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EXECUTIVE SUMMARY 

Food, energy, and water are essential goods for human survival. The three goods are 

intrinsically connected through economic consumption and production linkages as well as 

ecological processes. All three are dependent on limited resources which are threatened by 

global drivers in the form of economic growth, population growth, and climate change that 

are particularly affecting developing countries. In the light of these challenges, researchers 

and policy makers gathered in Bonn, Germany, in 2011 and agreed that development policy 

cannot continue on its current “silo” path, but must undergo a transformation towards a nexus 

perspective of integrated food, energy, and water security policies. This dissertation 

contributes twofold to the research on the food-energy-water (FEW) nexus: methodologically, 

through developing integrated modeling frameworks for ex-ante policy assessments that 

capture the linkages between food, energy, and water, and empirically through identifying 

those policy measures that maximize the synergies for food, energy, and water (FEW) 

security and minimize the tradeoffs. To this end, three studies analyze four policies in Malawi 

– biofuel production, irrigation expansion, improved cookstoves and agroforestry – that 

directly affect FEW security and provide a large scope for realizing synergies. Using 

innovative modeling frameworks for ex-ante policy simulation, the analyses are guided by 

three overarching research questions: (i) What is the simultaneous impact of policy measures 

on food, energy, and water security? (ii) What is the role of drivers in effectiveness of policy 

measures? (iii) How do the policies affect the livelihoods of the poorest? 
The dissertation begins with an introductory chapter explaining the FEW nexus 

approach and its role in fostering sustainable development, followed by examining the 

research questions and policies analyzed. A methodology chapter explores nexus linkages in 

detail and reviews existing modeling approaches for analyzing the FEW nexus. Three 

innovative integrated modeling frameworks are developed, which are used in the following 

three chapters to simulate and analyze the above-mentioned policy measures in Malawi. The 

final chapter discusses the findings and policy implications as well as areas for future 

research.  
The empirical objective of this dissertation is to identify policies that maximize 

synergies and minimize tradeoffs between FEW security. Previous studies are sector-specific 

and are unable to simultaneously capture policy effects on all three sectors, which is crucial to 

find the most beneficial interventions for the FEW nexus as a whole. To close this research 

gap, the methodological objective is to develop an integrated modeling framework for ex-ante 
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policy assessments that encompasses the relevant linkages of the FEW nexus at country level. 

Due to the complexity of the nexus and the numerous linkages between food, energy, and 

water, there is to date no existing economy-wide modeling framework that adequately 

captures all various interconnections. Economic linkages arise from market interactions 

around consumption and production and determine the economic and social spheres of the 

FEW nexus. These are in turn influenced by ecological processes that comprise the 

environmental sphere of the nexus. Natural resources such as water and biomass are provided 

as ecosystem services by the earth’s climate system. Global earth system models that capture 

the climate system and anthropogenic feedback effects do not allow for detailed assessments 

of the FEW nexus at country level. To overcome the disadvantages of global models and to 

simultaneously encompass relevant nexus linkages, three innovative modeling approaches are 

developed.  
A computable general equilibrium (CGE) model of Malawi is at the heart of each 

modeling framework. The economy-wide model not only captures all economic linkages 

between food, energy, and water, but also the social dimension of the FEW nexus through a 

detailed representation of the household sector. This is central to measure distributional policy 

effects on the livelihoods of the poorest. A CGE model based framework is also appropriate 

to answer the other overarching research questions: the CGE model encompasses both the 

availability dimension of FEW security by measuring output changes and the access 

dimension by capturing income and price changes. In addition, population and economic 

growth are incorporated within the CGE model to determine the role of these drivers. The 

CGE model includes neither nexus linkages outside of market interactions such as the 

collection of firewood, nor ecological processes such as the provision of water through the 

ecosystem. These shortcomings are overcome by linking the CGE model with biophysical and 

tailor-made farm household models as suitable for each policy analyzed. Each of these 

modeling frameworks does not aim to be comprehensive in a sense that all linkages between 

food, energy, and water are covered. Rather the frameworks specifically capture the nexus 

linkages affected by the policy measures analyzed to better understand the effectiveness of 

those policies in evoking synergies and tradeoffs. The modeling frameworks therefore close 

an important gap in the literature by allowing detailed ex-ante policy analysis of the FEW 

nexus at country level, especially since all developed models can easily be transferred to other 

developing countries. 
Chapter 3 investigates the impacts of biofuel policies on food, energy, and water 

security. Biofuels often raise the specter of food insecurity, water resource depletion, and 
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greenhouse gas (GHG) emissions from land clearing. These concerns underpin the 

“sustainability criteria” governing access to European biofuel markets. Nevertheless, it is 

unclear if producing biofuels in low-income countries exacerbates food insecurity or 

conversely increases income of smallholders. To analyze the impacts of biofuels in Malawi, a 

CGE model is combined with a poverty module to assess distributional effects as well as food 

and energy security. Two other models are linked to the CGE model to capture the ecological 

linkages affected by biofuels. Water security is included through a newly developed crop 

model that measures how biofuel production influences the water intensity of the Malawian 

agriculture. As biofuels are promoted to reduce GHG emissions relative to fossil fuels to 

decelerate climate change, the CGE model is linked to a module that estimates changes in 

emissions following land use change. 
The policy simulations show that an expansion of biofuel production in Malawi leads 

to economic growth and higher macro-level energy security by increasing the availability of 

fuel. Moreover, the results do not confirm that biofuels threaten food security, as long as 

biofuel feedstock is irrigated. Food crops displace unprofitable traditional exports crops, 

resulting in higher food availability and lower food prices. If biofuel crops are produced by 

smallholders, farm households benefit from higher income and lower poverty, while the urban 

poor benefit from lower food prices. There is a clear synergy between energy and food 

security and a decrease in poverty through biofuel policies in Malawi. Yet, this synergy is 

dependent on irrigation of feedstock, which entails tradeoffs for water security and climate 

change. As Malawi has large water resources, the former tradeoff diminishes in light of the 

synergies. Even so, the high GHG emissions of irrigated feedstock production and biofuel 

processing do not meet the EU sustainability criteria and negatively affect climate change. 

Biofuels therefore involve tradeoffs for the environment that need to be valued carefully. In 

contrast, the study also reveals that biofuel crops are not worse but even better for the 

environment and food security than other export crops, which does not justify the biased 

reservation by policy-makers. 
As irrigation determines the effectiveness of biofuel production, the effect of irrigation 

expansion on the FEW nexus in Malawi is analyzed in detail in Chapter 4. Irrigation is crucial 

to increase food security and mitigate effects from climate change, but the low profitability 

has led to little irrigation investments in Sub-Saharan Africa so far. Since benefits from 

irrigation arise not only from yield increases, but also from multiplier effects and lower 

climate risks, the developed modeling framework simultaneously assesses the various returns. 

A CGE model and poverty module are combined to determine the access and availability 
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dimensions of FEW security as well as distributional impacts. Ecological linkages are 

assessed by including two additional models: agro-ecological conditions and crop 

management techniques are important drivers of the effectiveness of irrigation and are 

captured by a crop model. To assess the potential of irrigation to reduce the risk accruing from 

climate change, the modeling framework is extended by a stochastic weather simulation 

module that captures the linkages between climate conditions and the FEW nexus. Water 

availability in Malawi is explicitly included in the simulations to minimize any tradeoffs for 

water security. As irrigation is conducted with smallholder technologies such as treadle 

pumps and watering cans, energy needs are minimal. 
The policy simulation results confirm the low profitability of irrigation in Malawi due 

to relatively low yields and high labor requirements. On the other hand, a large part of 

irrigated land is used for food crop production, leading to higher food output and lower food 

prices. These findings however hinge on an increase in cropping intensity. Higher output also 

generates higher income for farmers, which positively affects the access dimension of FEW 

security. The poverty reduction potential of irrigation is large, but depends on the labor 

endowments of smallholders. If farmers are labor constrained, labor-intensive irrigation 

decreases off-farm labor income and increases poverty. The stochastic weather simulations 

indicate that irrigation is indeed able to reduce risks from climate variability, but that the 

potential is small as irrigated crop yields are too low due to inefficient input use and crop 

management techniques. The latter are therefore crucial drivers for the profitability and 

effectiveness of irrigation, especially with a view to higher food stability. Notwithstanding, if 

implemented correctly, irrigation expansion in Malawi is a policy that exhibits only synergies 

for FEW security.  
The two previous modeling frameworks do not encompass energy security at the 

micro-level from collected firewood, which is essentially an ecosystem service. Biomass 

energy dominates the energy sector in Sub-Saharan Africa, in particular as the main cooking 

fuel. The strong linkages to food security and the environment make biomass energy crucial 

for sustainable development, which is largely ignored by policy makers in favor of modern 

energy. At the same time, population and GDP growth are exacerbating already existing 

supply-demand imbalances. Therefore, Chapter 5 analyzes the impact of improved cookstoves 

and agroforestry on the FEW nexus with a focus on establishing a sustainable biomass energy 

sector in Malawi. The CGE model in this modeling framework assesses how population and 

economic growth affect food demand. A newly developed food-energy model then translates 

changes in food demand into changes in energy demand and captures the impacts of 
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disseminating improved cookstoves. The environmental dimension and supply side of 

biomass energy is included with a biomass supply module that estimates sustainable yields of 

wood using yield data sets and land cover maps, while an agroforestry farm household model 

simulates the impact of trees grown on farms on biomass supply. The modeling framework 

has a focus on food and energy security. As such, water security is only indirectly, but 

positively, affected by these policies, as lower demand for and higher supply of trees 

increases the ability of the soil to hold water.  
Although population and GDP growth are the major drivers of increases in food 

demand and subsequently demand for cooking energy, the simulation results show that the 

increase in energy demand due to economic growth is almost negligible. Conversely, demand 

growth due to population growth is so large that the efficiency increases from disseminating 

improved cookstoves are not enough to reduce demand to a sustainable level. Agroforestry 

policies on the other hand are able to provide sustainable supply even in the light of high 

population growth. As food security is dependent on the secure provision of cooking energy, 

the increase in energy security simultaneously increases the access to and the utilization of 

food. Agroforestry further enhances food security indirectly by increasing soil quality and 

crop yields. The strong link between energy and food security is therefore strengthened by 

both interventions, leading to a win-win situation for all nexus sectors. Biomass energy can be 

inherently sustainable and should be an integral part of energy sector strategies in developing 

countries and the Sustainable Development Goals. 
The empirical findings of this dissertation show that policy measures indeed produce 

some tradeoffs between food, energy, and water, but that – if policies are designed correctly – 

the tradeoffs can be minimized while simultaneously maximizing the synergies. These 

findings are an essential contribution to the empirical literature by demonstrating that even in 

a world with enormous pressures on limited resources, prudent policy making can ensure 

food, energy, and water security for all people. Overall, the impacts of the policies analyzed 

on the livelihoods of poor smallholders are positive but come with many conditions. The 

design of policy measures plays a crucial role for their success and the implementation of 

these policies will require substantial efforts, in terms of funding and integrating smallholders. 

The policy analyses also highlight that without considering the impact of drivers such as 

population growth and climate change, policy measures might not be successful and entail 

undesirable tradeoffs.  
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Finally, the results demonstrate that the development of integrated modeling 

frameworks is vital for quantitative analyses of policies that simultaneously affect the 

economic, social, and environmental spheres to identify the synergies and tradeoffs. 

Integrating the environment in economic models requires innovative and flexible modeling of 

economic and environmental relationships and there is still a large scope for modeling 

feedback effects between the economy and the environment. This dissertation seeks to make 

an important contribution to integrated environmental-economic modeling of developing 

countries and may serve as a starting point for future research on linking the economy and the 

environment in models.  
 

ZUSAMMENFASSUNG 

Nahrungsmittel, Energie und Wasser sind für den Menschen lebenswichtige Güter, die sowohl 

durch volkswirtschaftliche Produktions- und Konsumverflechtungen als auch durch 

Umweltprozesse intrinsisch miteinander verknüpft sind. Alle drei Güter sind auf begrenzte 

Ressourcen angewiesen, die durch globale Antriebsfaktoren wie Wirtschaftswachstum, 

Bevölkerungswachstum und Klimawandel stark gefährdet sind, welche besonders 

Entwicklungsländer beeinträchtigen. Eine Nexus-Perspektive, die Nahrungsmittel, Energie 

und Wasser gleichzeitig betrachtet, ist daher zentral, um ineffiziente Ressourcennutzung zu 

vermeiden und die Versorgung mit lebenswichtigen Gütern für besonders gefährdete 

Menschen sicherzustellen. Diese Dissertation zielt darauf ab, einen Beitrag zur Forschung 

über den Nahrungsmittel-Energie-Wasser (NEW) Nexus zu leisten, einerseits durch die 

Entwicklung von ganzheitlichen Simulationsmodellsystemen, welche die Verflechtungen 

zwischen Nahrungsmitteln, Energie und Wasser erfassen, um andererseits solche Politiken zu 

bestimmen, die sowohl die Synergien zwischen Ernährungs-, Energie- und Wassersicherheit 

maximieren als auch die Zielkonflikte minimieren. Dazu untersuchen drei Studien vier 

verschiedene Politiken – Biokraftstoffproduktion, Ausbau von Bewässerung, verbesserte 

Kochherde und Agroforstwirtschaft, – welche Ernährungs-, Energie- und Wassersicherheit 

direkt beeinflussen und daher zahlreiche Möglichkeiten für Synergien bieten. Die Studien 

nutzen innovative Simulationsmodellsysteme für ex-ante Politikbewertungen und orientieren 

sich an drei übergreifenden Forschungsfragen: (i) Was sind die gleichzeitigen Auswirkungen 

der Politiken auf Ernährungs-, Energie- und Wassersicherheit? (ii) Welche Rolle spielen 

Antriebsfaktoren für die Wirkungsweise von Politiken? (iii) Wie beeinflussen die 

Politikmaßnahmen die Lebensgrundlage der ärmsten Menschen? 
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Die Dissertation beginnt mit einem einleitenden Kapitel, das die Grundlagen des NEW 

Nexus und seine Rolle für nachhaltige Entwicklung erklärt, gefolgt von einer Betrachtung der 

Forschungsfragen und der zu untersuchenden Politiken. Ein Methodenkapitel analysiert die 

Verflechtungen im Nexus und prüft die Nutzung von vorhandenen Modellansätzen für den 

NEW Nexus. Drei innovative ganzheitliche Simulationsmodellsysteme werden entwickelt und 

in den drei darauffolgenden Kapiteln verwendet, um die obengenannten Politiken am Beispiel 

von Malawi zu simulieren und zu untersuchen. Das letzte Kapitel diskutiert die 

Forschungsergebnisse und deren politische Schlussfolgerungen sowie künftige 

Forschungsfelder. 
Das empirische Ziel dieser Doktorarbeit ist die Bestimmung von Politiken, die 

Synergien zwischen Ernährungs-, Energie- und Wassersicherheit maximieren und 

Zielkonflikte minimieren. Bisherige Forschungen blieben begrenzt auf einen Sektor und 

konnten Politikauswirkungen auf die drei Sektoren nicht gleichzeitig erfassen, was 

entscheidend ist, um solche Politiken zu ermitteln, die sich positiv auf den gesamten NEW 

Nexus auswirken. Um diese Forschungslücke zu schließen, ist das methodische Ziel die 

Entwicklung eines ganzheitlichen Simulationsmodellsystems für ex-ante Politikbewertungen, 

welches alle relevanten Verflechtungen des NEW Nexus auf nationaler Ebene umspannt. 

Durch die Komplexität des Nexus und die zahlreichen Verknüpfungen zwischen 

Nahrungsmitteln, Energie und Wasser gibt es bis heute kein bestehendes Modellsystem, 

welches alle unterschiedlichen Verbindungen zufriedenstellend erfasst. Volkswirtschaftliche 

Verflechtungen entstehen durch das Zusammenspiel von Konsum und Produktion auf 

Märkten und bestimmen die volkswirtschaftlichen und gesellschaftlichen Wirkungsbereiche 

des NEW Nexus. Diese werden gleichzeitig von Umweltprozessen aus dem ökologischen 

Wirkungsbereich beeinflusst. Natürliche Ressourcen wie Wasser und Biomasse werden als 

Ökosystemdienstleistungen vom Klimasystem der Erde bereitgestellt. Globale 

Erdsystemmodelle erfassen zwar die Beziehung zwischen Klimasystem und 

menschengemachten Einflussfaktoren, erlauben aber keine detaillierten Bewertungen des 

NEW Nexus auf nationaler Ebene. Aufgrund der Nachteile von globalen Modellen und zur 

gleichzeitigen Erfassung aller relevanten Nexus Verflechtungen werden daher drei innovative 

Modellansätze entwickelt.   
Ein berechenbares allgemeines Gleichgewichtsmodell (CGE Modell) von Malawi 

bildet den Kern von jedem Modellsystem. Das gesamtwirtschaftliche Modell erfasst nicht nur 

alle volkswirtschaftlichen Verflechtungen zwischen Nahrungsmitteln, Energie und Wasser, 

sondern auch den gesellschaftlichen Bereich des NEW Nexus durch detaillierte Modellierung 
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des Haushaltssektors. Dies ist notwendig um Verteilungseffekte auf die Lebensgrundlagen der 

ärmsten Menschen zu messen. CGE Modelle sind zudem geeignet, die weiteren 

übergreifenden Forschungsfragen zu beantworten: Das CGE Modell umfasst sowohl die 

Verfügbarkeitsdimension von Ernährungs-, Energie- und Wassersicherheit durch Messung 

von Produktionsveränderungen als auch die Zugangsdimension durch Erfassung von 

Einkommens- und Preisschwankungen. Zugleich können Bevölkerungs- und 

Wirtschaftswachstum innerhalb des CGE Modells simuliert werden, um den Einfluss dieser 

Antriebsfaktoren zu ermitteln. CGE Modelle können jedoch weder Nexus Verflechtungen 

außerhalb von Märkten, wie das Sammeln von Feuerholz, noch Umweltprozesse, wie die 

Versorgung mit Wasser durch das Ökosystem, erfassen. Um diese Defizite zu überwinden 

wird das CGE Modell mit biophysikalischen und maßgeschneiderten landwirtschaftlichen 

Haushaltsmodellen verbunden, wie es für die jeweilige Politik zweckmäßig ist. Keines dieser 

Modellsysteme zielt darauf ab, allumfassend zu sein und sämtliche Verflechtungen zwischen 

Nahrungsmitteln, Energie und Wasser abzudecken. Die Modellsysteme erfassen vielmehr 

genau die Verflechtungen, die von der jeweilig zu untersuchenden Politik betroffen sind, um 

die Wirkungsweise der jeweiligen Politik im Hervorrufen von Synergien und Zielkonflikten 

besser zu verstehen. Damit schließen die entwickelten Simulationsmodellsysteme eine 

wesentliche Forschungslücke, da sie ausführliche Politikbewertung des FEW Nexus auf 

nationaler Ebene ermöglichen, besonders da alle entwickelten Modelle genauso auf andere 

Entwicklungsländer anwendbar sind.  
Kapitel 3 befasst sich mit den Auswirkungen von Biokraftstoffproduktion auf 

Ernährungs-, Energie- und Wassersicherheit. Biokraftstoffe werden oft mit 

Ernährungsunsicherheit, Wasserverschwendung und Treibhausgas- (THG) Emissionen durch 

Rodungen in Verbindung gebracht. Diese Bedenken untermauern die 

„Nachhaltigkeitskriterien“, welche den Zugang zu europäischen Biokraftstoffmärkten regeln. 

