyses
Other methodsusing household expenditure or consumption surveys, food intake surveys,
anthropometric status and biometric measures might be more suitable for cajbtefoap

security access and utilization dimensions at household and individual levels.

Figure 3: Variety of dimensions, indicators and approaches for capturing food security
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Calories in thefood security context, why are they still relevant?

Food security measureslying onhousehold surveys amhthropometrarebased onfte idea
and potentially better reflethatpoornutrition andfood insecurityis likely aresultingproblem
of access and utilizatiofaced by certain individuals or a subpopulationwhich is more
vulnerable rather thara whole nationin general The application of these methoisalso
subject to substantial costs and might et feasible for regular global food security
assessmepnhsalargeramount of data and timeerequired(de Haeret al.,2011) Moreover,
assessinghe future food securityrajectoriesat a household leveimight face additional
methodological hurdled hus,differentiation of food security status acrossiaas households
in the forwardlooking exercisewill requirean introduction of an extensiv@ectrum of
assumptioa on the forthcomingstructural sHis within and acros$ouseholdsof different
countrieqvan Ruijveretal.2015)A's t h i srieatianslon theapplication afconomy
wide global CGE modelwith an explicitftocusontheassessment tfiefood securitysituation
at a macro level, meaning the national lexg¢he extensive discussion bbuseholerelated
food security indictors is beyond the objectives of the present stBahgilar toTimmer(2000)

| believe thathe adequate assessmenthaf macradimension of food securitghould not be
belittledasit creates predetermining conditionso r t h e A meaning loosehoteénde |
individuals &ccess to food on a relialslegularbasis through selinotivated interactions with
local markets and home resourc@ée interested reader mightowever delve into the
discussion of benefits and shortcomings of individual food security metsicg) Pérez
Escamilla et al. (2017), Leroy et al. (2015), Carletto et al. (2013), Pangaribowo et al. (2013)
and de Haen et al. (2014} potentialentry points. The following chapter will discuss the
importance of universal measuring unigspeciallycalories, for the assessmenttbé food

securitysituationof the world.

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

Chapter 2.1.5howsthat food security is a multidimensional concept that compeaderoad
portfolio of indicatorsand issubject to the various dimensigrevels and componenthat
might beused for the assessment of the food security situation. lirmls@testhat currently,

no single indicatoror index can encapsulate all characteristics suitable for capturing all
dimensions of food security avery potentialevel. Traditionally, either due to data limitations
or practical consideratien food awilability as a source and to a certain extastthe

determining trigger for other dimensions of food secusitgceiving more research attention
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Calories in the food security context, why are they still relevant?

Consumptionand availability of specific food itens or a group of food itemsare central
variables used forassessing thavailability dimension of food securifyvVHO and FAO, 2003)

Both indicators are usually specified in the form of either metric units, such as grams,
kilograms,or even tons, oarerepresented by the attributedergy equivalesti kilocalories

or kilojoules(FAO, 2003) Foranalyzingand comparin@ood security statesacross different
countries, the information on food availability is typily standardized with the help of data on
population size and dailgonsumptionresulting in, e.g., g/capita/day or kcal/capita/day. The
WHO alsoappliesthesemeasurement units in their recommendation on norms for consumption
amountsn healthy dietandfor exposing unhealthy dietary hab{i%’HO, 2020) Even though

both measurementnits are widely appliedand areoften used inliterature and modern
databases (e.gin Food Balance Sheetand Household Consumption Surveys), their
application for the analysis of food securtgscertain distinctive featuref\bsolute metric

units universallyplay a centratole whena discussion othe dietary recommendations faa

single product group take$age andaregenerally appliegvhen their consumption is positively
associated witla fihealthy diet (WHO and FAO, 2003)At the same time, caloric equivalents,
which areaderivative 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 groupke fruits, vegetablesor starchy rootsare
pulled together for defining overall food availability and adequacy of food supply within a

region.

Being a universahnd equitablelenominator for food itemsaloric equivalentarea widely
used metric that is eitheiseddirectly, e.g, for measuring the overall food availability within
aregion, or applied in relative termapturingthecontribution of individual commodity groups

in theassessmerdf the overall diet or nutrition qualityBoth applications are of fundamental
importance foassessingurrentand futurefood and nutrition securitglynamicsThus,global
food consumptionmeasured in kcal per capita per dags ber increasingsteadilyover the
last decade@~igure4). Availability of calories per capita from 1961 to 2013 increased globally
by 687 kcal/cap/dayand by 949 kcal/cap/dayin developing countrie$ There washowever

substantial heterogeneity across regions subject to the different economic perfermance

3 The data presented in Figure 4 and discussed in this chapter repifesagnhthesis of information for the earlier
iteration of Food Balance Sheets covering the period between 1961 and 2013. The updated version of Food Balance
Sheets thatiserevised methodology providékis information only for the short time spdrom 2014to 2018.
Therefore, it is not suitable for lortgrm analyss and is not applicable for use @Ghapters 3 and 4 due to the
existing differences in the base year. Howetlez trend of increaing globalcalorie availability captureth the

old databaseontinuesandreaches 2929 kcal/cap/day in 2018.
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Calories in thefood security context, why are they still relevant?

Middle-income countrigsand China in particular,were able toconsiderablyimprove the
availability of food items fofinal consumptionWith its more tharwo-fold improvemenbver
the lastc0 yearsChinasubstantially outpaced the existing growftother developing regions
and is rapidly approaching food consumption levels typical for-lmigbme regionsKigure5).
On the contrary e progess of lowincome countries was rather modest (likcal/cap/day
and evenlagged behindhe performance othe highrincome counies group (+186). As
previously acknowledgetly the WHO and FAO (2003) regional differences in total kcal
consumption still persisand might be closelselated tahe overall economic performance of
thoseregions and individual countrigsee Chapte?.1.3). A relatively low improvemenif
regionalfood availability is an additional restrictive factor sthetteraccesso foodin sufficient

quantity and quality fomillions of people who currently remain undernourished.

Figure 4: Historical trends of food availability, 1960- 2013
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4 Information presented in figure was created with the help of country code pdékatBundock et al., 2018)
for matching information between the World Bank lending groups and the information provided by FAO.
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Calories in the food security context, why are they still relevant?

The development of food consumption patterns within the group ofihagime countries
might, in contrastpe suitable as a tofbr assessingtherrapidly emerging butontraryfood
security issugi malnutrition andbverconsumption. Sinadbeyear 2000¢calorieconsumption
within high-income countries is at its historical maximum aadfluctuated on average around
3380 kcal/cap/dayHigure 5). The wthin group variationstays however rather large For
example the averaggood consumption of Japan with 2726 kcal/cap/day is one of the lowest
within the high-income group, whildhe USA, Belgium and Austriawith 3682, 3733 and
3768 kcal/cap/dayespectivelywerethecountries with the highest food consumption in 2013.
Therefore, he calorieconsumptiodevelswithin high-income group andgarticularlyone that

are registered in thenost affluentcountries should berelated tothe upper bounds of the

attainable food consumptidny pi ¢ al average persod.ay 6 s

Figure 5: Trends in aggregate food demand by income grogand globally, 1960- 2013
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Calories in thefood security context, why are they still relevant?

The existence of such clearly defined upper bounds in attainable consumption over the whole
history of observations supports the idea of food consumption limitsharstirengtls of the

welkk nown economic regul ari t i 25%53fosmocelletadssTheEn g e |
existing boundaries also indicate the importancebofaking downthe overall food
consumptionnto key food groups using calarequivalentsThis allows furthecapturing and
monitoringof global tendencies of dietary and nutrition transiasrdiscussed @hapter2.1.3

as well asn studies ofMasters(2016, Tilman and Clark(2014), Barry M. Popkin(2006)
Although hunger and malnutrition have such a severe impact, it is also requireddogey
attentionto intake developmendf highy energydense commodity groups atal excessive
calorie consumptiofGémez et al., 2013; Popkin et al., 201The increasing numben
availability and consumptiom f i e mp t (ederggdansedfaod itenss with low nutritional
value)mightnegatively contribute to the worsening health status of the population and increase
therisk of norcommunicable deasegSwinburn et al., 2019; Gomez et al., 20X3hangedn

eating habits observed over thast 50 years resulted a rapid transition from a stavehere

the prevalence of underweight was double that of ohdsitynewheremore people are obese
than underweigh{NCD Risk Factor Collaboration, 2016Currently almost 396 of the
worldd populationis considered overweighftWVHO, 2017) This number is even higher the
developed world, wheralmost 586 of the populatiorwere affectedn 2016 (WHO, 2017)
Despite being distinct in affluent countrielse tfast increase of tteveragebody mass is alsa

rising problem inthe lowincome countriegFarrell et al, 2018) The proportion of people
classified as overweight has increased fron?®t@ 25.8%6 between 1975 and 2016. Even
thoughthe current level of obesity in loncome countries ifour timeslower than in high
income countries, the existing strong positive dynamics is a worrying segfigure Alin
Appendiy.

Going beyond the simple reporting thie currentdietary statisticscaloric equivalent as an
equitable and comparable metthat additionally allow$urther normalizatiomightbe of high
relevancein otherresearchields. For instanceyon Lampe et al(2014) andLe Mouél and
Forslund (2017) name tlese properties as pivotafor quantitative assessmenf future
trajectories using simulation models and validation of ystuesults. Unfortunately, he
economic background of many simulation models appliedagsessingylobal future food
trajectoriesglobal CGEmodelsin particulay typically do notonsidelinformation on nutrition
and energy contentheyratherlimit themselveso the utilization of information on monetary

flows for capturing economic relationships and product flows widmneconomy. Such
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Increasing macroeconomic risks

specificatiors 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 sappbyis

not represened Considering the fundamental importance of changing diets in the discussion
on future food consumptionsawell asthefood and nutrition securityg broadimplementation

of the widely applied nutritional metricsuch as calorieseems to ba favorablefeaturefor

the modern CGE models used fareating forwardlooking exercises. In the following
subchapter, the critical macroeconomic tenderttiasarecapable of influencing global food
security andwhich aretraditionally incorporatedn simulation exercisefocusing onfuture

food consumptioywill bereviewed

2.1.3 Increasing macroeconomic risks

Food security remains a critical and increasingly complex objective for any food system
(Hinrichs, 2013) The tightrelationship betweefood production and consumption driveas

the macrdevel, sharpeneddy regional, household and individuédctors deermines the
conditions requiredo achiee food security This also applies tits closely related objectives

of eliminating hunger and malnutritionin the futurewhich areoften considered to be
challenging(FAO et al., 2017, 2021Many studies indicate that the future agricultural system
will be subject tabroad specter of socieconomicenvironmentalglimatic andgovernmental
challengegBarronet al, 2013; FAO, 2017a; Foley et al., 2011; Kearney, 2010; Laborde et al.,
2016; OECD, 2012pnd thata systemic approach taddressthose challenges is required
(Keatinget al.,2014; McKenzie and Williams, 2015)he recent review of the FAQ-AO,
2017)identifies 15 trend®or this centurythat will shape the future afiankind, as we all depend
onfood andagriculturalsystemsThe limited availability of natural resources and the adverse
effects of the climate changastwo of the identified trendsare considered to be restrictive
factors for the expansion of agricultural supplyile preserving the longerm sustainability of
food productionNonethelesssimilar to earlier studiege.g, Nowicki et al.,(2007) Rosegrant
(1999), the role of populatiomynamics economic growth and the associated changes of
consumption behavior are still considered to be pivViotatleterminingthe future demand for
food and agricultural commoditisSonsidering the scope of this stuthgkey macroeconomic

determinants and tendencretated taglobal food securitarefurtherdiscusseah 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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Increasing macroeconomic risks

Population dynamics

A change of the population size, its average age and gstidetures along with its spatial
concentratiorare agreed to be critical drivers fttre overall food demandnd the shifts in
existing consumption habitdhe recent estimateof the UN Population Division(2022)
i ndicates that wihoentimeto dgravéasadvill preaghislbididniby2030,
9.6 billion by 2050,and104 billion by 2100° Compared to approximately 7.0 billigrople
that wereliving in 2011, the globabopulationwill increase by 21.%, 37.1%, and48.6% in
2030, 2050,and 210Q respectively. These numberamask a considerablelegree of
heterogeneityvhich isexpected to be both across and within regional groAissowdown in
population growth is expectédr almost all regionérigure6 andFigure A2of Appendiy), but
for SubSaharan Africa and the South Asian regions a continual growth is projected.

The expectedincrease in population of the S&aharan regiors primarily attributedto the

high fertility rates (UN Population Division, 2017)Although a cortinualy declining
population growth resulting from a decreasing fertility rate in 38reseenit is not expected

to fall below 1% before 2ZID-2075.” At the same time, theontributionof the South Asian
region to the growth of the worl dbés popul at
and an intermediate fertility rafeThis continuous growth might result in these two regions
consolidating about 41% of the global populatign2030, 45% by 2050 arslaggerings5%

by 2100. According to the FAO (2017), such a substantial increagepulation 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 ress ke Niger and Somalia. Against this
background, population dynamics in higitome countriesdo not raise much concern
regardingncreasing fod demand and food security. Even if the growth rate is projected to be
positive for the period of Z2 until 2045, it is expected to be small {@ percent per annum)

for the medium variant trajectory.

6 These estimates are rounded to the first decimal and represents the medium variant scenario acodtding to
Population Division(2022)

7 Own estimation based on data of UN Population Divisioi22p€r 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 28-2020 these three countries are classified as having an intermediate
fertility rate (average between 2.1 and 5 births over a lifet{kdB) Population Division, 2021)
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Figure 6: Global population by region: historical and projected, 1950 2050

Hi glmcome cour
Eur o8Cent r al /
China

East &bksacai fic
South Asi a
Lat i n A8rCearriicha:
Mi dd| e&NEarstth /
Sudsaharan Afr

Wor | d Hi ghncome colt Eur o&Ceentr al
4 P = =
- ,% = 04-/_/“—-’. -
7.5 1.04
0.34
5.0 024
0.54
2.5 0.14
()
— 0.0 (=] (=) n o D 0.0 o o L o D 0.0P (=] o n o D
a b T T & T & 56 " b b T T b TS T H T b b T T b TS5 TaHT b T
o [} [o2] o o o o [} (o] o o o o [} [o2] o o o o
) — — N N N N — — N N ~N N — — N N N N
e China East &Wsaica f i South Asi ¢
15
c = = =
“l o m = = = =
o 75 / ) /
_ 10
_ 0.5 0
— os 11
—_— 0.2 51
[ai]
0.0P o o wn o P 0.0 &P o o wn o D oP o o wn o D
nH T b TS TH dh T bH T T TS TAH h T T T TS TH h T
[} (o] o o o o [} (o] o o o o [} [o2] o o o o
— — N N N N - — N N N N i - N N N N
Lati n AnCerriichab Mi d d | e&Neoarstth ¢ Sudsaharan A
“1 o6 ~
061 =] / 2.0 V4
0.4+ 159
0.4
1.0
0.2 024
0.5
0.0 o [=) n o D 00P o o n o D o.0P [=) [=) n o D
b % T & T & T bh b T T TS HThH T b b T T b TS L h
[} (o] o o o o [} [e2] o o o o [} [«2] o o o o
i — N N N N - - N N N N i - N N N N

= Histor+caHi gh varTt+aMédi um varidialnotw vari

Notes a) Countrygroupingis basedn the World Bank Country Groups.difly 2022 downloaded 022 February
2023from https://datacatalogfiles.worldbank.org/ddhblished/0037712/DR0090755/CLASS. . xIskgh
income countries (HICare classified in a single groupegardlessheir geographic location. All other
countries, qualified as lowand middleincome countries (LMIC), arelassifiedby geographicregion
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) andSabaran Africa (SSA). If not specified
otherwise LMIC and EAP include China (mainland only). Country groups and China are hereafter
generally referred to as fAregions

Sourceown elaboration based &N Population Division (2B2), visualization idea is adopted
from FAO (2018)

22



Increasing macroeconomic risks

The anticipated populatiogrowth is strongly tiedto the global trendof urbanization and
humans generallyeaching higher agesStaying rather constariietween 2011 and 2030
(+0.3% - own calculation based on data frobN Population Division(2018b), rural
populationin absolute terms expected to be reduced approximately %8 2050 Figure
7). Thus, the global share of theral population ¢ predicted to decrease fromP4é 2011 to
40% in 2030, and 3% in 2050.Like earlier projectionse.g.,the projections oOECD (2012)
thegrowth of urbanized areas is expected to be distributed unevenly across.régensost
substantial shift from rural to urban areas is anticipated to take plaeanof the major
population growthd SubSaharan Africa and South AsiBigure 8). The rapid urbanization
process is often associated with an attetmpliversifyo n es@usces ofncome(Barron et al.,
2013) andto get access to the better medical, education and other seihat@se more

concentrated and easteraccessn urban area@Vlaggio et al., 2015)

Figure 7: Global rural and urban population: historical and projected 1950- 2050
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From the food demand perspective, rapid urbanization combined with growing income
potentialcontributesto the changsin lifestyle,as well aof food consumption habitandfood
preferences. This process is known inatke A n u't
literature(Drewnowski and Popkin, 1997; Gouel and Guimbard, 2017; Rataér 2006) It
definestheshift fromatraditional, less processeahd moreplantbased diet towardsmodern
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Increasing macroeconomic risks

energydenseand nutrientpoor dietwhich is characterized by high consumption of animal
products, sugar fats and oils, more processed, and nmreof-homefood (Kearney, 2010;
Popkin et al., 2017; Rayner et al., 200&) addition, he improved distribution and
transportation infrastructuresndhigher penetration rates of foreign suppliers suypermarket
chainsin urban areas contribaito the intensityand speeaf nutrition transition and dietary
shifts(Kearney, 201Q)

Figure 8: Regional urbanization trends: historical and projected 1950 2050
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Aging of societyis ananotheraspect of population dynamijthat according tgseverahuthors,
e.g, Labordeet al. (2016 andVasquez, Vita, and Mullef2018) might require additional
attentionwhen the future of food demand and supply @mnalyzed Currently, 256 of the
population in Europe is already 60 year®lderandthis proportion is projected to reach%5
by 2050. In Latin America and tl@aribbeanin Asiaas well as irAfrica, the share of people,

aged 60 years or more is projected to be approximately twice adpnigbs50as in 2017.
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Although the population of all countries expected to become older within the foreseeable
future, in the shortterm it will remain youngin regions where fertilityratesare high (UN
Population Division, 2017, 2019%redominantly, this is the casethe African regionwhere
60% of thepopulationwasbelow theageof 25 in 20B. Eventhoughthe proportionof people
below age 25 is anticipated to tiae towards 50% by 2050, itstill be higher than the raseof
other regionsn 2019.

Thetrend toward amgingpopulationmight havediverseconsequence®r the food systems
and food security. On the one sidejsitknownthat both, children andthe elderly, havea
relatively lower energy requirement compared to adB®€©, 2001a)Thus,individual regions
might facelower food need# terms of calorigif the correctios are made according toe
expected lower metabolidemandsof the youth andelderly. According toVasquezet al.
(2018) theagingphenomeon regardingfood consumption observed the period from 1975
to 2014 has counteracted the rise of energy demand nee@%obyhe aithors also indicate
that tis reduction may correspond to the food needs of approximately 40 million adults, which
is comparabldgo the populabn of South KoreaOn another side, ih an agingsociety the
growth potential of the economy slowdown while social security systems become
unsustainable and healthcare burdens inci&a#s®, 2017) Throughthemarket repercussions,
thesedevelopmentsnight have an adverse effect fwod supply and hamper the availability
and accessibility of food. Thdge, aging ofpopulation, either directly or indirectly through
market mechanisms, is capalikeinfluencingboth sidesof the supplydemand equatiorit

makes quantifications of its future effect on food systems subjsabiantialincertainty.

However even ifa40 years accumuliain of theeffect of global population aging miglseem
to be sizable and coulélease a sufficient amount of foodpableof satisfyingthe needs of a
mediumsized country, its contribution to the analysistloé future demand should not be
overrated. The same studf/Vasquez et al. (2018) indicates tlia¢ population growth from
1975to 2014 hasincreased thefood demandy +116%.° Putting population aging in sueh
perspective makes its contributitm thediscussiorof future food demand trajectories rather

marginal.

% The study ofVasquezt 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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Economicgrowth and changing consumption patterns

With thegradualdeceleratiorof populationgrowth (Figure A2 of Appendik risingincome as
the pivotalmeasureof economic growthwill take theposition of the central driving foroaf

global food deman{Baldos and Hertel, 2014; Fukase and Martin, 20Qvgrall theaverage
c i t iizcenme depresented laygross domestic product (GDP) per calitgas 1011USD

in 2021, 15 times theamountof 1990.In spite of of the global improvementemarkable
differences across regions and country graepsain(Figure9). Moreover,agrowing income
gap canbe observedetween higincome and low and middleincome country groups. In
2021, the average per capita income high-incomecountrieswas42539USD, while it was
only 5104USD in low- andmiddle-incomecountries China isclearly an upstart inthe GDP
per capitadevelopmenstatistics for the group diie middle andow-incomecountries. During
the period froml990to 2021, its GDP per capita has increasadre thartentimes, reaching
11188USD in 2@2. Althoughother low andmiddle-incomecountrieshavealso undergona

positive growthin the analyzed periodt,waseitherbelow theChinesegaceor severely volatile
(Figure A3of Appendiy).

Figure 9: Per capita gross domestic product: historical trend4990- 2021
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o within this chapter if not stated otherwise, GDP per capita is defined in constant 2015 USD.
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The economic development of S&laharan Africa is of a recent concamthis regard
(Figure9). Eventhoughthat the region was able to shpasitive dynamis betweer?2002and

2014 on averag@ncreasing its GDP per capita Byo 26 per annum, this tendenayas recently
interrupted. For two consecutive years, 2016 and 2017, the growth rate of GDP per capita
becamenegative and equaled.05% and-0.23%, respectively.The disruptionof the trend
towards improed standards ofiving is attributedto the combination of a slowdowim
economic growth due therecession in mostil-exporting countrieMF, 2017)andarapidly
increasing populatiomwithin the region Although the economic growthriefly recoveed in

2018, the heterogeneitf resourceintensive (e.g., Nigeria) and neasource intensivée.g.,
Ethiopia) countries within the region is substantial. The subdued growth within resource
intensive countries impléethat the income growtivould not advancéurther(IMF, 2019) As
assumegtherecoveryprocessould not be sustainedver twoconsecutivgears, the GDP per
capitadecreasedby more thard%, and brought the regiobackto its level of 2010(World

Bank, 2023)The | atest edi t i (CaldewrfetdlR6224gfests tcattibes P u
Africa region continues to struggle withe effects of the Covidl9 pandemic. The economic

gap between rich and poor widened significantligis dynamic is greatly associated with the

job and income loss, especially among {gleled workers in the informal sectoRising
unemploymeniaffecs womenparticularly hard. Overall, theconomic growth in 2022 has
slowed dowreven furtherand the expected per capita income growth of 0.7% percent will not
have significant impact opoverty redation and prosperity growth in the mediuandlong

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

Theglobally observed economgrowthandincrease inncomehadfar-reachingconsequences

for consuner behavior anebnfood demand in the past and is likétycontinueits influencein

the future(Gouel and Guimbard, 2019; Popkin et al., 2017; Drewnowski and Popkin,. 1997)
The mapidy increasingncome in developing countrigmveway to a global middle class that
developedimore diverse, and at the same timechmore animabased dielhabit As a result

two empirical regularitiegoncerning the shift iconsumptiorbehaviorhave receivedroad
acknowledgmenin theeconomisliterature Jointly, theyare considered to be fundamental for
projectingthe futureof consumptiorbehaviorunder the continuouscrease inncome growth
(FAO, 2018; Gouel and Guimbard, 2019; Zhou and Yu, 20TIHh¢ previously discussed
nutritional transition, sometimes alseferred toa s i B e n n e the fisss regularity. & , i s
suggest that the prospente increase of income and econonmgprovementwill change the

typical diet, including lessarbohydratese(g, staple foodand instead morproteins and fats
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(e.g, animatbased food)n the typical dietin accordancevith this, theper capita availability
of animatbased caloriem middle andow-incomecountries has increaseg 3.5 timesduring
the periodbetweenl961and2013, from 126 kcal/day/cap 1961up to 441 kcal/day/cap in
2013 Figurel0).

Figure 10: Relationship between consumption shares of broad food groups and GDP
per capita, 1970 and 2011

Cereal s Fr &iVegetabl ec: Ani mal produ
8 O
6 Of
a
o 4 O
=}
%]
2 0
©
; 0 T T T T O T T T T O T T T T
- 0 200000 GBOOB®OO0OO0 200CMOGBOOB@OOOO0 200D 0OBODOBM@O(
= Vegetabl e oi Ot her
< 8 0
X
6 Of
4 O
Selected years |Ju
a nar ametric: rle
2 ORE e e oS o 1970
™ - = 2011
0 0+

0 20000®GOO0OB@O0O0O0 200CGODOBGBODOBM®OOO
GDP per capi t20%0n constant

Notes: Nonparametric 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 thefseteslapping 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 obsenvadneithirecent
2012, 2013 FBS, do not deviate substantially from the year 2011. Product grouping is specified in Table Al
of the Appendix

Source: Own elaboration basedA&O (2016 and World BanK2019)

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-p@syédys. This pattern can

be observed for both, the high and {@mdmiddle-incomecountry groupgFAO, 2017, 2018)

For instance, according to the information provided by the Food Balance Sheets (FBS),
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consumptioft 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 produspecific. TheGlobal Panel on Agriculture and Food Systems for
Nutrition (2016) associates substantial increase in consumption of fruits with the rising
income, while no systematic pattern between income and vegetable consumvpion

identified1?

The ontribution of vegetable oil® thedaily energyintakesurpases the contributionof fruits
and vegetables globallyhis tendencgmergedn the 1970s and 1980s wiesa sharp increase
in theconsumption ofregetableils was observegdlobally (Figurell). Sincethen,theabsolute
consumptiondifference between highincome and low and middle-income counties has
widenedfurther. In 2013 theconsumption of vegetable oigasalmosttwice as highn high
income countries. Masters (2016) assositites divergence in vegetable oil consumption with
an absence ofdequateéncome growth in theéAfrican region figure9) as well as a rapid

increasan consumptiorof animal sourced fain the South Asian region.

Figure 11: Trends in food demand by income groupand globally, 1960- 2013
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11 FBSprovidesinformation on the supply of food available for further consumption (see Chapter 3.2.3 for further
detail s) . For the simplification purpose, the term

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 raf@vmiddle
income countries shoulttiowever not be interpreted am indicabr of a limited dietary shif
in this regardOnthe contrary,thevegetable oils wsthe onlygroup witha noticeable upward
shift in income gradientsF{gure 10 and Figure Adin AppendiX. Its relative growth of
consumptiorbetween 1961 and 20113 low- and middleincome countrie$+196%)outpaced
the growthof consumptionn high-income countrie$+140%) The development of vegetable
oil consumption in highncome countries and its relationship the overall economic
performanc@ver timestays, howeveremarkableAcross théroad food consumption groups,
vegetables oils asa single commodity grougxperienced a substantial incredse2013, the
group accounted fora nonnegligible 5% of daily energy consumptiorFigure 11). This
developmentvas also noticed by other scholars, &€garney(2010)andresulted ina broad
discussiorabout theconsequences for fast emerging economieBdpkin(2014) andPopkin
et al.(2012) Arguably, putting thigonspicuityin the contextith economic developmerthe
visible increasen the useof vegetable oils and its prevalence in dietsy be an interesting
proxy forgenerakeconomic development atiangingaffluenceobserved in the societgven

for the group of highly developed countries.