Allerdings ist es umstritten, ob die Produktion von Biokraftstoffen in Entwicklungsländern 

Ernährungsunsicherheit verschlimmert oder umgekehrt das Einkommen von Kleinbauern 

sogar erhöht. Die Auswirkungen von Biokraftstoffproduktion in Malawi werden durch eine 

Kombination aus CGE Modell und Armutsmodul untersucht, die Verteilungseffekte und 

Ernährungs- und Energiesicherheit berechnet. Zwei weitere Modelle werden mit dem CGE 

Modell verbunden, um ökologische Verflechtungen, die von Biokraftstoffen beeinflusst 

werden, zu analysieren. Wassersicherheit wird mit Hilfe eines neu entwickelten 

Pflanzenwachstumsmodells erfasst, das den Einfluss von Biokraftstoffproduktion auf die 

Wasserintensität der malawischen Landwirtschaft misst. Da Biokraftstoffe gefördert werden, 
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um THG Emission im Vergleich zu fossilen Brennstoffen zu reduzieren und um den 

Klimawandel zu verlangsamen, wird das CGE Modell zusätzlich mit einem Modul 

kombiniert, welches Emissionsänderungen durch Landnutzungsänderungen berechnet.  
Die Politiksimulationen zeigen, dass eine Ausweitung der Biokraftstoffproduktion in 

Malawi sowohl zu Wirtschaftswachstum als auch zu höherer Energiesicherheit durch erhöhte 

Verfügbarkeit von Kraftstoffen führt. Ferner können die Ergebnisse nicht bestätigen, dass 

Biokraftstoffe Ernährungssicherheit beeinträchtigen, solange Biokraftstoffrohstoffe bewässert 

werden. Nahrungspflanzen verdrängen tatsächlich unrentable Exportpflanzen, was zu höherer 

Verfügbarkeit und niedrigeren Preisen von Nahrungsmitteln führt. Wenn 

Biokraftstoffrohstoffe von Kleinbauern produziert werden, profitieren landwirtschaftliche 

Haushalte von Einkommenssteigerungen und geringerer Armut, während die geringeren 

Nahrungsmittelpreise den städtischen Armen zugutekommen. Biokraftstoffproduktion in 

Malawi generiert Synergien zwischen Energie- und Ernährungssicherheit und eine 

Verminderung der Armut. Diese Synergien sind jedoch abhängig von der Bewässerung von 

Biokraftstoffrohstoffen, was Zielkonflikte in Bezug auf Wassersicherheit und Klimawandel 

hervorruft. Da Malawi umfangreiche Wasserreserven besitzt, kommt dem ersten Zielkonflikt 

eine geringe Bedeutung zu. Die hohen THG Emissionen durch bewässerte Rohstoffe und 

Verarbeitung der Biokraftstoffe können allerdings die Nachhaltigkeitskriterien der EU nicht 

erfüllen und den Klimawandel negativ beeinflussen. Die Zielkonflikte zwischen der Umwelt 

und anderen Zielen durch Biokraftstoffproduktion bedürfen daher einer gründlichen 

Abwägung. Demgegenüber stehen weitere Simulationsergebnisse, die aufzeigen, dass der 

Anbau von Pflanzen für die Biokraftstoffproduktion nicht schlechter, sondern sogar besser für 

die Umwelt und Ernährungssicherheit ist als andere Exportpflanzen und dass die 

voreingenommenen Bedenken von Politikern gegenüber Biokraftstoffen nicht gerechtfertigt 

sind.  
Da Bewässerung zentral für die Wirkungsweise von Biokraftstoffproduktion ist, 

widmet sich Kapital 4 ausführlich den Auswirkungen eines Ausbaus von Bewässerung auf 

den NEW Nexus in Malawi. Bewässerung ist zudem entscheidend, um Ernährungssicherheit 

zu verbessern und die Auswirkungen des Klimawandels abzuschwächen, jedoch wird 

aufgrund geringer Rentabilität in Sub-Sahara Afrika nur wenig in Bewässerung investiert. Da 

die Vorteile von Bewässerung nicht nur aus höheren Erträgen in der Landwirtschaft, sondern 

auch aus Multiplikatoreffekten auf die restliche Volkswirtschaft und geringere Klimarisiken 

bestehen, analysiert das hierfür entwickelte Simulationsmodellsystem den Nutzen von all 

diesen Faktoren. Ein CGE Modell und Armutsmodul bewerten die Zugangs- und 
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Verfügbarkeitsdimensionen von Sicherheit und Verteilungseffekte. Ökologische 

Verflechtungen werden mit zwei zusätzlichen Modellen gemessen: Agro-ökologische 

Bedingungen und Pflanzenanbautechniken in Malawi sind wichtige Antriebsfaktoren für die 

Wirkungsweise von Bewässerung und werden durch ein Pflanzenwachstumsmodell erfasst. 

Um zu untersuchen, inwiefern Bewässerung die Risiken des Klimawandels verringert, wird 

das Modellsystem um ein Modell für stochastische Wetter-Simulationen erweitert, welches 

zugleich die Verflechtungen zwischen dem NEW Nexus und klimatischen Bedingungen 

einschließt. Wasser-Verfügbarkeit in Malawi wird in den Simulationen explizit 

berücksichtigt, um Zielkonflikte mit Wassersicherheit zu minimieren. Da die Bewässerung 

mit Kleinbauertechnologien wie Tretpumpen und Gießkannen durchgeführt wird, ist der 

Energiebedarf minimal.  
Die Ergebnisse der Politiksimulationen bestätigen die geringe Rentabilität von 

Bewässerung in Malawi aufgrund relativ geringer Erträge und hohen Arbeitskräftebedarfs.  

Andererseits wird ein Großteil des bewässerten Ackerlandes zur Nahrungsmittelproduktion 

eingesetzt, was die Verfügbarkeit von Nahrungsmitteln erhöht und deren Preise senkt. Diese 

Resultate benötigen jedoch eine gesteigerte Anbauintensität. Produktionssteigerungen führen 

zugleich zu Einkommenssteigerungen der Bauern, was sich positiv auf die Zugangsdimension 

von Ernährungs-, Energie- und Wassersicherheit auswirkt. Bewässerung besitzt großes 

Potential zur Armutsverminderung, was allerdings von den Arbeitsmöglichkeiten der 

Kleinbauern abhängt. Wenn Bauern ihre Arbeitszeit bereits voll ausschöpfen, verringert 

arbeits-intensive Bewässerung die Möglichkeiten der Lohnarbeit abseits des eigenen Hofes, 

was zu höherer Armut führt. Die stochastischen Wetter-Simulationen zeigen in der Tat, dass 

Bewässerung Risiken von Klimavariabilität verringern kann. Das tatsächliche Potential ist 

jedoch klein, da Erträge aufgrund geringen Düngereinsatzes und ineffizienter 

Pflanzenanbautechniken zu niedrig sind. Diese sind daher entscheidende Einflussfaktoren für 

die Rentabilität und Wirkungsweise von Bewässerung, besonders im Hinblick auf die 

Stabilität der Nahrungsmittelproduktion. Nichtsdestotrotz ist Bewässerungsausbau eine 

Politikmaßnahme, die – wenn sie richtig implementiert wird – nur Synergien zwischen 

Ernährungs-, Energie- und Wassersicherheit, aber keine Zielkonflikte, hervorruft.  
Die beiden vorausgegangenen Simulationsmodellsysteme vernachlässigen 

Energiesicherheit auf Haushaltsebene durch gesammeltes Feuerholz, welches eine 

Ökosystemdienstleistung darstellt. Biomasse-Energie aus Holz beherrscht noch immer den 

Energiesektor in Sub-Sahara Afrika, besonders als primärer Kochbrennstoff.  Durch die 

starken Verbindungen mit Ernährungssicherheit und der Umwelt spielt traditionelle 
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Biomasse-Energie eine entscheidende Rolle für nachhaltige Entwicklung, was von Politikern 

mit Fokus auf modernen Energiequellen unbeachtet bleibt. Zugleich verschlimmern 

Bevölkerungs- und Wirtschaftswachstum schon bestehende Ungleichgewichte zwischen 

Angebot und Nachfrage von Biomasse. Aus diesem Grund untersucht Kapitel 5 die 

Auswirkungen von verbesserten Kochherden und Agroforstwirtschaft auf den NEW Nexus 

mit Blick auf die Schaffung eines nachhaltigen Biomasse-Energiesektors in Malawi. In dem 

hierfür entwickelten Modellsystem bestimmt das CGE Modell die Auswirkungen von 

Bevölkerungs- und Wirtschaftswachstum auf die Nachfrage nach Nahrungsmitteln. Ein neu 

entwickeltes Nahrungsmittel-Energie Modell überträgt die Nachfrageänderungen für 

Nahrungsmittel in Änderungen in der Energienachfrage und analysiert die Auswirkungen von 

einer großflächigen Verteilung verbesserter Kochherde. Die ökologische Dimension und 

Angebotsseite von Biomasse-Energie wird zum einen durch ein Biomasse-Angebotsmodul 

erfasst, das nachhaltige Erträge von Bäumen mit Hilfe von Ertragsdaten und 

Bodenbedeckungskarten berechnet. Zum anderen simuliert ein maßgeschneidertes 

agroforstwirtschaftliches Haushaltsmodell die Auswirkungen von Bäumen, die auf dem 

Ackerland gepflanzt werden, auf das Biomasse-Angebot. Das Modellsystem legt einen 

Schwerpunkt auf Ernährungs- und Energiesicherheit. Wassersicherheit wird zwar positiv, aber 

nur indirekt durch die untersuchten Politiken beeinflusst, da geringere Nachfrage und ein 

höheres Angebot an Bäumen die Fähigkeit der Böden, Wasser zu speichern, erhöht.   
Obwohl Bevölkerungs- und Wirtschaftswachstum die Hauptantriebsfaktoren für 

wachsende Nachfrage nach Nahrungsmitteln und darauffolgend höhere Nachfrage nach 

Energie zum Kochen sind, zeigen die Simulationsergebnisse, dass der Anstieg der 

Energienachfrage durch Wirtschaftswachstum vernachlässigbar ist. Umgekehrt ist das 

Nachfragewachstum durch Bevölkerungswachstum so groß, dass die Effizienzsteigerungen 

durch Verteilung verbesserter Kochherde nicht ausreichen, um die Nachfrage auf ein 

nachhaltiges Level zu senken. Dagegen ist Agroforstwirtschaft auf der anderen Seite in der 

Lage, trotz des extremen Bevölkerungswachstums das Biomasse-Angebot auf ein 

nachhaltiges Niveau zu steigern. Da Ernährungssicherheit auf die Versorgung mit Energie 

zum Kochen angewiesen ist, führt diese Steigerung in Energiesicherheit gleichzeitig zu einer 

Verbesserung der Zugangsdimension und der Verwendungsdimension von 

Ernährungssicherheit, da verbesserte Kochherde besser gekochte Nahrung bereitstellen 

können. Zusätzlich steigert Agroforstwirtschaft Ernährungssicherheit indirekt durch eine 

Verbesserung der Böden und Pflanzenerträge. Die tiefen Verflechtungen zwischen Energie- 

und Ernährungssicherheit werden durch beide Politiken gestärkt, was zu einer Win-Win-
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Situation für alle Nexus-Sektoren führt. Traditionelle Biomasse-Energie ist von Natur aus 

nachhaltig und sollte deswegen ein wesentlicher Bestandteil der Energiesektorstrategien von 

Entwicklungsländern und der Sustainable Development Goals sein. 
Die empirischen Forschungsergebnisse dieser Dissertation zeigen auf, dass Politiken 

fast immer gewisse Zielkonflikte zwischen Ernährungs-, Energie- und Wassersicherheit 

hervorbringen, aber dass – wenn Politiken richtig ausgestaltet sind – diese Zielkonflikte 

minimiert werden können und gleichzeitig Synergien maximiert werden. Diese Resultate 

bilden einen grundlegenden Beitrag zur empirischen Literatur, da sie belegen, dass sogar 

unter dem vorherrschenden gewaltigen Druck auf begrenzte Ressourcen eine kluge Politik die 

Versorgung mit Nahrungsmitteln, Energie und Wasser für alle Menschen erreichen kann. 

Freilich sind die positiven Auswirkungen der untersuchten Politiken auf die 

Lebensgrundlagen der ärmsten Menschen von mehreren Voraussetzungen abhängig. Die 

Ausgestaltung von Politikmaßnahmen spielt eine entscheidende Rolle für deren Erfolg, und 

die Verwirklichung dieser Politiken wird erhebliche Anstrengungen in Bezug auf 

Finanzierung und die Integration von Kleinbauern erfordern. Die Politikanalysen heben 

zudem hervor, dass ohne eine Berücksichtigung von Antriebsfaktoren Politikmaßnahmen 

nicht erfolgreich sein und zu unerwünschten Zielkonflikten führen können.  
Letztlich manifestieren die Forschungsergebnisse die Notwendigkeit, ganzheitliche 

Simulationsmodellsysteme für die quantitative Analyse von Politiken zu entwickeln, die 

gleichzeitig volkswirtschaftliche, gesellschaftliche und ökologische Wirkungsbereiche 

beeinflussen,  um Synergien und Zielkonflikte überhaupt zu identifizieren.  Die Integration 

der Umwelt in volkswirtschaftliche Modelle erfordert innovative und flexible Modellierung 

von volkswirtschaftlichen und ökologischen Beziehungen. Die Modellierung von 

Rückkopplungseffekten zwischen der Volkswirtschaft und der Umwelt bietet daher ein noch 

immer großes Betätigungsfeld. Diese Dissertation strebt danach, einen wichtigen Beitrag zur 

ganzheitlichen ökologisch-ökonomischen Modellierung von Entwicklungsländern zu leisten, 

und kann als Ausgangspunkt für zukünftige Forschung über die Kopplung von 

volkswirtschaftlichen und ökologischen Modellen dienen.  
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1. INTRODUCTION 

In November 2011 researchers and policy makers gathered in Bonn, Germany, to discuss the 

future of food, water, and energy in a globalized world of high population and economic 

growth, both of which are deemed to put increasing pressure on scarce resources. In the light 

of these and additional challenges like climate change and urbanization the consensus at the 

conference in Bonn was that development policy cannot continue on its current “silo” path but 

must undergo a transformation towards a nexus perspective of integrated water, energy, and 

food security policies (Hoff, 2011). This dissertation aims at contributing to this 

transformation through developing innovative modeling approaches for comprehensive and 

holistic policy analyses. Using Malawi as a case study, the overriding objective is to identify 

those policy measures that maximize the synergies for food, energy, and water security and 

minimize the tradeoffs.   
 

1.1  BACKGROUND: GLOBAL CHALLENGES AND THE FOOD-ENERGY-WATER 

NEXUS 

Human livelihood and survival is dependent on the provision of three fundamental goods: 

water, food, and energy. The three goods are intrinsically tied together and dependent on each 

other through consumption and production linkages and through their reliance on limited 

resources – water, soil and land. For several decades these resources and in turn, food, energy, 

and water security have come under increasing pressure through growing global challenges, 

making it crucial to view the three systems from a nexus perspective that captures their 

interconnections and avoids inefficient resource use arising from single-sector thinking.  
Rapid population and economic growth are the predominant drivers of the ever 

increasing demand for food, water, and energy. Improvements in living standards of a fast 

growing middle class in many emerging and developing economies as well as urbanization 

are leading to more resource-intensive consumption patterns, while the urban poor often live 

in slums without access to safe water, energy, and food (Hoff, 2011). At the same time, the 

widespread sectoral interconnections through globalization and trade reinforce competition 

over scarce resources across countries. On the supply side, degradation of the environment 

through pollution and unsustainable harvesting are threatening an already limited resource 

base (Wakeford, et al., 2015). While these drivers affect demand and supply of food, energy, 

and water exogenously, climate change poses a more complex challenge through an 

endogenous two-way relationship (Hoff, 2011). On the one hand energy use and changes in 

land use through land clearing for food production can lead to greenhouse gas emissions and 
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accelerate climate change. On the other hand, increased climate variability influences 

agricultural productivity and water supplies, while climate change mitigation measures like 

the cultivation of biofuels intensify the demand for land and water. These global drivers are of 

particular importance in fast growing developing and emerging economies, where hundreds of 

millions of people simultaneously suffer from food, energy, and water insecurity (Ringler et 

al. 2013). In contrast, population and even gross domestic product (GDP) growth are 

stagnating in most industrialized countries. As many developed countries are located in the 

Northern hemisphere, climate change is not yet as prevalent as in the tropics. Developing 

countries are thus much more affected by global challenges and are additionally facing many 

local challenges. Economies in developing countries are mostly dominated by the agricultural 

sector that is heavily dependent on the resources of water and land, but often the same 

countries face high water loss and land degradation (Penning de Vries et al., 2003). As both 

food and energy in the form of biofuels are produced by agriculture, the sector is at the heart 

of the nexus and most affected by resource constraints. The situation is further aggravated as 

productivity is lower and resources are used less efficiently compared to industrialized 

countries (Isaksson et al., 2005). Similarly, governance and law enforcement especially over 

common resources remain a serious issue (Nielsen et al., 2015).   
In light of these imminent pressures, an understanding of the interconnections between 

food, energy, and water systems becomes vital to foster integrated policy making that avoids 

resource inefficiencies and internalizes externalities. These linkages are manifold and exist 

along the whole value chain of food, energy, and water systems (Wakeford, et al., 2015). For 

example, water is an essential input in both food and energy production. Inversely, energy is 

needed to extract water for consumption as well as for irrigation. Food crops can be used for 

the production of bioenergy, while energy is needed for the production of fertilizer and to 

convey irrigation water. Chapter 1.3 examines the nexus linkages in detail and identifies 

potential tradeoffs and synergies that might emerge as externalities from their 

interdependencies. Tradeoffs arise when the production of one good compromises the secure 

provision of the other goods through competition for resources. The production of biofuels 

from agricultural crops for example might crowd out food production from limited land and 

water and thus threaten food security. At the same time biofuel production could exhibit 

synergies between energy and food security if farmers benefit from high value biofuel crop 

production and can afford more and better food. 
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Figure 1.1: The food-energy-water nexus and global drivers 
 

Source: Own creation after Nielsen et al. (2015) and Hoff (2011) 
Nielsen et al. (2015) propose a definition specifically emphasizing the synergies and 

tradeoffs between the three systems to promote communications between stakeholders and to 

facilitate policy formulation: “The food-energy-water security nexus encompasses synergies 

and trade-offs between food, energy, and water security that are impacted by endogenous and 

exogenous drivers and cannot be captured if these sectors are analyzed in isolation (cf. 

Nielsen et al., 2015, p.1).”  Other authors such as Wakeford, et al. (2015) simply define the 

nexus as the broad interconnections between food, energy, and water systems originating 

from production and consumption linkages. Figure 1.1 briefly illustrates the concept of the 

reciprocal interconnections with synergies and tradeoffs emerging from the use of limited 
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resources and the simultaneous influence of drivers. Both definitions will guide the work of 

this dissertation, especially as integrated policy making requires an analysis of the tradeoffs 

and synergies arising from these interconnections at different levels of the economy. Security 

is multidimensional and needs to be given both at the macro, i.e. national, and the micro, i.e. 

household or individual level. Food security includes macro-level food security as the 

availability of food for a country’s population through domestic production, stock levels and 

net imports (FAO, 2008). Micro-level food security means the financial and physical access to 

sufficient and nutritious food as well as utilization of food depending on nutrient intake and 

health status. Access to food is thus strongly related to income and poverty. Macro- and 

micro-level food security are both governed by a fourth dimension of security in the form of 

stability over time. Similar dimensions apply to energy and water security. The International 

Energy Agency (IEA) terms energy security as “the uninterrupted availability of energy 

sources at an affordable price” (cf. IEA, 2013), referring to macro availability, micro access 

and overall stability of energy. UN-Water specifies water security as “the capacity of a 

population to safeguard sustainable access to adequate quantities of acceptable quality water 

[…]” (cf. UN-Water, 2013). The multidimensionality of nexus securities provides an 

additional challenge for identifying policies that maximize synergies. Without macro-level 

security, micro-level security and stability is difficult if not impossible to achieve. At the 

same time ensuring macro-level security does not necessarily translate into access and 

appropriate utilization. In the worst case a policy aiming to increase macro-level energy 

security such as the production of biofuels from crops could negatively affect micro-level 

energy security, for example, if forests are cleared for biofuel production and households lose 

access to essential firewood for cooking (Nielsen et al., 2015).  
The concept of security not only encompasses different levels of the economy, but 

also the social and ecological sphere. Availability is related to economic output but also to 

natural resource availability that can only be achieved as long as the environment is intact. 

Access and utilization on the other hand depend on the social conditions such as poverty and 

knowledge and education about the right utilization as well as physical access in terms of 

market access or access to natural resources. Stability is contingent on social stability as well 

as environmental factors such as weather variability. In this sense the food-energy-water 

nexus (FEW nexus) becomes a nexus at different dimensions in space and time, in particular 

the economy, the environment and social conditions, which are not accidentally the three 

dimensions of sustainability. These parameters can also be seen as exogenous and endogenous 

drivers that increase the complexity of the nexus. Drivers thus include the above-mentioned 
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global and local challenges but also parameters like technological innovations, prices or 

poverty. Most drivers are endogenous, directly affecting the three nexus securities, and are 

reciprocally affected by them through feedback and feed-forward loops (Nielsen et al., 2015). 

For example, poverty directly affects and is an inherent part of the access dimension of 

security, while higher food, energy, and water security usually go in hand with lower poverty. 

Exogenous drivers especially at the macroeconomic level can also indirectly affect food, 

energy, and water by creating spillovers through price and market mechanisms. Nielsen et al. 

(2015) give an example of how exchange rate fluctuations can change the current account 

balance through impacting imports and exports. Yet, from a macroeconomic perspective, 

fluctuations of the exchange are an endogenous nexus driver as these fluctuations themselves 

are affected by the level of imports and exports: low food security in terms of availability or 

domestic production of food could trigger increased imports of food leading the exchange rate 

to adjust to maintain current account balance. The broader the perspective on the economy 

and the longer the time horizon, the more drivers become endogenous. At some point, food, 

energy, and water security could be so low that people die or that economic output stagnates 

and population and economic growth become endogenous parameters. How wide or narrow 

the FEW nexus is treated should be dependent on the research question at hand. If policy 

impacts are only analyzed at the micro-level, macroeconomic parameters remain exogenous. 

If policies are likely to affect the whole economy, analyses should include more endogenous 

parameters. This issue is examined in detail in Chapter 2 where a new modelling framework 

for nexus analysis is developed. As the nexus itself is a part of the broader debate on 

sustainable development, the discussion of the latter in the next section will help to define the 

scope of the nexus.   
1.2  THE FEW NEXUS IN THE BROADER DEBATE ON SUSTAINABLE 

DEVELOPMENT 

The knowledge that global trends are threatening a finite resource base and that interlinkages 

between sectors reinforce competition over scarce resources is certainly not new. In a way the 

FEW nexus can be seen as old wine in new skins and as part of the broader debate on 

sustainable development. The interconnectedness of the economic, social, and environmental 

spheres and the potential impacts of resource limits, pollution, and exponential population and 

economic growth were first demonstrated by the Club of Rome The Limits to Growth 

publication in 1972 (Meadows et al., 1972). The book already contains detailed descriptions 

on the physical constraints to food production through land and water as well as the inherent 
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tradeoffs between food and the production of other goods and in the competition over limited 

resources. The authors employed a simple global model considering many of the above-

mentioned feedback loops to show that only considerable effort in terms of technological 

advances and self-imposed limits on economic and population growth would be able to ensure 

a sustainable world system that is able to satisfy the basic needs of the world population 

beyond the year 2100 (Meadows et al., 1972). Even though the study warned of the inevitable 

collapse of the humankind once resources have run out, we are still dealing with the same 

issues without having found an appropriate solution.1   
The famous Brundtland report, Our common future, brought the themes and findings 

from the Limits of Growth on the global and political stage and shaped the idea of sustainable 

development as “development that meets the needs of the present without compromising the 

ability of future generations to meet their own needs” (UN, 1987). The definition emphasizes 

the needs of the poor in developing countries as well as human-made pressure on scarce 

resources, since the report sees poverty, inequality and economic growth as the main drivers 

of environmental degradation.2 Food, energy, and water are already highlighted as essential 

needs. Like the Club of Rome, the Brundtland report stresses the need for demographic 

change and inclusive growth as a result of holistic policy-making that “[integrates] economic 

and ecological considerations in decision making” (UN, 1987). Since the publication of the 

Brundtland report, sustainable development found its way into numerous international 

agendas and treaties and finally became a principle of the United Nations Millennium 

Declaration in 2000, manifested in the Millennium Development Goals (MDGs) (UN, 2000). 

While the MDG of environmental sustainability includes water security and the reduction of 

biodiversity loss, the main focus of the MDGs was on poverty and hunger eradication. 

Although a lot of MDG targets were reached on the global level, especially Sub-Saharan 

Africa stayed behind and still faces high poverty and food insecurity (UN, 2015a). As a 

consequence, by 2015 the MDGs were succeeded by the Sustainable Development Goals 

(SDGs) with a clear commitment to sustainable development and even higher aims than the 

MDGs. The 17 SDGs with their 169 targets are a comprehensive set of goals encompassing 

the economic, social, and environmental dimensions. Sustainability is thus part of every goal 

and also explicitly included in the broader goals, such as inclusive education, gender equality, 

and peace. Food, energy, and water security feature prominently within the seventeen goals,                          1 Nielsen et al. (2015) discuss in detail why it is difficult for policy makers to adopt an integrated policy approach to resource 

management stemming from both the problem of managing common pool resources as well as from barriers to interministry 
collaboration. 2 These days it is by no means proven that the so called “downward spiral” of environmental overuse through poor people 

and subsequent reinforced poverty through environmental poverty really exists (e.g. Dasgupta et al., 2005). 
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but the SDGs stay true to the Brundtland report and the MDGs in a sense that the first and 

most important goal is complete poverty eradication until 2030. Even though the SDGs go 

much further than the MDGs in aiming at eradicating poverty in all its dimensions, some 

authors have argued that ending hunger should be a top priority for moral and economic 

reasons (Fan and Polam, 2014).  
Indeed, the SDGs have been subject of a lot of critique and “the throw everything into 

the same pot” approach is likely to make it difficult for policy makers to implement the right 

policy measures and to set priorities (Easterly, 2015). The FEW nexus approach could 

compensate for this excessive complexity and allow focused policy-making without 

compromising any of the SDGs. The International Council for Science (ICSU) and the 

International Social Science Council (ISSC) discussed the SDGs from a scientific perspective 

and have criticized the SDGs for lacking an ultimate goal (ICSU & ISSC, 2015). 

Nevertheless, if - as reasonably assumed - the ultimate goal of the SDGs is sustainable 

development, which as defined by the Brundtland report means the provision of basic human 

needs for the poor and the preservation of limited resources, then food, energy, and water 

security become their natural core. Another important critique of the SDGs is the adherence to 

“silo” thinking with 17 separate goals and their respective targets that do not consider 

synergies and tradeoffs with other goals and targets (ICSU & ISSC, 2015). The FEW nexus 

approach on the other hand was devised to exactly avoid isolated policy-making and to 

include potential externalities. The nexus can function as a role model how to implement 

sustainable development policies in an integrated framework while setting the right priorities 

on fundamental human and environmental needs. Sustainable development as such is not at 

the center of this work, but in the long run the achievement of universal food, energy, and 

water security implies that growth is inclusive and development sustainable. Most of the 17 

SDGs are at least implicitly connected to the FEW nexus such as the eradication of poverty, 

responsible consumption and production and climate action. The implementation of policies 

aimed at simultaneously increasing food, energy, and water security will thus foster the 

achievement of most of the SDGs. This dissertation seeks to identify and analyze these policy 

measures in order to find solutions to the inevitability of resource constraints that researchers 

have been alerting to for more than 40 years. As the impact of policy interventions on food, 

energy, and water is determined by numerous economic and environmental linkages the next 

section examines the nexus interconnections in detail.  
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1.3  THE ROLE OF LINKAGES IN THE FEW NEXUS IN DETAIL: ECONOMIC AND 

ECOLOGICAL LINKAGES  

Nielsen et al. (2015) define nexus policies as interventions that directly affect at least one 

nexus dimension. Such policies are usually aimed at increasing either food, energy, or water 

security. Through multiple interconnections between the three nexus sectors, those policies 

invariably affect all three sectors. Most of these linkages are of economic nature in terms of 

production and consumption connections, resulting in input and/or output linkages through 

the simultaneous use of natural resources, others originate from ecological processes.  
Before examining these interconnections in detail, it is useful to distinguish various 

country types, as the importance of linkages can differ substantially across nations depending 

on type of economy and resource endowments. The FAO proposes to assess the FEW nexus 

following a typology of four different types: two types of agriculture-based economies, either 

dry or water-rich; industrial countries with natural resource constraints; and transition 

countries with high population growth and a predominantly industrial economy (Flammini et 

al., 2014). This typology is somewhat arbitrary in terms of resource endowments and the role 

of drivers. Especially the distinction between water rich and water scarce agrarian countries is 

not always useful, as even in countries with large water bodies, the location of lakes or rivers 

is often not where water is most needed. As resource endowments are very country specific, 

an overall typology in terms of natural resources is not expedient. Wakeford et al. (2015) 

suggest two characteristic categories for developing and emerging countries including an 

agrarian regime with rainfed subsistence farmers relying on traditional biomass energy, and 

an industrial regime with heavy reliance on fossil fuels for industry and agriculture. The 

former regime can be found in many countries in Sub-Saharan Africa and will be the focus of 

this dissertation on the example of Malawi. Due to the subsistence nature in agrarian regimes, 

the relationship between the environment and the economy is of utmost importance as each 

single household is directly dependent and affected by natural resources and climate.  
The linkages between the three nexus sectors in agrarian developing countries are less 

technical and play a stronger role for socio-economic development than in industrial 

countries. Cooking energy from biomass is a decisive input for clean water as there is 

basically no formal water distribution system outside of larger cities (Flammini et al., 2014). 

In more developed countries, energy is needed for lifting, treating and distributing water, such 

as groundwater pumping, desalination and irrigation (Hoff, 2011). Reciprocally, water is 

essential for power generation and energy processing. This includes the extraction of fossil 

fuels as well as substantial water needs in thermal power plants for cooling. While water is 
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used as an input for energy production, pollution of water from fossil fuel mining represents a 

negative externality. Water is also needed for renewable energy production in both industrial 

and agrarian economies. Hydroenergy production from dams and in-stream river turbines is 

an extremely climate change friendly way to produce electricity. Conversely, building of 

dams and reservoirs can have severe tradeoffs for livelihoods and ecosystems both within the 

areas that are flooded and further downstream by reducing both water quality and quantity 

(Flammini et al., 2014). Especially in agrarian developing countries, rivers are lifelines for 

farmers for irrigation and drinking water. Increased energy security through hydroenergy 

projects may thus directly affect both water and food security as all three are dependent on 

one common resource. Energy can also be produced from biofuel crops such as sugarcane that 

require large amounts of water often in the form of irrigation (De Fraiture et al., 2008). 
The latter highlights the controversial link between food and energy. On the one hand, 

food crops such as maize and sugarcane are used as inputs for energy production, on the other 

hand crops grown for both food and fuel are competing for the same inputs of land, labor, and 

water (Flammini et al., 2014). As a measure to avoid this competition for land, agricultural 

extensification through deforestation could severely reduce micro-level energy security in 

agrarian economies that rely on biomass for cooking. Cooking energy however is needed for 

food utilization. At the same time, energy is a crucial input in food production. Mechanized 

agriculture and irrigation directly require fuel, whereas transportation and processing of food 

can be very energy intensive as well (Wakeford et al., 2015). While these energy-food 

linkages are not so important for subsistence agriculture, energy-intensive fertilizer has 

become a vital input to increase crop yields and food security in many agrarian developing 

economies.  
Finally, the food-water linkage is probably the most important connection as neither 

crop, vegetable nor livestock production and processing is possible without the input water 

(Wakeford et al., 2015). In most agrarian developing countries, agriculture is rainfed and low-

yielding, while irrigation is restricted to high-value cash crops. Conversely, increased food 

production can negatively affect water security through both intensification that requires more 

water input as well as extensification, since deforestation might indirectly decrease water 

security by inhibiting the ability of soil to absorb rain water (Hoff, 2011). Water itself is a 

natural resource whose supply is contingent on the climate system. At the same time, water 

demand of crops in the form of evapotranspiration depends on climate features such as 

temperature and humidity as well as soil characteristics (Allen et al., 1998). Ecological 

processes thus largely determine the role of water in the FEW nexus not least through the 
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interaction between water and nutrients. As such, water can only increase crop yields if soils 

are fertile (Drechsel et al., 2015). Irrigation might thus require simultaneous fertilizer 

application to bring benefits for food security, which reinforces the dependence on energy 

inputs.  
These input-output and ecological linkages are complemented by numerous indirect 

linkages with other sectors that work through markets and are inherent to every economy, 

leading to a complex set of interconnections. 
 

1.4  OBJECTIVES AND RESEARCH QUESTIONS 

As the previous section has shown, the FEW nexus involves linkages and interconnections on 

different levels and spheres, making it difficult to foresee all potential implications of policy 

actions. As the complex nexus structure itself determines the effectiveness of policy 

measures, the first and methodological objective of this dissertation is to develop an 

integrated modeling framework for policy analysis that is able to capture the relevant 

linkages of the food-energy-water nexus. As will be examined in Chapter 2, existing models 

that can simultaneously analyze policy impacts on the three nexus sectors are scarce and not 

able to encompass the large number of impact channels relevant for different policy measures. 

An integrated and interdisciplinary modeling approach working on different levels of the 

economy and the environment is still missing from the literature and this dissertation aims at 

closing this methodological research gap to enable comprehensive and sustainable policy 

analysis.  
A holistic modeling framework is vital to achieve the second and empirical 

objective of this dissertation, which is to identify those interventions that maximize 

synergies and minimize trade-offs between food, energy, and water security. As will be 

discussed in the following chapters, previous studies assessing policy impacts on food, 

energy, and water security are in large part sector-specific. However, a simultaneous analysis 

of policy impacts on food, energy, and water is essential to identify potential tradeoffs and 

synergies. The second major contribution of this dissertation to the literature is thus the 

simultaneous assessment of economic, social, and environmental impacts of policy 

interventions within the context of food, energy, and water. Four policy measures – biofuel 

production, irrigation expansion, improved cookstoves and agroforestry – are assessed in 

detail on the example of Malawi, a developing country in Sub-Sahara Africa. The policy 

interventions are chosen for three important reasons:  
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 They directly affect at least two nexus securities thereby providing a large scope for 

realizing synergies and minimizing tradeoffs.  
 Their effectiveness depends on important drivers, in particular resource endowments, 

population growth, economic growth and climate change.  
 They directly impact human livelihoods of subsistence farmers in agrarian developing 

countries and are thus of the utmost importance for the world’s poorest.  
 

The policy analyses are thus guided by three overarching research questions: 
1. What is the simultaneous impact of policy measures on food, energy, and water security?  
2. What is the role of drivers in effectiveness of policy measures? 
3. How do these policies affect the livelihoods of the poorest? 
 

In addition, the policy measures analyzed comprise particular issues that require more specific 

research questions, which are examined in the following overview.  
 

1.5  POLICY MEASURES ANALYZED AND SPECIFIC RESEARCH QUESTIONS 

Bioenergy produced from crops has already been mentioned in the previous sections as an 

important issue within the FEW nexus. This is because increased biofuel production is a 

policy that directly affects food, energy, and water security. A positive impact on energy 

security is straightforward, as domestically produced biofuels should make a country less 

dependent on fossil fuel imports. In contrast, the biofuel production process is much more 

water intensive than that of fossil fuels, in particular as biofuel crops such as sugarcane or 

maize are usually irrigated (King & Webber, 2008). Biofuels are most contested for their 

competition with food crops for natural resources, especially land and water, and are at least 

partly blamed for the rise in global food prices in the 2000s (Rosegrant et al., 2008). While 

these potential tradeoffs weigh heavily, biofuels have been found to have positive effects on 

rural development, poverty and income, thereby indirectly increasing the access dimension of 

food security (e.g. Arndt et al., 2012; Negash & Swinnen, 2013). Although land clearing and 

land use change for biofuel crops might increase greenhouse gas (GHG) emissions (Fargione 

et al., 2008), some biofuel crops such as sugarcane are carbon sinks and could contribute to 

climate change mitigation by increasing soil carbon sequestration, leading to much lower 

emissions per liter compared to fossil fuels. Overall, evidence on the negative impacts of 
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biofuel production remains ambiguous. Zilberman et al. (2013) for example find no clear 

impact from global biofuel production on national food prices. While water-scarce countries 

should not engage in water-intensive bioenergy production, several studies find that global 

water resources are still sufficient for an expansion of biofuels (e.g Berndes 2002; De Fraiture 

et al., 2008). As most of these studies are sector-specific focusing either on economic or 

environmental outcomes or food security, they omit linkages between food, water, energy and 

potential drivers, and thus cannot capture important synergies and tradeoffs.  
Against this ambivalent background, biofuel crops experience much larger scrutiny 

than other export crops by policy makers, in particular the European Union (EU). The EU’s 

sustainability criteria specify that biofuels imported into the EU have to generate at least 40 

percent fewer GHG emissions than fossil fuels per liter and have to minimize displacement of 

food crops and exorbitant water use (EC, 2010). This higher scrutiny is problematic for 

developing countries as the EU is an important export market due to preferential trade 

agreements for low income countries such as Malawi. In light of the mixed evidence 

concerning tradeoffs from sector-specific studies and the potential benefits of biofuel 

production for developing countries, several research questions arise apart from the general 

research questions guiding the policy analysis in this dissertation. In particular, does biofuel 

production necessarily displace food crops or could a positive impact on income and 

economic development increase food security? What is the impact of biofuels on GHG 

emissions and climate change mitigation and are biofuels produced in developing countries 

able to meet the EU’s sustainability criteria? Do biofuels deserve the scrutiny from policy-

makers in a sense that they are worse than other export crops for food security and the 

environment? How is the water intensity of agriculture affected by biofuel production?  
The last research question is of particular importance as a lot of high value crops are 

irrigated. Irrigation expansion is an essential policy measure for raising crop yields and food 

security, especially as a climate change mitigation mechanism to contain the impacts of 

weather variability (Svendsen et al., 2009). As the latter is likely to have negative effects on 

water security, the potential for irrigation expansion is dependent on a country’s water 

resource endowments. Increased irrigation could indirectly lead to lower energy security 

through decreasing water availability for hydroenergy production. Conversely, large-scale 

irrigation techniques require a lot of energy for pumping and distributing water. This tradeoff 

can be alleviated using mainly smallholder irrigation techniques such as gravity irrigation or 

treadle pumps that are more affordable to poor farmers and have a higher potential to increase 

food security (SMEC, 2015). Even though enough water would be available in many 
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countries in Sub-Sahara Africa, irrigation use still remains extremely low (You et al., 2011). 

The investment in irrigation expansion hinges on its profitability, and a lot of irrigation 

projects in Sub-Saharan Africa did not manage to cover the investment costs due to lower 

than expected yields and high labor requirements (Inocencio et al., 2007). Previous studies 

assessing the returns to irrigation do not consider the simultaneous value of direct impacts on 

income and output on the one hand and indirect impacts such as multiplier effects arising 

from sectoral interconnections and drivers as well as agro-ecological linkages and climate risk 

reduction on the other hand (e.g. Gebregziabher et al., 2009; Dillon, 2011; You et al., 2011). 

Thus in addition to the guiding research questions, the second empirical study in this 

dissertation simultaneously assesses the benefits of irrigation expansion originating from all 

potential impact channels and linkages to evaluate whether irrigation investments can be 

profitable. In particular, can irrigation be profitable when producing food crops for higher 

food security or would irrigation expansion lead to food crop displacement in favor of higher 

value crops? In terms of climate change mitigation, what is the potential of irrigation to 

reduce risk and vulnerability of poor farmers? What is the importance of agro-ecological 

conditions and crop management techniques for increasing crop yields?  
Importantly, an increase in food security through irrigation will go hand in hand with 

increased demand for energy for cooking. Domestic energy in Sub-Saharan Africa is not so 

much a question of modern fossil or renewable energy, but largely dependent on natural 

resource endowments in terms of wood. Biomass energy in the form of firewood and charcoal 

is still the dominant source of cooking energy in Sub-Saharan Africa and is thus vital for food 

security (IEA, 2014). Meanwhile, population and GDP growth are putting increasing pressure 

on a dwindling supply base, both through increasing demand for fuelwood and through 

deforestation for agricultural expansion. Two policies are propagated to alleviate the supply-

demand imbalances. On the demand side, the distribution of improved cookstoves aims at 

higher energy efficiency of cooking appliances and subsequently lower demand for biomass 

energy. This could directly increase energy security as people would have lower fuel needs 

and increase food security through better cooked food (Lewis & Pattanayak, 2012). On the 

supply side, agroforestry allows biomass energy production alongside crops on farmers’ fields 

and directly increases the resource base. The latter is a win-win policy measure for all nexus 

securities: Agroforestry would directly increase energy security as people produce firewood 

themselves and do not have to collect wood from forests. Most agroforestry practices involve 

fertilizer trees that have positive effects on crop yields and thus food security (Garrity et al., 
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2010). In addition, trees and forests are essential for watershed protection and carbon 

sequestration, thereby increasing water security and lowering GHG emissions.  
Despite these promising impacts, policy-makers in Sub-Saharan Africa and worldwide 

largely ignore the importance of traditional biomass energy. The SDGs for example promote 

only modern and renewable energy as a means to sustainable development (UN, 2015b). 

Biomass energy on the other hand can be inherently renewable if produced sustainably. In 

addition to assessing the general research questions, the aim of the third empirical study is to 

show the importance of biomass energy in terms of sustainable development, especially 

considering the essential linkages of biomass energy with food security and the environment. 

In particular, the study assesses the potential of improved cookstoves and agroforestry to 

establish a sustainable biomass energy sector in the light of population and economic growth.  
The effectiveness of all four policy measures analyzed in this dissertation is strongly 

dependent on the linkages between food, energy and water as well as with other sectors and 

the environment. The findings of the empirical studies are only valid if all relevant impact 

channels are included in the analysis. Using the right framework for policy assessment is thus 

crucial for capturing tradeoffs and synergies.  
 

1.6  STRUCTURE OF THE STUDY 

The dissertation proceeds with the following outline. The next chapter reviews existing 

modeling approaches and explains the methodologies developed for analyzing the four policy 

measures examined above. This is followed by the application of the innovative modeling 

frameworks in three empirical studies that assess the four policy interventions in detail and 

answer the research questions posed in the previous section. Chapter 3 explores the impact of 

increased biofuel production from sugarcane compared to other export crops on the FEW 

nexus in Malawi by simultaneously analyzing economic and environmental impacts. This is 

followed in Chapter 4 by evaluating the benefits of irrigation investments under uncertainty. 

Chapter 5 examines the biomass energy sector in Malawi and analyzes the potential of 

improved cookstoves and agroforestry for simultaneously increasing food and energy 

security. Chapter 6 summarizes the methodological contributions and empirical findings of 

this dissertation. In addition, more general policy implications are derived and directions for 

future research identified.   
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2.  DEVELOPING THE APPROPRIATE MODELING 

FRAMEWORK FOR QUANTITATIVE POLICY ANALYSIS OF 

THE FOOD-ENERGY-WATER NEXUS 

As the previous chapter has shown, the FEW nexus comprises a complex system of 

interconnections that determine how policy measures affect food, energy, and water security. 

The sheer complexity of potential effects makes a quantitative analysis of policy impacts 

indispensable to evaluate and compare relevant synergies and tradeoffs. Quantitative policy 

assessments are divided into ex-ante and ex-post analysis. The latter comprises impact 

evaluations to analyze the impacts of an already implemented policy on specific outcomes 

such as income or food security. An ex-ante policy analysis uses numerical models that allow 

for the simulation and comparison of a multitude of policy measures on different levels of the 

economy. While simulation models can never predict the definite impact of a policy measure, 

they are crucial to guide policy-makers on potential benefits and tradeoffs and the processes 

underlying policy impacts (Piermartini and Teh, 2005). Simulation models are therefore ideal 

tools to identify those policy measures that exhibit the largest synergies between food, energy, 

and water security. The challenge in modeling the FEW nexus lies in capturing the relevant 

linkages both of economic, social, and environmental nature. A model encompassing all 

economic and ecological processes pertaining food, energy and water is - apart from being 

unmanageable without experts from different disciplines3 - not expedient, since different 

policy measures operate through different linkages. Scale and context of the policy measure to 

be analyzed need to be considered when choosing the right modeling framework. The focus of 

this dissertation is on national policies in a developing country that most certainly yield 

economy-wide impacts. In addition, an appropriate modeling framework requires clear system 

boundaries both in spatial and temporal terms to conduct useful policy analysis (Bazilian et 

al., 2011). There are numerous modeling approaches that model one or more sectors of the 

nexus, which will be reviewed in the next sections considering their applicability for 

analyzing policy impacts on the FEW nexus in Malawi.  
The usefulness of models depends on how well they capture the relevant linkages for 

the policy interventions analyzed. The interconnections between food, energy, and water are 

predominantly defined by the competition for limited resources resulting from input and 

output linkages. These linkages affect all actors and markets within in an economy through 

the circular flow of goods and services. The structure of an economy thus determines the                          
3 As will be examined in a later section, there are several approaches to systems analysis that try to capture all economic and 

ecological linkages on a global level. 
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impact of policy measures, so that the search for a suitable modeling framework needs to 

begin with understanding the nature of economic linkages. 
 