Figure 12 Trends in food demand for the group of other products by income groupand
globally, 19602013
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The aggregated group of other food products capturétjurell, doesnot have a cleacut

trend at the global level in 50 coft53 years of the analyzed time fraraad tended to fluctuate
between 543 and 594 kéesdp/day The fastdietary transition intensifiedn developing
countriesover the last two decades and t he availability of ca
group is slowly increasin@Figure11).2® Figurel2illustratesthat 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/dayjs makeshem both the main upward forces

of growth for the aggr eg a havevarQartibllg compergpaten d s .
by areduction in consumption giulses andtarchy rootssuch agotatoes, cassava, yams, etc.

by -42 kcal/cap/daynd by-26 kcal/cap/dayrespectively. Thughe amount o$tarchy roots in
consumption has dropped from % %0 5.3% in developing countries and wesduced by half

in highrincome countries?

The observed substitution of food products within and across broad commodity groups of
consumer baskets are vivid exampdéprocesses that aobosely associated with the second
regularity of consumption shiftgefined in economic literatuigess Enged Bw (Timmer et al.,

1983) Engel 6s | ahe share o expenditere on Foadtconsumption declines as
income increased-AO, 2018) As notedby Zhou and Yu2014) it is possible to look at this
regularity froman angle ofthe maximum capacity of individuals to consume food untilythe

get fully saturated. Consequentligeauthors indicate that as income increasensumers tend

to increase their calorie consumption, butirtmearginal growth rate decliseasfood intake
approaches the saturation poifihe practicalimportance of this regularity for the assessment

of food securitywithin simulation modeling exercisesill be provided inthe consecutive

chapters

The expected rise of consumption driven by the population and economic gtowik only
one side of the equation. These anthropogenic fapt®s howeverfurther challenges for the
environment and its limited natural resourtest might affect the supply side. The individual

aspects of thegaroblens will bediscussed in the following subsection.

Bl'n the |l ast three years of the dataset, from 2011 t
products reached its historical maximums and surpassed 600 kcal at the world level.
14 Availability of starchy rootg$or furtherconsumption has droppéu highrincome countries from 5% to 2.8%.
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Limits of natural resources and additional pressure from the adverse effect of
climate change

A recent FAO repor2017)indicates that aklements othe ecosystem antts relatednatural
resources, such as land, water, forests, energy, fish stocks, and biodibetsdye already
connectedo or areactively engamg with agriculturalor food production cycleshavefaced
increasingstress anthave been competed for bHyeir usersin the past decade$he pressure
drivenby the augmentingemandcauses not onlyanincreasing scarcitgnda competitionfor
theavailableresourcs, it alsoresulsin anincreasingleterioration ofheirquality. Agriculture,

in this regard, isat the forefront of existing challengesWater and land are fundamental
elements requiredor crop productionand livestock andhus are crucial for global food
security. At the same timéhose resources aem essentiapartof the ecosysterandcritical
prerequisites for living and Actioning oforganismsand other living beingt.ooking 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 tunri& to the welbeing of the soil and, on the
other hand are heayiinfluenced 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 matigranimals. 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 thesusf the same resouraeskes the
achievement of global food securityhile maintainingat the same timte overall stability of

theecosystenas a wholea key challenge for the present century.

Currently approximatelyonéd hi rd of the worl dés farmlands
(FAO, 2017) The recent studies adfie FAO (2017, 2018)ndicate thathe dryland regions

which arefoundmostlyin developing regionsare particularlysusceptible t@oil degradation

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

of the ecosystenin the last 50 yearbpwever amajor expansion of arable land was observed

in developing regionAlexandratos and Bruinsma, 201Ejom 1961/1963 to 2005/200the

total area ofarable land in use increaseddthird and reached 1598illion hain developing
countries Low-income countriebadthe largesthange inand-usewithin this time showing

both the highest agricultural land expansemwell agieforestatiomate At the same timehie

use ofarable landdeclinedin developed countrie§he reduction of arable land in devpéd
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regions however,could not counterbalance changasdeveloping regionsGlobally, land
allocationhasshifted in favor ofagriculturaluse(crop and grazing landgliverting land from
forestry.Estimates provided bihe OECD (2012)indicate thaduringthe period from 1970 to
201Q theshare of agricultural lanidcreasedy about 4 percentage pointghile land used for
forestry activitiesdecreasedby 3.2 percentage point$=AO (2018) sees this tendency as
indication thatwhile the overall increase of cropland arsastill possible it might be limited
by the magnifying riskef impinging high environmental, social and econoausts associated
with usingland that isunauitable for agricultureSimilarly, Winkler et al.(2021)reportsonthe

recenttrend ofdeceleration of the land use change globally.

The expansion of agricultural production in regions with dry clisist@nposng additional
pressure on aquifers and water bodies. Although silyaificance of agricultural water
withdrawal strongly dependsn the role othe sectorwithin the economyandthe prevailing

climatic conditionsjit cont ri butes to 69% of the worl do
surpassing other uses of watklowever,several studies, e,gWWAP (2019 and OECD

(2012) expectas shift in the share of water usayeay from agriculture towardsdustryand
domestichouseholdsYet, the overall water demand is projected to increddbe same time

Both these trends might have witeaching consequergtor the quantity andhe quality of
available water resources. Typically, the main condsrincreagng water consumption

expectedn regions already experiencing water strésgurel3 andFigurel4).

Figure 13: Proportion of total water withdrawal withdrawn for agriculture (% of total)
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Source: Own elaboration based&0 (2021)
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Against this backgroundhe globally accelerating pace of urbanization might further foster
concentration of demand in strictly localized urban and suburban &teapus the supplying
local water bodieatconstant risks of overuse and being subject to poll{Kbatri and Tyagi,
2015) According to the classification provided by the FAO, countailesconsidered water
stressed if they withdraw more than 25% of their renewable freshwater reséuritessame
time, countries are defined as approachihgsgal water scarcity when more than 6@%e
withdrawn(FAO and UN Water, 202IFAO, 2018) Figure14 indicates that many countries
located betwee®- and 45degreelatitude aresuffering fromwater stressAccording to the
report of FAO and UN Water(2021) the critical water stresss registereccurrentlyin 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)

[0 <% [ swie [ 1020 [ 2040 W 4% [] No Data

Source: Own elaboration basedAO (2021)

Taking water and land constraints into accotireFAO anticipate arelativelylow expansion
of irrigated land by themid-century- approximately 3.% from 2013 levels (FAO, 2017;
Alexandratos and Bruinsma, 20¥2Moreover, he expansion of irrigated areas is anticipated
predominantly in the more largtarce developing regions, while only marginal expaissane

expectedn developed regions

5 The report utilizes information on the growth rate for irrigation areas providédesyandratos 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 sudy of FAO (20173, and only 322 million in the study of Alexandratos and Bruinsma (2012).
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The @ntribution of climate change to the transformasi@ecurring within agreeconomic
systems and the existing inverse eff@ctiuced by theystem on the global climate exposes a
high number of risksOne of which is the magnification of tlegistinguncertaintyaboutfood
security. The relationship between agricultural production systems and global climate is
extremely complexOn one hand,gro-food productiorand the associatethange inand use

is currently one otthe largest contributors to climate charn(@svinburn et al., 2019; FAO,
2017) The FAO (2017a)reports thagreenhouse gas emissions from agriculture, forestry and
other land use & almost doubled over theast50 years andre expected to increaiether
through2050.0n the other hand, agricululand consequently the entieod sectoy being
particularly susceptible tthe consequences of climate change, havgremat potentiaffor
adaptation and mitigatiats effects Consideringhat the effedof climate chageare difficult

to generaliz¢’® there is a consensus thagricultural production is affected by chandes
precipitation and temperature regimelsich have impact ogields (IPCC, 2014; Lobell and
Field, 2007) Models that analyzed thienpact of climate changen yields of key staples,
specifically wheat anthaize indicate that their productiaiuringthe period from 1980 to 2008
declinedglobally by 5.5%, and3.8% respectivelydue tothe effects ofclimate changéLobell

et al.,2011) The overall negative contribution of climate change on yieldsain staples
suggestthat additionaresources and investmemisght be requiredo increag the efficiency

of the agriculturakector andchieve aontinuousmprovemenbf thefood security situation.
Theimpactof climate change on other economic sectors, as well as aggregate economic impact
are however still considered to be smafi relationto thecontribution ofkey macroeconomic
drivers, such as population, urbanization and economic grgR@C, 2014) This tendency

will likely persistuntil at leas05Q and is relevargven forthe agricultural sectofHasegawa

et al., 2014)Nonethelesghis doesnot mean thagffects of climate change showldignored

Its potentialimpactsmight besevere such as the possibilitgf reducedeconomic growth
pushingmore people in povertgnd putting them suspectat risk of malnutritionand hunger
(IPCC, 2014)

Summarizing achievingthe ultimate target oflobalfood security might be challenged by a
broad group of factor$n thischapter] have summarized the evidermekey macroeconomic
factorsexpected to shape food consumption emahallengegfood securityin the upcoming
decadesHowever, it should be acknowledged that the future development of each factor and
their joint effectsentail a great deal afncertaintyabout what globalood 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 futureAdditionally, many other factorgotentiallycontribute to the change of
food systems anthe food security situation dioth a global anda local level. The general
improvement oeducatiorandgender equalityresolid example of personrelatedfactorsthat
play apivotal rolein thedevelopment ofocal labor marketéBhandari, 2017; FAO, 2017; De
Muro and Burchi, 2007)Being inherently interconnectede existing gender inequalignd
the lack of adequate educatioamperghe potential for growingroductivity growthlevelsas
well asthe efficient use of existing resourcéBAO, 2017) Whereas,the overall pace of
globalization,the future of trade opennesthe risks of prolonged armed conflictscreasing
migration, transboundary pestad epidemigsand general policy and regulation changes and
enactments can be countednasional and global driveSwinburn et al., 2019; FAO, 2017;
Popkin et al., 2017; Braun, 2014; Keating et al., 2014; Kearney, .2010)

The numerousnterrelatedfactors and driversfluencingfood demand and supply underline
the need for interdisciplinary discussionsrder todefine systematic approachés narrowing
down arising challenges, assessing the magnitude of interdependencidsevatmpment of
potential solutions. Thised to anintegration of a higher level of complexigf and the
interdependencidsetween socikeconomic and natural systeinso recent studiewhich aim

at envisionng the future. Taking into accounthe uncertain nature of interconnected future
trends andhe necessityto quantify future dynamics, efforts airecreasinglymadeto design
models and simulation exercises suitable for explosicgnariosaboutfuture development
CGE modelsdue to theiccapability to capturéhe economic system as a whaee of particular
relevancefor this task That is why this methodological approacdhk broady applied inthe
currentliterature for projecting global foodemand In the next chaptet,takea closer look at
the ideas and principlesf forwardlooking exercisesn CGE models. will discuss the
importance of consistent useafbaseline” as a definition in the CGE modeling environment.
In conclusionrecently published CGE forwaidoking exercises focirsy on issues of future
food security will be investigated for their key assumptiomgstandingscenario design
features, and outcomesgardingfuture food security related trends. Tesultswill serveasa
referenceanda startingpoint for the creation of baseline simulasqresentedn Chapter3.3,

36



2.2 Literature review on the role of CGE modelsand baselinescenariosfor

the assessment dbod security

2.2.1 Baselines and their importancdor CGE modeling

Over the last decadeSGE modeling became a central tool tbeanalysis of issues related to
international trade, taxation, public expenditures, social security, demography, environment,
resource use and many other topics. This is not surpasitige CGE moaling framework is
basedn solid concepts of economic theory and provides evaluation of the economic impact of
individual policiesrom a strictly quantgtive perspectivéMoreover, he fundamentairinciple

of CGEmodelsis their capacity to capture theconomigprocesses within the entire econgmy
along with interactions between sectors and potential effects of individual policies
Consequently, this method becameotal in the analysis of structural e@mic changesind
answeing i w hviaft 6 p o | i cCurrently, EGE modeling experiereca new milestone

in its developmentStartingwith the drastic increasen world food prices in 2007/2008 that
preceded the financial and economic crisis of 2009, CGE modelsave found much wider
applicationsfor the analysis of forwartboking scenario®f future foa demandLe Mouél

and Forslund, 2017; van der Mensbrugghe, 2013)

Within modernliterature the following /pology of forwardlooking scenarios is proposéce
Mouél and Forslund, 2017; Reilly and Willenbockel, 2010)

1. Projectionsare defined eitheasbaseline projections aiming to evaluate future system
changsunder specific assumptions orinfooh6 what i f 67 proj ecti on

2. Exploratory scenarios designed to explore possible futures and to capture potential
uncertainties which might go beyond the observed historical patterns.

3. Normative scenariosbuilt to depict thedevelopmenttrajectory requiredo achieve
specific targets.
According tothis classification, baseline projection, sometinaso calledas a reference
scenario, is defined dbe projection ofa future state of a systenmdera fibusinessasusuab

assumptionand with no influential policy change(Le Mouél and Forslund, 2017Yhus,

17 Reilly and Willenbockel(2010) have modified the typology proposed IBorjeson et al.(2006) The
modi fication included a revision of the predifctive
scenarios. As a result, Aiforecasto was substituted
attempt of authors to atich the definitions used within a specific modeling community.
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creaing a baseline scemi typically requires revision of variousfactors and driving forces
from a researchemlong with the current agricultural and trade polide&iningthe current
development trajectory. According kowicki et al.(2007)it is possible tespecify two levels
of driving forces that influencascenarisetup The first level is a group of exogenous driving
forces. Tlis set of drivers cannot be influencdaectly by policies, or at least netithin the
time frameof the created baselin€his typically includeghefactorsdiscussed ilChapter 2.1
population growth andgeneral demography, macroeconomic development, consumer
preferences, agricultural or any other lgmd technologies, environmentabnditions,andthe
world markets. The second level of driving forces (endogenous) is a davefsrelated to
policies which substantigl affect the current and future development. $&éncluderegional

or state agricultural policies, enlargement decisionsstnategiesmplementatios, WTO and
other international agreemenémd environmental polies (Banseet al.,2008) It is important

to note that baselineassumeshat current polices remain in foro@ith modifications over
time that are reasonably certain to hap@ecording to the current political situation. Strictly
speakingthedevelopment of the econoris/assumed to progrelsased omhecurrenty known
exogenous drivers which have an impact ordiévelopmenperspectives, and policies, which

have beeror certainlywill be implementedluring theanalyzed period

This long narration of baseline characteristigsnerallyprovidesa transparent view on the

framework of bas@le construction ang widely acceptedavithin individual modeling groups

Although, differentuseof the related technical termis publishedstudies such as reference

scenario, baseline, projection, forecast or combinatminthem, often cause difficulties

interpretng individual forwardlooking exercisesfor the inenmo del i ng o commun i
(Figure 15). This issueis broadlyattributedto the fact that the nemodeling community

commonly associatdsaselineprojectionswith forecasts ot h &actualf ut ur ed6 devel opr
path of the economic systenDifferent modeling groupsare persistently attempting to
emphasizdéhe existing methodologicalifferencesbetweenthose modeling exercisemdto

clearly define the applied definitionsithin their reportse.g, USDA agricultural projections

(USDA, 2018) Johann Heinrich von Thinen Institute basel{@¥fermann et al., 2012)

Scenai2030 ( M6 b ar e k e tNonethelessthe difficLild/ )of scientist topropety

communicag underlying assumptiongnd model outcomesin addition tothe unpredictable

perceptiorof these complex exercisbyg thereadersstill leaves room for misinterpretation
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Figure 15: Complexity and uncertainty in the context of facts, forecasts, projections and
speculations
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SourceZurek and Henrich@007, p. 1284)

The situation igurther complicated btheextension of theonceps of baseline projectioresnd
fwhatif 0 exercisedor the purposg of sensitivity and uncertainty anabgs The sensitivity
analysis in modeling exercises is often condubtedefiningplausible confidence boundsr

the analyzed timefram#or individual model parameters and exogenous variallash as
populationor GDP. Often thesebounds aim taepresent a currently existirfgpessimistio,
fibaseline and foptimisticd developmenttrajedories and therefore provide a plausible
confidence range of simulated outcomAs. a result it become remarkably similar to the
concept ofplausiblealternative futureslefined as qualitative narratives withiexplorabry
exerciss. Borjeson et al(2006) came toa similar conclusiongstating that the exploraory
scenarios tend-i fo s eirtermddf the MAngdf adenarios They,
however differentiate explorabry scenariosf r om -fitwbatscenari os by
features. First, exploratory scenartogto capture donger timehorizonandanticipae more
profound structural changesmpared o ftiwfh@tscenari os. Second,

tend to have a starting poisetin the futurewhereadi w hiaft 0 s c e n a simutatea t y p i
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developmenpath beginning in the preseriBorjeson et al., 2006 Consequentlyhavingan
adequatenarrative storylineand a sufficiently long-time horizon in the analysis fiwhat ifo
exercisexanseamlessly beonceptualized agnalyses oélternative future and reclassified
as explorairy exercisa. That is whydistinguishing studieaccording to the previously defined
typologesas it is donewvithin recent literature reviewd.e Mouél and Forslund, 2017; Reilly
and Willenbockel, 2010js subjectto somearbitrary judgments andhence, doesot always
match the individual typologtypesor is notin accordance witthereadeés expectationslt is
necessary tadmit that, currentlythe differencebetween foresight and projections studies is
visibly decreasingand therefore conductingand reviewingstudies following the proposed
typologyis extremely challenginglhe lack of consensus dhe applied definitions does not
seem to beolely dueto the interchangeable usg nonrmodeling groups, but alstueto the
lack of cleardifferentiation of those definitions withitihe existing typologies of methods
many expertstudies'® More efforts from the scientific community and modeling teares
requiredin order to introduce and consistently apply the terminologypizomingstudies.

Doesthis differentiation oftermsmatterfor the CGE modeling framewor&nd what is the
position of baselirein it? In CGE modelingthe concept ofeference scenaridsasalways
taken a specigblace.This is primarily dueto the fact that CGE modeling initialljout not
exclusively, has been usad a comparativstatic exercisel'hismeansthe analysis of policies
of interestis based orthe comparison of values in the initial equilibriustateassociated with
a specific base yeameaning befortheimplementation of the policy or exogenous shaeid
readjusted values of equilibrium aftidye implementation of a simulated shofacchetta et
al., 2012) With the developmenand wider applicatiomf CGE moded, the needs of private
and public consumers of CGE studasmngedDixon and Rimmer (2013pdicate thausers
bewmme increasinglynterested not only in thestimated effectsf policies solely isolatdfrom
other factorsbut rather in the evolution of tleatireeconomy under thi@atroduction ofpolicies
overtime. Additionally, Dixon, Koopman, and Rimm&2013)highlightthat provdingbaseline
projectiors with andwithout the policy changefacilitates the understanding of comparative
static exercises by users with a limited modeling experience faheraaking baselines an

important componerfor theanalysis andhe communication of results. This probably became

18 The Handbook of Computable General Equilibrium Models editeBikgn and Jorgenso(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 theCGE 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 n@GE modeling goups.
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aturningpoint forthewider integration offorward-looking scenarioas a supporting exercise

for the CGE modeling frameworlt also becamethe reasonto redefining thecommon
professional jargomvithin the CGE community® Ever since thenbaselinesand toa lessr

exten, reference scenariastenreceiveasubstantiallydifferent connotatiomegardinghetime
dimension accentuatinghe forwardlooking character of thexercisesascompared to their
conventional application withithefi c o u nt eerqfua ctiwali.um anal ysi so

With the recent spiken interestregarding forwardlooking exercisesamongstthe CGE
community Le Mouél and Forslund (2017mphasizeanotherinteresting development. It
seems thabaselinesin CGE modelslose thar previouscharacteristic ofbeing mainly a
complementary exercise to the counterfactual simulabiotineir forwardlooking connotation
More specifically the creation ofbaselins is oftenconsidered to ban exercise itsellHence
the importance osufficiently comprehensiveconsistentand methodologically transparent
approachesfor baseline creationincreasingly receives approval ithe CGE modeling
community(GTAP, 2018a; van Dijk and Meijerink, 2014b; Grethe et al., 263 However,
achieving the above sadlill seems to behallenging Thae are twanterelatedreasos why
CGE modelers should attempt to tisese characteristi@édong the way, instead of perceiving
them asa final target outcome the fundamental complexity of CGE modeling and the
uncertainty associated wifbrwardlooking exercisesOn one sideassumptionsnindividual
policies and trajectories of economdevelopmenintegratedin individual baseling tendto
vary across studiemnd modelsOn another sidethe existingvariationoccursoftendue tothe
underlyingdifferences it h e  sabjectivgsdr dueto thecapabilityof individualmodekto
integratespecificsociceconomic patterns at tmequiredlevel of complexitywhile preserving
the theoretical consistencglongthe modeland theassociatedlatabasesThese differences
potentially have high implicationson the outcome of baselirgmulations as indicated by
Lampe et al(2014 andValin et al. (2014) That is whythe consistency check dfaseline
simulationsandthec o mp ar i s on o f acrose ohdtiples siudiaiseofien deverely
hamperedAs a resultjndividual forward-looking exercisesare a standalone resulin many

cases

19 The exact period of time when this process took place is uncdr@ésociate it mainly with théme period
around 1990 when the Johansstyle models were first built at the Centre of Policy Studies, University of
Monash as described IBixon 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 g trajectories.
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Under these circumstances, the worknahyindividual scientists and research grotipgtaim

to createa better understanding of thexisting practices in baseline creatiday developing
common denominators for models andnductingthe inter-comparison exerciseacross
differentmodelsseems to be particularly importaAtgood example of sudk the workof the
AgMIP project(Lampe et al., 2014; Robinson et al., 2014; Schmitz et al., 20d 4thers The
identified differences in approaches shoulot only further improve the methodological
framework of individual modeling teamisut rathersupporttheidentification angto a certain
extent,uni f i c aBest®mna ca fincbaselide creatioracross the whole modeling
community The recent workshop jointlgonductecby theGT AP cent er Traded OECDC
andAgriculture and Environment DirectoratéSTAP, 2018ahasunderlinedthe importance
of those studiefor future baselinelevelopmenandfor the collaborativevork of expert teams
onthe creation of explorative exéses of alternative futusén CGE models?! It also resulted

a special issue dfieGlobalEconomic Analysis Jaunal aiming to discuss the opportunities and
challenges in constructing lotgrm baselineasingCGEmodelsand settingipanew research
agenddor this topic(Dellink et al., 2020)

In the following subchapter, recent C@&ktwardlooking exercise$ocusing on food security
will be reviewed | will attempt to contrast and compare the individual outcoafescently
published studies and identify existing consensus among modeling tegarsling key
elements and assumptions of implementedd security orientetaselines. The summarized
evidence will suit for generaliag critical elements relevant for the baseline exercises and will

beusedas a roadmap fany own scenario analysis.

2.2.2 Literature review on CGEsand baselines for food security

The @plication ofglobal simulatiormodek and scenario studiés orderto assesthe future
of agriculture andood securityhas become widespread over thgast 30 yearsWith the
increasingnterestin thetopic, several reviewsf contemporary global scenario studiegise
the conceptual approaches and findings of a wide range of sfrairedifferentanglese.g,
recentlyvanDijk et al. (2021), Le Mouél and Forslund2017), Godfray and Robinso(2015,
Lampe et al.(2014, van Dijk and Meijerink(2014), Willenbockel and Robinsoii2014),

21 The ecent studyy Riahi et al. (2017)s a good example of a multiodel 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 uncertaintiesatesbwith different baseline simulation
assumptions.
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Wise (2013, Reilly and Willenbockel(2010) The recent study ofe Mouél and Forslund
(2017)summarize the hypothess and simulation resultsf 25 shortlisted stud&?, where the
emphasi®nassesng food security, land use and land use chang#il2050 and beyond was
evident Studesof van Dijk et al.(2021) andvan Dijk and Meijerin2014)haveanevenmore
explicit focuson the assessment of approachregardingprojecting the forthcoming global
food securiy status within modern studies and provide sevasatlty featuresin thar study

from 2014 the authorsgproposé a newsix-group classificatiorof scenariosthe so-called
scenar i o, i fwdeineHitereative futureimplemented in 12 global studiehe
study also providea database as well agraphical visialization ofa span of assumptioren

food securiy driversand arising projections of food secungcognizingits multidimensional
nature?® Van Dijk et al.(2021)thenextendedher work by updatingthe information on recent
studies comprisinga metaanalysisof projected food deman@ontraryto the stratification of
scenarios according to the characteristicamflternative futurethe study of Reilly and
Willenbockel (2010 identifies more generatypological differences acrossforward-looking
scenarioexercises(previously discussed in Chapt2r2.l) and explairs, with the help of
individual case studiesvhy scenario exercises can facilitate our understanding of prospective
uncertainty withinthefood systemThe dudies ofGodfray and Robinso(2015, Lampe et al.
(2014 andWise (2013) have asimilar focus on the elaboration of contrasting approaches to
projecting global food securityraising the awareness of readers on individual stresugyth
limitations of individual approaches along with designing recommendations for future research

modeling exercises and their further rolesattingpolicy priorities.

Considering thenultitudeof valuable insights availabla earlier published literature reviews
| aimto generalize andefine a statuguo for CGE modeng exercises used foineanalyss of
future food security.l will try to compare assumptiongpplied methodologes for the
assessmertf food securityand the outcome of individual studitbait have been systemizied
previouslypublished literature kgews and modeling intecomparison exercisesong with
recent studies thalid notreceive this sysimatizationThus,| attempt tocover centrastudies
incorporating CGE modelsito their modeling environmergublishedin the period between

2005 and 202 andidentify if aconsensualiewpointon the individual elements of simulation

22 The study of LeMouél and Forslun@017)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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exerciseexistsor weredevelogd over time A strong focus will be omdentifying divergence

in centralassumptions across studies and potential trajectories for the further development of
forwardlooking modeling exerciseslt is necessary to acknowledghat the existing
complexity ancholistic natureof CGE modelsand studiegnvolving them set ararduous task

for literature reviewerdn order to overcomthesechallengesa specificlist of questionsvas
defined, aslepicted inFigure16. Each block represenagroup of issueBsted ashullet points

which should benswered durinthereview process

Figure 16: Main questions of the overview
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The initial collection of references was througleaewof recently published literature reviews
and enriched by searching for publications through-twsdwn scientific databases such as
SCOPUSWILEY Online Library and queries usintipe search engines of Google Scholar and
Google. Thedollowing combination of wordsvas used during the query processecifically:

food security, food, baseline, scenario, CGE, general equilibrium, future and demand

Sinceany CGE modelwith the explicitrepresentatiomf the agricultural sectohas a certain
capacity todiscussthe availability dimension of food securitgnd pinpoint thechange in
patternsof the flaccess dimensionby incorporaing price mechanismghe followings t udi e s 6

pre-selectionprocedure waturtherapplied:

1 Thetime horizon ottheprojection study shouldxtendto 20300r beyongf*

24 The choice of this time frame was motivated by two factors. Firstly, the interest in th@omahgterm
development of food security starting at the present year. Secondly, studies whose projected baseline extends to
2020 tend to implement older bassgawhich go beyond the scope of the selected timeline.
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1 The modeling exerses should have an explicit global focus, meaning that CGE models
applied for analysisfgatterns for a single countrwith an explicit focus on a single
narrowsectoror specificpolicy measure, wilbe excludeg

1 The study should include outcomes of future changesd dood demangd food
consumptionor food requirementsthat allow the analysis going beyond simple
comparison opercentage changéor specific commaodity grougrelativeto the base
year. Alternatively, the study may underline the future impacbn the food
security/insecuritystatus such asthe risk of hunger orother food securityrelated
metrics This information should be availabksther withn the article directly or

providedin supplementary material text, tableor graphical form

Classification andgeneraldescription of studies

The describedprocedure resultedh 30 studiesfor which key information on assumptigns
implemented scenariogand metris on food securityoutcomes was further collected
(AppendixB). Of thecollected referenceX arepublishedscientificarticles severare research
reports ananestudyis a group of conference proceedingdl.studies differ intheir research
focus objectives and amount of complgxétpplied inthe analysisAccordingly, thediscussion
on food security issuegaries between studies ranging fram indication of a single number
relevant for foodsecurity metrics, e.gchange in world agriculture pricey a specific model
to a broacer discussion of simulation outcomemsssessingrisks of hunger anduture

consumption.