2.1  THE IMPORTANCE OF ECONOMIC LINKAGES 

The linkages between economic actors such as households, producers, and the government 

define the structure of an economy. These interconnections are a result of the circular flow of 

goods and services, mediated through product and factor markets and influenced by the 

behavior of economic actors (Dervis et al., 1982). In a non-barter economy, economic 

linkages correspond to the flow of income in monetary units in exchange for goods and 

services. Figure 2.1 depicts the flow of income in an open economy with aggregated 

economic actors represented by rectangles and markets by circles. At the center of this 

circular flow are market interactions between households or consumers and firms or 

producers. Households offer their factors of production such as land and labor to producers at 

factor markets and in turn receive income, which they use to buy goods and services leading 

to consumption linkages between producers and households. Mediated through product 

markets, producers receive the households’ consumption spending in the form of revenue, 

which they use to pay for wages and rents at factor markets or for inputs at product markets. 

As producers and households come together at factor and product markets, the market 

mechanism balances demand and supply by adjusting prices. Production linkages between 

different sectors4/producers encompass backward and forward linkages. Backward or 

upstream linkages emerge from intermediate input use of producers, e.g. fertilizer use in 

agricultural production. If the output of the same producer is used as an input by other 

producers, a forward linkage between the two producers arises, such as in downstream 

processing of food that uses agricultural products (compare Diao and Thurlow, 2012). 

Producers not only trade each other’s outputs, but also compete for products and factors at 

both markets. If that involves scarce and expensive resources, potential tradeoffs and 

crowding out of producers can arise.                           
4 Here a sector denotes the sum of producers or firms producing the same commodities such as the agricultural sector, which 

encompasses many producers that all produce agricultural commodities. 
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Figure 2.1: Circular flow of income in an open economy 
 

Source: Author’s creation after Breisinger et al. (2009) 

Resources that are important for food, energy, and water security are both traded at 

factor markets in terms of land and at product markets such as fertilizer for food production. 

At the same time, the nexus also includes processes outside of market interactions. Some 

resources such as rain water originate from the ecosystem and are not directly affected by 

economic actions. In subsistence economies in rural regions of developing countries, a lot of 

products such as home-produced food or collected firewood are acquired outside of actual 

markets. Both processes need to be kept in mind when choosing the appropriate model.  
While microeconomic behavior of households and producers dominates market 

interactions in an economy, macroeconomic institutions and actors are involved in the circular 

flow of income as well. The government receives taxes from consumers and producers (not 

shown here), which are used for government consumption, savings and social transfers. 

Savings serve as capital that is reinvested into production. In an open economy, the rest of the 

world takes part in market interactions through exports and imports and provides foreign 

savings. Considering the multitude of linkages originating from the behavior of economic 

agents and market interactions that are apparent from the stylized economy in Figure 2.1, a 

policy measure – even if it is aimed at increasing only the output of one sector – will 

inevitably affect the rest of the economy. The social sphere is thus directly affected by the 

structure of the economy as policy impacts work through consumption and production 

linkages.  
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The importance of economic linkages can best be demonstrated when considering a 

policy example. In most developing countries of Sub-Saharan Africa, agriculture and the rural 

sector dominate the economy and exhibit strong linkages to all factor and product markets 

(Sadoulet and De Janvry, 1995). If biofuel crop expansion aimed at higher energy security is 

conducted without land clearing, the amount of land available to all other crops will directly 

decrease. Through a larger demand for land than supply, competition on land markets 

increases, leading to an imbalance that is solved through the price mechanism. In the end 

agricultural land becomes more expensive and producers that cannot make a profit under 

higher land costs have to drop out of the market. If these producers have produced food crops, 

the output of food crops decreases. These direct impacts on the agricultural sector lead to a 

multiplier effect that is the sum of indirect impacts on the rest of the economy stemming from 

both consumption and production linkages (Breisinger et al., 2009). Lower supply of food 

first meets a stable demand for food at food markets, where the price mechanism leads to 

higher food prices to reach a new equilibrium of demand and supply. For some households, 

the new food prices are too high to buy as much food as before, leading to lower demand of 

food and to lower food security. These households may also decrease their non-food 

consumption in order to maintain food security, which will negatively affect producers of 

non-food goods. Other households might benefit from increased biofuel crop production, as 

they can rent their land for a higher price which leads to increases in income. With higher 

income they can afford the increase in food prices and demand even more food and non-food 

goods than before. Consumption linkages can thus trigger structural change in the producing 

sectors similar to production linkages: If food crop production decreases, downstream 

processors of food crops lose their jobs and subsequently income. These producers might go 

into non-food production or biofuel processing, leading to a growth of output in these sectors. 

In addition, increased demand for inputs from the growing industries stimulates upstream 

production. As demand for labor in the growing industries is high, wages increase leading to 

higher income of households employed which in return triggers consumption linkages in a 

second round. On top of these microeconomic impacts, macroeconomic interactions influence 

markets and economic actors. The higher consumption expenditure for food may decrease 

savings. This in turn decreases capital needed for investment, which negatively affects 

producers. Increased biofuel exports lead to an imbalance in the current account, which is 

cleared by the exchange rate. The latter determines the competitiveness of exporting 

producers. Those that are not competitive at the world market after a depreciation or 

appreciation of the exchange rate will have to cease production.    
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Policy impacts through economic linkages are thus manifold and may affect every 

actor in an economy through consumption and production linkages. Environmental linkages 

such as interactions between soil and climate that affect crop yields, though important for 

production and output, will always lead to subsequent economic interactions that determine 

the distributional impacts of policy measures. The changes in the distribution of incomes 

largely determines policy impacts on the social sphere. As the access of households to food, 

energy, and water is central to livelihoods and survival, a model capturing relevant economic 

linkages needs to be at the heart of policy analysis of the FEW nexus. The next section will 

thus review the usefulness of existing economic simulation models for analyzing the FEW 

nexus in Malawi.  
 

2.2  ECONOMIC POLICY SIMULATION MODELS AND THEIR APPLICABILITY TO 

ANALYZE THE NEXUS 

Economic models replicate the structure of the economy and emulate the behavior of 

economic agents. A subset of economic models uses optimization algorithms with the goal of 

finding the optimal allocation of scarce resources under different policy scenarios. These are 

most suitable for policy simulations in the FEW nexus and are discussed in the following 

section. Models are built at different levels of the economy, either economy-wide, at the 

sector level or even at the micro-level. To depict the behavior of economic actors and the 

structure of the economy, most numerical simulation models have two distinct features: first, 

like analytical models, they use mathematical equations based on economic theory to emulate 

behavioral responses. Behavior of rational producers and households is usually governed by 

the maximization of benefits in the form of utility and profit. Secondly, the parameters of 

these equations are calibrated with empirical real-world data5 to mirror the specific economic 

structure of a country or sector with production and consumption linkages. The size of a 

model in terms of economic linkages covered depends on the part of the economy studied. 

The larger the model, the less detailed the microeconomic structure of individual economic 

agents. Three general model categories can be distinguished for quantitative policy analysis at 

country level in developing countries: household, partial, and general equilibrium models. 

The latter are economy-wide models that reproduce the structure of an economy by explicitly 

capturing all economic linkages and respecting both micro- and macroeconomic constraints 

including income and resources (Piermartini and Teh, 2005). Economy-wide models function 

at a relatively high level of aggregation, so that single economic actors are usually aggregated                          
5 Some parameters need to be estimated from empirical data or taken from existing literature.  
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to representative agents that are calibrated to the behavior of larger groups of households or 

producers. General models invariably lose some detail that is better captured by partial 

equilibrium models. In these models, a part of the economy is depicted in more detail, such as 

one or more markets for specific commodities. To capture behavioral responses of 

individuals, farm household models are valuable tools as examined in the following section.  
 

2.2.1 FARM HOUSEHOLD MODELS 

As already mentioned, the agricultural sector dominates many developing economies in Sub-

Saharan Africa. In countries like Malawi subsistence agriculture accounts for the majority of 

households in rural areas. The distributional impacts of policy measures therefore depend 

largely on the behavioral interactions of semi-commercialized farmers (Singh et al., 1986). 

While the previous section on economic linkages distinguishes between producers and 

households/consumers, the distinctive feature of farm households, especially in developing 

countries, is that they incorporate both types of economic actors.  Farm households are 

usually not completely self-sufficient, so that some food still needs to be bought at the market 

and some of the family labor available is supplied to labor markets. Conversely, larger farms 

sell part of their produce at the market and hire additional labor (Taylor and Adelman, 2003). 

Off-farm labor income is important if households are net buyers of food: especially in 

Malawi, a lot of farm households do not produce enough food to satisfy their consumption 

needs due to extremely small farm sizes and labor shortages at the height of the rainy season 

(Alwang and Siegel, 1999). A policy that is for example aimed at increasing the output of 

food crops and food availability might thus not lead to higher food security for all. The first 

round income effect through lower prices is only positive for net buying households, but 

negative for net sellers of food.  
The different on-farm and off-farm production and labor activities as well as the 

demand structure of farm households are crucial for the success of policy measures in the 

rural economy. Models that capture these features in detail can therefore provide insight on 

the appropriate design of pro-poor policies, even if markets are only partly involved in farm 

household production and consumption decisions. Farm household models (FHM) are truly 

microeconomic but models exist at different levels of the economy, either single household, 

village, regional or national. Irrespective of the level, the models center on the integrated 

production and consumption behavior (including labor allocation) of farm households and 

capture household behavior with interdependent mathematical optimization problems in two 

different ways depending on the assumptions. If all factor and product markets are complete, 
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households are price takers in both markets. In this case, separability of production and 

consumption decisions holds and the model is solved recursively or sequentially with 

households’ utility hinging on production profits (Singh et al., 1986). The perfect market 

assumption implies that all products and factors are tradable and the opportunity costs of 

goods produced and factors used correspond to actual market prices and wages. This 

assumption is difficult to hold due to numerous inherent market failures in the rural economy: 

Family labor originating from women and children is no perfect substitute to hired labor and 

may not even be tradable at the labor market. Or markets for certain commodities might 

simply be not available due to high transaction costs. In these cases, factors and commodities 

cannot be treated as tradables anymore and their prices do not correspond to market prices, 

but are determined within the household corresponding to individual shadow prices (Sadoulet 

and De Janvry, 1995). This is for example the case with fuelwood in rural areas that is 

collected by women and children. Even if there is a market for fuelwood in cities, the farm 

household’s internal shadow price cannot be equated with the urban market price due to 

transaction costs and the individual household shadow value of labor of women and children. 

Separability does not hold in these cases and production and consumption decisions must be 

modeled simultaneously. In the extreme case that there are no markets at all, farm household 

models can be seen as very small general equilibrium models where the household’s internal 

shadow price mechanism leads to equilibrium at the household’s factor and product markets 

(Taylor and Adelman, 2003). 
The application of FHM to the FEW nexus has been limited so far, although the 

models can play an important role for analyzing policies on the micro-level, especially in 

terms of access. As the impact of interventions on agricultural production and income of farm 

households is the essence of most models, the access and availability dimensions of food 

security can be easily assessed. Even so, only few FHM explicitly analyze the impact of 

policies on household food security (Van Wijk et al., 2014). Firewood collection is part of the 

farm household’s production activities making FHM also suitable to assess policy effects on 

energy security. Until now farm households’ energy demand behavior has been mostly 

studied through ex-post regression analysis (e.g. Pattanayak et al., 2004; Mekonnen et al., 

2015). FHM cannot capture the environmental linkages that affect water security. As will be 

explained in a later section, water impacts of policy measures need to be modeled with 

biophysical models. 
Farm household models can only give a partial view of economic linkages limited to 

the rural economy and a certain group of households. Yet, they can be relatively easily built 



26 

and are essential to analyze policy impacts in the case of market failures as well as specific 

distributional impacts as they provide higher detail on intra-household interactions compared 

to aggregated models. Different members of the farm household face different opportunity 

costs that are likely to play a role for policy impacts (Sadoulet and De Janvry, 1995). Off-

farm labor opportunities for men might be higher than for women, while women face the 

additional burden of reproductive labor. The latter includes domestic activities that usually 

fall to women such as caring for and rearing children, cooking, maintenance of the household 

and cleaning (Beneria, 1979). In addition women are usually employed in food crop 

production, while men tend to cash crops. Policies that subsidize food or cash production 

might thus lead to unintended intra-household dynamics, where additional food production 

might even negatively affect other dimensions of food security. Food utilization of children 

depends crucially on the mother’s time for reproductive work leading to a tradeoff between 

work at the field and at the house. FHM do not encompass all production and consumption 

linkages in an economy and can thus not capture indirect effects of policy measures arising 

through different markets. Yet, they are able to assess indirect effects stemming from specific 

household constraints that would be lost in aggregated models. Moreover, if certain 

production and consumption decisions are made outside of markets, economy-wide linkages 

play only a minor role for the impact of policy measures. Depending on the policy analyzed, a 

partial view of the economy might thus be better suited to identify the most beneficial 

intervention.  
 

2.2.2 PARTIAL EQUILIBRIUM MODELS 

In general, partial equilibrium models examine a part of the circular flow of income, which 

can be a whole sector or a single market, while disregarding other markets, their interactions 

and resource constraints. The main advantages of partial equilibrium models are their reduced 

complexity through more restrictive system boundaries, the ability to go into meticulous detail 

concerning the sector they examine, and their ability to provide a good measure of direct 

effects of policy measures (Sadoulet and De Janvry, 1995). This detail comes at a cost, since 

partial equilibrium models do not encompass all consumption and production linkages 

between economic actors. These models are therefore most suitable for quantitative policy 

analysis, if a policy measure is unlikely to have significant indirect economic effects because 

of intersectoral linkages (Piermartini and Teh, 2005). Although indirect economic impacts are 

essential for the FEW nexus, partial equilibrium models can be useful to assess specific parts 
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of the nexus and policy effects in more detail, given their flexibility especially in spatial 

terms. 
There is no standard model, but models differ depending on the problem they study, 

ranging from single market models to spatial or multimarket models (Piermartini and Teh, 

2005). Most models focus on market interactions between producers and consumers. In the 

simple single-market model, the impact of policy measures is limited to affecting demand and 

supply through price changes of the respective good in that market. This means that the only 

endogenous variables of the model are price and quantity of the commodity studied while the 

rest of the economy is ceteris paribus. The single market price changes do not generate any 

spillovers for household income and the demand on other factor or product markets. Prices in 

other markets are treated as constant, while changes in resource allocations and resource 

constraints are not considered (Piermartini & Teh, 2005). Multimarket or multi-commodity 

models go a step further and incorporate interactions between a group of goods or factors that 

exhibit strong intersectoral linkages. They focus on assessing indirect impacts of policy 

measures on supply and demand of substitutes markets, but can also trace how price and 

quantity changes affect household incomes and resource allocations (Arulpragasam and 

Conway, 2003). Spatial multi-market models include trade across regions. Multi-market 

models can thus capture a large number of economic linkages, but concentrate on market 

interactions of the specific sectors analyzed. They can thus not capture the whole multiplier 

effect of policy measures and may underestimate second-round effects, especially as savings 

and subsequent investments are not considered (Sadoulet and De Janvry, 1995). 
Due to their incomplete view of economic linkages, partial equilibrium models are not 

useful for an integrated analysis of the FEW nexus, but are valuable tools to better understand 

policy impacts on each specific sector in more detail. Most existing energy market models are 

aimed at assessing policies for climate change mitigation and thus allow for an integration of 

both economic and environmental linkages, but do not capture the social sphere and 

distributional impacts of policies. The MARKAL model of the International Energy Agency 

(IEA) is a partial equilibrium model of the energy sector model that has been mostly applied 

to industrial countries and can be used at a national or regional scale. Different energy 

policies and climate change scenarios are simulated to determine which technologies 

minimize the cost of the energy system and GHG emissions (IEA-ETSAP, 2014). The 

MESSAGE model is an engineering model that is used to conduct energy policy analysis at a 

global level and can be integrated with partial equilibrium models for multi-market analysis 

(IIASA, 2014). An energy model that has been extensively applied to developing countries is 
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the Long-range Energy Alternatives Planning (LEAP) model of the Stockholm Environment 

Institute (SEI) (SEI, 2013). The model has been used to analyze climate change mitigation 

policies as well as for forecasting energy demand such as for Tanzania and even Malawi 

(UNEP, 1999; Njewa, 2012). Nevertheless, the LEAP model is an accounting framework that 

does not include actual behavior and optimization of economic agents and is therefore no 

partial equilibrium model per se (Bhattacharyya and Timilsina, 2010). Similarly, the water 

evaluation and planning (WEAP) model of SEI does not include economic behavior and is 

mainly a tool for water system planning (WEAP21, 2014). Since water is a natural resource 

mostly affected by environmental linkages and freely available through rain and groundwater, 

it cannot be captured by economic models. This is a general problem of water security 

analysis in the nexus as will be examined in more detail in a later section. WEAP and other 

water simulation models integrate hydrological models by considering rainfall, streamflow, 

runoff or evapotranspiration. These features are decisive to capture actual supply and demand 

of water outside of economic markets.  
Policy impacts on food security and food markets can be analyzed with agricultural 

sector partial equilibrium models that cover markets for all types of agricultural crops as well 

as production factors especially in terms of land. In this sense, they are multi-market and 

multi-commodity models with emphasis on different issues such as price projections or policy 

simulation. Trade plays an important role in agricultural sector models, so that most models 

run at the regional and global level. Many models focus on a certain region, such as ESIM and 

CAPRI on agricultural policies in the EU, and study developing countries only at high level of 

aggregation (Blanco-Fonseca, 2010). The International Model for Policy Analysis of 

Agricultural Commodities and Trade (IMPACT) of the International Food Policy Research 

Institute (IFPRI) on the other hand has a specific focus on food security and poverty in 

developing countries and can assess policy impacts on macro-level food security on a global, 

regional, and national scale. The latest version of IMPACT is a holistic modeling system that 

integrates the original agricultural multi-market model with biophysical models (climate, 

crop, and water models) (Robinson et al., 2015). The modeling framework thus encompasses 

both economic and environmental linkages pertaining to agricultural production and covers 

both water and food security. Regardless, as a partial equilibrium model, IMPACT misses 

indirect policy effects originating from production and consumption linkages outside the 

agricultural sector that are essential for distributional impacts especially of non-farm 

households. The following type of economic simulation models is specifically designed to 
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encompass the complete flow of income in an economy and is thus ideal to examine policy 

impacts on Malawi.  
 

2.2.3 COMPUTABLE GENERAL EQUILIBRIUM MODELS 

Computable general equilibrium (CGE) models are economy-wide simulation models that are 

able to assess both direct and indirect multiplier impacts of policy measures. They can analyze 

policy effects on output, resource allocation and income, and can thus capture both the access 

and availability dimension of security. CGE models exist on different levels of the economy 

and can be regional, national, global and even village level. The national level CGE models 

encompass the complete circular flow of income in an economy and thus all economic 

linkages and market interactions outlined in Figure 2.1. The special feature of CGE models is 

their integration of the microeconomic and macroeconomic sphere. Traditionally, there is a 

clear division between micro- and macroeconomics: microeconomics studies the interaction 

of individual consumers and producers on markets. Macroeconomics studies the behavior of 

the economy top-down through aggregates and institutions like GDP, the household sector, 

international trade, employment and the government (Felderer and Homburg, 2005). In the 

real economy, macro aggregates are determined by the behavior of micro units and vice versa. 

CGE models link both spheres through a combination of microeconomic foundations and 

macroeconomic closure rules. In order to emulate the workings of the real economy as closely 

as possible, CGE models consist of two essential features. Firstly, they depict the behavior of 

economic agents and the functioning of markets through a set of simultaneous equations 

based on Walrasian general equilibrium theory. Secondly, they use a comprehensive and 

consistent dataset that feeds the mathematical model with actual data on production and 

consumption linkages.  
The combination of the macro and micro sphere directly results from CGE models’ 

theoretical foundation in Walrasian general equilibrium theory. The latter explains the 

functioning of the economy based on a bottom-up approach, where the individual welfare 

maximization behavior of rational producers and households determines the aggregated 

(macroeconomic) outcome (Sadoulet and De Janvry, 1995). Producers can perform different 

production activities that convert inputs (intermediate inputs and factors) into outputs. By 

maximizing their welfare, they choose to perform that production activity that will bring the 

highest profit, dependent on prices of all intermediate inputs, factors, and outputs. Households 

own production factors such as labor, land, and capital, which they sell in order to buy 

commodities for consumption. Subject to the value of their resource endowments and 
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preferences, households choose an affordable consumption bundle of commodities that brings 

them the highest utility compared to all other bundles. A household’s choice is dependent on 

the price of all commodities as well as on the prices of the factors owned by the household. 