A differentiation betweermprimarily foresight orientedand projection studiediscussed in
Chapter2.2.1can be generally identifiedithin the analyzed set of studiekhis is possible
howevernot without a certain amount géneralizationThus, pecific studiesuch ashe work
conductedunderthe Agricultural Model Intercomparison and Improvement Project (AgMIP)
such as studies &obinson et al.2014), Schmitzet al. (2014) Valin et al. (2014)andvon
Lampe et al(2014) which arealsoassigned tahe group of foresight studiggut substantial
effortsin understandinghe underying reasons fodifferencesin model outcomesimulated
with asetof harmonizedcenariosThis showsaparticularly pronounced nti@odological focus

of this set of studiesrather tharnthe purdy explorativeapproactof foresight exercise

The individual studiesnay also differ in thenumber of applied models and implemented

modeling synergies. Most of the recent forwbroking studies incorporate a complex
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modeling framework that includes a comation of CGE, PE, crop, langse change and
biophysical models, as well as an ensemble of models of individual #ppendixB). This

is not surprisingbecauseapplying CGE models for forwafidoking exercises require®
considera vast amount of additional informatiarecessaryor the specification of exogenous
trajectories for crucial variables anldde improvement of model parameterization. A tight
linkagebetween models of various types might potentially improvedpessentatiof the
existing functional relatiodsp between human and earth syste(belzeit et al., 2020;
Brinkman et al., 2019)Such linkage maylso lead toa betterspecification of exogenous
trajectoriesfor individual variableghrough apotentially more accurat@atchingof required
informationacrossectorabr regional aggregati@usedn the combined set ohodelsrelative

to applyingmoread hoc assumptior® integration of trajectories from other studies

Theincreasing numbeof different modeling techquesappliedin individual studies raisg
however additional challenges foauthorsto concisely but comprehensiveljescribethe
peculiarity ofimplemented scenari@s well ato homogenouslyeportther modelingresults
This lead to a reductionof transparencyn applied modeling techniqudsr the interested
readersand challenggthecreation ofliterature reviews. Thus withouta clear indication made
by the authorsiit is not onlyincreasinglydemanding but often simply impossibleto strictly
differentiate betweemo d eidpwsandoutputs Naturally, processes within dynamic systems
havea simultaneous nature aadenot independentf each otherA remarkableexampleare
the baseline simulations with the exogenous GRfectoriesundervariousclimatescenarios
Climate changewith its effect on yieldsmight challengethe achievement ofargeed GDP
trajectores Thereforereaders should be extremely cautiabsutthetype ofscenario defined
asthereference scenario f@womparisorin the respective studyrhe sameconcernsapply to
the discussion oprojections forthe anticipated lardse changeandcrop yield trajectories
On one sidefor the achievement of specific targef agriculturaloutput,the dynamics ofand
use and yield shoulstay ina closereciprocalrelationshipwith each otherOnthe otherside
both agronomic and economic/marketeterminants might influence future vyields
simultaneously That means, the definedariables haveboth exogenous and endogenous
componentsas described bye Mouél and Forslund2017 andWiebe et al.(2015) Even
thoughl havetried to unify availableinformationin accordancevith the explicitly defined
guestionsof Figure 16 (AppendixB) as much as possiblthe reader shoulde aware of ta
challengeso this endeavor posed bhyack of homogenous reporting scheraaghenceshould

staycautious makingomparisos across studies.
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Going beyondthe differences regarding the implementation of scenarios and modeling
characteristicsseadershouldalsopay carefulattention to theegional and sectoral coverage
of the conductedsimulation exercises anthe implemented reportingschemesin the
comparison | have made an explicit focus on studies implementing global CGE models,
nonethelesghe importance of sectoral and regional aggregatsimould notbe neglectedAs
discussed in Chapt@rl, the overall status of food secungynot homogenous across the world
and its assessmesitouldpreferablybe conductedat a more disaggregated scatemodeling
exercises The literature review has shown that current studies tend to chaweedifferent
sectoral and regional coverades indicated bywan Dijk and Meijerink(2014) the spatial and
sectoral scale of modelsed for forwardooking exercisesregenerallyflexible andtend to
berelatedto theunderlyingmodel type anthedatasets usedtt.is well-acknowledgethat CGE
models tend to have a lewsectoral and regional resolution, mearaihigher level ofegional

or sectorahggregation relative to other simulation mogfds instance PE models

In the analyzed studigthe overall sectoralggregatiotas shown aomewhalimited variation
(Appendix B, TableB2). With few exceptions,tadies rather consistenttyeak down thegro
food sector to 810 sectors. At the same time, the variation in capturingagoicultural sectors
was more substantiarhis, however did not considerablycontribute tahe reportingof results
due to the dominant focus atudies on agridturerelated issuesOn the contrary, the
divergence irmodeling and reporting results with respect to the regional e@amuch more
vivid. The overall number of regions and counttisged for aggregation and reportimgthe
reviewed studiewas ranging fronahumblethreecountry group® to amoresubstantiathirty-
four?®. Neverthelessl have toadmitthat tresenumbers might not adequately represent the
actual resolution of the conductetbdelingexerciss of a specific study. There are multiple
reasos for that. Firsly, thecombination of models of different types makissften challenging
to identify the actual resolution ofthe conducted analysi®r a specificstudyin generaland a
CGE model in particularor instancethe study of FAO (2018) indicates that their partial
equilibrium modelncluded154 regions anumberthat greatly surpass thenumber of regions
typically analyzedn models ofthe CGE type.Secondly,we should not forget thdacing a
needto report the modiinteresting or indicativeresultsof theirwork or being limitedby the

amount of informatiothey canincludein published articlesauthorsareoften forcedo lower

25 e Mouél and Forslung2017)indicate that inGovernment Office for Sciend@011)only two country groups
were used 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 aggregatioior reporting Even studies strongly oriented amified
reportingandusing aharmonizedspatial aggregatioacross modejsuch avon Lampe et al.
(2014)andFujimori et al.(2022, indicate that full harmonization of individual regionasnd
datasetsacross models is challengin§o overcome this limitation, authors h&m integrate
larger regional aggregates in ordeatttommodatéifferences acrosgifferent models within
their studythat wouldfurther allow comparingresultsacross modelsThis, however did not
result inacoherent reportingtrategyfor all studiesseeminglyusingthe same modeling outputs
and related to theame projecte.g, Schmitzet al.(2014), Valin et al.(2014)andvon Lampe
et al.(2014) Thestudy ofValin et al.(2014)presentsesults of simulatiosionly for 4 macro
regionsplus the world aggregate in tbhedy ofthearticle andhe supplementary materialat
the same time, supplementary online informatioMaitin et al.(2014)suggesthat all models
were asked to report for the project results according tb3heitially definedregionsplus the
world aggregateThis is an additional source of confesifor interested readethatneeds to
be kept in mindy research teanad preferablyvoidedin future studies.

Comparing scenario design, reference scenar® underlying drivers and capacity for

capturing food security outcomes

In order to find out some points facomparsonacross analyzed studiesasfurtherchecking
how homogenous studiesewith respectto their strategies1 defining scenariofor analysis
the choice of reference scenariosnd approaches for capturing results of food security

outcomegAppendixB, Table B).

The explorative nature ofmostof the studies generally predeterminée specification and
number of analyzed scenariwsstudies.Thus, most modern studies implement a relatively
high number of scenarios the modeling exercises to show a span of potential outcomes and
conduct a sensitivity .Oneatheypsriodsoma005td A02themodel 6s
average number of scenarios analyzed within individual sthdsscreasedThisis generally
attributed to the stronger recognition by thedelingcommunity oftheneed to integratissues

of climate changé¢hat received a formalization in the IPCC wods well aghe analysis of
adaptation and mitigation strategies ttee changing climatein long-run forwardlooking
exercisesAs mentioned byPopp et al(2017)andLe Mouél and Forslung2017) most recent
IPCC scenarios are btuip astheoverlap of two dimensions: the extent of climate chahge

is explored througlemission scenaripalso known afkepresentative Concentration Pathways

(RCP) and the possible future of socieconomic conditions describexs Shared Socio
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Economic Pathwa{SSP)narrativesThe same approadi scenario development is applied in
several recent modeling exercises that, besides their primary focus ceuostarthange
trajectoriesjncludeinformation on trajectories for spéici dimensions of food securite.g,
Doelman et al(2018 andPopp et al(2017) Doelman et al2018)analyzewenty-five feasible
outcomes okcenariogepresenting the combinatiaf five individual SSP scenarios afige
RCP mitigationtargetsthat can bepotentially achievedAdditionally, eight counterfactual
scenariosvere performed to quantifyhe mitigation effect of bioenergyl he resultinghirty-
threesimulations implemented Hyoelman et al(2018)show the upper bounaf numbes of

scenarios ithe analyzed literature sample.

In contrast, he study ofFAO (2018) using onlythreealternativescenarioswas aiming to
depi ctc Marelgearegugabl®and sastainable productifoodsecurityand nutrition

The scenariosvere built on the traditional assumptions of SSP narratives, but do not fully
resemble themMoreover,individual scenarios he received a direct association withe
specific RCRB.2” Using the combination of thBSP storylines and climate mitigation targets
authors were aiming tenvisiona bi-dimensional set of challengésr future food security
challenges forfood access and utilization as the first dimension and food stability and
availability as a second dimensiomhis resultedin a specification ofthree tailor-made
alternative scenariousinessasusual (BAU), towards sustainabilityTSS) and stratified
societieSSS)

The idertified divergence between the community and tath@descenario desigmdicates

that not everypusinessasusualscenario and reference scenasioomparabldo the other®r
canevenbeclearly definedn the forwardlooking exercisedn an older study of Carpenter et

al. (2005) which is associated with the Millennium Ecosystem Assessment (MiBA)
exploratory scenarios aiming to capture the attitude towards global governance and trade as
well as tavards ecosystem management were suggespatifically Global Orchestration,
Techno Garden, Order from Strength and Adaptive Mosaic. The specified scenaridsaas we

a strategy for reporting modeling outcomes, do not allow to speak thie@pplication ofthe

conceptibusinessasusual scenaribas well as defining specific reference scenanathin

27 The study ofFAO (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 grgaibylation, 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 specifialfRORsH
accordingtd® 6 N e i | (2014¢the SSPk 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 scenarwss intended to beconoge asindicated byCarpenter et al.
(2005, p. 71)This is evidentlyone ofthe unique features of the study, whintight alsobe

considered aa bottleneck of sucAnapproach to simulation exases.

The consensus on the choice of reference scenario and the underlying assumptions for the
critical economic drivers such as population, economic growth, and a#kersjamental and
predetermining factor for modeling comparison as indicatecdhyt ampe et al2014) In this

context, the recent spread in the application of SSP scenarios has substantially facilitated this
process, still leavingufficientflexibility for modeling teamdor capturing the uncertainty of
baselinegFouré et al., 2020; Vuuren et al., 201%he increasing use of SSPs in theesh
modeling exercisemade a remarkable contribution harmonization of the assumpt®an

population and economic growth.

Most of the studies publishé@tweer2014and2022 buildup on the common SSP datasets and
therdore implement a very similar assumption for the population gravajectoriesthat is
expected to result in 2.3 billion people living in our planet by 208Bigurel?). The existing
small variation across models in intercomparison stuftieshe population count, such as
reportedin Schmitzet al. (2014) is most likely attributd to the difference in the regional
coveragef theappliedmodels®® Against this backgroundtudiesof FAO (2018)and ofSands
and Suttleq2022) which ircludesassumptions from more recent UN Population Division
projections, stands out from this unification treBdth studiegry to envision aomewhatmore
challenging scenario for the global food system assessing the pressioeawticipated 9.7
billion. The study ofSands and Suttl§2022)integrates also projections based on higher and
lower fertility population projections dfN Population Division(2017) Within the group of
older studies, both trajectories indicating ttietpopulation is likely to béower at>8.2 billion
people such as iMubertet al. 010) as well as trajectoriewith a substantially higher
estimation orpopulation growttsuch as irFischeret al.(2009)were used fothedefinition of

a reference scenario

28 Supplementary data availableSchmitzet 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
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A similar unificationof assumptionsan be observeegardingheexpectedcconomic growth

but there is an apparedivergence across different versionghed SSPdatabaseThus studies
published between 2011 and 2015 were assuming that the global GDP per capita growth rate
will be 1.9 percentper annunon average for th8 S P @iddfe oftheroad scenaridthatis

defined as aworld that follows the historical social, economic and technological trends
(Hasegawa, Fujimori, Shin, et al., 2015; Ishida et al., 2014; Valin et al.,.Z01eljnore recent
studiesapplying SSP narrativesee theeconomic developmembore positiveuntil the middle

of the century expecting aigher GDP per capitgrowthtrajectory of approximatg 2.3-2.4
percent per annumSimilar assumptions were applieich older studiesthat basedtheir
assumptionsn the TechnoGarden scenasfdMEA, such asHubert et al(2010) and Mcintyre
(2009)?° Individual studiessuch asBoysenUrban 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 2€A@BO, and 2.4 percent per annum for the period 2030
2050 (Keramidas et al., 2018)n contrast to tkse positive developmentexpectationsthe

FAOG snost recenprojectionsbuilt their businesssusual scenario in accordanadth the

more pessimistic SSP3 narrativethe economic developme(®AO, 2018) Hence the FAO
expects to havaglobally comparable 2.1 percent per anneconomic growth until 2030, but

a dramaticdownturn afterward, bringng the growth toa modest 0.7percentper annum

29 e Mouél and Forslun¢2017), revising the study of Mcintyre et al. (2009) indicate substantially higher annual
GDP per capita growth rate (3.9) relative to the one indicatedldamo et al(2005)
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between 2030 and 2058uch aslowdown resulten theaveragevorld GDP per capita gwth
to beatonly 1.3 percentper annunover the entirgperiod(FAO, 2018, p. 61)

Anotherfundamental determinant of future food secultitgt receivesignificantattentionin

the literaturearetheanticipated yield trajectories. As it was indicaitethe previous subsection
(p. 46), the comparison of yields acraamulationstudies isa difficult task In addition tothe
aforanentioned concerngegarding the variousomponents applied in yields specifications,
van Dijk and Meijerink2014)identify three additional challenges file comparison of yields
thatshould be acknowledgeBirstly, although some studies differentiate between rainfed and
irrigated when projecting yields, the authors highlight that many studies do not consider or
distinguish betweerifferent agricultural practicesThis is primarily due to the existing
differences across modend the choice of theodeling complexitySecontly, homogenous
reporting schenwfor yieldsare lackingas some studies moded reportthe yield growth of
individual cropswhile others estimatthe yield growthfor entiregroups, such as cereal3o
some extenthis might be explained by the fact that individual studies integrate results and
crossreference outcomes of more disaggregated modetkein own analysis. Therefore,
although enriching the modeling exercise with details, application of this stietatgat the
same timdo issues of consistency and transparency of reporting in studies of intasgit,
theauthors raise concestthat there is a lacif clearindicationin the studies if the presented
figures for yidéd growth are based ofinear or geometric growth ratéalso referred to as
compound growth ratesThe application of geometric growth rateghich implies that the
percentage growth rate is constant over tiglékely to resultin too optimistic yield projections
according tovan Dijk and Meijerink(2014) Linear growthon the other hand implying that

the growth expressedh tons per hectares the same forach yeamwhich seems to be more
adequate for capturingeld trajectoriefWorld Resources Institute, 2013yotwithstanding

the importance of such differentiation | considerthis specific issueto be of fairly low
relevancefor CGE modelingexercises as tiremain interest igredictingthe outcomefor a
specifictarget yearatherthanthe annual rates in betweeflso, considering that thissue is

not explicitly addressed ihereviewedstudies] assume thgstandarfigeometric growth rates

are appliedand will be used as a common denomindborfurther discussion

The aop yieldd d e v el o p20&d raccording to ithe businessusual or reference
scenaris of analyzel studiess reported in Table B of the AppendixTable B5 at the same
time is used to summarize informati@m aop yields assumptionsused inscenariosof

alternativei not businesssusualfuture Considering that all studies are projecting yields for
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different crops or groups of cregor different regions in the worldand that their yield
trajectoriesare different both across crops and regioresttempted to notéhis information
where possibleNevertheless hie reader should keep mind that the broad list of alternative
scenarios with respect to climatkange adaptation and mitigation, such aBaelman et al.
(2018) as well agheincorporation ofits effectssuchas CQ fertilization, e.g, in Hasegawa,
Fujimori, Shin, et al(2015 andHasegawa et a(2014) makes a facéo-face comparison of
yield assumptionghallenging.Bearing these peculiaritiegs mind, the overall perception
regarding theeviewedassumptions on yields specification summarizetidhles B4 and B
of the AppendiXargelyresembleshe conclusiors of Le Mouél and Forslund2Q017)on yield
trajectories. Thus, Tabl®4 suggests that alleviewed studiesadopt the hypothesis of
continuation of the increase of yieltlendalbeit with adecreasing ratentil themiddle of the
centuryfor reference scenario¥he adopted yield trajectories for crops aratealsvaries
acrossreviewedstudiesand modelsand ranges between0.4% (Hasegawa et al., 2018nd
1.18% (Willenbockel, 2011) The study of Willenbockel (2011) has, howevera shorter
projection windowcovering the period between 2004 and 2GB& might explaina more
optimisticassumption nyield growth.In general, he anticipated yields am®nsiderablyower
thanthe historical trendsof 1.8% observedn the period between 1964012 (van Dijk and
Meijerink, 2014)

Moving forward fromthe discussioron determinantdo the outcomes of food security, it is
possible to noticedespitesimilarities insomestudies a substantial variation in assumptions,
applications, and reportindn the review of van Dijk and Meijerink(2014) the authors
identified four groups ofcurrently usedndicators relevant fathe discussion o food security

in global food security scenad@and assessmeistudies: food prices, calorie availability,
outcomesof child malnutrition and prevalence of undernourishnm@nbsolute numbers or
percentage)The study ofvan Dijk et al. (2021) as well as the present revievonfirm a
predominan applicationof those indicators in recent studiésowever,information on the
underlying procedures for capturing these indicators in simulation exercigewéeia the
analyzed studies and reports.

Exceptfor food prices, all indicatorsan generallybe associated with the post estimation
proceduresn the CGE modeling environmenalthough theyan alsdbe a part othe direct
output as indicated byHasegawa et a(2018) Tables B2, B3 andB5 summarizegeneral
information onthe application of food security indicatord the studiesand showtheir key
developmentfor scenarioexercisesVan Dijk and Meijerink(2014) indicated tha studies
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reported resultef all fourindicatorgroupsatbothahighly aggregated, meaning global, as well
asamore region or country specifievel. My analysis confirms that thikis characterization

is still applicableand that the mixture of reporting levelsiglely used immorerecent studies.
Theliteratureanalysis has revealed that the application of specific indicetonedelspecific,
rather than studgpecific. Therefore it might beworth notingthat even ilmany studieseport
information on food consumption or food availabilitythre form of calories readers should

not expectit asatypical practicencluded inall CGEmodels This divesionexist, as theras

a substantial number of linkagesd application ofrarious modelswithin the studies.For
instanceinformation oncaloric consumptiom FAQO (2018)is providedn apartial equilibrium
model (GAPS)for which this reporting method is much ma@mmon.lt is important to note
thoughi n combinati on with pecul i aapprbachesofothér t he
CGE modeling teamso capturecaloriesin thar modeling environmerare either lacking the
necessary transparenafimplementatioror are subject to individual limitation&ccording to

the supplementary materials, among othérs is the case for AIMCGE model, e.g, in
Hasegawa et al. (2014rtheapproach oRutten et al. (2013pr theMAGNET model- further
details are provided in Chapt&rConclusively, he comparison studigs.g.,Valin et al.(2014)

did not provide sufficient information on the conversion of their modeling results to caloric

equivalents

Projection ofundernairishment is another feature that is subject to smonéasting viewsnd
terminology across studies Some studies explicitly state the PoU and number of
undernourished peoplas their reporting indicatgre.g, FAO (2018) Others such as
Hasegawa et al2014, 2015, 2018)capturethe attention oftheir readers usinghe more
emotional definitionof the population at risk of hunge/ccording tothe supplementy
materials provided irHasegawa et al(2018) the indicator population at risk of hunger
represerd fia multiple of the prevalence of the undernourishment (PoU) and the total
populatior (p. 5 andp. 7). Therefore,in this studyit is regarded similato the indicator
finumber of und e r asappliedibygthedcdO (P0AS p | e 0

30 The literature reviewconducted for this thesisas revealed some shifts in the estimation strategies for the
population at risk of hunger indicatdeferringto a similar application irFischer et al. (2005Hasegawa et al.
(2014)were conductingan 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 dsfamedxponential
function. Despite that, the later studiesHdsegawaFujimori, Shin,et al. (2015) and Hasegawa, Fujimori,
Takahashi and Masui (201&3opted the FAO based approach for estimation as indicated in the supptyment
materials of both studies.
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Comparing food demand trajectories across stuaiesaseline and referenceesarios the
common conclusioonits likely expansion is esdent and desnotcontradictprevious reviews.
Analysis of trajectorie®f calorie availability simulated in reviewed studies sugggsther
improvement undebaseline or reference scenarios by 2@s0well Similar to the overall
change of demandhe reportedvide range of outcomes italorie availability indicatesthe
presence ofa substantial uncertaintgttributed to thedifferencesin models and their
specificationsas suggestedy von Lampe et al(2014 andValin et al.(2014) The general
spectrum oftrajectorieson calorie availability andconsumption by 2050 fluctuatesound
2950-3100kcal/cap/dayfor mostof the studiesanalyzed Figure 18). Studiesof von Lampe et
al. (2014 and Valin et al(2014)indicate th& underthe SSP2 scenarjgdheaverage demand
might increase by74% from 2005 to 2050, ranging from 6% to 98% acrossall models
implemented in their studiehis means thathe average calorie availability acro8&E
modelsranges from 2636 as reportedy theMAGNET mode| and 3164y theFARM model
under SSP3! The more recent study Bopp et al. (201@pplying anarker modeanticipats
the per capita food consumptitm beapproximatéy 3156 kcal per daythis alsodefines the
upper bounaf the study?? The study oHasegawa et al. (2018)at had arexplicit focus on
the assessmendf the food security situatioforeseesa slightly lower increasein calorie
avaiability in the futurei 3083 kcal/cap/day amaverage across all modeised in the study
and 3026 kcal/cap/dayfor CGE models The study ofFAO (2018) with its assumptioa on
increasing pressure fromocioeconomicdrivers, foresees that thglobal daily energy supply
will be 3005 kcal/day/capwhile daily energy consumptiorwhich accounts for losses and
wastes at the household IeElAO, 2018, p. 189)will be around2910 kcal/day/cap This
result isslightly bdow the previousprojections ofAlexandratos and Bruinsm@012) that
projectedthe availability offood to bearound3070 kcal/cap/day.

The outcome of alternative scenariassummarizedn TableB5 of the Appendixshowsthat
the potentialfuture avdiability of caloriesmight either be much higher or muckower and
substantiallydepend on the trajectories of socieconomic development and implemented
policies The lowestfood availabilitytrajectory which isassociated with the challenging SSP3
scenaripwasfoundin studies ovon Lampe et ak2014) andValin et al.(2014) The average

calorie availability amss all models for this scenan@s2424 kcal/cap/dgyranging fromthe

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 indicateesizabggregates
represent 83% dheworldd ®od consumption in 2005 (Valiet al., 2014, Supplement p.)12

32 Own estimationbased on figures available in supplementary materials.
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low 1867 kcal/cap/dgyrecordedby ENVISAGE, to the high 2896 recordedby the FARM
model Thesenumbersare associatewith the consumption of only fivieey cropaggregates,
including wheat, rice rest cereals, sugaand oilseedsand products ofthreeanimatrelated
sectorsThereforetheymight not fully resemble the totehlorieavailability. In the alternative
scenarios of other studiethe range of results was shifted upwards and narradeseh
resultingin a spreadof 2825 to 3375 available kcal/cap/day as in studies ofHasegawa,
Fujimori, Takahashi, et a2015)andPopp et al(2017)33

Figure 18: Projections of calorie availability and prevalence of undernourishment by 2050
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Note: figure visualizesinformation on simulation results summarized in Tables B3 and B5 of the Appendix.
Individual pointsshowresultsof the marker model or average across models for individual sceppoded in
the study See Tables B3 and B5 of the Appendix for more details.

Source: Own elaboration

The particularly interestingand policyrelevant results of alternative future for food
availability and food security shall be drawn from teeentstudy ofHasegawa et a(2018)
Using theensembleof economic mode]sauthorsprovided strongfindings that by 2050a

stringentclimate mitigation policy, ifmplementedeverly across all sectors and regions, would

33In Popp et al(2017)the result is associated with the marker scenario
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have a greater negative impact on the globkdrieavailabilitythan the direct impact of climate
change. Thisndicates, that relativeto SSP3 without climate change, the ambitialimate
mitigation efforts aiming to reduce emissions to RCP2.6 lewel accounting forclimate
changeeffects on agriculturevould reduce globatalorieavailability on averagdy 3% or 88
kcal/cap/dayacross all modelsPutting this result inta time perspective, 88 kcal/cap/day
usually represerthe progresshataveragdood availabilityachievesn 5-6 yeas, such as e.g.
betweenl993 and 1999, or 20@hd 2009The analysisof Doelman et al. (201%uggesthat
food availability might be hampered evenore estimating a decrease 00 kcal/cap/day
putting anadditional230 million peopleat the risk of hungerif the largescale lanebased
mitigationpoliciesrequired fotheachievement of the Paris agreemeaeive a full realization
by 205Q Fujimori et al. (2019andFujimori et al. (2022)with their multimodel assessment
studies, estimate a slightly lower impact on hunger counts. Fajisjori et al. (2019)eports
that the number of people at risk of hunger could increasalyyl60million comparedo the
baseline scenariolhe morerecent study(Fujimori et al., 2022)suggest however thdhe
population at risk of hunger might increase by 117.7 (19%4) million in 205Qelative to
the baselinelt also indicateghat afforestation could have a larger impact on food security
relative to norCO, emission policiesAlthoughthere is a certain variation across moglsisir
implementationand scenarigstheseresultsare profoundin their indication that carelessly
designed mitigation policiewill likely put substantialpressure on the realization of food

security objectives.