Given these numerous decisions taken at the micro-level, an equilibrium of the whole 

economy requires a balance of supply and demand at all factor and product markets. In 

general equilibrium theory this is ensured through the price mechanism: There is a set of 

prices at which the decisions taken by all individual households and producers are compatible 

with each other. At these equilibrium prices, all commodity and factor markets clear and the 

equilibrium allocations of commodities and resources are both optimal and pareto-efficient.6 

Equilibrium thus means that total demand of any commodity equals the amount that is 

produced of this commodity, given available factors and inputs. At the same time, equilibrium 

prices postulate that all that is produced is demanded and that all factors available are 

employed in production (Wing, 2004).  
The CGE models mirror general equilibrium theory through a system of linear and 

non-linear equations including production functions that define different production 

technologies and demand systems that define the demand behavior of households. The 

functional forms can differ between model formulations but are usually based on profit 

maximizing producers and utility maximizing households. Foreign trade in commodities is 

modeled endogenously, as producers can choose between supplying domestic markets and 

exporting, while consumers can demand imports or domestically produced commodities. To 

account for two-way trade of the same commodities, goods of foreign origin are imperfect 

substitutes to domestic goods (Diao and Thurlow, 2012). As national CGE models are quite 

large, the models do not include the behavior of every individual household or producer in an 

economy but work with aggregated representative agents, which might lead to losing 

important detail (Böhringer et al., 2003). Apart from these behavioral equations, aggregated 

market clearing equations provide for equilibrium on all markets and endogenously solve for 

prices. Several closure rules ensure macroeconomic consistency and govern the behavior of 

the overall model. The closures can influence the impact of policies measures decisively and 

their specific functional form needs to be chosen individually as suitable for the country 

studied. The government is usually passive and its behavior is not modeled explicitly. 

Therefore, a government closure maintains a balanced budget between government income 

from taxes and expenditure for commodities and transfers. A savings-investment closure 

simply balances savings and investment. CGE models focus on the real economy and usually                          
6 The summary of general equilibrium theory is based on Hahn (1980). 
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do not include financial or asset markets. Money is neutral and a price index is chosen as a 

numéraire, so that all prices are relative to this price index. The factor balance determines 

supply and mobility of production factors. Labor, land, and capital can be fully employed, i.e. 

limited, or unemployed. Capital is often sector specific, while land and labor are mobile and 

can move from less productive to more productive sectors (Sadoulet and De Janvry, 1995). 

Finally, the balance of payments closure regulates the current account. Models often assume a 

fixed current account deficit that is balanced by the real exchange rate. Changes in imports or 

exports then lead to exchange rate effects that affect relative prices of other commodities 

(Diao and Thurlow, 2012). The exact mathematical equations and suitable choice of closure 

rules for Malawi will be explained in more detail in section 2.3.2.1. 
CGE models can in principle be applied to every country in the world if the 

mathematical model is calibrated with empirical data for the specific country. Model 

Parameters such as elasticities and variables such as consumption quantities must be 

computed with actual data to reflect the country-specific economic structure. The CGE model 

therefore includes a comprehensive database that mirrors the conditions of general 

equilibrium theory and forms the heart of the model. The social accounting matrix (SAM) is a 

consistent accounting framework where total expenditures match total income. A SAM 

encompasses all income and expenditure flows of a particular year within an economy 

between economic actors in the form of accounts and thus all production and consumption 

linkages (Diao and Thurlow, 2012). Most SAMs include different accounts for production 

activities, commodities, factors, households, the government, savings/investment and the rest 

of the world. Activities represent the producers or firms that produce commodities (goods and 

services). As one production activity is often able to produce different commodities, there are 

separate accounts for commodities and activities (Breisinger et al., 2009). The accounts are 

organized in a square matrix and each account includes a row for income and a column for 

expenditure. Table 2.1 shows an example of a typical aggregated (macro) SAM, where each 

cell is an expenditure from a column account to a row account. A SAM is consistent and 

complete as every flow of expenditure corresponds to a flow of income, column total must 

equal its respective row total (Dervis et al., 1982). The framework is completely flexible and 

each aggregated account as shown in Table 2.1 can be disaggregated if data is available. The 

higher the level of disaggregation the larger the data requirements. There is usually not one 

account for all commodities and activities respectively, but the main production sectors are 

represented in detail. Typical data sources include input-output tables that capture production 

linkages for activity and commodity accounts; nationally representative household surveys 
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that provide information on consumption expenditure and factor endowments; government 

statistics for taxes and transfers; and national accounts providing information on total output, 

balance of payments, and trade (Sadoulet and De Janvry, 1995). The household account can 

be divided into different types of households, for example according to income quintile, or the 

factor account can be disaggregated into different labor types according to education. This 

disaggregation is important as it also determines the disaggregation of the model and its 

ability to measure distributional impacts. The latter is one of the great features of CGE 

models. Even though the CGE model works with representative household groups, detailed 

disaggregation of the household sector allows to analyze policy impacts on income and 

poverty especially for vulnerable household types.7  
                         
7 A similar discussion of SAMs was published by the author in Nielsen et al. (2015).  
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Table 2.1: Structure of an aggregated social accounting matrix (SAM) 

 Activities 
Commod-

ities 
Factors Enterprises Households Government Investment 

Rest of the 
World 
(RoW) 

Total 

Activities  
Marketed 

output 
  

Home 
consump-

tion 
   

Activity 
income 

Commodities 
Inter-

mediate 
inputs 

Transaction 
costs 

  
Marketed 
consump-

tion 

Government 
consump-

tion 

Investment, 
change in 

stocks 
Exports 

Total 
demand 

 
Factors 

 
Value-added       

Foreign 
factor 

earnings 

Factor 
earnings 

Enterprises   
Factor 

income to 
enterprises 

  
Transfers to 
enterprises 

 
Foreign 

enterprise 
receipts 

Enterprise 
earnings 

Households   
Factor 

income to 
households 

Indirect 
capital 

payments 

Inter-
household 
transfers 

Transfers to 
households 

 
Foreign 

remittances 
received 

Household 
income 

Government 
Producer 

taxes 
Sales taxes, 

import tariffs 
Factor  
taxes 

Corporate 
taxes 

Personal 
taxes 

  
Government 

transfers 
from RoW 

Government 
income 

Savings    
Enterprise 

savings 
Household 

savings 
Government 

savings 
 

Foreign 
savings 

Savings 

Rest of the 
World (RoW) 

 Imports  
Repatriated 

earnings 

Foreign 
remittances 

paid 

Government 
transfers to 

RoW 
  

Foreign 
exchange 
outflow 

Total Gross output Total supply 
Factor 

expenditure 
Enterprise 

expenditure 
Household 
expenditure 

Government
expenditure 

Investment 
Foreign 

exchange 
inflow 

 

Source: Breisinger et al. (2009)
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The SAM forms the base year from which policy simulations are conducted. Practically, 

a policy is simulated by exogenously shocking the model for example through changing the 

amount of factors available at certain markets. The impact of policies on an economy can be 

compared to distortions in the equilibrium of a market by affecting demand and supply, 

thereby changing the optimal allocation of resources. To take up the biofuel policy example 

from above, here an amount of land is exogenously given to biofuel production, which 

directly distorts the equilibrium on land markets. A new equilibrium of demand and supply in 

all markets is established through the price mechanism. The price and quantity adjustments by 

the “invisible hand” are also called general equilibrium effects and affect supply and demand 

of other sectors by changing prices and quantities at factor and product markets (Felderer and 

Homburg, 2005). Changes in resource endowments, an essential driver of nexus linkages, are 

thus simultaneously a driver of general equilibrium effects. At the new equilibrium 

established after the policy distortion, the circular flow of income is not interrupted, but the 

adjustments in different markets lead to changes in sectoral output and a new distribution of 

income among economic actors that can involve tradeoffs. There are two main groups of CGE 

models used for policy analysis: comparative static and dynamic recursive models. Static 

models are single period models and comprise the time span that it takes for the economy to 

reach equilibrium in all markets after a policy shock. They capture the medium term impacts 

of policy measures and usually cover the workings in an economy over several years or 

decades (Dervis et al., 1982). Static models compare the initial equilibrium with the final 

equilibrium, but do not consider the transition in between as well as the costs and benefits of 

this transition. Recursive dynamic models on the other hand take the transition from initial to 

final equilibrium into account by considering behavioral responses and may be able to 

measure potential tradeoffs in more detail (Piermartini and Teh, 2005). In recursive models, a 

sequence of equilibria is solved and parameters like capital accumulation and depreciation, 

productivity growth, factor and population growth are updated between the periods, which 

requires a lot of additional information and assumptions. Behavior of economic actors in each 

period depends on current prices assuming perfect information without considering forward-

looking expectations (Diao and Thurlow, 2012). Recursive dynamic models and to some 

extent static models can thus account for important nexus drivers not only in terms of resource 

endowments but also concerning GDP and population growth. As the assumptions of CGE 

models about perfectly functioning markets, information and rational agents have been 

subject of critique, another class of general equilibrium models tries to overcome unrealistic 

assumptions. Dynamic stochastic general equilibrium (DSGE) models include uncertainty 
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about parameters, expectations, and market imperfections, making them closer to real life. 

The computational requirements of modeling uncertainty are very large so that the economy is 

not represented in detail but at a high level of aggregation (Arora, 2013). Dynamic stochastic 

models are used to forecast macroeconomic variables such as economic growth and inflation 

and not distributional impacts of policy measures. There are other criticisms pertaining to 

CGE models, for example their sensitivity to choice of functional forms of equations for 

policy outcomes (McKitrick, 1998). Like all types of models, CGE models are no exact 

picture of reality, and actual impacts of policy measures might differ from simulation results. 

Notwithstanding, through their clear foundation in equilibrium theory the causal mechanisms 

can be easily traced and understood why a certain policy affects output and income in the way 

it does (Dervis et al., 1982). They are thus ideal to analyze and better understand the 

economic and social impacts of alternative policy measures on the FEW nexus in Malawi as 

explained in the next section.  
 

2.2.4 CGE MODELS’ SUITABILITY FOR ANALYZING THE FEW NEXUS IN MALAWI AND THE 

SPECIFIC CHALLENGES 

CGE models have long been used to analyze policies in a developing country context and 

their ability to trace both direct and indirect policy impacts stemming from economic linkages 

and market interactions is only one important feature (Dervis et al., 1982). Their other 

advantage lies in the flexibility of the structural form of equations and disaggregation to be 

applied to the special economic structure of the country studied. Although the functional 

forms of equations must be compatible with general equilibrium theory, certain equation 

systems especially in terms of macroeconomic closure rules can be chosen to mirror actual 

behavior and institutional arrangements (Shoven and Whalley, 1984). In the current account 

closure rule for example the exchange rate can be either fixed or floating depending on the 

monetary policy of the country. In a developing country context with a dominating 

agricultural sector and subsistence production, a focus on and thus detailed disaggregation of 

the rural economy in terms of agricultural activities and rural households is essential. As CGE 

models provide for this flexibility, they are an appropriate tool for quantitative policy analysis 

in Malawi.  
CGE models can capture both the availability and access dimensions of the nexus. 

They track how policy measures affect allocation of resources, output and trade, measuring 

physical availability of commodities and resources. As the household sector can be 

disaggregated according to income quintiles, region, farm sizes, and even gender, the model 
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can capture detailed distributional policy impacts in terms of income and identify the winners 

and losers. In addition, the access dimension of food, energy, and water security is measured 

through changes of real prices following policy interventions. Synergies and tradeoffs can 

thus be evaluated at the macro- and micro-level and for the economic and social dimensions 

of the FEW nexus. The special feature that CGE models encompass all market interactions is 

simultaneously a disadvantage as commodities that are not traded at markets are difficult to 

include. In terms of the nexus, this applies to subsistence production of food, biomass energy 

that is collected, as well as to water as a natural resource originating outside of markets. CGE 

models usually include subsistence production by assuming the same prices for purchased and 

home consumed commodities. As elaborated in section 2.2.1 this assumption might not be 

correct for semi-commercial farm households. CGE models are flexible enough that prices of 

home-produced and marketed commodities can differ, although this will increase required 

computing capacities. In certain functional forms of demand systems, consumption of home 

produced goods can be explicitly included. Moreover, even though households are treated as 

separate agents to producers in the CGE model, production and consumption decisions are not 

separated as all model equations are solved simultaneously.  
 

Food 
The CGE framework is well suited for analyzing food security in an agrarian developing 

country like Malawi. Many studies have explicitly and implicitly analyzed policy impacts on 

food security with CGE models such as Ecker et al. (2011) for Malawi and Diao et al. (2016) 

for Tanzania. While the CGE model cannot capture intra-household policy impacts in the way 

of farm household models, micro-simulation modules can be attached to CGE models to 

measure consumption and poverty changes in more detail. These modules are no behavioral 

models but accounting frameworks that contain the consumption expenditure of all 

households of an economy-wide household survey. The survey households are linked to their 

corresponding aggregated household group in the CGE model, and the consumption changes 

from the behavioral model are passed down to the survey households to recalculate 

consumption levels (Arndt et al., 2012). An increasing number of studies on Sub-Saharan 

African countries including Malawi has been linking CGE models with micro-simulation 

modules for poverty and nutrition (e.g. Arndt et al., 2008; Arndt et al., 2010b; Pauw and 

Thurlow, 2011; Pauw et al., 2012). In the poverty module, recalculated consumption levels of 

survey households are compared to the official poverty line of a country (Pauw et al., 2012). 
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In nutrition modules, the initial food consumption of survey households is valued according to 

caloric availability of their diets. Food consumption changes from the CGE model are then 

used to recalculate changes in caloric availability of survey households and then compared to 

caloric requirements (Pauw and Thurlow, 2011). The nutrition micro-simulation module is the 

CGE models’ attempt at measuring policy impacts on the utilization dimension of food 

security. Even though modules can measure changes in caloric availability, the results tell 

nothing about intra-household distribution of food or the preparation techniques employed. 

Utilization is therefore better analyzed with farm household models or microeconomic ex-post 

impact evaluation. The stability dimension of food security can be partly assessed by linking 

CGE models to stochastic weather models as will be explained in a later section.  
 

Energy 
Analyzing energy security in developing countries with CGE models remains challenging. 

One reason is that national accounts and trade data only contain formal energy supply such as 

electricity and traded fuels. In contrast, informal biomass energy in the form of firewood, 

charcoal, and crop residues dominates the energy sector in many countries in Sub-Saharan 

Africa, including Malawi. The energy supply base is thus given by the amount of available 

woods, and the supply of biomass energy is effectively an ecosystem service8 provided by 

nature for free, if the wood does not come from plantations. Ecosystem services comprise 

environmental nexus linkages that cannot be directly captured with CGE models. Even if a 

price would be attached to the ecosystem service as is possible through different valuation 

techniques (see for example Pagiola et al., 2004), there is not any market interaction between 

nature and economic actors and thus no general equilibrium effect. The impact of policy 

measures on biomass supply from woods must thus be captured with biophysical models. As 

most biomass energy in rural areas is collected, energy production is part of subsistence 

production, but, unlike the consumption of home-produced food, usually not captured in 

economy-wide household surveys. This lack of data makes building comprehensive accounts 

for the energy sector in the SAM very difficult. If data on biomass energy consumption is 

known, an economy-wide shadow value can be attached to the amount of wood demanded. 

Most biomass energy is not traded at markets. The cost of collected biomass is therefore                          
8 An ecosystem comprises the linkages between interacting species and their physical and biological environment and can 

differ in space and size (Alcamo et al., 2003). Ecosystem services are very broadly defined as the benefits provided by the 
ecosystem to people and include for example the provision of food and fuel but also soil formation, clean water and air 
through climatological processes (Alcamo et al., 2003).  
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dependent on the time needed to collect firewood, and the respective household opportunity 

cost, given the collection time decreases the household’s time for other activities (Fisher, 

2004; Bandyopadhyay et al., 2011). The real value of energy for various households is thus 

very likely to differ immensely and cannot be equated with some economy-wide price. Even 

if markets exist for firewood and charcoal (mainly in urban areas), the prices at which 

biomass is purchased usually do not reflect prices at equilibrium demand and supply. People 

have to buy biomass in order to cook food and to survive and pay any price necessary. 

Surveys on charcoal in Tanzania and Malawi found that poorer households buy charcoal at 

higher prices and smaller quantities than richer households because they cannot afford to buy 

in bulk (Kambewa et al., 2007; World Bank, 2009).  
CGE models alone are thus not well suited to analyze the biomass energy sector and 

micro-level energy security of households, which could be better achieved through a 

combination with farm household models. On the other hand, the availability dimension of 

energy security for formal energy supply such as biofuels and fossil fuels can well be 

measured. This is particularly useful when analyzing the impact of biofuel production policies 

on output, export, and prices of biofuels. Many developing countries promote biofuels to 

reduce their dependence on fossil fuel imports and to enhance domestic macro-level energy 

security (Arndt et al., 2010a). Studies have analyzed biofuel expansion policies with CGE 

models for Tanzania and Mozambique and implicitly considered nexus linkages. Arndt et al. 

(2010b) assess the economy-wide effects of increasing jatropha production in Mozambique on 

the availability of food. They find that an increase in energy output from biofuels may 

displace food crops due to insufficient infrastructure to access unused lands. Thurlow et al. 

(2015) analyze economic impacts of biofuel production in Tanzania combined with 

environmental impacts in the form of GHG emissions. The authors link the CGE model with a 

biophysical model to assess land use change and the consequences for emissions. Their 

findings indicate that higher energy security through biofuel production by smallholders 

negatively affects the environment as more lands have to be cleared than for large-scale 

production.  
 

Water 
As already mentioned, water is a natural resource that is difficult to comprehensively include 

into economic models, especially for developing countries. Water use of sectors is typically 

not considered in national accounts or input-output tables unless there is market for water, 
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which is not the case for rural subsistence agriculture. Similar to biomass, water in developing 

countries is an ecosystem service that is not traded at markets and effectively a free resource. 

Formal water distribution systems usually only exist in urban areas for domestic and industrial 

use, while water in rural areas is collected. The shadow price of water in rural areas is thus 

very household specific or simply gratis in the case of rain water or if the household lives next 

to a water source. If limited water sources are shared, political economy costs can be 

substantial and affect the access to water. Empirical methods and farm household models can 

estimate individual shadow prices for rural household water and how policies affect micro-

level water security (Aklilu, 2013). Rural water demand is not only affected by household 

decisions but also by environmental linkages that determine the water demand of crops. 

Evapotranspiration of both rainfed and irrigated crops is dependent on several climatological 

factors including sunshine, temperature, wind speed and humidity as well as crop specific 

physical and physiological features (Allen et al., 1998). Water demand from the agricultural 

sector can thus only be assessed with crop models that capture the impact of climate on 

evapotranspiration.  
Water supply comes in the form of green water through rain and blue water from 

lakes, rivers and the ground. From a natural science perspective, the supply of water is endless 

considering the perpetual circle of evapotranspiration and rain. For a rainfed farmer, water 

might well be constrained especially during a drought. As water originates outside of markets, 

water supply cannot be captured with economic models. Water in rivers and lakes constantly 

flows and blue water availability cannot be measured at one point, but only over a space of 

time. Green water supply from rain can differ immensely in different years due to climate 

variability affecting the amount of available blue water and simultaneously water use and 

demand of crops. Global hydrology models that capture rainfall and runoff as well as water 

basin models that simulate the flows of blue water are needed to accurately assess water 

supply from various sources and feedback effects from policy measures (Robinson et al., 

2015).  
Although water supply requires an analysis with biophysical models, water demand 

has been included into CGE models. When formal water distribution systems and data on 

water use of different sectors exist, water can simply be added in the SAM as a separate 

account. It is treated as a commodity that is purchased by households for private consumption 

and by activities as a production factor (Calzadilla et al., 2011; Ponce et al., 2012). Through 

exogenously constraining water supply, the impact of climate change and water policies on 

production and households can be measured. Hassan and Thurlow (2011) for example built a 
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Water-SAM for South Africa that includes industrial and domestic water demand using 

supply use data and household survey data. They also include irrigation water demand and 

estimate shadow prices for irrigation water for different crops based on experimental field 

data. This Water-SAM is included into a CGE model to measure impacts of water market 

policies (Hassan and Thurlow, 2011). On a global level Calzadilla et al. (2013) take the 

combination of CGE models with water a step further and explicitly model water supply and 

the environmental linkages between agriculture and water. They use an integrated modeling 

framework consisting of the global CGE model GTAP-W that includes water as a production 

factor, the above-mentioned agricultural sector IMPACT model and several hydrological 

models that capture changes in water availability due to climate change. Their modeling 

framework also encompasses feedback linkages of climate on water demand of crops and 

food production, capturing the interconnections between food and water security. The GTAP-

W CGE model does not include data on water use outside of the agricultural sector and cannot 

capture micro-economic access to water. Nevertheless, the modeling framework emphasizes 

the importance of integrated modeling for a simultaneous assessment of nexus linkages and 

drivers, especially in terms of climate change. 
 

Conclusion 
This review has shown that CGE models are the most appropriate models to comprehensively 

assess economic nexus linkages and to identify policy tradeoffs and synergies at different 

levels of the economy. Even so, only the combination with biophysical models allows for a 

holistic analysis of the FEW nexus that includes environmental linkages. So far, no attempts 

have been made to explicitly study the nexus with a CGE based modeling framework. Since 

such a framework is essential to analyze policy impacts on the social and economic spheres of 

the FEW nexus, the studies in this dissertation will close this important gap in research. As 

will be examined in more detail below, there are also cases where CGE models alone are not 

sufficient to analyze parts of the nexus so that completely new modeling approaches need to 

be developed, as in the case of the biomass energy sector. Overall, the correct modeling 

framework for policy analysis in the nexus depends on the intervention analyzed and the data 

at hand. As different policy measures affect different linkages, a partial view of the nexus in 

more detail rather than using a broad aggregated perspective might be necessary for analyzing 

specific policy impacts. The next section briefly discusses the environmental linkages that are 
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important for the policy measures analyzed followed by the modeling frameworks developed 

for integrated nexus analysis. 
 