Tables B3 and B5 of the Appendixallow severalimportant observations regardirtge
elucidation of other indicatonelevant for food security and their comparability, as provided
by the analyzed literaturdhe comparison of price behavior asscstudies seems to be rather
challenging either due to the presence of methodological differences across aqudigdis
methodsdifferences in the aggregation levelssimply finding afeasiblepointof comparison
Hertel et al.(2016 p.43Q stressthatin the presence of apparent harmonization of output
indicators for thestudies inthe AQMIP group e.g, von Lampe et al(2014)or Schmitzet al.
(2014) the range ofheaggregate price inde®r cropsis very wide, extending from a deain

of 16% to a rise of 46%elative to a 2005 base yeawithin the SSP2 baseline scenario.
Moreover therearesystematic differenabetween models of different typepecifically CGE
and PE. ue to therelatively largerdegreeof substitution within demand and supply systems
of CGEmodeling, models of this type tenddionulat lower pricesasvon Lampe et al2014

p. 15 indicated Therdore, the application of averagaice indexes fodirect comparisorof
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studieswith differentses of models which additionally might apply specifimarkermodels
for quantification and reportingf individual scenariosstould be conducted with caution.

Notwithstandingthese concerns, the analyzed price trajectéoiethe baseline scenariseow
arather mixed patteracross studiesTheyrange from statementsrothe limited price change
for food under SSR2 in Popp et al(2017)to be anapproximateaverage increasef +19%
(median across all models)Wiebe et al.Z015)andaneven greater increasegibbalaverage
pricesfor individual crops rangingrom 60% to 97% according taHubert et al(2010) This
extremegrowth of pricesprojectedby some studiess associatedvith the incidenceof the
fiScarcity § n d r paoneomiling toBaldos and Herte(2016)3 It has beerevoked bythe
200708 and 2010/1Xood pricespikesandreincarnateadoncerns that thglobalfood system
will not manage t@rovidea sufficient amount of food in the futur&hey, however, believe
that this episode of higher prices for agricultural commodities is likely to lanaitory
phenomenon. Althougthe authorsdo not entirely exclude the chance of a potentiabdest
increase in pricesaccording to the results tifie Monte Carlo analysis and SIMPLE model,
almost 2/3r 6%% of outcomes indicate thtte crop price will more likely resume a downward
trend, albeit slower thapefore®® The median value of tis price decrease %% (Baldos and
Hertel, 2016)

Paradoxically recentprojections of the FAG2018)do not share the same expectations and
express a greater pessimisagardingthe future of food security the low attention to issues
of sustainability and equitgontinues. FAO (2018) with its businessasusual pojections
anticipate a 1% risein prices @ agricultural commoditiesTheresults ofalternative scenarios
show aneven greateiprice increaseBoth alternative development trajectoriestoward
sustainability (TSS) and stratified society & @nalyzed by the FAQ@roducea similar price
shift by 2050 namely thaprices are likely to stabilize arou8% abovethe2012 levelsEven
thoughthe final prices are likely to be comparablerossthese scenars their development
trajectory is rather different and refledhe extent to which sustainability challenges are
addressed Under the TSS scenarip addressing sustainability challenges implies facing
increasing prices early on, althougtices argredictedo flattenin the longterm The contrary

is to be expected undahe SSS scenarioHerg the prices will have a strongeupward

34 Baldos and HertgR016)refer to the term suggested Bgarlberg1982) 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®sidos and Herteg2014)
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movementelative to théusinessasusualscenario buare stillsubstantially lowethan under
TSS before203Q The unsustainability trends that likely increase production costshend
expectation of more severe effecttbé climate change on yields in this scenario will not hit
the markets immediately, bwtill increase in weight like a rollingghowbal] leading to
progressive pricencreasesfter 2030.n the set of alternative scenari#Sjiper et al.(2020)
report a potential increase in food prices well Thus, if the labor dynamicsuch as
urbanization and changes of proportion of skilled and unskilled lale®rconsideredthe
agricultural producer prices indéxnotgoing to declindut ratheris expected to increase by
2050by more than 40%s2 out of 8 conducted scenarissggestHowever, thancrease in
food priceswill not necessarilput pressure on the padkuiper et al.(2020)stress that the
sustained price increase wilk compensated by higheages and land pricethatis expected

to dominate theeffects of changegrices. This result emphasizes one of the conclusions of
FAO (2018)regardingthe importance of weighting the existing alternatives of the futtire
alsopoints outthe importance ofraappropriatgricing d commaodities. Priceshouldreflect

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 ¢ra®, 2018, p. 144)

Thedivergencen the expected dynamicsfoiod consumption and future pricesusedy both

the model® characteristiceind theconsiderednacroeconomic scenarigsplicitly contribute

to thevariety oftrajectoriedor child malnutition, theprevalence of undernourishmemtother
indicatorschosen for capturing the outcorn&food security The synthesis of the literature
provided in theAppendix(Tables B3 and B5)indicates thatin contrastthe food prices and
calorie availability, the majority of scenarios foresee a general downward trend in child
malnutritionandundernourishmerfor the coming decadeds his matches thdéindings 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 iall studies Older studies tend timcludeinformation onspecificallychild
undernutrition and malnourishment, newees usuallgapture hunger and undernourishment

for the entire population.

A rather asubstantialvariation is observetbr the indicatorfipeople atrisk of hungeo both
across different scenarios as well as across different stimtisgemingly similar baseline
trajectories(Figure 18). Van Meijl, Tabeau, et a(2020) adopting SSP narrativeanticipate
that the number of people staying at risk of hunmentiallydeclines by 2050 under all but
the SSP3 scenario and sty the rangef 927 million undethe SSP3 scenaritm 170 million
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for the SSP5.Hasegawa, Fujimori, Takahashi, et @015) also adopting SSP narratives
projectadrastically differenfuture, reportingthatonly about9 million people will beat risk

of hungerunder SSP, 86 million under SSP2 and 628million under SSP3The authors
indicate that their results are more optimistic thi@wse ofthe existing research, particularly
for SSP1, SSP2, and SSP5, attdbutethisto the fact thain contrasto many existing studies,
they took future improvements in food distribution equahtp accoun{Hasegawa, Fujimori,
Takahashi, et al., 2015, p..Based on the estimated trajectorite authorscometo the
common conclusion thatequality of food distribution influencdbelong-term assessment of
hunger riskHasegawa, Fujimori, Shin, et &015)reportcomparable results in their analysis
90 million people at risk of huger under SSP2 by 2050.

Follow-up studies however,do not adoptheideas of such dramaticimprovement infood
distribution and equalityProjections ofHasegawa et a{2018) reportan at least2.8 times
higherrisks compared to the previous estimates for S8iut taking climate changénto
consideration, resultingp 255 million peopleo beatrisk of hunger Still, this number might
increase by around8 million (0-170 million across different modélsf the scenarias to be
combined withthe emissionmitigation policies of the RCP2.6 scenarmd generalclimate
impacts.The mostrasticoutcome ofHasegawa et a{2018)projeds that 767 milliorpeople
will be at risk of hunger by 2056onsidering SSP3 narrative The stakeholder designed
scenarios adopted in the studywah Meijl, Shutes et a(2020)reportunder thanost unequal
and unsustainabl e s cthatmoreithar600 mitham pdoplevilt deat, To o |
risk of hunger These estimatesroughly correspoah to theresult of the businessasusual
scenarioof the FAO that foresees the numbertbé undernourished to be around 737 million
by 2050(FAO, 2018) However, he more severéStratifiedsocietie® scenaricused by FAO
showsalmost no decrease in the PoU from the 2012 benchmwhikh means that more than
1.2 billion peoplenight potentiallysuffer from undernourishmeht the middle othecentury

if the scenaridbecomes reality

Consideringthat thepresented result®r undernourishment are not predictpibut rather
explorative exerciseshe substantialariation inglobal undernourishmembuntsindicatesa
needfor revisionand feasibility assessmerf existing narrativesa quantitative representation
of their assumptionss well asimulation resultfrom renownednodeling teamsThese efforts

shouldbe supportetty an application of anore scrutinizegettransparenimodelingpractices

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 spad&e widespreadintegration of intercomparison
tables foomo d echasaéteristics and definition of scenarios in recent stusleestep towards

the rightdirection.The additionamapping of scenarios against scenario families implemented
by individual authors, e.gran Dijk et al. (2020) support the comparability across different

studiesas wellbut might face some limits in terms of consistency

At the same timehe interpretation of thenodeling outcomes should be closely tied with the
discussion of the initial modeling assumptiansl estimation procedurdswould be beneficia
for readers and reviewelit modeling teamswould explicitly indicate what needs tobe
considered as strictly endogenous or exogenous variables withirbéselinestudieswith
some further referencing towards underlying assumptio@Gseater access to the core
parametrization of modeland quantification of narratives woulalso facilitate a better
understandig of the underlying differences ithe modeling outcomedhis could enable a
broadcollaboration across modeling teamgsl amdividual scientists The achievement cdn
overall consistencyin reporting simulatiord sesultsis also crucial for futureexploratory
researchConsidering the extremely wide spectrunpossibleglobal food security outcomes,
applying more general and robust indicators, such as eawaailability per capita per day
rather than derived indicators for reportisgems to be more reasonabledssessinthe future

of globalfood 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 intenaticalorie equivalents.

Quite the contrary, as there is a need to implement reggieaific information to adequately
portray the consumption requirements for each region individually. Secondly, the assessment
of food security dynamics seems to be inctetgwithout 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 thditerature so far and is also not fully transpar¥fatin 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 wagxt The present literature
review suggests as well that the results of various studies revolve around the future food
availability projected by the FAO. Additionallifke in Philippidis et al(2021) it mightbenot

uncommon to apply strategies of cappitg projectedood demand through adjustment of
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income elasticitieduring recalibrationConsidering these results, the next chapter presents the
development of a new approach that aims to contribute to the discussion of food security
dynamics andong-term projectionsby not only building a calorie module for the model, but
also by carefully assessing the potential of recalibrating income elastiefipkcation of

technological yield shifters and price response mechanisms
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3 Methodology

3.1 Description of the applied model

The importance athe credibility and consistency ¢he modeling framework fothe analysis

of global food security was highly stressed ingheviouschapter.That is why, for the present
analysis| propose to utilize a weknown andvidely appliedglobalgeneral equilibrium model
created and maintained by researcherthefslobal Trade Analysis Projetiosted aPurdue
University, also known athe GTAP model The standard GTAP model along with its database

is often utilized as a core and the devetept platform by many modeling teams, ethe
previously mentionedMAGNET model. The standard model structuocd GTAP is well
documented byrockmeier(2001) andHertel and Tsiga§l997) Neverthelessherelevance

of individual elements along with the key assumptions of a standard modeling framework for
theanalysis of global food security should liréefly elaborated.

The standard GTAP modélis a comparative static, multégion and multsectoral general
equilibrium model based onthe neoclassical microeconomic theorWhile the model
incorporatesmany distinguishing features, iesembles a typical for global CGE models
structure anchttemps to depict circular flows and behavioral patterns of agents within the
economy This allowsf ur t her di sentangling of atfiss mooc
individual components separately.

The production side of the model idenéfithe production activities of thepresentativéirm

within each sector of a country or regiasthe combination of intermediate inputs and primary
factor endowments for the production of outffeigure19). This process iglefinedin the art

of aconstrained optimization problemtbieneoclassical productidnnction where producers
choosea coherentmix of inputs in order to minimize costs of a given outpader the
predefined production technolog¥he poduction technology of the representative firm is
specified viaa series of nested constant elasticity of substitution (G&®}tions that aims to
reproduce the substitution possibilities across the full set of inputs used for the production. That
is, land natural resources, labor and physiapital can substitutir each othein the value

added aggregate in accordanegh the specified elasticity of substitution (ESUBVA). The

magnitude of substitution elasticities between factors varies asattisr specificAs a result

37 Within the present study, version 6.2 of the GTAP model should be considered as the standard one.

63



Description of the applied model

substitution elasticities for factor endowments within primary secoesassumed to be
substantially lower compared to the secondary and service sectors. At the santbeime,
composite bundle of domestioreign intermediate inputs is added to thalueadded
composite at theéop CES level in fixed proportionsalso known ad_eontief technology
Substitution between domestic and foreign intermediate inputs is implemented under the
Armington specificationConsequentlythe model accounts fahe regionalheterogeneity of
intermediate inputsaiming 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) atethiewugp

and elasticity of substitution parameter among imported commodities of different regional

origin (ESUBM) at the lower level.

Figure 19: GTAP production technology tree
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The production process of thepresentative ageig subject to some furthepecifications
Aggregate national supply of each productive factor is fixed within the standard
macroeconomiclosures and psumes full regional employment. Besidég GTAP model

distinguishes between endowment commodities thatparectly mobile across industries
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domestically® (e.g, capital and labdrand partially mobile factors, also known as sluggish
(e.g, land and natural resourde’$ Mobile endowment commodities receive a uniform return
across different sectors, while for sluggish factors returns differ by sectors in equilibriem. Th
magnitude of the supplsesponse and consequently factors mobilitgeBnedby a constant
elasticity of transformation function (CET)t is regulated by the value of elasticity of
transformation (ETRAE)and the binary parameter (SLUGallowing for switching
specification of an endowment from sluggish to mobiléis differentiation of factor
endowments is fundamentally important fan adequaterepresentatiorof the anticipated
supply responsand structural changes within the econoifijis is particlarly true forthe
agricultural sector, wheréhe assumption okluggishness of individual production factors in
addition to landmight substantially divethemedium tdong-termresponsef theagricultural

sector and consequenthfluence theood securitysituation in the analyzed regiaons

On the demand side, the concept of a regional representative household is Eplie@().

Thus, representative househalttsas a utility maximizing agent that accumulates all income
generated within the economy from factor remuneration and indirect taxes, and further
reallocates it inthe form of expenditures. This specification facilitates an unambiguous

definition of the welfare changes observed at the national (Awelerson and Strutt, 2012)

Expenditures by this household are governed by a Quhlglas (GD) aggregate utility
function that allocates net national expenditures across three broad categories: private,
government (public) and savings expenditures. Savings expenditures of thennes
household are used to purchase capital goodamtdus considered to be an elegant way for
integraing theinvestment decision process to the comparative static modeling environment.
Investments in the model are explicitly savings driven, whielans that savings of individual
households for all regions are accumulated globally and are further fully reallocated in
accordancevith the price of capital. Government demand across composite goods is defined in
the fixed budget shares form using a Galuglas specification. Similarly to the domestic
demand for intermediate goodadure19), 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 transédion elasticity (ETRAE= 0.001) for natural resources, making
this sector specific.
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Figure 20: Demand activities of a representative household
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The pivate household demanid one of thecentral elememstof the modeldominantly
responsible forthe explicit capturing othe food securitysituation of a househaldt is
represented by a constant difference of elasticities (CDE) functionalTorsmorrhomothetic
functional formis used to account for possible differences in income elasticities for the various
consumption goods$ience it allows moreflexible price responsand richer representation of
income effects within the demand systeonpared to the commonly used CB8 Linear
Expenditure SystenfLES) functions (van der Mensbrugghe, 2015Relatively low data
requirements focalibratng a CDE expenditure functioalong with the favorable economic

properties are valuable reasons foracbemmonapplication of this functional form withiglobal
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CGE modet (Valin et al., 2014; Brockmeier, 20049 At the same time, this functional form
lacks some desirable dynamic recalibration procediarethe priceand income parameters
leading to the absence of adjustments in income elasti@tesdles®f theobserved changes

in income levelgValin et al., 2014; Ywet.al 2004) This might caus@otential problems for

an analysis of the longerm food security status for regions experiencing high economic
growth. However specifically these regions are typically facing high risks of food insecurity
within population(seeChapter2.1.3 and should stay undarcareful observation in the future.

Theprospectivesolution to thisssue igpresented ilChapter3.3.3

In summary, avidespreadapplication high credibility and awell-known versatility makea
standardGTAP model annterestingcandidatefor the use asnanalytical toolfor analyzing

food securityissues This is certainly why it serves as a core for many studies and research
objectives, where authors either expand the GTAP model and prexigesions (e.g.,
GTAP-E, GTAP-POV, GTARBIO) or use it as a base for a new mqdide the MAGNET

model, providing various beneficial featureNotwithstanding 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 eédgood
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 whihe next chapter will explore thatal model extensions
relevant for the assessment of future food secutdtking into consideration the expertise
collected in chapter ®ith respect tahe modelingof food security such ashecalorie module

and model parameterization

3.2 Extension of the GTAP model and its databasefor 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 needgHertel, 2013, p. 825)ts modularnature andich number of modé extensions

cansubstantiallychangethemo d eblehasor andead toa better fitfor a wide spectrunof

40 Calibration of the CDE expenditure function requires the information on only three individual components,
specifically ownprice elasticities of demand, income elasticities and average budget shares for all commodities.

67



Identified framework for the model extension

researchiopics The multidimensional nature ffod securityandthe need oits andysis inthe

form of long-term projectionsraise however further challengés the modehg framework
Therefore, he newframework shall pursue the objective of a better representation of the
currently existingmacrotrendsdefined within Chapter2.1.3 and incorporate the required
dimensions for the food security assessiguecificallyinformation of the FBS ifiorm of the

calorie module as specified ifrigure21 and explained ilChapter3.2.3 However, ¢ no little

interestis the questiorwhattypes of othercurrently availablenodel extensionarereasonable

and shall bdurther integratedinto the modehg environmeri2 This question is not easy to
answer as it requires some <critical assessmer
model are and to what extent they can be addressed with the existing model and database
extensionsAt the same time, thapplied modificationshould satisfithe requirement of the
parsimonious modelingnvironment, whiclmeans staying sufficiently simpleit shall still be

able to answer the required questions with respect to fitodesecurity.

Population dynamics, soceconomic performance,mits of natural resourceand the
increasing completion for their use by various economic sectors seeradméeaf the biggest
concerns forffuture regionalfood security Neverthelessgach of those individual issues shall
be viewed either aan exogenous or endogenous elemehtthe modeling environment
Traditionally, sociceconomic trajectories are typicalBxogenouslypredeterminedwithin
CGE modelg! At the same timethe resource allocatigms well as the&ompetition across
different sectorsaand regionstend to be endogenously determinéd indicated inChapter
2.1.3 globallyall resources are subject to uneagdistribution, whichmight potentially result
in alargedifferencein the achievement of individual regional food security objectiasd

as one of the central contributors for agriculiueguiresherebyadditional attention when the
modding of food security i£oming intoquestion Studiesof Schmitz et al(2014) Valin et al.
(2014)and other articlesf the AMIP IntercomparisorProject provide agreatoverviewon
the features ofmodern models that might be subject to the integraitm the standard
modeling frameworkSimilar to earlier studieghey indicatethat specification and modeling
of landis far from being simple within the global modeliegercisesindeed,the choice of
underlyingassumptioa and modeling features typically determines the specification of the

entiremo d estrugtgreandmight have a strong influence on thedeling resultsThe aithors

4 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 theanrd el s code and comprise the Project
environment.

68



Identified framework for the model extension

underline that He definition of the landwvith respect to thespatial dimensionmobility,
technologiesrecrucialfor this topic. The land specificatiowithin the standard GTAP model
at the same timis rather simple. It islefinedat the upper nest of the production function and
formulatedas asingle/ homogenougroduction factarThis is a rather strong assumptidn
might be however addressed with the help of the GTAEZ extension to the model and
databasé¢hataimsto supplyricher information on the land cavandregional specification of

the production process

Figure2l: Fr amewor k o fextenhien model 6 s

Production
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Source: own elaboration

The gudy of Schmitz et al(2014) also underlines that the issues of the land use and land
modelingcurrently goes fabeyond purely agricultural purpgsas thebiofuelsand climate

change concergaintheirmomentumAnd indeed, in the past decade the awareness regarding
the interwoven nature of tHeod, water, andnergy security received an extensive discussion

in the literatureand formulated the basis for the syssdhinking approachalso often defined

as a nexugBazilian et al., 2011; Kling et al2017; Sage, 2013Yhe foodi energy nexuss,

however not implemented in the standard GTAP model neither at the databas# the

modeb $evels. 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

capturethese dependencies within the modeling environment.

The nextndividual sulchapters 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 indicatgubtastial scope for
extension of the standard GTAP model aimindgpétter capturé¢he agricultureenergy nexus

and its impact on food security. During the lgsars,a substantial number of actionsere

taken in this direction anfdrmalized inextensions of thetandardsTAP modelCorong et al.,

2017) In this study| actively rely on the accumulated expse within the GTAP consortium

and individual extensions created by various authors over liegration 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. Asvighichthis
subchaptera short overview of adjustments made through the GBKP and GTARAEZ

model extensionfor the standard GTAP model utilized within this stwdif be provided*?

GTAP-BIO is a modification of the variant of the standard GTAP model, specifically
GTAP-E** (McDougall and Golub, 2007; Burniaux and Truong, 208#thing to introduce the
production and consumption tifefirst generatiorbiofuels and its byproducts to the energy
economyenvironmenttrade linkages analysid.he first version of theGTAP-BIO model
structure and itspecificationwithout by-productswas proposed byBirur, Hertel, and Tyner
(2008) Then, thestructure of the model and related datasets Wwetieer extendedo include

the biofuel byproducts uch as Di stil |l erds Dried Grains wit
in the studies ofraheripour, Hertel, and Tyn€é2011), Taheripouret al. (2010) This model

was further applied with somstructuralmodifications within studies o&olub and Hertel
(2012, Keeney and HertéP009, Taheripour and TynéR011)andreceived some adjustments
matchingthespecification ohdualized datasets and parameter specificgi@aheripour et al.,
2016; Taheripour and Tyner, 2013)

Relative to the standard GTAP model provide@lmapter 3.1., Birur, Hertel, and Tyner (2008)
have substantially revised and expanded the production structure of theRigaied22). The

energy resources were taken out of the intermediate input nest within the new structure and
incorporated as the capiahergy composite within the vakaelded nestJsing the multlevel

CES function, the substitution possibilities between various energy sources are implemented.

42 GTAP-BIO and GTARPAEZ modules are often applied together within different studies, e.@irim et al.
(2008, Golub and Herte{2012, Taheripouret 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 efaetgy 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 substituteto petroleum product¥

Figure 22: Extended production technology tree
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Within the same studirur et al. (2008) hee integrated features of the GTAAEZ module
(Hertel et al.,2009) thereby making another critical adjustment to the original production
technology. In the standard GTAP modkkland is considered to be a homogenous factor of

production within each regiorFigure 19). Considering that soil and climatic characteristics

44 For an indepth description of the mathematical formulation of the function, please r&®uteet al.(2008)
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might substantially differ within countries, e.gn China, Canadathe USA etc., this
specification of land within the model might not adequately degatential land use change
under theadjusting macroeconomic conditions individual regions(Birur et al., 2008)
According toLee et al. 005) differentiation of land is required and might be achieved in
accordancevith diverse agreclimatic conditions and production patteoisserved irdifferent
areas.Thereby 18 globalAgro-Ecological ZonesAEZs) thatdiffer alongthe possible length

of growing period(6 categories of 6day growing period intervalsdnd climatic zoneg¢3
categories: tropical, temperate and boreadje specified for each individual region within the
modeland undesling dataseté® Thus,thepr oducti on factor Al ando
model is now considered to be a qubduct of 18 individual competing AEZ elements within

the technological tree used for production of the homogenous comnididity 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 pla i n t (6dub and lEetad, 2012,

p. 10) In order to mimic the observed lande change patterns within the model, the behavior
patterns of théandownersare specified by a Constant Elasticity of Transformation (CET) and

introduced to the model in the way depiciedrigure22.

Figure22 indicates that, the remhaximizinglandownerdriven 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. Thdecisionmakingprocess is constrained by the substitutability (mobility) of

land across different langse types and sectors defined by the parameters of the CET function,
specifically ETLXETL3 within various nests. This specification of the land allocation decision
process underlines the conventional assumption of mobility of land resources within ialdividu
AEZ, but not across AEZs. As it was indicated®ylub and Herte{2012), a parametrization

of the key elements dhe CET function might have a substantial impact on the induced land
cover changes under the diverse simulation scenaritie studies dflertel(2010 andHertel,

Tyner, and Birur(2010) the authors utilized uniform land transformation elasticities across
AEZs and regions followinghe recommendations ofAhmed et al. (2008) Although, the

uniform land transformation is rather a strong assumpiiora lack of specific country

45 A detailed description of the GTAREZ database and the underlying datasets is provided by Lee et al. (2005),
Monfredaet al. 009)and byBaldos(2017)
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estimates, its application might be adeqiéfEherefore| 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 aneémergy products in a CDE
function Figure23). The composite energy product itself is specified in the form of the CES
function allowing for substitution between petrolebmfuel composite (hbiooil) and all other
energy commodities. CES functional form is further applied to petrelaafuel compose,
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 anirdgpood
consumption adjustment patterns and, consequently, the food security situation.

Figure 23: Extended consumption structure
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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 calibratibaheripour and TyndR013)i mp |l ement a @At L
procedure based on the regional ranking of observed land cover change within various global regions observed
in the period of 200£2010.
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3.2.3 Calorie module and the system of food security indicators

| further exted the GTAP framework with a submoduéming to depicthe flow of products

in theform of calort equivalentsThis s an important step in building capacity for analysis of
regional food security statasd its longterm trajectoriesaiming to support and someextent
substitutethe less intuitiveway to depictfood product flows inthe form of valueequivalents
availablewithin the standard model. For the calculation of individoaloric equivalentlows
within themodel, such as prodtion, consumption, export anhport, severalexplicit steps

should banmade

First,information abouthe caloric conterdand physical volume®r individual and aggregated
groupsof productmat chi ng t he model 0s slagbhpdefingddrthi®s n i n
purpose,the food balance sheets (FBS) of the FAO are used agrin@ary source of
information.The choiceof usingthe FBS for the analysis this studywasprimarily motivated

by both the structure of the database as well d@s bggional and sectoral coveratj@heFBS

provides a complex view on the pattern of food supply &F major countrieon an annual

basis (FAO, 2016) According toThar et al.(2020 the FBS due tothe regular updates,
standardized procedures and availahiktigoremain a vital source on food composition data

and are suitable for across country comparistoreover the FBS give its usersnsightsinto

the availability of each foodem andcorrespond it to the source of its supply and utilization

e.g, the supply of each primary commoditylirected towardshuman consumptionThe
underying data generation process and the required sectoral and regional aggregation are

discussed ilfChapter 3.3 in detail.

Nonethelesstiis appropriate to make a short digression h€raditionally, the description of
the data generation process is held separately from the specification oingéekiuresand
coding This is dondo guarantee certain degree of modularity, flexibility and independence
of the modeling environment from the underlying data soufdes.integration of the caloric

information from the FBS jshoweversomewhadifferent in this regard. It is attributed to the

"HiGlobal Di et ar ¥y midbtabte econsideredd poteridlyl 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. Emeeliffer
between reported years applied for the GTAP database and the Global Dietary Database is alsAqtiesent.
attemptdo createnew databases and approaches capturing nutrititatalsat the national and subnational levels

are present and might contribute to future research USHA (2021) Schmidhuber et al. (2018) and Smith et al.
(2016)
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fact that therareconceptual differensan representingpecific flows of supply and demand
in structures othe FBS database and the GTAP model.

Thereby,in the second stept is necessaryto initiate a consistent linkagketweenthe
accumulatedhn the first stepnformationandthe 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 processlt can only be achievedwith a clear understanding athe inherent
differences between the original model and the stat@d in the FBS.et us look at it in more

detail.

Onthe supply sidgheFBS for individual countrys constructed in accordanegh theconcept
of the supply for domestic utilizatiaeproduced byormula 1(FAO, 2001b, p. 12)

01 £ Q0 Q30ANE | Odn &1 O@ & "QOHYo ¢ w%u @ g?@m%“ [1]

Conversely, the supply of productsin the GTAP modelrepresents the production of
commodities within the geographical boundary treteforeholding theinformation ondirect
consumption ofmported flows separatelyas specifiedn Figure19 andFigure24. The model
with the help of individual equations and market clearing specificationslBas richer
disentangling of domestic sal@3DS)and imported flowgQIM) (Figure24).

The demangdalso known as utilization siden FBSis subject toevengreater representation

differenceslin the FBS specific utilization activities related to the production pro@ess not

associated with the products available fiaal consumption are segmented across different

activities such aseedingfeeding animalsr other use§-ormula 2andFigure24).
YonnNIED, VEEQ G EDi

£ QA K
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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 inrRB$neansit

is specified in a more disaggregated form and fully resembles the production linkages across
all sectors captured by traditional Ingdutput (I0) tables or Social Accounting Matrixes

(SAMs).l n addi ti on, not al | indi vi dual*®aad e men

48 |t seems that since the initial publication of Food Balance Shadtandbook (FAO, 2001), the definition of
the category fiwasteod went t hr oug fChabduadangDavirong2057) of s
In the current version dhe FBSdatabase, this elementwae f or mul at ed and named as
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AChanges in stockso have a representation wit
it is indicated inFigure24. This makes the direct linkage with the GTAP model less trivial and

might generate a potential for various implementation stratéyjies

Figure 24: Visualization of food product flows in the GTAP model relevant for calorie
module
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| will continue this subchapteby presentingthe potential approackor integration of
information fromthe FBS to the GTAP modeling framewarkormalized inthe form of the

calorie module.

The initial step increation of the calorie moduls based omesembling the flow&structure
observed within FBS in the GTARFigure 24). The implementation is initiated bthe

association of the main flows and linkagkfining 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 altervas is proposed bRutten et al. Z013) 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 canceptually different view on the construction process of the database and the model. | 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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andthe relatedGTAP database (Table 1, column There, the initial quantities (values) in the
base data are linked to the new variables (notated with _L). This linkage is initiated under
that initia®infpmula i ndexes

assumption are e

06 @ME FHd OEWNOQQUOE QH'QG G Q [3]
An update of the newly initiated variables is realized at each iteration of the model simulation

using thefollowing stylized equation for each new variable (Formula 4).

p IO GO § i Q1 6 Qerlyn Q

[4]

where VarName_kepresents the newly initiated variable, and Upd represents ch

in the quantities restfrom the model.

Table 1: Initiation of quantity data and updating mechanisms

_ _ Updating e
Equation . Description
coefficient
L QO_L(,) = VOWMIi,r); i) Quantity of output of
o(l,r . .
(all, i, NSAV_COMMII,LRE Q a commodity i in region r
QDS _L(i,r) = VDNli,r); _ Domestic sales of commodit
2 qds(i,r) .
(all ,i, TRAD_COMMI ,r, REG iinr
QXS _L(i,r,s)= VXMD,r,s) _ Export sales of commodity i
3 CIXS(I,I’,S) .
(all ,i, TRAD_COMMI ,r, REQ all ,s, REG from r to regions s
QST _L(m,r)= VSTmr) Sales of m from r to
4 gst(m,r) . .
(all , m MARG_CO)Iill ,r, REG international transport
5 QIM_L(i,n)= VIM(i,r) i) Aggregate imports of i in
md1,r . . .
(all ,i, TRAD_COMMl ,r, REG a region s, market price weight
6 QFM_L(i,j,r) = VIFMi ,j,r) i) Import demand for good i by
m(1,J,r . .. .
(all ,i, TRAD_COMMIl ,j, PROD_CONMI ,r, REG aime] industry j in region s
; QPM_L(i, )= VIPMi,r) i Privatehouseholddemand for
m(l,r . .. .
(all ,i, TRAD_COMMl ,r, REG ap imports of i in region r
QGM_L(i,r)= VIGMi,r) _ Government demand for
8 qgm(i,r) . . .
(all ,i, TRAD _COMMI ,r, REG imports of i in region r
o QFD_L(i,j)=  VDFNi,j,r) (i) Domestic demand of good b
1L],r . .. .
(all ,i, TRAD_COMMall ,j, PROD_CONMI ,r, REG e industry j in region r
10 QPD_L(i,r) = VDPNi,r) (i) Privatehouseholdlemand for
1,r . .. .
(all ,i, TRAD_COMMIl ,r, REG ap domestic of i in region r
QGD_L(i,r)= VDGM, ) ) Governmentlemand for
11 qgd(i,r) - :
(all ,i, TRAD_COMMl ,r, REG domestic | in region r
°The model 6s database and the model structure ar

Hence, there are no explicit quantities and prices integrated into the model.
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As previouslystated the initiation of variables specified withifrable1 does not fully match
the structure identifiedn Figure 24 and therebyresembles principles d¥BS construction

(FAO, 2001b) In order to address this issue, the recalculation of flows with respect to the newly

defined setsTable2) and undesling variable arefurtherrequired(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 ethanoll
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 CGDSs
SEED sugar_crops

Table 3: Additional variables required for reproduction of FBS flows in GTAP

Initiated Variable
SQSEED_L(i,r)
SQFEED_L(j,r)
SQFOOD_MAN_L(i,r)
SQFOOD_L(i,r)

Description

Demand of i by plant production sectors in region r

Demand of i by livestock and nanminant sectors in region

Demand of i by food manufacturers in region r

Demand of i by privatBousehold and government in regiof

Thus, for instancdlows of individualproductsusedat the production of livestock sectdos
feed purposes would be quantifiesing the following formulgFormulab)

18$ BEO 18-, BEO []

N N

31 & %O

Analogous procedures were implemented tfer calculation of product flows representing
demand on imported and domestically consumed commodgexby government and private
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households directly, processing foaudustriesand other flows directed for utilizations

purposes in variousectors (Formul&-9).

3 1 3 %%H0 1&$ EFO 1&., EFO [6]

31&/ 4% ., EO 1&$ HEO 1&-, BEO [7]

31/ 4( 53003 1&$ BEO 1&-, EfEO [8]

31&/ | €O 10$ BO 10-, EO [9]
_ 1' $ BO _ 1' -, BO

The initiation procedureof new variablesdescribed above ke allowed mimickng the
structure and main principles of construction of FBS flows with@GTAP framework. Thus,
it allows formalizingboth supply (GTAPLEFT) and utilitian (GTAPRIGHT) sides formally:

‘410, R 41/, BO 1) 5 EO 1 8 3 EAO [10]
Where:

O v 2%

OB N -2 #] - -

‘410, ®®41/, BO 1), BO 134 HO 18 3 EGO [11]
Where:

O v 2%

I E N 120 #] - -

"41 02)EO( B 1&/ [ BO 31&/F 8%, BFO 31 &%WHO
313%%HO 31/ 4( 53063

Where: [12]

O v 2%

I E N 421$% #] - -
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Thefollowing steps are associated wilieassociatiomf information fromtheFBS and linking

them to theearlier initiated structuresFor this purpose,the new variables storing the
information about the energy content in termsalbriesand physical quantities for individual
food product groups matching the GTAP aggregatiare introducednd read irthe model

(see ChapteB.3.1.9. These variablewill be further utilized fora 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

\é%ré?f?éieeﬂ{ Updating coefficientor equation Description

CUNIT(i,r) - Region specific caloric content of product i
Supplyside

QPRQ, 1) p_qpro(i,r)y= qo(i,r) guantitiesof commaodity i produced in reg
QIMRi,r) p_qgimp(i,r)= qim(i,r) guantities of commaodity i imported in reg
QSTO@, 1) No direct linkage guantities of commodity i stocked in rag
QEXPi, r) p_gexp(i,r)= oxw(i,r) guantities of commaodity i exported in rey

Utilization side

p_qcon(i,r) =100/ SQFOOD(L,r) | quantity of commodity i consumed in re

CON,r
Qcod. 1) * C_SQFOOD(IL, r) r
p_gprc (i, r)=
QPRQ, 1) 100/ SQFOOD._MANi L.r) * quantities of com. used in proc. sector
C._SOFOOD. MAW 1 ): produced in reg. r
p_gfeed (i, r)=
QFEEDI , 1) 100/ SQFEED (i, r)* guantities of commodity i feed in reg
C_SQFEED(L, r);
p_gsed(i,r) =100/ SQSEED (i,r) | quantities of commodity i for seed in re
QSEDI, 1) -
* C_SQSEED(L, r); r
QWAST, r) No direct linkage quantities of commodity i wasted in reg
til (i, r)= . o
_ p_qutil (i r)_ guantities of commodityusedin reg.r
QUTIL(, 1) 100/ SQOTHUSELL ) * for nonfood purpose opotentially
C_SQOTHUSESiLr) distorting local consumption pattephs
"The flow fother useso is defined within the FBS as th

distortion to the national food patterns by quantities of commodities in question used for manufacturing of non
food products (e.g., oils for sogjpor consumed mainly by tourists. The overall share of those flows within the
database considered to be relatively low.
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Exemplary,the procedurdor estimatng caloric equivalent foan individual element of the
supply sides provided belowThus,using the initial values stored for the variables (column
1), for instance QPRO and the updating procedures (column 2) indicatedahle 4, it is
possibleto estimate the caloric content of produ&@ensidering that variable QPRI@Gs an
explicitly specified updating procedure, the calculation of the uyidgricaloric contenbf
produced commodities (CQPR@ realized through the following equatia@t the initial

equilibrium(Formula 13)

#1020 102@Oz#5. )BD, [13]
whered O N 2 %'
| iN TRAD_COMM

Utilizing the information generated hikiis equation, the broad scope of additional iattics
depicting different levels ofjeographical(global or regional) and sectorapléntbased
products, animal products, cereal products,) etetails might be further derivedTable 5
indicates some of them.

Table 5: Regional and global indicators of calories production

Variable or

ici i Description
Coefficient Equation p

Total amount of calorie

C
_<

C

w
vy}
O=
C
C
_<

S

WCQPRO | w6 LU’
Q producedn the world

Quantity of calories produced p

Cn
C-
<
[eH
vy}
o3}
¢

WCQPRO_H[ WO L L . .
capita per day in the world

B 0L
z

. ) Yd Quantity of calories produced
RCPRO_HD(r) YOU U Yo ——r 5

alce
=

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 agidifined imable4.

It is necessary to stress that two newly generated variables adopted fronspeBiically
AfWast es o0 gaourentlifdd hoohavdeasible equivalents within the GTAP modeld
databas&? That is whytheycannot be estimated using the previously specified approhizh

2Neither AStocksd nor their equivalent AChanges of !
implementation is restricted mainly by the lack of information on mechanisms for their utilization over time and
the practicality of their appli¢®n within a comparative static model environment. At the same tira@lisence
of AWasteso and mechanisms explicitly accounting f
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problemraises a fundamentajuestionof the relevane of the information embedded within
thesefinonlinkedo indicators of FBS fortte longterm analysis of food securityet mebriefly

evaluate the potential consequences of the presence or ale$ehce information forthe
currentanalysis beginning with the indicator fid®tocksChanges In principle,theindicator

of AStocks Chan g e stheinfeimatibn abhouiEh&§es in stonks occusriag

during the reference period at all levels from production to the retail stageit icemprises

changes in government stocks, in stocks with manufacturers, importers, expotters

wholesale and retail merchants, transport and storage enterprises, and in stocks om farms

(FAO, 2001b,p. 12T her e i s a negative relationship bet\y
and AAvail abl e Suppl yindicaiedby PamuaslimeaningUhati | i z at i
increases in stocks of a commodity reduce the availability for domestic utilization indicated by

the negativesign o f t he wvariabl e A St oediécsons®fstacksgre s 0 . Cot
assigned by th@ositive sign of the variablesinceit increase the available supplyat the

observed time period

Assuming that countries are typically trying to maintain their food stocks and utilize them in

the moment of the fgr eat etlelimiteddrgdua deviatidnsdf s pos s
this indicator from the individual countryos
might be anticipated at the global levébr individual commodity groups. Indeed,
notwithstanding the presence of random fluctuation of stocks over Figuar¢ 25), there is a

limited tendency for the reduction or expansion of stocks globally. This is confirmed by a study
ofLai o, Ri dol f i(2016)aderdonsading dhatroveralbregional and global per

capita food stocks are stationd&fyThereby, assuming a relatively conservative scenario of
prevailing current management practices for stock holdings observed over the last 50 years, the
indicator of fAStock changesd might be disregal
additional insights and unnecessary potential complications for the analyeisgyterm food

security®

the lack of consistent and sufficiently detailed information across countries required for their proper integration
to the modeling framework.

L ai o, Ri dol f {2016)iadicated Ehat Gattwatidn 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 cartsistonstruction 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 weltknown projections ofAlexandratos and Bruinsm(@012)similarly do not include changes in stocks
into the longterm projections.
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Figure 25: World stocks changes for various commodity groups 19612013 (1000 tons)
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The second i ndiWaatéss®An integratipruobtisistindicatuntd tre arfalysis

IS subject to a number of reservations of different natiexandratos and Bruinsn(@012)
indicate that estimates of food losses and waste in the FBB@dainon oneside andshould

be viewed from the perspectivewiderlying definitios on another sider'hus, wthin theFBS

- Handbookii Wa st e s 0 a ffia@ ambent af theeacdmnaodity in question atetived
therefrom not further pursued in the food balance sheets, lost at all stages between the level at
which production is recorded and the houseb@fRO, 2001b, p. 13)This definition seems

to be rather restrictive, as it does not account for théaneest losses along with the postail
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 le(fe?O, 2011) At the

same timelow food security status is typically observed within fiodustrializel countries,
where more than 4@ of the food losses occur at pdwrvest and processing levels
(Gustavsson, Cederberg, and Sonnesson, 20hig peculiarity of the initial data structures
should be considered during the creatdrthe model and interpretation ofodel outcomes.
Underthese circumstancethe observed fluctuations of the world food losses for the specific

Term AiWastesoO was sSsubstituted to fiLosseso in the r
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commodity groupgFigure26) might not fully capture théactuab v ol umes of f ood |

rather a specific part of it.

Figure 26: World foodlosses for various commodity groups 19612013 (1000 tons)
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At the same time, under the increasing discussion of the problem of accounting and
differentiation between food losses and waste currently observed in the lit€@amneoy

Mufoz et al., 2017; Chaboud and Daviron, 2017; Parfitt et al., 201if)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

ALosseso for estimation of their proxy trajec
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Thus, assuming thafEBS are consistently captimg the food utilization practicesand that
individual elements of the utilization side of FBS are subject to technological constitaénts
following updating procedureased orthe estimation okhares ofndividual elements of FBS

in the total supplynight be appliedFigure27).

Figure 27: Procedure for updating FBS
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Figure 27 indicates thatby utilizing the information from GTAP on total changes of food
supply’® within individual regions and food categories and information shiares for
correspondingndividual elements of FBShe volume of food products attributed to each

utilization category might be estimatasing the following relationshiFormulal4).
YO&a Qda X Qda Qo F¥EI0E Q& Gd DE B@d Q [14]
Thus, the percentage charfgetheamount of wastes can legpressed as:

W0 w06 YW '@  "Y'O0 w6 2YBY Y 0" Q®iva [15]
Where:

56 Within FBS the following identity holds Supply = Utilization.
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O v 2%

I in TRAD_COMM

SHQWAST is a share of waste in total utilization according to the structure of F
C_QWAST_UP is a newly initiated variable for storing the updiatdues
c_QRIGHT_UP is a newly initiated variable f&toring updated values of Utilizatiol

Similarly, other utilization elements of FBS can be estimated (Formula&20%

Q0 6 0 Uvo'd "Y'O0 6 U z @0 'Y'OQElvd N [16]
QL 0 Y0 'a YO0 0 W z 0 Y'OQWlvd N [17]
Q0 YOO d "Y'O0 "Y@®O z Q0 YO Q@i n [18]
QL "0 T "G "Y'O0 "'O0@Oz @b YO QEa N [19]
Q0 Y'Y Ot G YO0 YYDz Q0 YO Q®iva N [20]
Where:

O v 2%

I iNn TRAD_COMM

Alternatively, the updated shares estimated according to the GTAP database might substitute
share coefficients withinFormulas 16-20. Consideringthat, FBS do havea different
representation of commodity flovisanthe representation applied withine GTAP mode] it

would be not surprising to see the divergence in rifedel® results under these two
specifications. At the same timilere is limited evidence to favor one estimation procedure
over anotherbecauseboth data sources are theoreticatignsistent,and their individual

credibility is not in question

In the followup chapter,the expemnent design will be furtheelaboratedin detail The

individual subchapters will provide guidanéar specific stepsof composingthe database
suitablefor exploring new featuresf the extended modelt will also outline the scope for
potential simulation scenariogjefine aggregation levels anidstly provide information on

adjustments made for model s cl osures.
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3.3 Experiment design

3.3.1 GTAP database and its extension for the analysis of foakcurity

3.3.1.1 Extension of the database relevant for GTAMBIO and AEZ

In the following analysisthe version 9.2of the GTAP Database, was utilized as a point of
departure The original database combines information on 141 countries and regions and 57
sectorsincluding20 food and agricultural sectofer 3 benchmark years 2004, 2007 and 2011
(Narayanan et al., 2015For the present study, the most recent year, specifically 2011 was

selected as the base year

As indicated irChapter3.2.2 the standard modeling environment of the GTAP model does not
explicitly capture production, consumption and trade of biofuel productd@xinoinclude
favorable AEZ specification. The same is true for the upoherflGTAP databasédn order to
address this limitation and adequately depict processes occurring within taotiedlated
industies in the benchmark year 201(¢.g., due to the supply ddy-products during the
productionprocesy a series of modificationsvas made tothe database. The processtbe
datbase modification ighoroughly describedn studies ofTaheipour et al. 2007) and
Taheripour and Tyne{2011)°” Here,| am adopting the methodologyroposed within these

studiesand shortly indicate theritical elements of te underlyingprocess.
In the first step, the relevant data items were collected from various sources:

- Production and consumption of biofuels for the benchmarkigedtainedrom the US
Energy Information Administration (EIA)

- The information on bilateral trade for biofuel productslgained fromEUROSTAT
for all European countrieendfrom USDA for all other trade participating countrjes

- Data on the cost structures of biofuel commodities is adopted Tedraripour 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 the commercial level as indicated raheripour, Zhao, and Tyné017) 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 individuahggregatedegions according to GTAP 8 Land Use and Land
Cover Data Bastor the year 200{Baldos and Hertel, 2012)

On the second age, the collected informatias used to introduce the biofuel and its-by
products as new sectorkhis is achievethroughreallocation, also known displittingo, of the
monetary flows attributed to thegiginal GTAP sectors where biofuels are actually embedded

to the new sectors
Thus,threenew sectorgand their relatiosto the original GTAP sectomsereidentified

- Ethanotl is split from the food processing (ofd) sector,
- Ethanoi2 is split from the chemicals rubber and plastics (crp) sector,

- Biodieselis splitfrom the vegetable and oilseeds (vol) sector.

For each of these casdsuse the SplitCom prograrfHorridge, 2005)and a supporting
proceduredeveloped as a TABLO cod@&aheripour et al., 200%p split the targeted sector

andto reallocate the flows of bgroducts to the relevant sect8?s

| need to reaffirm thats indicated byfaheripour et al(2007), Taheripour and TyngR011)
implementation of teseprocedures and generation of the GTBI database requis specific
ad hoc assumptions and implementation of additional adjustments either to th&ulrtput
tables in the GTAP Data Base or to théernal data specified at the first st€pe aeation of
the baseline scenariosquires however a high level thfe internal consistency of the primary
database of the model. Considering that the initial GTAP database provides a consistent
representation of the world econoroy thebenchmark yeafAguiar et al., 2016)preserving
those properties might be of a haglpriority for this exercise That is why the biofuel
production figures for specific regions, where inputput tables did not support sufficient
production volumes, were properly adjustedaccordancewith the present Inpe®utput
tables™®

Integration of AEZinformation also required some additional refitting of the data and
application of TABLO code for data processidg astarting point, lite mechanisms and data

structuresdescribed withinLee et al. (2009)vere used to generatke land cover database

58 The exact procedure is describedaheipour et al. 2007)

5% The alternative approach would require an adjustment of the-Owpiput tables with the potential need for
further recalibration of model parameters and database. The TABLO program GTAP@Hjurstige, 2011)
might facilitate the process of rescaling the database and eliminating imbalances in it.
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Later, he information on the crop cover as well as the land use was introduced to the aggregated
databasdsee ChapteB.3.2 throughpre-aggregation of5TAP 8 Land Use and Land Cover
Data Baseusing the FLEXAGG program(Villoria and McDougall, 2012)and followup
reallocation mechaniswf crop rents across individual AE&ased orthe share information of

its individual componentithin the aggregated GTAP Land Use and Land Cover Data®®ase
Due to the limitation of the initial databaselditional redistribution of the available land was
conducted for sectors that typically do not util&substantial amount of land for production
purposeThus,land rens attributed to the nenuminant sector were redistributed across all land
using sectorsThese rents were further reallocated within individual sectors across all factors
of production in order to guaranteeconsistent factor reallocation structurEne factor
reallocation for the forestry sector also received some adjustment atahesAs a result,
natural resources were reallocated towards landafomdequaterepresentatiorof AEZ

information for forestry in the databaseé¢ Figure C1 in Appeiix).

3.3.1.2 Extensionof the database relevant for thecalorie module

In order to facilitatefunctioning of the calorie module described in Chapt@r3 the GTAP
database was augmented by the information on calories and physical volumes obtained from
the FBS(FAO, 2016) The FBSstoreannual foodsupply and utilization dat@r more than 90

fooditemsacross more than 180 countrasd cover the period frod961to 20135?

The FBS database providdnsights into theavailability of each food item, i.e., each primary
commodity and corresporglit to the source of its supply and utilizati@nthin a specified
period The estimatediotal supply of food items corresponds in FBS to the quantity imported
and producedvithin a specific countradjustedor changes in stock3.he food available for
human consumption is calculated on the residual lbasie difference between the estimated
total supply and the potential use for the purpose of exports, wastes and furthemdiodc
processingfor primary commodities, suchs their utilization foranimal feeding, seeding

activitiesandnonfood uses (Formula 22% Using food composition tables, the food quantity

80 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 2.1.8.13, the FBS received a recent revidioatcovers 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 applicatiofthis version is still accessible over the FAOSTAT.

52 Formula 21 is a truncated representation of relationships depicted in Formulas 1 and 2 @hapter
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initially evaluatedn 1000 tonesis converted into calotiequivalentsand later on divided by
the populatiorfor derivingthe per capita dietary energy supply expressed in kcal per day.

01 € Q6 Q30ANE I Y NO0E O QWA ET ddi 0 QI ¢ QI "0Q&™ [21]
Additionally, in order to facilitate an adequate and sufficiently comprehensive representation
of the food supplyof individual countries and allow comparability across théne, FBS
implement some standardization procedure¥his implies the conversion oprocessed
commodities to their primargquivalentse.g., quantities dlour areconverted an@xpressed

in wheat equivalentd his procedure greatly facilitates the analysithefFBS with no loss of

pertinent information captured by unstandardized .FBS

In order to integrate the information about the kcal content of the individual product groups to
the GTAPdatabase that is explicitty much more aggregated relatitreeteBS, the following
procedure is proposedssumingthatthe FBS has the most detailed representation about the
food consumptiorpatternsfor each product and product growpthin individual regions
captured by unstandardized FBS, it is favorable to utilize the information oalthre content
implicitly captured by the standardized versaftheFBS. Thus alternatively taheutilization

of theinternationalcalorieequivalents of individual food itenteat might not perfectly match
the aggregatkénature of the GTAP sectoend capture sectoral and regional differentes
following simple calculatiorprocedure for recycling information stored within variables of
FBS is proposed (Formula 2%)

O£ D 1) Mo @& O METN 1) K03 0 @ L

"OE £ D N Mo e ORI N KD |

) e % 22
QN E O RO IAQ [22]

The realization of teseprocedures is achieved througltombination of two indicatorthat

are freelyavailable forthedirectextracton out of the FBSspecifically"Food supply quantity

(kg/capita/ead ) 0 and " Food suppl yTheg esanmted ihdicatof was al / c a g
storedintheHAR f il e under the header AKCALO.

63 Nonetheless that the unstandardized FBS are not freely available for the public, the procedures underlying the
standardization process of FBS are extensively explaineA@ (2001)

64 Formula 22 was derived from the procedures describel8A®@ (2001b, pp. 1415). Although | do not
recommend utilizing the information on international |
of the GTAP database with calories, due to the chance of losing the required level of regional and sectoral
specificity captured by thEBS, the user might still find the required information and the related aggregated
sectoral and regional values within gh@videdHAR 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 daldbastep was
completed in accordanedth the newly defined mapping séctoral and regionalggregation
betweenGTAP databasand FBStables(Appendix D andwasimplemented irtheform of a

Tablo code see Supplementary MaterialBhus, share of individual products summarized

under the categoryi Food o was esti mat ed & thdr inditidudl i z e d
contribution tothe caloric content ohggregate commodity groups identified witktve GTAP
databaseThereafterutilizing the analogous procedulea g gr egat ed t he wei ¢
energy content to the most disaggregaegfonallevel ofthe GTAP database, and then t8 2

world region and country groupslected fothe present studigee Chapte3.3.2andAppendix

E for further details

As previously indicated, in addition to information on caloric content of food products and
volumes of their supply and utilizatiotiie FBS retain the information on the population within
each individual country. Thus, in order to fully resemble FBS elements vilikiGTAP
database, the information tirepopulation withithe GTAP database was actualized according
to the level captured withithe FBS.