2.3  MODELING THE NEXUS: INTEGRATING THE ENVIRONMENT AND NON-

MARKET INTERACTIONS 

The previous section has given several examples of economic models combined with 

biophysical models to capture environmental linkages and ecological processes. There are a 

number of these processes that are particular important for the FEW nexus and the policies 

analyzed in the following chapters. Nature can be seen as an actor outside of the economy 

providing ecosystem services through water, land, and biomass that are essential for human 

survival and affect both the supply and demand of resources. Ecological processes are part of 

the earth’s climate system including the atmosphere, hydrosphere, cryosphere, land cover and 

biosphere (Baede et al., 2001). The climate system influences nature’s supply of water and 

growth of biomass including both trees and crops important for energy and food security. 

Growth of biomass is also influenced by the chemical and biological processes in soil. Where 

economic models omit environmental nexus linkages, crop models encompass these processes 

and capture how soil, water and the climate system affect the growth of plants (Doorenbos & 

Kassam, 1979; Jones et al., 2003). 
In turn, human activities such as land clearing for agriculture influence the climate 

system and can inhibit the provision of ecosystem services. Land use change (LUC) 

influences the ability of ecosystems for soil carbon sequestration. If trees are cut, land 

clearing leads to an increase of GHG emissions in the atmosphere that can evoke global 

warming and climate change (Baede et al., 2001). On the other hand, man-made LUC can 

mean a decrease in emissions for example if agricultural land is planted with different crops 

that have higher carbon sequestration potential than the crops previously grown on the same 

land. LUC models can capture the impact of human activities on GHG emissions (e.g. 

Agarwal et al., 2002; Bernoux et al., 2011). Both crop and LUC models can be spatially 

explicit and analysis can be conducted for a specific country. As the whole climate system of 

the earth is involved in ecological processes, nature’s role in the FEW nexus cannot be 

comprehensively included into policy analysis at an individual country level. The studies in 

this dissertation therefore focus on specific environmental linkages that are affected by the 

policy measures analyzed. Before explaining the chosen modeling frameworks in detail, the 

next section briefly discusses which kind of models are suitable to capture global nexus 

linkages and could thus analyze the parts of the FEW nexus that national models cannot.  
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2.3.1 INTEGRATED GLOBAL MODELS 

Global systems analysis dates back to the Limits to Growth publication that was based on a 

world model that included socio-economic, technical and environmental linkages to capture 

the interplay between population growth, economic growth, pollution, and limited natural 

resources (Meadows et al., 1972). The simple world model evoked a need for more 

sophisticated global modeling that led to the establishment of the International Institute for 

Applied Systems Analysis (IIASA) that today maintains large global change models of both 

the environmental and economic sphere (Edwards, 1996). These models usually have a long-

term temporal horizon of several decades and an emphasis on analyzing impacts of socio-

economic drivers and policies on climate. The IIASA models can be integrated with each 

other and then form so called integrated assessment models (IAMs): for example the above-

mentioned MESSAGE model, which only covers the energy supply side, is linked with a 

macroeconomic model to assess energy demand feedbacks or with an agricultural sector 

model to analyze impacts of energy policy on land, water, and forests (e.g. Messner and 

Schrattenholzer, 2000). In addition, the Agro-Ecological Zoning (AEZ) land use model from 

IIASA was combined with the above-mentioned water and energy models WEAP and the 

LEAP to explicitly analyze the FEW nexus in an integrated modeling framework. The 

Climate, Land, Energy and Water (CLEW) approach can quantify first round effects of policy 

measures on energy and water demand and supply, as well as changes in land use and output 

of different crops (Welsh et al., 2014). Integrated assessment models can thus be valuable 

tools for policy analysis in the FEW nexus on an aggregated level, but can only identify 

relatively broad policy impacts on different countries (Edwards, 1996). 
Another common form of global change models are earth system models (ESM). 

ESMs are effectively natural science models that capture the earth’s climate through 

modelling ecosystems and biogeochemical processes (Flato, 2011). They are usually linked to 

IAMs to include anthropogenic effects on climate and atmospheres. The Potsdam Institute for 

Climate Impact Research (PIK) for example uses a modeling combination of ESMs and 

IAMs, which has been applied to the FEW nexus to assess the impact of climate change 

mitigation on water demand for energy and food (Mouratiadou et al., 2016). Both model types 

are crucial for analyzing complex global systems, but are not suitable for analyzing the access 

dimension of food, energy, and water security.  
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2.3.2 AN INTEGRATED MODELING FRAMEWORK FOR NEXUS ANALYSIS IN MALAWI 

In the subsequent chapters, four policy measures are analyzed that affect different nexus 

linkages. To capture the respective drivers and linkages in detail, each policy measure 

requires slightly different modeling frameworks. As CGE models encompass all economic 

linkages as well as resource endowments, population and economic growth, a CGE model 

applied to Malawi forms an inherent part of each modeling framework developed in this 

dissertation.
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Table 2.2: 2010 Macro SAM for Malawi (millions of Kwacha) 

 Activities 
Commod-

ities 
Factors Enterprises Households Government Investment 

Rest of the 
World 

Total 

Activities  1,705,532       1,705,532 

Commodities 733,923 147,937   918,696 162,955 169,863 183,696 2,317,071 

 
Factors 

 
971,609       68 971,677 

Enterprises   240,808   28,515  35,792 305,114 

Households   705,762 241,952  27,894  2,519 978,127 

Government  87,338  56,767 47,750   48,368 240,223 

 
Savings 

 
   6,102 9,437 18,109  136,215 169,863 

Rest of the 
World 

 376,264 25,107 293 2,244 2,750   406,657 

Total 1,705,532 2,317,071 971,677 305,114 978,127 240,223 169,863 406,657  

Source: Pauw et al. (2015) 
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2.3.2.1 MALAWI CGE MODEL 

As discussed in the previous sections, the advantage of CGE models is their ability to contain 

the specific economic structure of developing countries within the bounds of general 

equilibrium theory. As a first step as part of this dissertation, a new SAM was constructed for 

Malawi for the year 2010, using data from household surveys, supply-use tables, national 

accounts, government budgets, and balance of payments (NSO, 2012a; NSO, 2012b). Table 

2.2 shows the aggregated macro SAM for Malawi for 2010, which is the most recent year for 

which an economy-wide household survey is available. As the data with which the SAM is 

compiled comes from different sources and usually does not completely add up, the SAM is 

balanced using cross entropy estimation (Robinson et al., 2001). The disaggregated SAM 

includes 59 activities and 50 commodities. Household and factor accounts were disaggregated 

using information from the 2010/2011 Integrated Household Survey (IHS) (NSO, 2012b). To 

measure distributional impacts on different households, the household sector is disaggregated 

into 30 representative groups according to rural and urban per capita expenditure quintiles and 

farm sizes (small, medium, large, non-farm). Land is disaggregated by farm size leading to 

four different land types (small, medium, large and estate), while labor is disaggregated by 

three education levels (not completed primary, primary and secondary education). Both 

disaggregations allow for a detailed analysis of policy impacts on different parts of the 

population. Capital is divided into agricultural and non-agricultural capital. The returns to the 

latter are first paid to a separate enterprise account and then transferred to households. All 

other factor incomes are directly paid to households by the factor accounts. The disaggregated 

SAM also contains tax accounts for direct (income) taxes and sales taxes that form the income 

of the government.  

The CGE model equations follow the IFPRI Standard Model described in Lofgren et 

al. (2002) and Diao and Thurlow (2012). In principle, the system of the model equations is 

formed by the behavior of welfare maximizing households and producers, constraints 

consisting of equilibrium conditions and the above-mentioned macroeconomic closures, 

foreign trade rules, and the government. In addition, several price equations link different 

endogenous prices (all domestic prices and factor wages) to other endogenous and exogenous 

prices (e.g. world market prices) and model variables. As the domestic price index is the 

model’s numeraire, all endogenous and exogenous prices are relative to this price index. The 

functional forms reflect general equilibrium theory and are calibrated to Malawi’s specific 

context. The most important equations are explained in the following, and all model equations 

for both the static and dynamic model can be found in detail in the appendix of Chapter 3.  
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In terms of household consumption in Malawi, the utility function must allow for non-

monetary consumption of home produced goods as most rural households in Malawi practice 

subsistence farming. The demand functions of each representative household group are part of 

a linear expenditure system (LES) resulting from the maximization of a Stone-Geary-Utility 

function (Dervis et al., 1982, pp. 482-485).9  The household consumption problem derives 

from the following mathematical form:  𝐴 ∏ ℎ − ℎ 𝛽ℎ𝑐            (1) 

Subject to: ∑ ∗ = − ℎℎ − ℎℎ ℎ        (2), 

with 𝜖  and ℎ𝜖  denoting different marketed or home produced commodities and 

households, respectively.  is the so called subsistence minimum of a certain commodity. The 

subsistence minima exist for both marketed and home produced goods and can be seen as 

necessary quantities of different commodities that each household requires for living (Pollak 

and Wales, 1969).   represents the marginal budget share of a commodity and is calculated 

by multiplying the income elasticity for a certain commodity with its respective average 

budget share.  thus reflects the share of one monetary unit of income that is spend on a 

certain commodity.   are prices of different consumption quantities  that depend on 

whether the commodity is purchased at market prices  (including marketing costs) or 

home produced. Prices of home produced goods 𝐴  correspond to their opportunity costs, 

which are their specific production activity costs. ℎℎ is the household’s savings rate and ℎℎ 

its tax rate, ℎ reflects total household income. Maximizing this utility function yields the 

following first order conditions or demand functions for  marketed commodities and ℎ  

home produced commodities.  

∙ ℎ = ∙ ℎ +  ℎ ∙ − ℎℎ ∙ − ℎℎ ∙ ℎ − ∑ ′ ∙ ′ℎ′ − ∑ 𝐴 ∙ ℎℎ′  (3) 

𝐴 ∙ ℎ = 𝐴 ∙ ℎℎ + ℎℎ ∙ − ℎℎ ∙ − ℎℎ ∙ ℎ − ∑ ′ ∙ ′ℎ′ − ∑ 𝐴 ∙ ℎℎ′   (4) 

The LES provides a complete system of demand functions and consumption of each 

commodity is dependent on prices of all other commodities, which reflects the assumptions of 

general equilibrium theory (Stone, 1954). This also means that all social and economic nexus 

linkages arising through household consumption are captured. In addition, the LES functional 

form allows (positive) nonunitary income elasticities of demand that can either be smaller 

than one for necessity goods or larger than unity for luxury goods (Diao and Thurlow, 2012). 

Both  and  are dependent on each representative household’s specific income elasticity to a                          
9 Equations of the LES can be found in the appendix of chapter 5. 
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certain commodity as well as average budget shares, which are econometrically estimated 

with data from the IHS. This means that each household group’s demand decisions reflect its 

individual situation concerning income and home production, allowing for a detailed 

representation of distributional impacts of policy measures. An income increase might thus 

lead to an increase in food consumption of poorer households for whom food is a luxury 

good, whereas higher income quintiles may reduce their food consumption share as they see 

food as a necessity good. The features of the LES therefore not only conform to general 

equilibrium theory, but allow for a thorough measure of distributional impacts.  

Similarly, the choice of production function reflects general equilibrium theory by 

enabling producers to substitute factors following changes in their relative prices. Equation 

(5) shows a constant elasticity of substitution (CES) function that differs for each sector’s 

(activity’s) production technology. 𝜖  again denote different commodities and 𝜖  different 

factors (land, labor, capital).  stands for the output of a certain commodity using quantities 

of different factors  according to substitution elasticities  .  is an efficiency parameter 

reflecting total factor productivity and  a share parameter. Producers then maximize their 

profits employing factors until each factor’s marginal revenue product equals the factor wage 

or rent. Intermediate inputs are used according to Leontief functions and fixed input-output 

coefficients that are calibrated through the data assembled in the SAM.  

= ∙ ∑ ∙ − − ⁄
  (5) 

As already mentioned imported commodities are treated as imperfect substitutes to the 

same domestically produced commodities to explain the phenomenon of two-way trade and 

different consumer preferences. This imperfect substitutability is defined by a CES function 

known as the Armington function, who first introduced this solution (Armington, 1969). 

Similarly, producers take the decision to export based on a constant elasticity of 

transformation function. Both equations can be found in the annex of Chapter 3. Substitution 

between domestic and foreign goods is governed by the relative prices of those goods and 

substitution elasticities from Dimaranan (2006). Since Malawi is a small country, changes in 

Malawi’s output or consumption do not have any influence on world markets, therefore world 

market prices for imports and exports are fixed.  

Several equilibrium conditions ensure that all markets clear. Firstly, total factor supply 

equals total factor demand. As Malawi faces high land and labor constraints during peak 

production times in the rainy season, all factors are assumed to be fully employed. As will be 
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shown in Chapter 4, this assumption might not always be correct. Land and labor are mobile 

across sectors, while capital is sector-specific. In addition, household income equals the 

returns from factors (minus taxes) subject to their factor endowments and potential transfers 

such as remittances. Households that are richer in terms of land or skilled labor thus usually 

receive a larger share of factor income. Overall equilibrium is governed by the following 

equation that defines balance between total supply and total demand.  = ∑ ′ ∙ ′′ + ∑ ℎℎ + + +   (6) 

The composite supply quantity of all domestically produced goods and imports  has to be 

equal to all domestically consumed goods including aggregate intermediate inputs  

(multiplied with the input coefficients ), aggregate household consumption ℎ, 

government consumption , investment demand  and transaction and trade commodities 

.  

This overall equilibrium condition is directly related to the three macroeconomic 

closure rules. Government behavior is passive and government revenue is defined by the sum 

of all taxes and foreign transfers such as foreign aid. Government expenditure consists of 

consumption of commodities such as services for education and health as well as the recurrent 

fiscal balance. Under the government closure, government tax rates and recurrent spending 

are fixed in the model for Malawi and the recurrent balance (usually at deficit) adjusts to 

balance total revenues and expenditures. The level of investment demand is balanced through 

the savings-investment closure, where the sum of private, government, and foreign savings 

must equal total investment demand. Private savings rates are fixed and investment is savings-

driven - when savings increase due to higher income, so does investment. Such an assumption 

makes sense as private savings and investment are extremely small in Malawi and all 

significant investment must come from abroad. Finally, the most important closure is the 

current account balance, which is given below. It postulates balance between Malawi’s 

foreign exchange income and expenditure and represents Malawi’s flexible exchange rate 

regime. Foreign spending consists of consumption of imports at fixed world market prices as 

well as factor transfers to the rest of the world (factor income  multiplied with foreign 

remittance rate   minus direct taxes ). The latter are denoted in domestic prices and need 

to be multiplied by the exchange rate . Foreign exchange income is derived from selling 

exports  at fixed world market prices  as well from foreign net transfers ℎℎ such as 

remittances.  represents a fixed current account deficit, while Malawi’s flexible exchange 

rate balances the current account closure.  
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∑ ∙ + ∑ − ∙ ∙ ∙ − = ∑ ∙ + ∑ ℎℎℎ +   (7) 

The just described equations lie at the heart of the CGE model of Malawi that forms 

the basis of all three studies in this dissertation. The following sections explain the newly 

developed modeling frameworks for analyzing the FEW nexus beyond the linkages included 

in the CGE model.   

 

2.3.2.2 MODELING FRAMEWORK FOR ANALYZING BIOFUEL PRODUCTION  

The expansion of biofuel production triggers several nexus linkages that need to be captured 

in a thorough assessment of policy impacts. Figure 2.2 illustrates the modeling framework 

developed for assessing the economic, social, and environmental sphere affected by biofuel 

production. Biofuel crops are often blamed for decreasing food security by displacing food 

crops and competing for resources, but are also found to increase welfare of biofuel crop 

producing households. The CGE model linked with a micro-simulation poverty module 

encompasses this economic and social sphere of biofuel expansion. Effects on macro-level 

energy and food security are directly measured by output of biofuels and food crops. Both the 

CGE model and poverty module assess impacts of biofuel production on the access dimension 

of security. As both water and biomass energy are not traded at markets except for in some 

urban areas, household energy and water security cannot be analyzed with these models. 

However, overall effects on poverty and income shed light on welfare effects of biofuel 

expansion. Food security impacts are captured by consumption changes of households.  
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Figure 2.2: Modeling framework for analyzing biofuel production 

Source: Author’s creation 

 

The environmental sphere of biofuel production is analyzed through two models that 

are linked with the CGE model. Land clearing and land use change for biofuels can increase 

GHG emissions, which can further accelerate global warming and climate change. The ex-

ante carbon balance tool (EX-ACT) measures changes in GHG following land use changes 

(Bernoux et al., 2011). The latter are an output of the CGE model that is feed into EX-ACT to 

determine how biofuel production affects GHG emissions in Malawi. An important 

assumption of the modeling framework is that land clearing only happens on grasslands. This 

has implications for both GHG emissions and energy security, as no additional trees are cut 

that fulfil important eco-system services in terms of soil carbon sequestration and biomass 

energy. Therefore, there is no negative impact on access to biomass energy for households. At 

the same time, climate and the overall agro-ecological conditions in Malawi affect how 

biofuel crops grow and how much water Malawian crops require. Biofuel crops, especially 

sugarcane, require a lot of water and are often irrigated. The ecological processes around crop 

growth and the impact of climate as well as irrigation on crop water use in Malawi are 

measured by a newly developed crop model based on a yield response to water approach 

(Doorenbos and Kassam, 1979). The CGE results in terms of crop production are passed 

down to this crop model to assess water security impacts of rainfed and irrigated biofuel 

production.  
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This integrated modeling framework allows to simultaneously assess economic, social, 

and environmental impacts of biofuel expansion on the FEW nexus in Malawi. The model is 

run over a ten year period, in which nexus drivers in the form of population and economic 

growth influence the effectiveness of biofuel expansion regarding food, energy, and water 

security. The framework is thus well suited to analyze the overarching research questions 

posed in Chapter 1 as well as the specific research questions pertaining food security, water 

use, and GHG emissions. By encompassing all nexus linkages affected by biofuel expansion, 

the modeling framework is able to assess the synergies and tradeoffs for food, energy, and 

water that are generated by this policy.   
2.3.2.3 MODELING FRAMEWORK FOR ANALYZING IRRIGATION EXPANSION 

While the previous modeling framework is ideal to assess impacts of increased biofuel 

production on the FEW nexus under rainfed and irrigated conditions, it is not able to capture 

the environmental linkages around irrigation and crop growth in detail. The assessment of 

irrigation expansion in Malawi therefore requires a slightly different modeling approach 

compared to the above framework as other nexus linkages are affected and is shown in Figure 

2.3. Economic and social linkages are again analyzed with the Malawi CGE model, which is 

combined with a poverty module that captures distributional impacts on survey households in 

more detail. The impact of irrigation on the economy and food security depends on the one 

hand on its potential in increasing crop yields and therefore output. On the other hand, the 

distributional impacts of irrigation depend on who benefits from increased yields, especially 

since production costs are likely to increase compared to rainfed production. The 

distributional effects are largely dependent on the actual costs of irrigation for the individual 

farmer in terms of labor and the effect on output and prices, all of which can be captured with 

the CGE model framework. To analyze the impact of irrigation on crop yields, the CGE 

model is again linked to a crop model, albeit a more sophisticated crop model as used in the 

previous modeling framework. The role of the crop model is not to determine water use of 

crops per se, but rather to estimate how irrigation affects crop growth considering changes in 

climate, agro-ecological conditions as well as management techniques. The Decision Support 

Software for Agrotechnology Transfer (DSSAT) cropping system model simulates the growth 

of plants and calculates yield effects under various crop management techniques (e.g. 

fertilizer or irrigation) using daily weather information to assess changes in soil water and 

nutrients (Jones et al., 2003). Apart from overall yield effects, the crop model sheds light on 

how ecological processes such as the interaction between water and nutrients determine crop 
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growth and subsequent economic impacts. The model thus captures environmental nexus 

linkages in terms of water, soil, and climate affecting economic growth and food security.  
Figure 2.3: Modeling framework for analyzing irrigation expansion 

  
Source: Author’s creation 

Irrigation not only increases yields, but also affects the resilience of crops to climate 

variability and therefore the vulnerability of farmers and the whole economy to climate 

change, one of the most important nexus drivers. To capture the effect of irrigation on 

reducing risks and vulnerability to climate change, a stochastic component is added to the 

crop and CGE model. Historic climate realizations are imposed on the crop model, which 

translates variation in climate into the corresponding yield realizations of crops in Malawi 

under different management techniques. These realizations form a historic yield distribution, 

from which random historic climate events are drawn and imposed on the CGE model to 

measure the risk-reducing potential of irrigation for the economy as a whole and resource-

poor farmers. The stochastic simulations also allow to assess the stability dimension of food 

security under climate variability.  
Macro-level energy and water security are implicitly incorporated in the modeling 

approach as the irrigation potential simulated considers competing water uses for humans, the 

environment and hydroenergy production. The modeling framework thus not only 

encompasses the simultaneous assessment of the FEW nexus components and distributional 

impacts, but also includes the role of climate change on the effectiveness of irrigation. It is 

thus well suited to capture potential synergies and tradeoffs of irrigation. Although household 

level energy security cannot be assessed with this framework, no land clearing is undertaken 
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in the scenarios that would affect the availability of biomass energy. Increases in crop yields 

and welfare will also increase demand for energy, making it imperative to find policy 

measures that can increase biomass energy supply even in the light of economic and 

population growth.  
 