Additionally, to the same Tablo codeesponsible for the aggregation of informatidn
incorporaté a consistency check routine responsible for evaluating the balances between
supply and utilization sides as wellmechanisms for correcting any potential disbalarites.
implementation of those mechanismas motivatedy 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 secoi regionsvere observedSince it

was not feasible to trace the source of those discrepancies within the standardized FBS database,
the universal procedure for their treatmevds choseras the most appropriate solution.
Therefore, #ier a sorrow inspection of the existing discrepandidsave implemented the
reallocation mechanism between supply and utilization elements for sectors in question at the
most disaggregated level of the FBS. Althouglvas striving to realize the least possible
number of agistments 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 disbalaridesye identified that 96 countries have a
higher value of utilization compared to the supply, while the higher levels of supply relative to
utilizationwere registered only for 67 countries. Considering that changes in stocks might have
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both positive and negative values, expanding or contractirgyiyof products available for
utilization, this elementvas seenas a potentially suitable balancing element within the
standardized version of FBS. At the same tihtrecognize that according to the methodology

of the FBS, the amount of wassecalculateds the particular share of the available supply (see
e.g, FAO (2001). Therefore despite only marginal effecteinganticipated readjustment of

stock size antheavailable 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 lyfwopfd be rather
marginal under the described procedure, the proposed strategy for faoddancing of FBS
seems to badequate.

Implementingof indicatedtechnique for integrationof informationstored withinthe FBS and
its aggregatiorio the level ofthe GTAP databasbas allowedneto resembldhe regional and
itemsaggregdbn capturedvithin the FBS databaseseeFigure28.5°

Figure 28: Daily calorie intake per head in selectedcountries according toFAO FBS and
the extended GTAP databasdor 2011

40040

36
35010

328
320 318
31 31

30010 =10

k c

286

27 274

264
2500

1

1

1

1

1

1

1

1

1

1

Nl 245 245
1 234
1

1

8'6

1
]
]
1
1
1
1
1
]
]
]
ol

1 3

2000 7

|

]
1 1
1 1
1 1
1 1
| |
| |
| |
1 1
1 1
| |
1 1
1 1
| | |
| | |
| | |
! A 2,
1 1 1

|
|
|
| |
| |
| |
| |
15 5I5
| i i

Wor |l ER7 USA NOAM JPN HAsi ®HCEALATAMCHN BRAZ RAsi @ NDI MENA r SSA LDC

|
|
!
|
|
|
|
:
b
|

.
L 'red |model

Source Own elaboration baseash resultsat the stage of modelsalibrationanddata of FBS
(FAO, 2016)

85 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 smailtlds not able to substantially change the overall picture.
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3.3.2 Regional sectoraland 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 outconfes: theregional aggregation,aimed,

on one handto retain the geographicahd economigroximity of countrieswithin country

groups andon the othehand to adequately depict the diverse levels of food consumption in
terms of calories. Thereby, the regional aggregatipresents a mixture d3large economic

regions andndividual marker countriefAppendix E, Table E1)

Due to the focus of the study on issues of food security, s¢etggregation was conducted
with the objectiveof preservingsectoral details adgriculture and foodelated industries at the
maximum disaggregated leveltbe GTAP databasewvhile aggregang othersectors according
to their sectoral similaritie¢Appendix E, Table ER Additionally, parametrization of the
consumption side of the modgbecified under the GTABIO submodulgChapter3.2.2 has
required anadditional aggregation stefor estimation of substitution parameterbetween
composite energy products and remmergy productsThus,coal, oil, gas, biodiesel, ethanoll,
oil_pcts, ethanol2, electricityand gas were considered to dlementsof a singlesectori

fhenergy.®®

The aggregation procedure for factor endowments ovdg applied with regard to labor
endowment$Appendix E, Table E3)rhe default factor aggregation specific to this version of
the database was appliédcus, twolabor groupsveredifferentiated in accordanaeith 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 scenariogand sensitivity

analysis

In the present study, threediumterm reference scenarios of the world ecaryoand related
indicators of the regiondbod securitywill be analyzed through the combination of growth
projections for the main macroeconomic indicators ti@lGTAP model.Considering the

substantial uncertainty ithe development of macroeconomic indicators in the medium and

56 henergy represents the energy composite sector utilized within the specification of household demand.
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long-term perspectivesalong with a considerable number ardlverse natureof variables
potentially affectedby thosechangesthe need forthe cone of trajectories for regional and
world food securityis evident.For this purposel am adoptingthe framework othe Shared
Socioeconomic Pathways (SSPs) proposedby Ne i | | e2017)and widely applied} ,
within the climate change resea(@oelman et al., 2018; Fricko et al., 2017; Riahi et al., 2017)

Within the SSP framework, thenderying uncertaintyof sociceconomic develamentis
capturedwith the help offive narrative scenariod he individual narrative scenariospresent

a combination oplausible alternative trajectories fqualitative and quantitativeharacteristics
of thesocioeconomic driversalso known as elementstime SSP frameworkin the absence
of climate policies and climate changeich aslemography, socieconomic developments,
institutional factors, governance efficiency,technological changesand environmental
conditions( O6 Ne i | | .é&aur ohthe narratves (SEP1, SSP3, SSP4, SSP5) describe
various combinations of high or low challenges to adaptation and mitigationthe socie
economic perspectiv¢ O6 Nei | | e Rinally la fifth nagrdlivie {§SP2)epresents
moderate challenges of both kinds and is associateddeftcting historical or business as
usual patterns within the SSP scenarios specfifncko et al., 2017)Thereby potential socie
economic challenges are identified untlez combination of diverse macroeconomic trends

and ranked according to the potential of society to adapt and mitigate thog€igske29).

Figure 29: Graphical representation of the five SSP scenarios
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The analysis of the lontgrm food security status for individual countries and regions typically
concentrates on the definition of the problem sigeatinget 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] keep to this strictly pragmatic amérsimonious approadh the choice and
specificationof scenarios. erebythe focus is made on two scenaribat would suffice for
capturing the medium (SSP2) and thestchallenging trajectories (SSP3) for future global

food and nutribn security

The core assumptions of narratives in SSP scenariosh are alsdypically considered to be

the mosbutcomerelevant forthe explorative studiesre assumptioraboutthe trajectories of
population and economic growtfhe ®mbination of high population growtAnd low
economic growth Kigure 30) under SSB s cenari o, al so kn®wn a
considered to be the most challenging scendmon both adaptation and mitigation
perspectivesThesetwo characteristicservewell as a proxy indicair of potentialy high risks

for the realization of food security strategias globaland regionalevels. Additionally, the
qualitative narratives of this scenario characterize prospective regional developments as
extremely inward and sefiufficiency oriented, leaving limited or no space for collaboration on
international and regional issues. The procesdedeglobalization undeyling this scenario

will cause a potential reshaping of currently observed international trade patterns. In this
narrative, due to the increased protectionist attgofléocal governmentgheagricultural and

energy sectors are expected to be particularbneto structural changes. The insulation of
thesesensitive sectors through restrictive trade policies might potentially have unfavorable
consequences for individual local societies in their attetopchieve 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,

alimited increasén resource efficiency and uncoordinated governmental actions.

At the same ti me, the more fApositiveo deve
spectrum of SSP futuresSSP2 scenario should imply substantially lower risks for global and
regional food security compared to SSP3. This scenario lies within théieroi-the-road
pathways relative to the span of plausible outcomes for each element describing narrative

scenarios in the SSP framewdfHt assumes the development path that is consistent with the

57 A detailed description of the conceptual framework along with development methods for all SSP storylines is
available within studiesd® 6 Ne i | | e017)al . (2014,
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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 fa#ilidle of the businesss

usual scenario in the present exeréfse

Figure 30: Development of globalpopulation and world GDP under five SSP scenarios
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Althoughthe underlying SSP framework provides the required complexitigecdinticipated
systematic changes and dependences in the world ecotimepnsistent implementation of
individual quantitative anthe most critical qualitative characteristics of narrative scenamios
economic models is still an extremely challenging tasegration othe SSP framework into

the GTAP modeling exercises is not an exception and is restricted by the explanatory capacity
and builtin functionality of the model.

In order to explore the processes that might occur wittenvorld economyandto evaluate
the food security status of individual regiomsderthe selected8SP scenariog, utilize the

updating procedure of the GTAP databdsBned as an application ekternalprojections for

68 As discussed in Chapt2r2.2 the different views on the specification of the busiresssual scenario currently
exist, e.g., FAO (2018) incorporates elements of SSP3 to their buam@ssal scenario. In the present exercise
I am not adopting the strategy of mixing differenjecaories for macralrivers of different scenarios. Thereby
| stick with the assumption that SSP2 is a bushasassual trajectory.
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the main macroeconomic indicat@secifically creatednd adjusted fobSPnarrativesThus,

to replicateghepotential structural socieconomic changesexogenously specified growth rates
for the national real GDRopulation, unskilled and skilled labasere retrieved fronmacroe
econometric estimates ®flaGE (Macroeconometrics of the Global Economy) mottel
individual SSP narrativgg-ouré 2016).With the help of the baseline data aggregation module
(see Appendix Fand Supplementary Materiqlsthe compiled information wasfurther
aggregated to thkevel of therequired regional aggregati@pecified in Chapte8.3.2 The
acquiredgrowth rates weréhenutilized 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 maeoonometric modal MaGE in ths case. On the other side,

the underlyingnformation forvariablesof interestwould be available for the complete set of
countries and regions the condition relevant for a good matching of information across
external data sources atite GTAP databaseSpeculatively, this provides a more robust and
consistent approach for updating the GTAP model database, compared to the selection of
information from multiple data sourcakat might have a different countryand variable
coverageas well asto be subject to different undgihg assumptionsNonethelessit is
important tostressthat there igurrentlyno shortage of alternative data sourcesrijectories

of individual macro variables. Thus, information about the potential GDP growth can be
alternatvely retrieved fromindividual studies such &uaresmg2017), Dellink et al. 017,
Leimbachet al. 017)or databases of individuaternational institutionssuch asOECD
(2018)°° The population projections might also be retrieved from alternative sources, such as
a study ofKC and Lutz(2014)or recent UN projections, e,dJnited Natiors (2019) Hence,
keepingthe idea of increased harmonizatiand transparency of future projectiansmind,
greatersystematizatiorand consistency check of the core madata across various sources,
along with the description of specific application guidelin@sght be a relevant area of
researchDue to the objective reasathjs kind of analysis and intercomparison of data across

different sourcegoes beyond the scope of the present study

8 |IASA SSP Databaséhttps:/tntcat.iiasa.ac.at/SspDb/dsd?Action=htmIpage&pagesdprise 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 scomnd define the central focusf the presentodeling
exerciseis an analysis of the GTAP modeautputsunder different scenariosnd different
modeling assumptiondJtilizing information on exogenous trajectoriger the main macro
variables,the simulationattempstofi s hi f t 0 database te the futurepdogenously
recoveing the underfing output augmenting technical change within the GTAP model
required for achieving the specific GDP target in tipeoming deades® The underlying
macroeconomic mechanism might receiagious implementatios within a model and is
strongly assumptions drivefChateau et al., 2020Thus, wthout a further specification of
sectoral differences, recovered technical change coefficigtitis the standard GTAP model
would represent uniform technical progress across all economic sectors. As discussed by
Robinson et al(2014) the underlyingassumption seems to be generally unrealistet does
not receive strong empirical support within the modern literafthiat is why, similarly to the
method describenh Robinson et al(2014) | rely on theeconometriestimates for creation of
sectoral differentiato endogenizegroductivity growth For simulations| adopt the sectoral
differentials implemented withithe study ofHertel and Marti{1999) which are summarized

in Table6. Thus, as indicated ifable6, thetotal factor productivityn the agricultural sector

is assumed to be relatively higher compared to the manufacturing and services Beesa@'s.
estimates are line with the results of more recent studies, sucKets and Lejouf2003)

and assumptions of otharell-known modeling teamssuch as MGNET (Robinson et al.,
2014)

Table 6: Ratio of asectoral valueadded productivity growth relative to the economywide

average
Sector Relative ratio
Agriculture 14
Manufacturing 1.0
Mining 0.0
Services 0.5

Source: Own elaboration

Specific modeling featureapplied parameterization of models, as well as assumptions on the

trajectories of baselingletermine simulation results as individual elements, but also through

°Some recent studies, efpuré 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 othefhat is why special attention should be given to sensitivity analysis
in forward-looking exercisesThat is why! will individually vary different characteristics of
model specification or parametrization with respect to each of the selected SSP trajectories
evaluate their contribution to the resultsA part of he sensitivity analysis will asss the
contribution of inclusionof richer details on trajectories dhe agricultural sector to the
modeling outcomed$ndeed, theuestion about thedequacyf agricultural sector development
under the condition of changing agricultural yieldsmain crops driven by thenprovement

of agricultural practicess staying sharp for the forthcoming analysi® address concesion

the adequacy of endogenously recovered technological grovifie mpodeland also to receive

a reference poinfor the food securityl adopt information on technological shifters for
businessasusual scenariappliedin the study oFAO (2018) The effects of climate induced
shifters specifieth the FAO (2018ill be at the same timeot implementedThis is motivated

by several factor@\s | indicatedearlier, the SSP scenario framework does not explicitly include
the potential effect of climate change to the modeling framewiditkough, individual studies
within intercomparison exercisaategrateindividual effectsinto simulations(see Chapter
2.2.2, an integration of the full range of effedtsthe analysis within a single modeithout a
clearly defined feedback mechanisbetween economic and bphysical processis subject

to asubstantiauncertainty Moreover, he effects of climate change relative to other factors

might be also subtle at least until the middle of century

| am alsokeen 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 conventibraairiial growth rate of capital
which ishomogenous among the model's regions. This assumption is commonly applied within
individual modeling exercises, for instanceBrockmeier et al. (2012Alternatively, utilizing

the information about the projected size of capital stocks within M@&kEré, 2016)the
growth rate trajectory for capital endowmentithin individual regions was estimated for
individual SSP scenariobkigure31). The mplementation 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 relevanoedefining thefood security status of individual regions in

the longterm

P 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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Figure3l: Pr oj ected average annual growth rates
the period 20112030 @6)
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Considering the focus of the present study, the issue of changing food consumption habits and
preferences associated with the improvement of economic status and income of individuals was
an area of particular interest and, at the same time, uncertaimijarSo other CGE models,

food consumption within the GTAP model is calculated with respect to income, food prices,
and the elasticity of food demand. Howeviaking the substantial growth of GDP for all
countries and in particular for developing cowgnithin the analyzed time frarmgo account

the anticipated income change will also be substantial. Since the CDE demand system
implemented within the GTAP model ha® mechanismto adjustincome elasticitiego
observed changes in income levels, the existing parametrization of the model might drive the
outcome of the model to implausible food consumption levels in terms of calodesd,Yu

et al.(2003)find that the CDE demand system tends to exaggerate food demands when incomes
increasesSolutions to this problem remain an active area of researchAd haplicitly Direct

Additive Demand System (AIDADS(Rimmer and Powell, 1996)xplicitly adapts income
elasticities when income levels change and has been proposed as a better alternative in this
situationas indicated byChen(2017) However, the AIDADS comes with the drawback of
being less flexible in terms of price elasticity ranges than the CDEmas W. Hertel,
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2013)Considering this tradeff, it was decided to exogenously adjust the CDE parameters to

the changes in income levels.

To this end) cleaned and compiled the data regarding prices, incomes, and budget shares from
the original GTAP database. Thd adjust the CDElasticities in collaboration with Dr. Ole
Boysen utilizing thepproachdocumented ilBoysen(2017a)as follows:Usingthe per capita
incomes as forecasted for 203@&w targeted income elasticities for the 141 countries and
regions of the GTAP databas#e estimatedusing the AIDADS demand systemsee
Supplementary Materialhe estimation procedure for this demand system is explained in
detail inReimer and Hertel (2004a, 2004b% well as irCranfield et al(2002) The original
parametrization for the AIDADS demand system fitting the current version of the database was
adopted fronHertel (2016, p. 12)Then the parameters of the CDE functiovere calibrated

to the targeincome and pricelasticities estimated at the first stgpusingageneralized cross
entropyprocedureasdiscussed ilBoysen(2017a) The final estimates dhe newlycalibrated
parameters of the CDE functierere then integrated intbe disaggregated GTAP datahdt

IS necessary to stress that no additional assumptions aiming to control future dertand or
calibrag/target income elasticities towards FAO food demand projections were utilized within
this exercisgsee e.g.Valin et al.(2014) for more detailsThe nformationon the income

elasticities for the aggregation of choice is provided in AppeAdix

| amalso interesteth seeinghow implementation aheyield 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 iselatively simple. Considering that the land suppl¥imsited, and feedstock or

crop prices would rise, producers have an incentive to incthasese of nodand inputs to
boost production per unit of larfdBut how this behavior would affect the outcomes of food
security if the big macro shocks would be applied is still rather puzzlingiiiee investigaed

as a part of the sensitivity analysis

Utilizing the builtin functionality of the RunGTAP and GEMPACK software packages, the
decomposition analysis of simulation reswil be conducted. Usinguch toolsasi s u bt ot al
and to a lessategreeAnalyseGE | aim todisentangle the contribution of individual exogenous

variables on the endogenous variables within complex shocks and to get a better understanding

2The method of implementing such a behavior to the model can be foleeney and Hert¢R009)as well as
discussion of alternative parametrization assumptidddlub and Herte{2012)
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of the modeling outcomes. Thisethod has however some limitations adaes notallow

evaluating a contribution of alternative parametrization of the mede, asncome elasticities

or changes of Tmesaeclerhedts of sncartaintgte taddeessed in form of

individual simulations of sensitivity analysiBheinformation abouassumptionsf individual

scenarios and characteristics of individual parameters, such as income elasticities fattilized

the assessment of future food security amad nducting the sensitivity

outcome is summarized rable?.

Table 7: Matrix of the proposed simulations for sensitivity analysis

Ma(\:/;orieac;ggmlc Production factorg
Assumption .
. . Income : . Technological

Simulation elasticity of yield price yield shifter

GDP |Population| Labor Colapltal response

(% 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 S$Rrratives do express particular views on the development of trade

and globalization, e.g., assumi ngglobalmatbre r at e 0 |
under MAconstr ai nseehariol decided rot td imptementad hoSadj@s8eent

of model parameters, such as making Armington elasticities higher/lower, implementing new

or relaxing current trade policies, é&cl am aware that these assumptions might have

7 In the recent study oPopp 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&aderson and Strutt
(2016) conducting their baseline exercises to 2030 were adopting assumption of doubling the rslealitim
term of Armington elasticities that shall resemble a typical regularity between short artérionglasticities
(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. More@®akkers et al. (202Q)sing 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 scEmario.
theory suggests that restricting trade would primarily raise prices for consumers and limit
market access for producerssulting arincreasing pressure on food securitpwever, 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 mediungterm Therefore, although
trajectories of the macro variabledl 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 chaptdrdefined a set of exogenous trajectories and model parameters that
might be of high relevance for tressessment 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 subchaptewill shortly revise changes mader the standard

GTAP closures.

3.3.4 Model closures

In themodel | apply slightly modified conventionaBTAP closures typical for application in

the longterm analysis,such asAnderson and Strui2016) This closurepresumes that the
national employment of each productive factor is fixetha and produced capital are assumed

to be mdile across all uses within a countoyt immobile internationallyThe regional balance

of trade is determined by the relationship between regional investment and savings. The
macro&onomic closure is neoclassicahich meansnvestments are endogenous and adjust to

accommodate any changes in saviisgsermitted on a regional level.

The modificatiorof closuresvasrelated to theorrection of variables introduced or eliminated
through themodification of the modeht the stage dhtegratingnew features fobiofuel and

AEZ modulesand captung sectoral differentiation of productivity growthilrhus, many
previously existing parameters of the technical chappgieal for the standard GTAP model
were influenced bythese adjustmentdn 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 mfy GTAP modelapplicationfor the first two
scenarios ofable7, thebusinessasusual (SSP2) anithe pessimistic (SSP3jajectories The

first part of ths section analyses the outcome of the mad@igboth a standard output of the
GTAP model as well as additional insights received from the newly createde module.

The second part of the section will concentrate on the assessment of sensitivity @ sodel
outcomesvhen applyingndividual assumptiosiwith respect tduture trajectories of macfo

determinants on one si@@d model specificatioran the other

4.1 From the standard output to the dietary compositionview

4.1.1 The exogenousstorylines as a key determinant of forward -looking

exercise

Explaining results anthe underlying mechanicsf simulationsis often considered to be one
of the biggest challenges for the genecpligbrium analygs The brwardlooking projections
of food security are not an exceptionthis regardin order to understand tlmutcome ofa
forward-looking exercisgit is necessary teeview the anticipatedegionaldevelopmentgor

key macroeconomic drivers and factors of produatiiized inits constructionFigure32).

The trajectories of thbusinessasusualSSP2 scenariaintil 2030 underline that the GDP and
population will grow in all regions of the world, except for Japan, whieegopulationis
expected talecline by 5.3%. At the same timedabor dynamicshowpotentially substantial
changesAlthough the development ofthe fiunskilled markei  domparableo the overall
population growth remarkableshifts are anticipated forfiskilled workers. Here, a limited
number of regiongs expected to have a reductiontbé fiskilledd labor force by 2030 under
the SSP2 scenarispecificallytheUSA and ROWOn the contrary, wst of the regiondefined
within the aggregatioare expected to experience a rapid expansibnhofehigh skilfed labor
force This will likely resultin a substantial shiftn both production antlence,consumption
habitsboth at regional angloballevels A particularlyrapid growth of théiskilledo population
is expectd to bein Africa. Sevenout ofeightregions of the African contineare expected to
have an increase of tliskilledod labor by more than 1080 in 2030compared t®2011 West

Africa, in this regardis a region where thexpectedgrowth of skilled labor idikely to be
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especiallyprominent. Tle dynamids greatly influenced bincluding Nigeriain 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 hestified. The high pace of human capital expansion in the region
coincides with the expectation of its rapid economic growttus,the projectedsDP growth

is expected to bhesecondargestof all regonsi only 0.6 percentage poinper annunbelow

the rapidly progressinghina but 0.5 points higherthanthe third fastest growinggconomy:

India

Figure 32 Regional trajectories for exogenous shocks under SSP2 and SSP3 scenarios
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The trajectories for the macroeconomic variables under the SSP3 narrative reatfeir
guantificationghat individual global regions are likely to facariouschallenges. Theglobal
economic performance is expected to be lowehis scenarioHowever,developed regions
are morelikely to be exposed to the slow dowthan developing regionsrhe population
dynamics alsovary acrossregions of different economic performascd&he quantitative
trajectory denotes the expectation of a rapidly growingufadion in the developing regions.
The developed regionat thesametime, are expected to have a further slameh of their
population growthwhich ispredominantly caused by lowéertility rates, as well as higher

mortality rates. Thus, similar to Japan, the EU is projectefhitahe replenising of its
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populationbased on predictefiliture birth ratesAs aresult this will cause a reduction of
population by 9.% in the case of Japand by0.9% in the case of the EU under SSRBBthe
end of the projected period. The dynamicsldoth labor marketsfiskilledo and fiunskilled,
introducethe assumption atlower progressf educatiomal development ithe SSP3 narrative
(Figure32, panet 3 and 4. Even thoughthis narrative universally assumes a lowssrease

in education for alfegions developing regionslue to their population growth dynamics, are

expectedo be more affected by this.

Obviously, a combination of the trajectories for macroeconomic drivers and production factors
primarily shape the future food production and consumption in the simulated scenarios.
Considering the positiveignsfor the overall economic and population trajectorfes both
scenariosa further expansion of foodemands to be expectedt a global level The specific
effects of themacroeconomic driversn the improvement athe averagdood availability and
consumption in the scenarigsless obvioushboth at regional and product levels. The overall
increasingGDP is likely toelevatetotal and per capita foambnsumptiorievelsandwill likely
promote more diversified consumption baskets tloe average consumer following the
renowned regularitieand patternsAt the same time, rapid populatigrowthwill have a twin
effecti on one hanaontributing to the overall consumption increase, but also deteriorating
availability of food per capita if the economic and technological groviltmot keep up with

the rising demand. Due to the different dynamicghesedrivers foreachregion acros$oth
scenarios, thentirestructure of the food markets as well as the expected regional dietary and
energy composition will be subject ¢bangedriven by both, local andglobal changesAs a

result, thismeanghe outcomes of the trajectories for both scenarios need to be regarded with

caution.

4.1.2  Agricultural production and market developmens

The results of th&SP2basedscenariaScenario 1xhow thatproduction andonsumption is
likely to increase in all food sectors acr@dsanalyzed regions. Due to timprovement of
global well-being the realization ofBe n n et 6 s for dietary Ishaftsby 20OB0is well
defined within the projectionat the aggregate levdlhemost rapid increase expected to be
in the production ancconsumption oprocessed meats aadimal productsfollowed bythe
expansion oEonsumedegetable 0il$46%) and sugas(50%). The expansion dhevegetable
and fruit secta as well aghe crops sectorss expected to be almo$i8-2.4 times lowerthan

the expansion of the animedlated sectorsThis result isconsistent with the magnituslef
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income elasticities in the demand system, whicharewveragglower for cerealqseeFigure

32 and Chapter4.2 for further details) The anticipatedstrong expansion of the cereal grains
production(crgrain)as shownn Figure33is aninterestingcase This sectorhas the highest
growth rate of all crop globally, despite therelatively low average income elasticitys
indicated inTable H1 of the AppendiXThe substantiaglobal growthof this sectoris largely
determined by thehigh sharen the consumptiom theAfrican region thatat the same time

is exposed ta substantial GDRNnd population growat

Forthe SSP3 scenario, the overall increiasi®od production is expected to be lovkan in

the SSP2 scenari@igure 33). This is an important indication th#éte current economic
foundation of food consumption and the related dietary changes contnimreto the
expansion of food needs than the increasing population. The individual sectors are affected
differently by the change of scenariasthe global levelThe strongest effect is obseniadhe
animalendproducts as well aa theprocessed food sector, where the overall global production
wasreduced by almost 30under SSP3 relative to SSH&Is is not surprisinthough asthese

productsare associated with high income elastici{igable H1 of the Appendix)

Figure 33: Changeof the quantity index of world supply in agro-food sectors under SSP2
and SSP3 scenarioeelative to the base year 2011

74

60

50

whes
crgHh

yrim
catAt
r v eogi |
sugfa
fishi

oi |l s+

pr orcum
onco N ru
b av oib
pr orci ¢

ved rrui

paddy €
sugar ofp
cropet
daifr

nonr umi
p r odca iqr
pr ofco g

pr

Scenallisss[]sse

Source: own elaboration based on simulation results

107



Agricultural production and market developments

The processed rice sector was, on the contedfgctedthe least by the change of the secio
economic trajectorywith a reduction of merel¥1.9%. Several factors have contributed to this
outcome currently, rice is one of the primary staples for more than half of the Wwaosld
population especiallyin the fastdevelopingregions. According tdghe GTAP databasethe
processed rice sector is predominantly responsiblerémiding the private household with its
base cropThiscovers almost 90% of househdld de mand for doméAttically
the same timeboth rice commodities are associated with definedrelatively low income
elasticity levelsHence they mightbe fairly resistanto significantchanges evewhen income
shiftssubstantidy. Considering thahe populationgrowthin the SSP3 scenario is expected to
be predominantlyin thoseregions that have a high share of rice consumption in diret, and
thatthe effect of economic growik expected tde ratheiinsignificant the low sensitivity of

the sector to scenario chasgefeasible.

Figure 34 showsthat the overall trajectoriefor preference shiiihg on aregional levelare
consistent withpatterns observeoh aglobal level.Remarkably the expansion of the animal
related sectors is expected to be more pronounced than for iordqméh scenarios. The
increasing role of processed products is also eviBesideshe general similarity of expansion
trends for broad commodity groups, there are apparent regional and countryrejeteg
differences, where the current economic performance and the projected economic growth
jointly contribute to shapg the production patterns aridod needs in the lonterm The
anticipated high pace of economic growth in developing counttiest are primarily
summarized ingroups 2 and 3 ofFigure 34, resultin a swift expansion of the animal and

processed goodgwoduction.

Despitethis, the group of developing countries shoualat be consideredshomogenous. The
growth rates for the broad sect@s shownn Figure 34 are expected tde on averagd6
percentage point®ower for group2 relative to group 3hat primarily includes countries
representinghe African continent as well ake Rest of the WorldombinedIt suggestlikely
differences in dietary transition stagescross tbesetwo country groups meaninghatgroup 2
islocated at higher stage ddietarytransitionassociated witmoreestablished andiversified
productionconsumptiorbasketsGroup 3on the other hani$ 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 rdgmretheless 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 preservthe actual relationships between individual agricultural sectors.
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variation in the projected growth across sectors: ranging énoradest 136 expansion for the
processed neruminantsector in Cameroon ta 522 expansion of the processed dairy
production in Western AfricaSuch a substantial expansion in WestAfrica is primarily
driven by the combination of a low initial production leuglthe baseg/ear and a substantial
anticipated GDP change in the projected per@dterpointsin Figure34 additionallysuggest
anevenmore remarkablehangeof future productionThe e&pansion of individuatrop sectors
for group 1 is one such exampMonethelessthis resultis to be considered an anomaly
associated witithe notablysmall initial size of the sector in 2011 arg] therefore not

particularly meaningful.

Figure 34: Change of the production quantities for the broad agood sectors under SSP2
and SSP3 scenarios
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Source: own elaboration based on simulation results
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Further accessing tlmaitcomes across scenariosenoticesthat both reference scenarios share
common development pattermegardingthe broad adgood sectors and regional groups
(Figure34). The Spearmamroefficientfor the production trajectorider bothscenarios without
differentiaing regional and product subgroups indicatescarelation that is equal to

0.94 (p = 0.00005. Calculationof the Spearmaroefficientdifferentiating resultsby product

and country groupsassummarized inTable 8, suggests a slightly lowerorrelation for the
animatrelated and processed product groups for cougtoup 1 containing primarily
developed countries. Patterns for developing regionhie other hanshare greater similarity
acrossthe two scenarios. This result is in line with the previous discussion of the assumed
incidence of shocks on individual counggoups(see pl105).

Table 8: Spearman correlations for the change in production output under regional and
broad ag-food commodity groups

Regional Product groups

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 piog sectors and their regional dynamics
indicategotential folinteresting changek.was alreadyoticed that cereal grains are the sector
with the most prominent expansion potential across all @ofiee global level. The production
of cereal grains will grow universallyith a particularly high expansion in Africa where the

average growth across regions is expected to be ab&ye3ibth SSP2 and SSP3 scenarios.

The growth in production focereal grains in other regions is also expected tsubstantial
For instance, the US is expected to expand its production %y B5will allow the US to
preserve itprominentposition inproducingthis product group in the worlgFigure35). Quite
the contrary is expected for th&U, whichrisks facing a reduction of its share in global
production by 1.5 percentage poidtge to the anticipated growth of only 163everal regions
in Africa and, in particular, Western Africa are expected to increase their visibilitg cereal

grains marketThe West African group of countriegs defined in aggregatiorgankedfourth

S Pearson correlation reports slightly higher statistics.
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in 2011 (Figure35) andwill surpass the EU b203Q increasing its share of the world cereal
grains market by 4.Bercentage points. Chinshowing only a marginal 2.84increasan the

SSP2 scenarjas capable of preserving its strong second position in cereal grains production
nonethelessExpansion of the cereal @n productionin other regions will notesult in a
significantreallocationon the global production ranking makest one of the most stable ag

food sectos based orcontribution of individual countrieas indicated byhe pre- and post

simulation country rankings Figure35.

Figure 35: Within and across countrieschange ofrelevance oindividual sectorsin the
ag-food production under SSP2 scenario
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Global wheat and oilseeds markets are expected to have stronger®shifesestimated
reduction of wheat productian the European Union%.3%) will result in a substantial loss of

its share inthe total production of wheat;ankingit behind other strong whegatoducing

76 Measured by the mean of squared ranks changes.
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marketdike the Rest of the World, China, and Indi@ccupying first, second and third places
by 2030 This result is in line with expected patterns of the macroeconomic driverthend

augmenting need to meet the growing demand for one &kthstaple crops.

The agfood sectorshat requireahigher stage of processimgch asugas, oils and processed
nortruminants arenorelikely to be subject to the rapid regional expansiowen byincreasing
demandpressure. Wittsome 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. Tkey determinant for this outcome is the expected relative
difference in the performance of regionsl#meir resulting role for the markets. Thus, Brazilian
and High-income Europan economies, subject tthe relatively lower development path
assumptioa compared to their close competitors, are losing their shares in global production.
The changes are particularly dramatic tfee agrofood sectors of Brazibecause the country

lost its share of world productioim 14 out of 19 sectors. The lower developmaiBrazil in

the SSP2 scenatioompared to other developing regipndll likely resultin a redution of its

share fothetraditional andvell-establishedh-countryproduction sectors such as oilseeds and

sugar.

The anticipated production dynamics hamtceableeffect on therices Comparing the world
price changes in agifmod sectorgor two reference scenarios, the model simulations predict a
general tendency tthe reduction of prices for animal aradherlater staged processed agro
food sectors compared to the base yBagure36). Theprice dynamicgor sectors of primary
crops share a more mixed pattdmthe SSP2 scenario, world pricés paddy rice and wheat
sectors are expected to decrease by 9% and 22% relative to the ba&etheasame timehe
rising demand for nostaple crops typical for consumptiat higher levels of economic
developmentesultin a marginal increasen prices Thus,pricesfor sugar crops are expected
to riseby 4% and by 7% for vegetables and fran®r the analyzed perigéigure36).
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Figure 36: Change of the world prices for agfood commaoditiesin reference scenarios
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Source: own elaboration based on simulation results

The more challenging trajectodefinedin the SSP3scenario resudtin lesserprice drops for
the animal and processed sectors sintiltaneouslyan upward shift in pricefor all primary
crops This dynamicsuggest therisk of a generalprice increaséor the end consumen this
trajectorycompared to the SSP2 scenama corresponds the storyline of the SSP3 narrative
The upsurge of prices,ifiowever,expected to be relatively small. Ortlye sectors of grain

cropsas well asregetable and fruitsrapredictedto face a price increase wiorethan 106 by
2030.

4.1.3 Food consumption and calorie availability

Moving from thesupply towards the demand analysis, many similarities in the simudadion
resultsare expectedAltogether, the anticipated patterns for consumption generally resemble

the output patternas indicated byigure37, andshowsits overall increaseelative to the pre
simulation levels
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Figure 37: Pre and postsimulation consumption of agrefood commaodities from domestic
sources (mIn. USD)
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This outcome meets the initial expectations, as the applied modeling environment presumes the
unity and the circular nature obnsumptiorproduction relationship at the aggreghievels.

The analyzed regions as¢ésoexpected to have higher changes in the overall consumption of
animal and processed products, compared to staple etopgver, the overall contribution of

those changes to the food security witinidividual regionsremainssomewhat ambiguous. Let

us look at these developments through the prism of the newly cozdoedmodule

The first important feature of the module is its abilitycapture the food availabilitgf 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 2@drlboth thebusinessasusual SSP2andthe

more pessimistic SSP3 development trajeesoigure 38). This is surely, an encouraging
outcome which at the same timenustnot be interpreted as a flourishing global future&or
leasttwo reasonsFirst, it is necessary to consider that not only the overall amount of

kilocalories available for consumptigout also the adequacy of future diets with respect to the
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contributing sourcess of fundamental importance. Secondly, @gi®own inFigure 38, the
anticipated increase of calorie availability is neither regionally unifornscemario specific

Figure 38 Average calorie availabilityin 2011 and in2030in different scenarios
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For examplethe calore availability in the EU is expected to be the least affected within each
of thebaselinescenarios. This is primarilgincethe populatiorin the EU alreadyhasa high
level of food availability At the same time, botlthe modest economic and demographic
growth are expected teesultin limited or no structural changeby 2030 Yet, the model
predicts that the average European constdates anncreasen potential consumptioaf 11%

for their diet agalolic equivalensin the SSP2 scenari@he expectation of the more stringent
sociceconomic conditions of the SSBA the other handill increase availabilitypy less than
1% based orthe consumption level of 201Although European consumerave a high level
of animal products within their dietsmore than 27% the consumption is expected to expand
further and reach 30% of tindotal calore consumption by 203€br the assumed trajectories
of the SSP2 scenario. The consumption of dairy products is projected to cdrginge
primary caloric source within the aninyaoducesector. However, the pig and poultry sestor
as well aghe beef sectors, catch up, showing 1 and 3 percentagespdihigher expected
growth, thusincreasing their contribution as souragfscaloriesin the SSP2 scenaridhe
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contribution of energylense products such as vegetable oils and sugars is expected to increase
for SSP2 as well. The negligible reductiontleé contribution of sugars to the European diet
(0.1 percentage powm)tis onlyto beexpectedor SSP3 scenarid-{gure39).

Figure 39: Dietary composition in the EU in 2011 and in 203t different scenarios
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The projectedstability of calore consumptionand dietary patternsbservedin the EU is,
however atypical for most analyzed aggregate@gions The highestpercentagechangein
calories availability per capitare expected to beonsurprisingly in the regionsof high
economic and the low demographic growBOW andChina.ln Ching the calorie availability
is expected to increadsy substantiab2% in the SSP2scenarioand 52% in the pessimistic
SSP3 scenaridn 2011, meat consumption accounted for 18% of kilocal@o@sumedn the
Chinese diet and increases to 29%him SSP2&cenario and 28% the SSP3cenario, whereas
the shares of cereals (47% in 2QHH well as vegetables and fruits (169201 1)decreas¢o
36% SSP2 and37% SSP3, as well asl1% (n both scenarigs respectively.The general
trendof sweeéning the diet andising consumption of vegetable oils is also evidémthough
theaverage prevalence of those commoditieth@Chinese diet is substantially lowgran in

neighboringAsian regions or regionwith western died such as the EUthe conducted
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simulatiorsindicate a doubling of the consumptifmm these productsn both scenario~igure

40, upper pangl

Figure 40: Consumption of energy dens@roducts in selected regionsn 2011 and in
2030in different scenarios
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Similar developments are observed for the rapidly developing regions of the African continent
(Figure40, lower panél This is the second importamsightof the modulewhich indicates-
without an adequate adjustment of the consumption haloibsintriesthat are facing rapid
economic growth are likely to fadbe adverse effects of the rapid dietary transit@om the

risks of overconsumptiorirhesein turn increasehe risks of worsening the health status for
broad social groups areénce, theising pressure on the health system.

The third importantnsight that thecaloriemodule facilitates to captures the substantially
more evident susceptibility of countries and regions to the alternative-esom@mic
trajectoriesandthe importance othe individual driversn the selected baseline assumptions
The simulation results show th#te average difference in calorie availability across two
scenarios for all regions is expected to be amagligible 12.66. Such a difference lies within
a range of plausible expectatioas the differene in consumption outcomes is implicitly

defined bythebusinessasusual and pessimistic nature of these two SSP narratives.

With respecto the anticipated challenges and trajectdrnes) the scenariQdt is necessary to
recognize thaindividual baselinedrivers are not developing universalthey often correlate
with the current socieeconomicdevelopment level and are thereforegenerally country
specific. Thus,theoutcome of th@rojectedsociceconomiacchangesaswell asthedietary and
food security outcomeshould also be captured at theountry or regionspecific levels
Previous application afolelymonetary indexeasthe commordenominatoallowedmodelers
to capture the relative changes consumptionover the pojected periodbut facel its
explanatory limitsin theimportant aspects afietary shifts. The introduction of the nutrient
variables tothe system on the contraryhelps to give a more generaland likely more
comprehensiveiew of baseline assumptisrstressing their individual importanddsing the
estimated per capita calorie availabilapd applying decomposition analysisiethodsit is
possible to show thadherole of individual macroeconomic driveasid thathe magnitude of

differences between SSP2 and SSP3 scenamngessubstantially across regio(fsigure4l).

The anticipated GDP growth continues to bedétermination factoof 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 aridbor dynamics consistently outpadie contribution

of assumedapitaltrajectoriesn developing regionsSince the agriculture sector prevailingly

r el i erskilleddabos, the expected shifts of labor supphayhave a substantial effect on
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future food production systemSonsidering thehange in availability of unskilled labor as a
production factor, the agricultural sectany haveo shift to a different input mix. However,
given the existing competition between sectds scarce resources, such adjustmeares
unlikely tobe easy. The decomposition analysis suggests the agriculturaltseatoweakin
this regard. Thus, the trajectory for skilled lalbged in both scenariosegatively affect the

overall food availability in the anated time frame.

Figure 41: The effect of individual baseline shocks ofuture food availability
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With the average increase in calorie availability of 25% and #®%e SSP2 and SSP3
scenariosegypt is the region that is likely to be the least affected by the change of trajectories
showinga mere difference o8 percentage points. Caleravailability in the disaggregated
BRICS members, specifically in Brazil, China, India and South Afreems to be

comparativelyinsensitive to the scenario charagewell(less than 9 percentage pojnts

In the US on the other hanthe projected calorie availabilitys proxy for consumptions
expected to be 27 percentage points high8SP2 compared to SSP3. The expected difference
between scenarios for the US is more than twice as high as the estimated average difference of
10% for all other countrieJhis raises the interesting question what the reason nfay &ech

a disparity between the two scenarios for the THg analysis indicates that this differenzan

be explainegrimarily by the diference in magnitude tfetrajectory for the American GDP
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growth It is expected to be 2.8 times higlheithe SSP2scenarig and thereforequals 40.9%

in the analyzed periodompared t@ modest 14.2% theSSP3 scenario. Oth&ctorsappear

to contribute less to the discrepancy between calorie availability for the projected period in the
US. However,it cannot be generalizeétata high difference in calorie availability bothSSP
scenarios is typical for countries of high economic development. Within the conducted
simulations, neither the European Union, Oceania, nor Japesgions of comparable
development levels and relatively similar seempnomic trajectories share this high

discrepancy betwedhetwo scenarios.

Looking at the discrepancies between scenddpshe countries and regions die African
continent,it is possible toobserve thatdur out of eight African region€EAfrica, MAfrica,
WATfrica, and ETH to be preciseare expected to have 4 to 6 percentage poirtigher
discrepancy in caloric consumptidretweenboth SSP scenarios compared to theerage
difference observed faall countries.For these regionghe absolute difference in expected
population growth between scenarios seems to prenaedigible role (Figure41). All four
regions are expéed to hae a difference in population growth ofore than 8 percentage point
betweerthe SSP2 and SSP3 scenaf@mmbined with theslowdownin economic performance
in SSP3these regionare expected to faan average 2% decreaseén calorie consumption

comparedo the SSP2 scenario

Beyond the indicated differencasrossregional and sectoratajectories, thealoriemodule
enrichesour understanding of the model parametrization assumptions underlying the
defined shocksTherefore, henext chaptewill provideanoverview oftheobservationsnade
regarding the contribution of income elasticities, technological charagesvell asthe

assumptions for the expansion of capitah asoduction factor.

4.2 Sensitivity of the model

The outcome of the forwaildoking exercises istrongly driven by the pecific modeling
features applied parameterizatiomnd assumptions on the trajectorigsplementedas the
baseline Therefore it is fundamentally important tanderstanchow the combination of the
analyzed trajectories and modeling featwasaffect the results of the analysis.

In the previouschapterthe outcome®f two simulationsshowingdifferent trajectoriesvith
regard to economic developments and food secwitythe future were explained and

summarizedWith the helpof the buit-in functionality of the RunGTAFKnown as Subtotals,
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adecomposition analystsas been conductedsbow the contribution of individual exogenous

elementd socalledi shockedo variables to the over al

In this chapter,l will now discuss how the choice tie model® parameters with respect to
income elastidies, technological shifters as well as assumptionsapital expansiomave
influencedthe overall result o§imulations The newly createdtalorie modulecontributes to
thecurrentuncertaintyanalysis by providingn additionglpreviously unavailableesgional per
capitadimension facilitating the discussiomn the validity of results However before going
into a detailed discussionconcerningregional patternsthe critical assessmenwill be
introducedby looking atmore generalaggregated levelg-igure42) andpinning these results

downto theindividual simulation characteristics one byie(Table7).

Figure 42 Quantity index for the world supply of selectedagro-food commodities in
different scenarios
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Initially, the contribution of the calibration of income elasticitiestfi@ conductedimulations
will be evaluatedBuilding on the theoreticdbundation elaborated inf@pter 3, where the
general importance of income elasticitee®l demand systenfar defining consumer behavior
was discussed, theneed&orecal i br ati on of titeatfiethat thecehry s
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stages otthis work. Followingthe | ogi ¢ of Engel 6s and Bennett

elasticities for staple food itentecreasever time. However, how large the target income
elasticitieswill be at the sectoral and regional levels as well as how much recalibration would
influence the production and consumption pattesrmainsan empirical issuén Chapte3.3.3

the procedure and the underlying assumptions of the applied recalilwatiersummarized

The results of tis recalibration of income elasticities for the target year 28&Ghownin
Figure43.

Figure 43: Calibrated and default income elasticities
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Figure43clearly indicate®xistingdifferences in income elasticities between different country
groups for the staple products. Group 1, which is associated with a generally higher level of
socioeconomic development, tends to have lelasticities for the staple crops, fboth
calibrated and neoalibratedvariants and does not shosignificantvariation within the group.
Therefore, recalibration of the elasticities for this country group is expectesiti@rcause a

substantial shift in terms of the income elasticitiesthe overalicalorieconsumption. At the
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same time, developing regignghich arerepresented by groups 2 andathout recalibration
showa substantially higher level of income elasticities for the primary food prodsietell as

a highervariationwithin and across grosp

The recalibration has resultedan average reduction of income elasticities for primary crop

commodities by 3% for the countries of group 2 and%3or group 3.Considering the general

diversion towardsliets richer irmnimal products, income elasticities for the aggregated country

groupsalso capturé¢his developmentesulting ina small upward shiftanging betweet% and

3.7™%0. For the group of processed goods, no generalization can be made. Due to the implicit

heterogeneity of the included commoditittee change in income elasticity is highly individual
in every group and for every produEixcludingpr ocessed rice from t
change of income elasticities for processed products was on average %sfomttie group of
developing countried.heincome elasticities for the group of developed counbiethe other

hand have tendency towardssdightincrease in albthersectors.

The direct comparison of the resuttssimulations 1 and 3or SSP2 and 2 and 4 for BS
trajectoriesclearly confirms that theapplication ofcalibraed income elasticitiesesultsin a
nonnegligible changein the global productiorof food products Due to the differen
substitutabilityacross commodity groups as wellths importance of individuaproducts as
intermediate inputs, some sectarere moreaffected bythe adjustment of income elastigit
parameters than othgsigure4?2). Withoutrecalibrationthe overall production is expected to
be more than 1 higher forrice-related sectors as well &% vegetabls and fruits.Cgrains,
cropsne@ndoilseedgendto be overestimateah the other hand&ince the output of the wheat
sector is generally used as an inpuhtexpandingsectorof animal productiorthe adjustment
of the income elasticitis unlikely to have an impact on thielume of globailvheatproduction
Following this thoughtthe global production aéinimal productss then expected to increase
with recalibration The difference in the global output for tpiductgroup is subject taather
big differencesranging from2.5% in additionalglobal production oflairy farms and more
thanan 8% increase irproduction of ruminant ando ruminantmeatin both scenarios. It is
necessary to notice thatthoughboth SSP scenarios resutt different overallproduction
levels the recalibration of income elasticities each scenarisharesuniform pattern

As a next stepthe changes at the regional levelgl be analyzed The recalibration of
elasticitiegresulted irmixed trajectoy of resultgor the regional change galorieconsumption

per head per dagTable9). On the one hand, regiomgith an already high soci@conomic
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status, such as the EU or USge expected to have an evieigher kcal consumptiofor
recalibrated elasticitieAlthough the differencefrom the results with default elasticities is
minimal, with less tharonepercentage pointhis outcome issomewhat surprisingrhe cause

for this is thaestimated income elasticities for the aninzald energydense products in those
regions still show a modest increase. At the same time, although income elasticities for cereals
and other planbased products are close to zero, observing negative income elasticities at
aggregated national levels ftihose commodity groups is stillnlikely, even for highly
developed regiondVhile those regionalreadypossess a high overall level of consumption in

the base gar, further economic growtre still expected toontribute to the overall growth of

calorie availability.

Table 9: Linear change of the total regional per capita calom availability under default
and adjusted income elasticitieg%)

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 4450 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 adopttargeted income elasticitiesScenario adopts default GTAP income elasticities

Source: own elaboration based on simulation results
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The calore availability per capita per ye&or the rapidly developing regiorms the other hand
is likely to be substantially overestimated if no recalibratbelasticitiess performed With
adefault parameterization of the modible Chinese per capita caleravailability is expected
to change by 83 in the SSP2 trajectorguringthe analyzed period.his changes to ab2%
increaseif the recalibrated income elasticities are used. Indian eadorilability is strongly
affectedas wellby the adjustment of elasticitparameterandis on average 20 lower than
thesimulation withthe defaulelasticities. Interestinglgnough the proceduref recalibration

of income elasticitiesnly minimally affectamost regions of Africa and the Middle East. This
is because the high economic growth expected in this region is not ablestderablyutpace
the growth of their populatioilthough certaineconomiamprovementan beobserved; they
do not reslt in a considerable per capita income charfges, at the same times tied to the
limited adjustment afhe alreadyigh income elasticities typically obsernviadegions otower
stages of economic developmeéviinst regionsithin theAfrican continenof the aggregation
have less than@percentage points difference in per capita caloric consunfptitime adjusted
vs. nonadjusted elasticitieis both scenarios. These results lead to the conclusioohtbasing
adequate income elasticities @pplcable approaches for their recalibratioremains
challenging. There is a generacessityto betterunderstand how the consumption and rising
income correspond to each other, considering the regional and cepatijic differences.

Assessing thenclusion of the yield price response for primary agricultural products that
received an application in studies adopting biofuel extensions was condyaiechparing the
simulation results for scenarios 5 and 6 with the corresponding reference scenarios 1 and 2. As
described irChapter 3.3p.101), the general idea afcludingtheyield intensification as well

as its adequate parametrization is subject to some debates. The yield price response mechanism
is realized in the moddly adjustingthe elasticity of substitution fahe upper nests of the
production structureby recalibrathng ESUBVA accordingto the predefined yield price
elasticity.Considering the finiteessof land supply, producers have a potential incentive to use
nonland inputs tancreaseoroduction pearea,as the price for commodities riséHowever,

the mechanics of yield price response and the resulting dietary eff¢icesbaseline scenario
arenot this straightforwardlt is well known that theendogenousechnological adjustments

which are required for reaching tlexogenouslyargeed GDP, mayhave a substantial effect

on thepredictedprices and potentially lead to their reductiom long-term simulationsThe

price response at the same tjiweuss further production changes as the yield price mechanism

stesup.Althoughthe yield price response is likely to be crop and regpecific,noconsistent
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dataset covering all regions and prodwsgiscified in this exercissould be foundThat is why,
similarly to earler studies,the indicative 0.25for the yield price elasticityvasadopted. The
activation of the mechanisthenresulsin a general reduction of the ESUBVA for all primary

commoditiesandacross all regiongndthusleadsto a lower supply response.

Thecomparisorof simulation resulténdicatesthatwithoutthis adjustmengsimulations 5 and
6), the average regional caleravailability per capitais overestimated by as much 2g%.
Regardlessf thereference scenariall regions but China are expected to haskghtly larger
calorie availability. The tajectory for China was not substantially influenced by the
introduction of this procedutia general This particular position of Chinaanbe explained by
the expectetlighrate of techologicalchange requiretb achievethe targeted GDRNhich,at

the same timesubdues the effexbf a land endowmerghortagesand priceshifts for final

commodities.

At a sectoral level, the caloric content derived from cgrains, oilseeds and sugar crops in the
African region seems to be affectbg mosby t he par améd meretlltan d086d ] ust me
difference. Although each individual commodity gramay lead to overconsumption in the
future, only cgrains currently possesshigh relevance for thisgion.Hence it is necessaryo

note that the introduced yield price mechanism suggestp to 1846 reduction in caloric
consumption for individual countries of the African regiorihe SSP2 trajectory ananup to

13% decrease i®SP3Future researcheeds to perforradetailed assessmenttbkyield price
mechanismn Africa, focusingon the locally prevalent commodity groujiss also necessary

to stress thatspecific commodity groupsmay show a substantially higher changeross
scenariose.g, crop_nec However,their overall dietary contributionstill remainslimited at
both,theregional andheglobal leveland thereforgheywill be oflesseimportance for future

research.

The role of capitalas one of the primary production factaad its exogenousdjustmentvas
assessed in simulations 7 and 8. Althosghulation 7 hagailed to convergesimulation 8
provides some valuable insights on the application of externalcountryspecific capital
trajectoriesand the implications fofood security The country-specific expansion otapital
resultedin an overall expansion oédgrofood production for allsectorsat the global level
Comparing this scenario to other scenarioshefSSP3 family the vast majority of sectors
experiencethe highest relative change this scenario(Figure 42). At the same timethe

assumed nehomogenic capitaéxpansionas indicated withrigure31, has resulteth anon
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symmetric growth oagrofood productionacross regionand acrossectors While 92.7% or
405 ofthe analyzed agrdood sectorcountry combinationssuggest expansion of production,

the remaining 7.3% @2 of indicateits reduction Figure44).

Figure 44. Regions and sectors thatmay be negatively affected by asymmetric
implementation of capital expansion
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The negative dynamiaf individual sectors @sobserved onlyfor 9 regions. The magnitude
andrange of sectors fawhich regions were exposdldroughthe shock variesidely. While
some regionssuch as OCEA or HEuropéaceda reduction in production across a wide
spectrum of sectors (>9), other regipag.,EU28 and SAfricafaceda reduction onlyor one
agroefood sector. However, it is not possible to generalize plattern, as regionsvith
comparable capital expansibave quiteifferent production patterns. This is primariye to

the fact that individual regions in their production endowment as well as in the sectoral
structures differ substantially in the initigire-simulation period. Therefore a shock of
comparable size affecthe production and consumption patteafissach regiordifferently.
Morepronouncecffects of theasymmetric capital shock can be observed at the sectoral level.
Thetwo sectordor which areductionof production can be observedthe highest nutmer of
countriesare proc_nonrum and rveg_.oifhis decline is however, compensated by a rapid

expansion of exports from regiomsth fast capital expansion, in particular China, India and
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the aggregated African regions. This pattern follothe ideasof Rybcznski theorem that

suggest that 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 generakxpansiorof productionwas predicted, itid not contributeositively to

the average calariavailability worldwide.In fact, the average cala@iavailability was lowst

in this scenarioThis is theresultof changingproduction habitendespecially thesignificant

expansion of bioenergy productioht the regionalevel, deven oftwenty-threeregions have

their lowestcalorie availability in scenario 8compared to other scenariobthe same SSP3

scenario familyTable10).