2.3.2.4 MODELING FRAMEWORK FOR ANALYZING THE BIOMASS ENERGY SECTOR  

There are several reasons why the biomass energy sector in Malawi cannot be adequately 

modeled with a CGE model. First of all, basically all wood in rural areas is collected and not 

traded at markets. Where there is no market, there is no market price, both of which are 

central to the general equilibrium mechanism of the CGE model. This problem could in 

principle be overcome by estimating household shadow prices for collected fuelwood as it is 

done by econometric studies (e.g. Chen et al., 2006; Murphy et al., 2015). Shadow prices are 

usually calculated based on the opportunity costs of time for collection, which can be the off-

farm labor wage or specific shadow wages as estimated in Murphy et al. (2015). As firewood 

is predominantly collected by women and children, who do not face many off-farm labor 

possibilities, their time opportunity costs for collection is unlikely to mirror the wage rate. In 

addition, opportunity costs are likely to differ immensely across households, making the 

shadow price of fuelwood very household specific. Another alternative to estimate prices 

could be to use urban charcoal and firewood market prices for the whole economy. Even if 

one of these methods would yield prices that are adequate for economy-wide modeling, rural 

biomass supply as a service provided by nature is independent from market considerations. As 

long as fuelwood is not grown by humans on plantations or through reforestation, there is no 

economic supply response by nature to increases or decreases in demand. In addition, there is 

no recent nor reliable data on biomass energy demand in Malawi to date.    
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Figure 2.4: Modeling framework for analyzing the biomass energy sector   
Source: Author’s creation 

Given these problems in including the biomass energy sector in a CGE model per se, 

innovative modeling approaches are developed that are linked to the CGE model as shown in 

Figure 2.4. The CGE model captures all economic and social linkages of the nexus and the 

drivers economic and population growth. A newly developed food-energy model uses the 

direct linkage between food and energy to estimate cooking energy demand from food 

demand. In order to assess the impact of the two drivers and the rest of the economy on 

biomass energy demand, the model is linked to the CGE model so that food demand changes 

due to economic and population growth are translated into energy demand. The food-energy 

model than allows for analyzing the impact of demand side policies such as cooking 

efficiency increases through adoption of improved cookstoves. The supply side is on the one 

hand assessed through a supply module that captures the environmental dimension by 

estimating sustainable supply based on land cover and sustainable biomass yields. On the 

other hand, analyzing the impact of supply side policies in the form of agroforestry requires 

an additional tailor-made model. As households have to practice agroforestry on their fields, 

the willingness and decision of households to undertake additional work on the farm is 

essential for the success of increasing biomass supply. Therefore, a farm household model is 

developed that considers the individual household’s preferences and endowments in terms of 

land and labor, thereby encompassing the social dimension of the FEW nexus as well. 
Such a detailed assessment of the biomass energy sector and policy impacts leads to 

tradeoffs in terms of modeling. The framework used does not attempt to model the complete 
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nexus by including water and climate in the analysis. Nevertheless, the policy measures 

analyzed evoke no tradeoffs for the environment. On the contrary, agroforestry and reduced 

fuel needs through improved cookstoves will have positive impacts on micro-climate and 

watersheds, as trees increase the soil’s ability to hold water and reduce run-off (Malmer et al., 

2010). The emphasis of this modeling framework is put on capturing the relevant economic 

and environmental linkages between food and energy security that are affected by the policy 

measures analyzed. At the same time, the framework assesses the potential for a sustainable 

biomass energy sector under the pressure of the drivers economic and population growth, as 

sustainable development is essential to improve the livelihoods of the poorest in Malawi.  
 

2.4  CONCLUSION 

This chapter has explained in detail the role of economic and social linkages in the FEW 

nexus. The review of different economic modeling approaches has shown that only CGE 

models are able to capture all economic linkages and indirect effects of policy measures on 

the whole economy. If nexus linkages occur outside of markets or the success of policies is 

dependent on intra-household decision making processes, different approaches such as farm 

household models can better simulate potential policy impacts. To simultaneously assess 

environmental nexus linkages, economic models need to be combined with biophysical 

models, especially crop models that capture the interactions between climate, water, soil, and 

crop growth. An important conclusion is that no modeling framework is perfect in a sense that 

all economic and ecological linkages between food, energy, and water can be modeled. The 

interconnections are so complex and manifold, especially in terms of ecological processes 

around climate and atmosphere, that any attempt at modeling the nexus will always remain 

somewhat incomplete. As different policy measures trigger different nexus linkages, a more 

focused modeling framework does not imply any disadvantages but can help to better 

understand the effectiveness of policies.  
So far no attempt has been made to explicitly analyze the FEW nexus with a CGE 

based suite of models. Three types of integrated modeling frameworks are developed to close 

this research gap and assess the impact of increased biofuel production, irrigation expansion, 

improved cookstoves and agroforestry on the FEW nexus in Malawi. The modeling 

frameworks concentrate on simultaneously capturing the relevant economic and 

environmental linkages that are affected by the respective policy measures analyzed. By 

fulfilling the methodological objective of this dissertation, not only the research questions 
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posed in the previous chapter are answered, but also the empirical objective of identifying 

those interventions that maximize synergies and minimize tradeoffs in the food-energy-water 

nexus is achieved. 
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ABSTRACT 

Biofuels often raise the specter of food insecurity, water resource depletion, and greenhouse 

gas emissions from land clearing. These concerns underpin the “sustainability criteria” 

governing access to European biofuel markets. However, it is unclear if producing biofuels in 

low-income countries does exacerbate poverty and food insecurity, and moreover, whether the 

sustainability criteria should apply to all agricultural exports entering European markets. We 

develop an integrated modeling framework to simultaneously assess the economic and 

environmental impacts of producing biofuels in Malawi. We incorporate the effects of land 

use change on crop water use, and the opportunity costs of using scarce resources for biofuels 

instead of other crops. We find that biofuel production reduces poverty and food insecurity by 

raising household incomes. Irrigated outgrower schemes, rather than estate farms, lead to 

better economic outcomes, fewer emissions, and similar water requirements. Nevertheless, to 

gain access to European markets, Malawi would need to reduce emissions from ethanol 

plants. We find that biofuels’ economic and emissions outcomes are generally preferable to 

tobacco or soybeans. We conclude that the sustainability criteria encourage more sustainable 

biofuel production in countries like Malawi, but are perhaps overly biased against biofuels 

since other export crops raise similar concerns about food security and environmental 

impacts.                           
10 The article in this chapter was also published online as a non-peer-reviewed IFPRI Discussion Paper 01500 
(working paper) in 2016. Retrievable under: http://www.ifpri.org/publication/leveling-field-biofuels-comparing-
economic-and-environmental-impacts-biofuel-and-other 
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3.1  INTRODUCTION 

Climate change, combined with population and economic growth, are placing tremendous 

pressure on natural resources. Managing these stresses requires a better understanding of the 

linkages between food, energy and water systems. Biofuels are a prime example of how 

advances in one system may come at the expense of others. Producing biofuels in developing 

countries could raise incomes and reduce dependence on imported fossil fuels (Msangi and 

Evans, 2013). However, clearing lands for biofuel crops generates greenhouse gas (GHG) 

emissions (Fargione et al., 2008) and might worsen food insecurity by diverting resources 

from food production. Biofuels’ greater use of water resources relative to fossil fuels is a 

further concern (Berndes, 2002).  
Understanding biofuel’s economic and environmental trade-offs is challenging, not 

least because evidence on the effects of biofuels is mixed. While the spike in global food 

prices in the late-2000s was partly attributed to global biofuels (Rosegrant et al., 2008), a 

more recent review by Zilberman et al. (2013) found no definite direction of impact. National 

studies also find that higher incomes from biofuels can offset higher food prices and improve 

food security (Ewing and Msangi, 2009; Arndt et al., 2010; Arndt et al., 2012; Negash and 

Swinnen, 2013). Finally, while Berndes (2002) projects that the water used by bioenergy 

crops will eventually equal that of existing crops, the conclusion of this and other studies is 

that there is enough water available globally to expand biofuel production (De Fraiture et al., 

2008). Despite this mixed evidence, one conclusion that can be drawn from the literature is 

the need for more context-specific and integrated analysis.  
Economic and environmental trade-offs also have major implications for biofuel 

policy. Many developing countries see biofuels as an export opportunity. But this hinges on 

gaining access to European Union (EU) markets, where preferential trade agreements enhance 

competitiveness and biofuel mandates ensure import demand. In response to concerns over 

biofuels, the EU introduced “sustainability criteria” that impose strict conditions for accessing 

biofuel markets (EC, 2010). By 2018, biofuels in the EU will be required to generate 60 

percent fewer GHG emissions per liter than fossil fuels. Other criteria include avoiding 

excessive water use and food crop displacement. Governments in developing countries 

therefore need to know in advance how producing biofuels will affect emissions, food 

security and water use, and whether the EU’s sustainability criteria preclude certain biofuel 

production arrangements.  
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Despite the need for integrated analysis, most biofuel studies are sector-specific or 

focus on specific outcomes, such as food production and prices, or land use change and GHG 

emissions (see, for example, Searchinger et al., 2008; Timilsina et al., 2012). This overlooks 

linkages between food, energy and water systems, and between biofuel industries and the rest 

of the economy. To address this limitation, we build on recent studies that use country-level 

computable general equilibrium (CGE) models to estimate the impacts of biofuel production 

on economic growth and poverty (Arndt et al., 2010, 2012) and GHG emissions (Thurlow et 

al., 2015). We extend this approach to include a more detailed treatment of the agricultural 

and natural resources required to produce biofuels vis-à-vis other crops. The CGE model is 

linked to biophysical models that estimate crop water requirements, and GHG emissions from 

direct and indirect land use change. The integrated modeling framework is applied to Malawi, 

where the government is debating whether to promote biofuels over other export crops. We 

compare sugarcane-ethanol production under different farming systems, including 

smallholder versus estate farms on irrigated versus rain-fed lands.  
An important limitation of recent CGE-based studies is that they assumed that the 

“status quo” is the correct counterfactual for assessing biofuel impacts. These studies allowed 

new lands to be cleared for growing biofuel crops and this explained some of the resulting 

increases in national incomes. However, if cleared lands are not used for biofuels then they 

could be used for other crops. The correct counterfactual should assume that uncultivated 

lands do not remain idle in the absence of biofuels. This has important policy implications. 

The EU’s sustainability criteria only apply to biofuels even though producing non-biofuel 

crops also has economic and environmental implications. The EU has therefore “raised the 

bar” on biofuel exports from developing countries, but it has also created an uneven “playing 

field”. By comparing biofuels to other crops, our study can determine if biofuels from Malawi 

are of particular concern, or if the sustainability criteria are overly-biased against biofuels and 

so should either be relaxed or applied to other agricultural exports. 
The chapter is structured as follows. Section 3.2 briefly describes the Malawian 

economy and the role of sugarcane and ethanol. Section 3.3 describes our integrated suite of 

models and Section 3.4 presents our simulation results. We conclude by summarizing our 

findings and discussing their implications for biofuel policy in Malawi, the EU, and 

elsewhere.  
 



67 

3.2  BIOFUELS IN MALAWI  

 

Food, energy and water systems 
Agriculture accounts for a third of Malawi’s gross domestic product (GDP) and four-fifths of 

employment. Most farmers are poor smallholders growing food crops for subsistence, 

although many also grow tobacco, which is Malawi’s main export. Due to declining global 

tobacco demand, Malawi’s government is searching for alternative export crops and biofuels 

is one of the options being considered (GOM, 2012). Malawi also imports its fossil fuels and 

so biofuels could help reduce severe foreign exchange constraints.  
There are strong linkages between Malawi’s food, energy, and water systems. A 

quarter of the country is covered by Lake Malawi and so irrigation potential is high and water 

scarcity should be a minor concern. However, most smallholders practice rain-fed farming 

and Malawi experiences frequent droughts causing substantial economic losses (Pauw et al., 

2011). Irrigation infrastructure is unaffordable for most smallholders and only four percent of 

cropland is irrigated (SMEC, 2015). Malawi’s electricity supply mainly comes from 

hydropower and so reductions in dam water levels could lead to electricity shortages. There is 

competition over scarce land resources. Malawi is the second most densely populated country 

in Africa and the average smallholder cultivates less than one hectare. Agricultural land 

expansion is therefore severely constrained and so any new export crop is expected to cause 

some displacement of existing crops on smallholder lands.   
Sugarcane-ethanol  
A biofuel export strategy in Malawi would start from an established base. Malawi has 

produced sugarcane since the 1960s. Today, two large estate farms grow 80 percent of the 

feedstock with the rest produced via smallholder outgrower schemes. Malawian sugarcane is 

almost entirely irrigated and, thanks to favorable agro-climatic conditions, achieves yields of 

around 100 metric tons per hectare, which is high by international standards.  
Ethanol production from sugarcane started in the late-1980s. Malawi introduced a 10-

20 percent petrol-ethanol blending mandate, but is still far from achieving this target.11 In 

2010, only 18 million liters of ethanol were produced compared to 360 million liters of                          
11 The typical blending ratio for petrol in Malawi is 10 percent ethanol and 90 percent petrol (Mitchell, 2011). 
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imported petroleum. Ethanol prices are pegged to the petroleum prices, making locally-

blended and imported petroleum equally expensive.  
Malawi could export biofuels to the EU and the Southern African Development 

Community (SADC). Malawi has preferential access to EU markets through the “Everything 

but Arms Initiative” and is part of SADC’s Free Trade Area. Foreign investors have shown 

interest in producing biofuels in Malawi (GOM, 2012). One constraint is the availability of 

lands suitable for sugarcane. Kassam et al. (2012) estimate that 14,000 hectares of 

uncultivated land is available for rain-fed sugarcane. Meanwhile, Malawi’s irrigation 

investment plan intends to grow around 50,000 hectares of irrigated sugarcane (SMEC, 

2015). Realizing Malawi’s full irrigation potential, which Watson (2011) estimates at 300,000 

hectares, would require substantial investments. Land availability is therefore a major 

constraint to biofuel production in Malawi.   
Ethanol production technologies 
Malawi’s export strategy intends to expand sugarcane production by 75,000 hectares (GOM, 

2012). This is only two percent of total crop land and is therefore unlikely to have economy-

wide implications. We simulate a more ambitious biofuel export strategy in order to more 

accurately gauge economy-wide impacts. However, the outcomes estimated in our analysis 

are roughly proportional to the scale of biofuel expansion.  
Three broad biofuel options are available to Malawi. Table 3.1 shows the production 

technologies used to produce 1000 million liters ethanol per year, assuming a conversion ratio 

of 70 liters of ethanol per metric ton of feedstock. One option continues to grow sugarcane on 

estate farms, where irrigated farming systems achieve high yields of 108 tons per hectare. 

This would require 132,000 hectares of land. Another option would use smallholder 

outgrower schemes that are either irrigated or rain-fed. On average, irrigated smallholders 

obtain 99 tons per hectare, which is close to estate farm yields and therefore has similar land 

requirements (i.e., 144,000 hectares). Rain-fed smallholders only obtain 42 tons per hectare 

and so require 340,000 hectares of land. Given Malawi’s land constraints, the choice of 

technology or farming system will greatly influence the extent of land clearing and/or crop 

displacement.  
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Table 3.1: Sugarcane-ethanol production technologies  
 Input requirements per 1000 million 

liters of sugarcane-based ethanol 

 Irrigated 
estates 

Irrigated 
outgrowers 

Rainfed 
outgrowers 

    
Liquid yield (liter/mt) 70.0 70.0 70.0 
Feedstock required (1000 mt) 14,286 14,286 14,286 
Land yield (mt/ha) 108.0 99.0 42.0 
Land required (ha) 132,000 144,000 340,000 
    
Workers employed (people) 49,271 53,669 100,634 
Feedstock 48,899 53,298 100,263 
Processing 371 371 371 
Labor yield (people/mil. liters) 49.3 53.7 100.6 
    
Foreign capital requirements (units) 23,568 12,142 9,984 
Feedstock 13,584 2,158 0 
Processing 9,984 9,984 9,984 
Capital yield (units/mil. liters) 23.6 12.1 10.0 
    
Source: Own estimates using farm budget survey data (Herrmann & Grote, 2015) and 
processing cost estimates (Quintero et al., 2010).  

Table 3.1’s technologies were derived from various sources. Information on 

smallholder production is from a recent survey of sugarcane outgrowers (Herrmann and 

Grote, 2015). Estate farm technologies are extracted from Malawi’s Annual Economic Survey 

(NSO, 2014). Ethanol processing costs are from a study of processing plants in Tanzania by 

Quintero et al. (2012), updated to include Malawian feedstock and labor costs. Malawi 

currently produces ethanol from molasses at two low-capacity processing plants. We assume 

that better processing technologies would be used to expanded biofuel production, and that 

the same technology would be used irrespective of the farming system supplying the 

feedstock.  
Large-scale ethanol processing is not particularly labor-intensive (Table 3.1). Most 

jobs created in the biofuel industry are in feedstock cultivation. Estate farms are less labor-

intensive than outgrower schemes and so employment and wage outcomes will vary by 

farming system. Total ethanol production costs amount to US$0.63 per liter, which is 

competitive with imported petroleum. Even with recent price fluctuations, petroleum prices in 

Malawi have not fallen below US$1 per liter. In global markets, Malawian ethanol is only 

profitable at a crude oil price of US$77 per barrel12. However, Malawi is exempt from EU 

ethanol tariffs (about US$0.19 per liter) and this makes Malawi’s ethanol supply price                          
12 Malawian biofuels is profitable at current oil price projections of US$88 per barrel or higher from 2020 onwards (IEA, 
2015). Including a shadow value for carbon (via global emissions trading) reduces Malawi’s US$77 threshold oil price. For 
example, Kossoy et al. (2015) estimate that a carbon price of US$100 per ton CO2eq is needed to limit global warming to 
2°C. When applied to our biofuel scenarios, the carbon savings relative to fossil fuels could make Malawi competitive at an 
oil price of US$54 per barrel.   
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comparable to those of Brazil (US$0.47) and the United States (US$0.46) (Arndt et al. 2012). 

The EU’s biofuel mandate and favorable trade policies are prerequisites for Malawi’s biofuel 

export strategy. 
In the next section we develop an integrated modeling framework that incorporates the 

different biofuel technologies and evaluates how the choice of farming system influences the 

economic and environmental impacts of producing biofuels in Malawi.  
 

3.3  MEASURING ECONOMIC AND ENVIRONMENTAL IMPACTS  

CGE models are essential when evaluating large-scale interventions that are expected to have 

economy-wide implications. The Malawi CGE model is linked “top-down” to two natural 

resource models that measure environmental impacts: (i) a crop model that estimates crop 

water use; and (ii) a carbon accounting model that estimates GHG emissions from land use 

change.   
Measuring economy-wide impacts 
We use the recursive dynamic CGE model described in Diao and Thurlow (2012) to measure 

the economic impacts of producing biofuels.13 Producers and consumers in the model 

maximize profits and utility and interact in factor and product markets. Production functions 

in each sector determine output levels and allow imperfect substitution between factors based 

on their relative prices. Composite factors are combined with intermediate inputs using fixed 

input-output relationships. There is also substitution between domestic, import and export 

markets, with the decision on how much to trade based on relative domestic and foreign 

prices (inclusive of taxes and transaction costs). Malawi is a small country and so world 

prices are fixed.  
The model is calibrated to a 2010 social accounting matrix (SAM) (Pauw et al., 2015) 

that includes information on production technologies for 58 sectors. Labor is separated by 

three education levels and rural and urban areas. Crop land is separated into small, medium 

and large smallholders and large-scale estates.14 Given Malawi’s land and labor constraints 

during peak production periods, factors are assumed to be fully employed but mobile across 

sectors. Only capital is sector-specific.                           
13 The model’s variables and equations are provided in Tables 3.A1 and 3.A2 in the appendix. 
14 The model aggregates family-owned and rented crop land. As with owner-occupied dwellings in national accounts, land 

value-added is paid to smallholders assuming that they rent their lands from themselves. For more information on land in the 
SAM and CGE model, see Pauw et al. (2015) and Diao and Thurlow (2012).  
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The distributional impacts of biofuel production are captured by separating households 

into representative groups based on location (rural or urban), farm size (small, medium or 

large) and per capita consumption quintiles. Households can produce for their own 

consumption or engage in product markets. Households are the main owners of land, labor 

and capital, and incomes are used to either consume goods, pay taxes, or save. Consumption 

is determined by a linear expenditure system of demand with income elasticities estimated 

using Malawi’s 2010/11 Integrated Household Survey (IHS3) (NSO, 2012). Changes in 

poverty rates are estimated following the micro-simulation approach in Arndt et al. (2012). 

Households in IHS3 are mapped to household groups in the CGE model. Proportional real 

consumption changes from the CGE model are passed down to households in the survey, 

where poverty rates are recalculated using the official poverty line.  
Three “closure rules” maintain macroeconomic consistency. First, foreign capital 

inflows are fixed (beyond what is needed to expand biofuels production) and the exchange 

rate adjusts to equate supply and demand of foreign exchange. Secondly, private savings rates 

are fixed and so rising incomes lead to higher savings and investment. Thirdly, government 

tax rates and recurrent spending growth are fixed, and the recurrent deficit adjusts to balance 

total revenues and expenditures. The domestic price index is the model’s numeraire.  
The model is solved annually over the ten-year period, 2010-2020. Parameters are 

updated between periods based on long-term trends in factor supplies, total factor 

productivity, population, government spending, and foreign capital inflows. Capital stocks in 

each sector are updated each year to reflect depreciation and previous-period investment. 