Table 10: Sensitivity analysis of regional consumption

across SSP®ased trajectory

(kcal/cap/day)
SSP3 scenarios

REG Scenari@? Scenarict Scenari® Scenari® Scenarial0
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
WATfrica 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 resultindicatesthata rapidly changing resource allocatjsuch as capitatontributes to
substantial shifts in the production/consumption patterns, inngeesmpetition of individual
sectors for primary and intermediate production factohss will likely cause tension across
different socieeconomic objectives. The outcome might be particulanlyactful for regions

of the developing worldike China and WAfrica.

Looking at genarios 9 and 1@heyshare a common strategy in applying external technological
shiftersto the model The magnitude of individual shifters wagdopted from the study 6A0O
(2018) and is summarizedin Figure 45. These simulations prodwte fairly comparable
outcome to the central scenarios of this study at the global Thegbrojected global per capita
calorie availability was equal to 39028cal/cap/dayand 3578.3%cal/cap/dayfor scenario 9

and scenario 10, respectively.

Figure 45: Sector- and region-specific technological shifters for primary crops(% p.a.)

r
o

mJQ

—~n

=,
o

— 5>

-
O
=<

~z

>

N
~~>.0

>

=z Em o
om?2.
>00

I
m

mEZ0x

SAMO>
OzMn

wco
0T

1.5+
2.0

; ‘
o 0
— —

2.0

oil seeds

x
m
=z
0Tz c
>0%mz
m_>9-0
=

=
>
_o»

0z,
2 Zz1,

Zo.
NCOG
>0>m

o

£

mqgm

A
G
URO
CH
OCE
HA's
BRA
NOA
ME N

m Z»
oOPm>>
=T

T
>.
»

1.04
1.54
2.0
1.04
1.54
2.0
2.0

Pyl

>0

- I

m

C
by w
HgmmSe
Oy

—_n

_
mZ SO -
Q0

wI—(_

)>m

-6

>0 n 3

2>m

—
o

oo
>
o
0 mI>0~Sz

o
0z o

=z z
AMMOC Sy
ZO—>0

CZ.000Mn

o,
<
>

T

m

20,
3>
—
>

-I

T mSo

T
<
o

Note: regions are sorted according to the assumed magnitude of technological shifters

1.54
0
1.54

Source: own elaboration basedfA0 (2018)

129



Sensitivity of the model

At the regional level, the daily per capita caloric consumption is consistent across scenarios for
most of the regions and showsly small deviationsThe difference in the SSP3 trajectories
between scenario 2 and scenariq fbd all but African regionswas ranging betweei8.6%

and +3.0%(+0.6%o0n averagel n ¢ o mb i n atargetoshoeks dthe SSPh sendirib
family, integrationof technological shifteneesultedn larger variation between simulations and
suggested a difference betwed and +2.6%-0.9% on averagge At the same time, the
African region shows a substantially larger variation in the simulation outcomesawith

minimum of 0.6% for ZAF andnup to 7.8% difference in case of CMR.

Il nterestingly, the appl i catHkigored45asuggesthattbethr n a |
China and India shall experieneelower calore availability compared tathe availability
simulatedn thecentralscenarios 1 and 2. A greater reduction is obseimethe consumption

of nonanimal products. It is important to notice that individual secoesffecteddifferently
acrosshese twaegions, as the applied technological shifters are regind sectospecific.

In Chinafor example calories sourced from the wheat sector are projected to%eanB6.66
lower for the SSP2 and SSP3 trajectories, respectiviidia, & the same timeshowsa
reduction of 4.% and 6.2 in the calories sourced from the wheat sector. Even larger
disparitiescan be observeddr sectors of cgrain, and crop_nddiesesimulation outcome
imply that endogenously definedechnological changs in primary scenariosresult in
overestimatiorand stress the importancesgfctorspecific definitiors of technical parameters
Calorie availability sourced from animal produdts China and Indiaon the contrary was
mostly unaffectedn scenarios 9 and 10 both countrieswere only experiencing modest
variation from central scenarie®elow 246. This resultis not surprisinghough asthe applied
shock had a strongcrop yield focus That is, consumption of animal producteay only
experiencespillover effectshroughthe useof intermediate commoditieslonga production
chain and not be directly influence. Following the practices of deeply integrating and
thoroughly accessingrimary agriculturalproducts,more effortsshouldbe dedicated to the

analysis and definition of techlogicalshifters fortheanimal relategectorsn future research
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5 Discussion

Envisioning the future with the help of simulation modets supposed tdacilitate our
understanding of the complex interactions within the global economy and prepareandolid
reliable knowledge bas for policymakers in addressing socioeconomic challenges. One of
which is the objective of improving global and regional food security. Elaglier chapters
described the curreadvancesn the CGE modeling environmetitat approached the task of
assessing food security and food availability dynamics. The overviesrmluctedstudies and

the presented simulations underline the broad spectrum of challenges that researchers face
regardingscenario and model development as wetkgsirding theeportingof resultson food

security dynamics.

In this study the caloric equivalenwasidentified as a more generalized metsaitablefor
capturingfood securityand food availabilityn CGE moded. Based orthe conducted literature
reviewandtheset of modeling exercisgs wasinvestigatedvhich additionalnsightscould be
gained fronthismetricin scenario analys andwhat kind ofpotential limitationst might have
at the stage ahtegration to the modeling environmeRbr this purpose, thetandard GTAP
database and modeiereextendedo include thecaloric equivalentdrom the FBS andwere
then usedfor scenarioanalysis Despite differencesbetween scenarioand the modeling
approachesf earlier and presestudies, someommonideas angimulationoutcomegprovide

valuable insiglg.

Theresultsof the analysigpoint out thatthe application of for CGE modelkypical monetary
and relative changesnetrics might face its limits providing a regional stateguo on food
securitydevelopmentThe introduction of caloric equivalerasd the application of per capita
consumption indicator®n the contrary allow the presentation of aleardistinctionbetween
different socieeconomic trajectories, stressing the importasicegadeoffs andcontroversies
in thedevelopment of dietary and nutritional goals within and across couritriesmbination
with traditionalforms of CGE simulationmetrics the caloriccountcanprovidea muchneeded
ficonsciousnesrising dimensionfor the results ofglobal modeling exerciseédditionally,
it offers a sensiblepersonrelatedattribute to the problem of global food securijowever,
generalizatiorand aggregatioof resultsinto a single number, such assingleglobal average
per capita calogavailability, should be usedautiouslyin the communication of resujteven

when it is useful for the aspects of model validation and repoltilkg other metrican the
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aggregated CGE modeling environmehis new onemightstill be substantially influenced by
a sectoral or regional aggregatjothe resolution ofinputs within a datasetas well as
parametrization orimposed exogenous trajectoriesed in the modeling exerciséhe
underlying uncertaitraises reasonable questions aboufdlhtber extension of the modeling
environmento capture sophisticateddicatorssuchasthe prevalence of undernourishmeant

othess complex metricsn forward-looking exercises

Taking the dietary shiftandthe acceleratinggeneraldevelopment ofndividual regionsinto
consideration, it i€rucialto provide a broader view on trajectories of thajor commodity
groups and preferably not limit the analysis to the assegsmha single product categor,
single regional aggregate a single scenarioThe occurring changes in consumption habits
overtime, andthe adequatenodelingof those patterns raise many questions and challenges
that shouldbe addressedurther. The appliedncome elasticityadjustmerg and recalibration

of model parameterssedin this study, similar toalier studies, hae confirmedthesubstantial
influence of the demand function parameters on simulaamnsomegPhilippidis et al., 2021,

Ho et al.,, 2020Q) Nevertheless, it is important temphasizethat only applying caloric
equivalents as a universally comparable unit across food sectors atiuringof potential

risks of over or underconsumption for the average consumer within individual regions.
Therefore, this metrits recommended for further use as an essential benchmahefmntrol

and validation of modeling outcomes in CGE based ford@uwkling exercises.

The choice of the integration procedure of caloric information to the CGE modeling
environment ishowever of high importanceand needs tobe communicatedarefully by
modeling teams. The method of integrating caloric details presented in this study proposes a
full integration of the currently available information calories contained ithe FBS to the
modeling framework based on the sectoral and regional mappimg.approach aims to
representhe trajectory of the typical regional cal®evailability as a proxy foconsumption
includedin the FBS database, rather themtirely tracing and redistributing calories sourced
from primary commodities withithe CGE environment like it was dog Rutten et al(2014)

or Chepelie2021) In general, calorieracing within a CGE mode$ greatly hampered by a
relatively low disaggregatiowithin the currentlyexisting databasealthough being possible in
principle This makes disentangling of caloribows across sectors and regipnshere
processed commodities are of high or rising importgpasicularly challengingAlso, Rutten

et al.(2013, 2014)eportnotableoverestimation of the caloric couinbf approximately more
than20% abovethe FBS levelseven fortheinitial year. The same problem arises if the upswing
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of outof-home food consummn and the increasing importance of highly processed
commodities withinserviceoriented sectors such ashotels, restaurantsand others is
representedl he problem ofcalorietracingis alsotied closelyto the issue of parametrization
in forward-looking exercisedn this regard, modeling teams might face egeraterchallenges
while recalibratng the nodelb parameters, such as income elasticifiesuch caseshewell-
known and widespreadonsumptiorregularities mighface a challenge afot beng able to
fully showthe anticipated dynamics of dietary changetracing caloriess also fairly non
transparent, due tthe nature ofCGE models Thesetend to implement a relatively simple
production processnd theréore arenot able tofully show the existing heterogeneity of
technologiesusedwithin individual countriesas well as regioispecific food composition
preferences hidden behind aggregated sectomisideing these aspectsthe proposed
application of the FBS, albeit beir@pmparativelystraightforward, seems to provide richer
information on food availability patterns and include more sectoraland technological
specificitythanthe current CGE modeland underlying databasean capture. Hence, further
sectoralbreakdownof the underlying modél satabase for agricultural and processed $pod
especiallyfor animal productsand cereals, seems to be essential and beneficial for future

researctiocusedon forwardlooking analysis.

The resultsof the conducted simulationprovide another fruitful field for discussioihey
suggest thategions of substantial economic dynamjatticularly developingcountries are
expectedto have aconsiderableexpansion of per capita caleravailability. This expansion
seems toevenexceed the average calodemandcurrently observedn highly developed
regions.At the same time,his development pushdbe global average per capita catori
availability by 36% in the SSP2scenarioand by 25% in the SSP3 scenario. Both of those
estimatess well as outcomes tfe sensitivity analysisendto behigherthanthe previously

reportedestimates of calogiavailability /consumptior(seeChapter2.2.2andFigure46).

This outcomecan be interpreted from different angles. On drend the higher per capita
caloric availability observeih the simulations otthis study seems to have a sdl@indation
The primary data sourcdor caloric information- the FBS is widely criticized for
overestimating the reported caloric consumptidhe reasondor this overestimation are
generally known. As discussed @hapter3.2.3 earlier estimates suggest tlagproximately
30% of producedfood is wastedylobally (FAO, 2011) More recent data providex greater
differentiation for this number, suggesting that 17% of available ifpedsted and 1496 lost
alongthe supply chaiUN Environment Programme, 2022) thoughit is technicallypossible
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to reduce the value of available food tbe simulations manuallysing some scaling factors

or shifters which would bring thglobalavailability average to 3000 kcal/cap/deange there
arenumerous concernsith doing so Firsty, the value depends on substantegional and
development levelelated differences definintpe overall of the preand postarvest losses
(FAO, 2019) Secondy, it is necessary to bear in minllatthe applied methadto integrate
caloric information as well as the underlying datasbtsmselvesdo not allow explicit
disentangtmentof wastes and lossegthin the modeling environment, atioht estimateare

also used as a proxy for consumptidiherefore, a distinction should be mdmdween food
availability and food intakeshen reportingesultsThirdly, it might be necessary toakesome
unwarranted assumptionggardingfood waste and loss developmertitajectorieswhen
conducting the forwartboking exercise Considering theurrent methodological andlata
limitations,as well aghe existing heterogeneity within and across regabmitthis topig the
application ofsuch rough generalizationanight be questionableAt the same timethe
presented resultsonfirm and reinforce the rising concemegardingnutrition and regarding
overconsumption (se€hapter2.1.2 pp. 1819, and Figure Al ofAppendix A). Current
trajectories of macroeconomic development assume adobumptionhencethe projected
excess of available calories might impose substantial risk and adversely affect food security in
rapidly developing regiong.his tendency requires careful but prompt acbgmpolicymakers

in terms ofdeveloping guidelines for healthy and sustainable diets, raising social awareness,

and promoting sustainabléod culture.

On another side, this dynamic might also suggestthtigaturrently applied assumptions and
parameter adjustments achievmdrecalibration in this modeling exercise are insufficient for
adequatly representingconsumption dynamics for rapidly developing regiomberefore,
additional adaptation dhe modeling environmens required.This argument is likelynvalid

if the informationon food waste and lossewe taken into account. Moreovethe author
considers intensadjustment oparametes on thecorsumption sideas harmfufor simulation
studies, as imight leadto anoverfitting of the model andiasesof the outcome of simulation
results. That is why dabc adjustments of core model parameters shurelgrablybe restricted

to the absolute minimumAlso, more efforts are required from the scientific community in
reachinga consensus on boundaries fetrospectivenodelng and parameter adjustmeifics
future forward-looking exercisesSubsequently, uture research will benefit from greater
trans@rency of the calibration process and systematization of information on applied

parametersisedby different modeling teams.
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Figure 46. Comparison of the percapita food consumption estimated in this anather
studies for the year 2030
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Source: own elaboration based on the resultswof simulations andtudies of Fujimori et
al. (2022, Hasegawa et af2014, 2018 Gouel and Guimbar(2017), Popp et al(2017),
Bodirsky et al(2015, Hasegawa, Fujimori, Shin, et §£015, Hasegawa, Fujimori,
Takahashi, et a{2015, Valin et al., 2014The information collected within this study is
supplemented with information w&nDijk et al. (2021)for individual studies.

Althoughsome recentnodel comparisostudies shova positive attitudeby makingthis kind

of information available forthe publi¢ e.g, Schmitz et al.(2014) and other studies dhe
AgMIP project an actual comparison between modélparameters isstill substantially
hampered. One of theasondor this is again the choice of individual researcheegarding
thelevel ofregional and sectoralggregatiorin the datasets used for reportirggults Thus,
comparisons typically possiblefor key staple cropsuch as rice and wheat, as well as for
animal related sectors suchtas ruminant and nomuminant sectorsHowever, his kind of
comparisomeeds to beonducted with caution as it is not alwggssible to identifiand map
sectorswith the usechaming conventionprovided in modd slocumentationFor example,

the GTAP databasédistinguishedetween processed and paddy rice as well as between cattle

(ruminant)and cattle meaf(proc_ruminant) With respect to theegional aggregation, large
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countries such a8hina,the USA, India and Brazil argypically singled out Thereforeg only
those regions and sectors carshbjected to directcomparison

The presenanalysishas shown that the calibrated incoatasticitiesapplied in this studwgre
generally within the rangand of a comparable magnitle to the valueshown by other
modeling teams$n the AgMIP intercomparisorexerciseSchmitz et al., 2014; Valin et al.,
2014) Nonethelessncome elasticities faanimatbasedoroducts tend tde at the upper end
of the rangeln contrasto somemodelingteams| intentionally did notdesignthe calibration
procedurs to generateegative income elasticitider staple cropsn individual countriesor
regions(Figure47). As explained irChapter4.2, evenif individual commoditiesvere tobe
considered as inferior goods for certaamsumegroups adjusting the parameters accordingly
would still berather uncommon to obseraeaggregated national levelss indicated by/alin
et al. (2014) five out of tenmodeling teamsurrently useFAO food demand projections to
calculate income elasticities. see certain risksin applying this approachor explordive
forward-looking exerciss, becausgas was also noted Byalin et al.(2014) this generally
resuls in relatively similar demand trend$o eliminatethis concernthe AIDADS demand
systemand methods ofieneralized crossntropy were usedto generate and calibratbe
alternative set of income elasticitiss the CDE demand functiatimat istraditionally applied
in the GTAPmodel

Figure 47: Intercomparison of applied income elasticities
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Notwithstanding the underlying efforts andnsideringhe results othe sensitivity analysis, |

still see the neefbr a broader discussion within the research commuegsgrding theurrently
applied proceduredor defining and appfing empirical estimations for critical model
parameters, such ascome or price elasticitiet. would be beneficial ithese estimad values
would be consistentlgnd systematically reportéatabularform assupplementary materily

every author. Similar télo et al.(2020)andChen(2017), | 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 furtingorove our understandingf input/output

relationsandenhancaransparency of modeling exercises

Theneed fora systematization of scenario exercises and careful explanation of theyinglerl
baseline assumptions similarly necessaryA nonnegligible differenceof the calore
availability presentedh 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 ando structure this information by various modeling groups step towards
improving transparency, inference, and reliability of CGE modeling exercisexollaetive

useof the SSP framework by various modeling teams clearly shows that even joinitiork
aharmonized set of scenarios can provide a leagge of results and trajectories. In this regard,

| share somef the concerns about theecenttrend of generatinghew sets of explorative
storylines thatvould, in turn,further expand theoom for discussionmfial t er nat i ve o
Althoughindividual storylines mightontribute to the analysis of thgvicked problemd

(Sadhai et al.2018;van Dijk et al., 202Q)’ they beam high risk of not havingry adequate

bae for comparisonacross different studiesVioreover, even within the current set of
trajectories) seeavastnumber of details that can be incorporafi@dherinto scenarioshat

will refine our viewon future developments. Thus, it is feasible to integrate information on
price trajectories for critical natural resources, land supplylamd utilization trajectories,
sectoral investment specifications, and many gpleéentially favorable featuretiscussed in
Chateau et a(2020, Fouré et al(2020, Ho et al.(2020)

In view of the occurrence of lonalgsting extreme events, such as the COXtEDpandemi@and
the RussidJkraine war conflict it may be necessaryto revise projections for the key

"AWi cked problems are public problems that are char
systemic challenges that (vampijaetal, 2820,m.0lFhe interesteciréaderso g | ©
might benefit from exploring the concept of wicked problems in relation to the issues of complex systems and
scenario analysis extensively discussed in stunfidsdersson and Tornbe(@018 as well adVilkinson and
Eidinow (2008)

137



Discussion

macroeconomic drivers arghply afine-tuning of the modelers' perspective with respect to the
currentlyusedbusinessasusual scenariosSeveralstudies, e.g.Laborde et al. (2020, 2021)
andBirner et al.(2021) suggest that the impact of the COVID pandemic on food security
most likelywill not underlie the mere effects it has agricultural production. It will, on the
contrary, arisdrom other transmission channels such as the overall economic performance,
labor participation, supply chain disruptions, consumer behavior adjustments, and policy
responsedAll of thoseaspectsend to predominantlgffect the accessibility dimension of food
security(Béné et al., 2021) Although this pandemic'&ll impact anddurationare hard to
predict, some studies, e.dRijk et al. (2021) point out certain resemblane®f the current
regional and global developments to the SSP3 scefifs@arecenupsurge irwar conflicts and
geopolitical tensios in various regions of the world support concernsabout increased
fragmentatiof® of the global economynd slowerreturn of the worldeconomy toits pre-
COVID pace(OECD, 2022)Depending on thdurationandimpactof theseuncertain evenis
e.g.,the number of involved regions withthe armedconflicts or participatingregionsin the
sanctions export restrictions, etcthe effect on the regional food security in one or another

region is subject tanprecedentedncertainty.

The armedconflict between Russia and Ukraine is a vivid exampléhefabovestatement.

Many authorgAbay et al., 2023; Lin et al., 2023; Ben Hassen and El Bilali, 2022; Berndt et
al., 2022; FAO et al., 202®)dicate that the war causes a sequence of immediate ant&lomg
effectson food security in termef trade, production and pricesA few authors, e.gRuta

(2022) additionally provide anore specifiocview on market disruption channelglentifying
commodity markets, logistic networks, supply chains, foreign direct investarahspecific
factorsimpacting individual countried he channels all impact each otheniyen bythe chain

of eventscaused byisplacement of population, damage of civilian infrastructure, restriction

of free movement of people and gooahjchin turn prevent cultivadn, harvesting and selling
crops(Lin et al., 2023) A further direct impacton the regional developmepbsesthe rapid
increase irglobal food, fuel and fertilizer pricg&rndt 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 thigh fluctuations in international markets and devastating effects on global
food security(Abay et al., 2023)The most recent report tfie UN (2023)indicates that the
number of people who are acutely food insecure or at high risk of food insecurity has more than

8 The narrative of the SSP3 anticipates the international fragmentation and pictures the waltincteased
regional rivalry andnore conflicts, which in turn reduce support for international institutions and partnership
for achievingdevelopment goals O6 Ne i | | et al ., 2017)
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doubled since 2020 and reached 345 million people in 2022development further questions
the extreme positivism ofreviousresearch on food security trajectoriddthough it is
important to notghatquantifying the impacts on food security and the duratibsuch extreme
eventsas pandemiand armed conflicteverahorizon ofmore than 23 yearsis challenging

as the market correction mechansstend tohave a strong compensatory effect in the long
term Current studiesftenconducta mediumterm analysisvith atime horizon obneto three
years orharvesting seasons, elgn et al. (2023) van Meijl et al., (2022) UNDP (2022) A
compendium of studies wittmore detailed information about regional peculiarities in
addressing the COVH29 pandemior other shocks ofomparablemagnitudecould be an
interesting area for future researahd is highly relevant fothe improvement oflong-term

scenario assessmentthe future

Further work should also be dedicated to idemtgyapproaches for assessing food security
dimensions beyonthe pure evaluation of availability and access. Similar to other studies, the
current modeling framewormdnly allows a superficial evaluation of food security pillars beyond
food availability. Considering the general tendency of price redwuchiorthe broad group of
commoditiesan overall improvemenin generalaccess to the fooavailablecan be foreseen.
These results are in line with expectations of other recent studies covering issuesnal regio
hunger. Nevertheless, it is still challenging to provide a more ela&wmisaussion on issues of
food access at the current stagferesearch Discussios on this topicstrictly using the
information on the countries' food consumption distribution functions seem to be sensitive to
the applied parameters as indicateivapter 2.2.2Therefore future analyes would benefit
from including richer details on the income dimension, volumes and patbérconsumption

at a more disaggregated level than therently used concept of a single representative
householdThis statement goes in line with the recent discussiothe analysis of poverty
within the GE frameworkHertel et al., 2015; Savard, 2008)odeling of these issues stayed
however beyond the scope of the present study. Neither hawasidered climate variability

as well as climatenitigationstrategies such as afforestatarntegration olsecondgeneration
biofuels, asthese have beeshown to have a disproportionally lower effect on food security
issuesthan the main socieeconomic trajectories in the analyzed tireme. Further work
including these aspects could be very beneficial for future researwigdering the worsening

effectsof climate change arthe continuougncrease in extremevents.
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6 Conclusion

In the last decade, the topic of food securégeivedsignificant attention from the research
community, politieans and thegeneralpublic. Thisrising interest is not surprising, aisis
essential foevery single persoto have physical and economic accessafe, nutritious and
sufficient amount of foodthroughout the yeaidncluding theaim to eradicateall forms of
malnutrition, each of the food security elemastn integral parof the agenda for Sustainable
Development defined by the UN B015. Nonethelesshef u | | achievement of
ambitious goals is far from easfuture socieeconomic development, rising population,
resource scarcity, changing demand patterns, diminishing increase of agricultural yields; each
of these aspectaight exacerbate foothsecurity. Jointly they underline how important it is to
understand the entire complexity of prospect challetmieeding the world. Withinhe broad
spectrum of methodological approachesdfor projection studiesCGE models awpy a

strong position.However as CGE models areessentiallyeconomic models and utiéz
monetary indexedy defaulf the direct applicationof CGE modelsor the evaluationand

communican ofresults on dietary and food security issisfsindamentally challenging.

With this in mind this thesis provide a stateof-the-art ovewview on the design and
implementation of forwardboking exercises in the CGE modeling framework with an explicit
focus on food and nutrition securityn the individual chapters, the author elaborcteow
caloric equivalents can be included in CGE models, underlining their relevanctaeor
modeling framework in generads well ador defining plausible scenariosf the futurefood
securitytrajectoriegn particular.

The centerpiece of this thesis is a comprehensive modeling framework that is azpable
analying the developments dtture regional food security and facilitag discussios on

various aspects of loAgrm projections in CGE models. An important feature of this
framework is the integrated calernodule that contributes to the reporting and validation of

the model 6s results. The e mpithsiexteaded naodedingy s i s,
framework, underling the importance ofncluding such caloric metrics and identifie the

benefits otheirapplicationin thescenario analysidt alsodemonstratethe advantagesf their
applicationduringthe sensitivity analysigs well agor the comparisorof modeling outcomes

across studies
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The simulation results revesal the potentialfor further elevationof energy intakeof the
average consumer in all regiomsross botltentral scenarioHowever, theexpectedncrease

in calorie availabilitywasneither regionally uniform nor scenario specific. Some regiahs d
not show a substantial improvement in energy inthloeigh indicating that aconsiderable
share of their population atdl remainfood insecurdor the analyzed time fram®&oth central
scenarios emphasidethe tendency in emerging and industrialized countries toward more
energydense diets;ontaining morenimatbased products, sugars and ,oNbich in contrast

elevates theisks of dietary imbalanseand overconsumption.

Many effortshave been devoted comprehensivg documening the proces®f model and
databasereation and to transparelgt communicaing the effects of modedpecific features
and parameter adjustments on simulation restlilie sensitivity analysis revealed a ron
negligible difference in calagiavailability across different simulations. This regutihlights
the increasing importanad transparencywhencommunicatinghe role ofindividual modeling
featuresn relationto simulation outcomes:urthemore,the newly created tools for generating
baseline shocks and reporting results using-lwedwn statistical packages atee othertwo
contributions of tis study Theyaimto improve transparency and replicability of analysis and

data visualization within the GTAP framework.

The methodological discussion atit practical experience collectaghen working orthis

thesis regardingscenario analys andthe application of CGE models for food security
assessment suggdbtt several research fields requicritical evaluationfrom the research
community.Further research iseededn the area of scenario building aexamiration ofthe
compatibility of different trajectories of soegronomic development, biophysical and
economic parameters. These elements possess a strongiiméetean and require a consistent
application in modeling exercises. Although it is possible to generate an infinite number of
alternative scenarios, it &lvisableo stay pragmatic in their generation &aep thefocus on
analyzing Apl ausi pdtue do treellinited resedrchapaciesf Thisur e s
parsimonious approach, together with the extensive sensitivity analysis of parameters, can make
a valuable contribution to both the refinement of cutyeasedmodeling methodas well as

improvingthe transparency of resufts reviewers and users.

In this regard, the cal@imodule hagprovento be a valuable diagnostic tool and a central
element for food security assessmanthe CGE modeling environmenthe approach of
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integratingcaloric equivalentsaspresented in this works very general and cae extended

to include other macronutrients, such as fats, proteins, and carbohydrates. The openness of the
useddata sources arttietransparent implementation processevident strengththat 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 longerm sceario analyss. The studyof policy mechanisms targag the

adverse developments of dietary shifts might besaiobpotentialdirection ofresearch
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