Sectors with above-average profits receive a larger share of new capital stocks than their share 

of installed capital.   
Simulating biofuels production 
Three new sugarcane sectors are added to the model based on the production technologies 

summarized in Table 3.1. Each sugarcane feedstock sector has its own ethanol processing 

sector. Production in the biofuel sectors is initially fixed at effectively zero. We then expand 

the amount of capital invested in a particular ethanol processing sector causing output to 

expand and drawing in factors and intermediate inputs. The latter includes sugarcane 

feedstock, which has its own input requirements. Ethanol production in each scenario is 

gradually increased until it reaches 1000 million liters per year by the end of the ten-year 

simulation period. Capital in the biofuel sectors is assumed to be foreign-owned, and so a 
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“foreign capital” factor is inserted into the model that is only used in the biofuel sectors. All 

profits earned by this capital are repatriated and include repayment for irrigation equipment. 
We assume that all new ethanol produced in Malawi is exported. In reality, some may 

be used to meet the domestic blending mandate. However, as discussed below, demand for 

imported petroleum in our baseline scenario reaches 587 million liters by 2020. Even if 

Malawi achieved its 20 percent blending mandate, this would only require 12 percent of the 

1000 million liters of ethanol produced in the model in 2020. Local blending mandates do not 

alter the fact that most of the ethanol produced in our simulations would need to be exported. 

Fortunately, ethanol and petroleum are close substitutes and so there is little difference from a 

macro-accounting perspective between (i) exporting ethanol and using the foreign exchange 

to pay for imported fuels; and (ii) reducing fuel imports by redirecting ethanol to domestic 

markets and forgoing the foreign exchange earnings. This symmetry means that, even though 

we simulate biofuel exports, our results would be largely unchanged if some locally-produced 

biofuels are used to meet domestic mandates. 
Two rounds of scenarios are run for each production technology shown in Table 3.1. 

The first scenarios assume that 132,000 hectares of new land are cleared and used to grow 

biofuel feedstock, and this increases total land supply in the model. This is exactly the amount 

of land needed by estates to produce the targeted level of ethanol and so there is no need to 

displace existing crops. In contrast, the smallholder scenarios require more than 132,000 

hectares of land and so there is crop displacement. Imposing binding land constraints ensures 

that our results are not biased in favor of more land-intensive smallholder production options. 
The second round of scenarios assumes that only 14,000 hectares of land can be 

cleared, which is consistent with the suitability assessment in Kassam et al. (2012). 

Competition over scarce land resources and the level of crop displacement become more 

pronounced. Total land and labor supplies are fixed and so non-biofuel sectors may contract 

depending on their relative factor intensities. Table 3.2 compares the technologies of biofuel 

and other crops in Malawi. On average, existing crops generate lower GDP per hectare and 

worker than the new sugarcane crops. Reallocating resources to biofuels should therefore lead 

to an increase in average value-added per hectare and worker. These technology differences 

between crops largely determine the economic outcomes and crop displacement effects in our 

simulations.  
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Table 3.2: Biofuel and existing crop production technologies, 2010 
 Production Water use Labor Value-added or GDP per unit 

of input 

 Area 
(1000ha) 

Yield 
(mt/ha) 

Total 
(1000m3) 

Intensity 
(m3/ha) 

Intensity 
(people/ha) 

Land  
(per ha) 

Labor  
(per 

person) 

Water  
(per 
m3) 

         
Existing crops 4,179 2.7 11,030 2,639 0.30 300 1,008 114 
   Maize 1,696 2.0 4,146 2,444 0.30 350 1,155 143 
   Other cereals 202 1.0 702 3,473 0.41 349 845 101 
   Root crops 441 4.7 1,095 2,480 0.22 260 1,177 105 
   Pulses 705 0.7 1,625 2,305 0.12 143 1,189 62 
   Horticulture 496 3.5 1,633 3,293 0.66 364 551 110 
   Oilseeds 335 0.9 889 2,653 0.08 115 1,516 43 
   Export crops 304 9.9 941 3,094 0.36 504 1,394 163 

         
New sugarcane 
feedstock 

        

   Irrigated estates 0 108.0 0 10,212 0.37 918 2,483 90 
   Irrigated 
outgrowers 

0 99.0 0 9,509 0.37 907 2,457 95 

   Rainfed 
outgrowers 

0 42.0 0 5,057 0.29 430 1,457 85 

         
New reference 
crops 

        

   Tobacco 0 1.2 0 2,404 0.52 632 1,221 263 
   Soybeans 0 1.2 0 3,721 0.39 418 1,072 112 
         
Source: Own estimates using production data from FAOSTAT; employment data from IHS3 (NSO, 2012); value-added 
data from the 2010 social accounting matrix (Pauw et al., 2015); and estimated water use from the process-based crop 
models (see Section 3.3).   
Estimating crop water use 
Results from the CGE model are passed down to crop models that calculate crop water use. 

Sugarcane is a relatively water-intensive crop and so producing biofuels is expected to 

increase consumptive water use. Irrigation further increases water use since some water is lost 

due to inefficient irrigation management. We adopt a “yield response to water” approach 

(Doorenbos and Kassam, 1979), as reflected in the equation below: 
( − 𝑎 )  =  𝑦 ( − 𝑎 ) 

where 𝑎 and  are actual and maximum potential yield (tons per hectare); 𝑦  are 

crop-specific yield response factors; and 𝑎 and  are actual and maximum potential 

evapotranspiration (millimeters per day). The model assumes a linear relationship between 

relative yield declines and relative water deficits, where the latter is the ratio of actual to 

potential evapotranspiration. The strength of this relationship depends on crop-specific yield 

response factors. 
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Potential evapotranspiration  is the water a plant would use if water were always 

available. Reference evapotranspiration for a hypothetical grass crop was derived using the 

Penman-Monteith equation and data from 20 Malawian weather stations for the period 1983-

2005. Potential evapotranspiration was calculated by multiplying reference evapotranspiration 

by a coefficient  , which captures crops’ unique physiological properties. Coefficients for 

Malawi are from Allen et al. (1998) and Rosegrant et al. (2012). Actual evapotranspiration 𝑎 for rain-fed and irrigated crops was calculated using daily soil water balances derived 

from precipitation data, and soil data from the Africa Soil Profiles Database. Irrigation water 

use is computed so as to reduce irrigation frequency while avoiding crop water stress. The 

models estimate net irrigation requirements – they exclude water lost during the irrigation 

process. 

We estimated crop water use during an average weather year in Malawi. Average 

potential evapotranspiration and potential yields were compared to observed yields in the 

CGE model to back-calculate actual evapotranspiration or water use. Table 3.2 summarizes 

our results and confirms that sugarcane is particularly water-intensive.15 Irrigated estate 

sugarcane, for example, consumes four times more water per hectare than the average for 

existing crops. These numbers are used to calculate how the water intensity of agriculture in 

Malawi changes following a simulated increase in biofuel production in the CGE model.  
Measuring greenhouse gas emissions 
Land use change in the CGE model affects both crop water requirements and GHG emissions. 

The “sustainability criteria” requires GHG emissions from biofuels to be 60 percent lower 

than fossil fuel emissions. The default average life cycle GHG emission of petroleum is 2.92 

kilograms of carbon dioxide equivalents per liter (kgCO2eq/l). If Malawi wants to export to 

EU markets then the maximum permissible emissions from ethanol production is 1.17 

kgCO2eq/l.16 However, Dunkelberg et al. (2014) estimate that emissions from current ethanol-

molasses production in Malawi is 4.04 kgCO2eq/l. Most of these emissions come from 

unsustainable handling of waste products and coal heating in ethanol processing. The authors 

estimate that if energy were derived from waste products, which is similar to the assumption 

in Quintero et al. (2012), then emissions drop to 2.05 kgCO2eq/l, of which 1.15 kgCO2eq/l is                          
15 These are approximate water use estimates since our linear crop model may not capture water-yield responses during 

extreme weather events. 
16 Emissions from ethanol fuel use are not included since these are set to zero in EU calculations. These are a large part of 

petrol emissions and should ideally be included in a complete life cycle analysis of ethanol. 
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from processing. We use this estimate of processing emissions in our scenarios, and then add 

emissions from land clearing and feedstock production.  
Feedstock emissions are estimated using a model called “Ex-ante Carbon-balance 

Tool” (EX-ACT) (Bernoux et al., 2011). This is a land-based accounting tool that calculates 

the carbon balance from GHG emissions and carbon sequestration in the soil following 

changes in land use and management. Soil sequestration values for Malawi come from the 

World Bank’s Soil Carbon Sequestration Geodatabase, and the model is calibrated to the 

tropical conditions and soil types prevalent in Malawi’s southern and central regions where 

sugarcane production is likely to occur.  
Land clearing for sugarcane in the CGE model leads to direct land use change and the 

displacement of other crops.17 We assume that grasslands are cleared since deforestation 

generates emissions that far exceed EU thresholds. Grassland conversion emits 12.9 

tCO2eq/ha, half of which are once-off emissions when lands are first cleared. When 

sugarcane displaces existing crops, then the net emissions depend on the inputs used to grow 

each crop as well as the crops’ soil organic carbon sequestration (SOC) potential. Two 

reference crops are used when estimating changes in net emissions. For displaced food crops, 

we use the SOC value of maize (0.617 tC/ha/yr) since this is Malawi’s main staple crop. For 

export crops, we use the SOC value of soybeans (0.839 tC/ha/yr) since this is one of the most 

affected crops in our simulations. Irrigation is more input-intensive and so generates more 

emissions. Sugarcane itself, however, has heavier biomass and so is a carbon sink relative to 

the reference crops, with a SOC value of 1.220 tC/ha/yr. This means that, without land 

clearing, switching from existing crops to sugarcane leads to lower net emissions. 
 

3.4  RESULTS  
Baseline scenario  
The CGE model’s baseline scenario tracks recent trends in population and economic growth. 

Labor and land supplies grow at 2.0 and 1.7 percent per year, respectively, and total factor 

productivity grows at 2.7 percent per year. This generates annual GDP growth of 4.7 percent 

(see Table 3.3) and this is fairly evenly distributed across sectors. Note that the baseline 

scenario is only of marginal interest for our analysis, since it merely provides a reference for 

measuring the impacts of expanding biofuel production. In discussing the impacts of biofuel                          
17 We implicitly capture emissions from indirect land use change (ILUC) in the model, since emissions from land clearing are 

the same regardless of whether cleared lands are used for biofuel or other crops. 
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crops, we first compare biofuels to this “status quo” baseline scenario (as in previous studies), 

and then later to alternative reference scenarios that allow for the expansion of other export 

crops. 

Producing biofuels on estate farms  
We initially focus on the first three biofuel scenarios in which 132,000 hectares of 

uncultivated lands are cleared for sugarcane-ethanol. The third column in Table 3.3 reports 

final year deviations from baseline for the Irrigated Estate scenario. There is no direct crop 

displacement in this scenario since newly cleared lands exactly equal the amount of land 

required to grow feedstock on estate farms (see Table 3.1). There is, however, indirect land 

use change. Lands are reallocated from existing export crops (e.g., tobacco) to food crops 

(e.g., maize). This is driven by biofuel exports, which grow rapidly and cause the real 

exchange rate to appreciate, thereby reducing the competitiveness of non-biofuel export crops 

in foreign markets. To some extent, Malawi exchanges one export crop for another. However, 

since value-added per hectare for sugarcane is higher than it is for existing export crops (see 

Table 3.2), switching to biofuels leads to higher agricultural GDP. The clearing of new lands 

also increases the supply of productive resources. Higher incomes and an appreciated 

exchange rate lead to more land allocated to food production and lower real food prices. 

Unlike in the Arndt et al. (2010) study for Mozambique – a country with few non-biofuel 

export crops – we find that biofuels production in Malawi might eventually lead to improved 

food availability.  

Table 3.4 reports impacts on labor and households. Bringing newly cleared lands into 

production increases demand for labor on estate farms. However, food crops and estate farms 

are less labor-intensive than displaced export crops (see Table 3.2), causing agriculture’s 

overall labor share to decline. Rural wages still increase due to higher agricultural GDP, but 

the gains in urban wages are larger. Urban workers benefit from rising labor demand in 

ethanol processing sectors, but this is more than offset by falling employment in sectors that 

process existing crops (e.g., tobacco curing). The increase in non-farm employment and urban 

wages mainly comes from workers migrating to the trade and business sectors, which benefit 

from higher incomes and greater demand for non-traded services. Growth in industrial GDP is 

driven by increased electricity generation following the expansion of ethanol processing and 

irrigated estates, both of which are more energy-intensive than the manufacturing sectors and 

export crops that they displace.  
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Table 3.3: Production and price impacts  
 Initial 

share or 
value, 2010 

Baseline 
growth rate 

or total 
change (%) 

Deviation from final year baseline value (%) 

 Biofuel scenarios with land expansion Biofuel scenarios with land constraints 

 Irrigated 
estates 

Irrigated 
outgrowers 

Rainfed 
outgrowers 

Irrigated 
estates 

Irrigated 
outgrowers 

Rainfed 
outgrowers 

         
Total GDP growth (%) 100.0 4.7 2.0 1.7 0.9 1.8 1.4 0.7 
   Agriculture 32.3 4.6 2.9 3.1 1.5 1.8 2.1 0.4 
      Food crops 16.6 4.5 1.9 2.9 -0.4 0.0 0.9 -2.7 
      Export crops 3.1 4.5 22.7 18.4 20.2 21.7 17.5 19.5 
         of which non-biofuels 3.1 4.5 -18.3 -25.8 -29.0 -19.3 -26.7 -29.8 
      Other agriculture 11.2 4.8 -0.8 -0.5 -0.5 -0.7 -0.3 -0.4 
   Industry 16.5 5.6 1.2 -1.0 -1.2 1.7 -0.5 -0.7 
      of which ethanol 0.0 0.0 ∞ ∞ ∞ ∞ ∞ ∞ 
      of which electricity 0.8 4.2 23.7 20.4 18.1 23.8 20.6 18.3 
   Services 51.2 4.5 1.7 1.6 1.3 1.8 1.7 1.3 
         
Change in price indices (%)         
   Real exchange rate 1.0 6.0 -2.7 -3.4 -3.2 -2.4 -3.2 -2.8 
   Real food prices 1.0 4.0 -0.5 -0.4 0.2 -0.3 -0.1 0.6 
         
         
Total crop land (1000ha) 4,233 777 132 132 132 14 14 14 
   Food crops 3,357 841 72 104 -43 -16 13 -140 
   Existing export crops 639 -71 -72 -116 -165 -102 -143 -186 
   Feedstock crops 0 0 132 144 340 132 144 340 
         
Source: Results from the Malawi CGE model. 
Notes: Biofuels processing grows from a zero base and so growth is infinite.
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Table 3.4: Labor and household impacts  
 Initial 

value or 
share, 2010 

Baseline 
growth rate 

or total 
change (%) 

Deviation from final year baseline value (%) 

 Biofuel scenarios with land expansion Biofuel scenarios with land constraints 

 Irrigated 
estates 

Irrigated 
outgrowers 

Rainfed 
outgrowers 

Irrigated 
estates 

Irrigated 
outgrowers 

Rainfed 
outgrowers 

         
Agriculture labor share (%) 63.5 64.2 -0.9 1.0 4.4 -1.4 0.6 4.0 
         
Real wage (%) 3725.7 2.6 1.1 1.3 1.0 0.9 1.0 0.7 
   Rural workers 3,617 2.7 0.7 1.0 1.0 0.4 0.7 0.7 
   Urban workers 3,835 2.6 1.5 1.6 0.9 1.3 1.4 0.7 
         
Household welfare (%) 425.7 1.6 0.7 1.3 0.6 0.4 1.0 0.2 
   Farm households 330 1.6 0.2 1.6 0.8 -0.2 1.1 0.3 
   Non-farm households 1,019 1.5 1.5 0.8 0.3 1.5 0.7 0.2 
         
Poverty headcount rate (%) 51.0 28.7 -0.1 -2.4 -0.9 0.8 -1.4 0.2 
   Farm households 55.9 32.1 -0.1 -2.4 -1.0 0.9 -1.4 0.1 
   Non-farm households 20.3 7.8 -2.5 -1.6 0.9 -1.3 0.0 2.1 
         
Source: Results from the Malawi CGE and microsimulation models. 
Notes: Welfare is measured using real consumption expenditure, the initial value is average per capita US$ expenditure.  
Poverty headcount rate is the share of the population with per capita expenditures below the national poverty line



79 

Ultimately, national GDP is two percent higher in the Irrigated Estate scenario than in 

the baseline. This positive growth-effect from biofuels is driven by (i) an increase in the level 

of productive resources in the economy, i.e., from newly cleared lands and additional foreign 

capital; (ii) higher value-added per worker and per hectare of cropland in the biofuel sectors; 

and (iii) positive spillover or growth linkage effects, e.g., incomes from biofuels generating 

demand for all goods and services. Realizing these medium-term economic gains will impose 

adjustment costs on the economy, particularly on producers of existing crops and workers in 

downstream agro-processing. It may also require additional public investments in the 

electricity sector, the cost of which is only partially internalized in our model.  
The household welfare and distributional effects of producing biofuels on Estate farms 

are less promising than the macroeconomic results would suggest. Household welfare does 

not increase by as much as GDP, because the profits from biofuel production are repatriated. 

Smallholders do not benefit by as much as non-farm households. This is because smallholders 

previously produced export crops, like tobacco, but these were displaced by sugarcane grown 

in estates. Smallholders find themselves growing more food crops and relying more on wages 

from estate farms, both of which generate less income than the displaced export crops (see 

Table 3.2). In contrast, non-farm households benefit from lower food prices, higher urban 

wages, and cheaper imports. The reduction in the urban poverty rate (by 2.5 percentage 

points) is therefore larger than the reduction in rural poverty (by only 0.1 percentage points). 

Producing biofuels on estate farms reduces poverty and improves food availability, but the 

benefits for the rural poor are fairly modest.  
Using outgrower schemes 
Smallholders achieve lower yields and require more land to meet the biofuel production target 

(see Table 3.1). The fourth column of Table 3.3 reports results for the Irrigated Outgrower 

scenario. Producing sugarcane feedstock now requires 144,000 hectares, but we still only 

allow 132,000 hectares of new lands to be cleared. This means that biofuels directly displace 

existing crops. As in the previous scenario, the real appreciation caused by biofuel exports 

directs all of the displacement onto existing export crops. In fact, the land allocated to food 

crops increases. The appreciation is larger in the Irrigated Estate scenario, because more of 

the on-farm profits from growing sugarcane via outgrower schemes remains with 

smallholders rather than being repatriated to foreign investors. Higher smallholder incomes 

also generate greater demand for products that smallholders consume intensively, such as 
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food. The reallocation of land from existing export crops to food crops is therefore larger in 

this scenario. Higher demand for food also means that real food prices fall by less than in the 

previous scenario even though the increase in food production is now larger.  
The large decline in existing export crops in this scenario leads to larger job losses in 

downstream processing. This more than offsets the expansion in ethanol processing, leading 

to lower manufacturing GDP and employment. However, smallholder farming is more labor-

intensive than estate farming (see Table 3.1) and so using outgrower schemes increases 

agriculture’s labor requirements. Overall, agriculture’s employment share rises in the Irrigated 

Outgrower scenario and is matched by higher agricultural GDP growth (see Table 3.4). Gains 

in national GDP are smaller in this scenario due to declining industrial GDP. Faster 

agricultural growth is coupled with larger improvements in household welfare. Outgrower 

schemes mean that more benefits from producing biofuels accrue to smallholders. It is rural 

rather than urban households that now experience the largest gains in welfare and poverty 

reduction.   
Relying on rain-fed production 
In the Irrigated Outgrower scenario above we assumed that foreign investors provided 

irrigation infrastructure and that smallholders in the outgrower scheme repaid investors over a 

ten year period. This explains why irrigated smallholder farms require foreign capital (see 

Table 3.1). We now consider the implications of producing sugarcane using smallholder 

farmers who do not have access to irrigation. Since there is no irrigation, smallholders no 

longer use foreign capital and do not have to repay investors. However, without irrigation, 

smallholders achieve much lower yields and require 340,000 hectares of land in order to 

achieve the ethanol production target. Again, we assume that only 132,000 hectares of new 

lands can be cleared. 
Results are shown in the fifth column of Table 3.3. The level of crop displacement 

caused by biofuels is sufficiently large such that there is now a decline in the lands allocated 

to both existing export and food crops, although impacts on the former are still more 

pronounced. Declining food production leads to higher real food prices. There is still a 

positive effect on national GDP, but this is now smaller than before because land and labor 

productivity gains are more modest. For example, value-added per hectare of sugarcane in the 

Rainfed Outgrower scenario is US$430, which is much lower than the US$907 in the Irrigated 
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Outgrower scenario (see Table 3.2). This explains the smaller increase in agricultural GDP. 

Again, industrial GDP falls slightly because of a contraction in downstream agro-processing. 
Rainfed sugarcane has a higher labor-to-land ratio than existing crops (see Table 3.2) 

and so reallocating land leads to a higher average labor intensity for agriculture as a whole. 

Agriculture’s share of employment increases substantially by 4.4 percentage points in the 

Rainfed Outgrower scenario. Higher agricultural labor demand helps maintain rural wage 

growth despite slower agricultural GDP growth. Slower non-agricultural growth, on the other 

hand, means slower urban wage growth. Household welfare still improves for both rural and 

urban households, but the gains are smaller than under the Irrigated Smallholder scenario. 

Urban poverty rates rise because of higher real food prices.  
The results from the first three scenarios suggest that biofuels can generate economic 

growth and reduce poverty. This can be achieved without jeopardizing food security only if 

feedstock is grown on irrigated lands. Finally, the choice between irrigated estate farms or 

irrigated outgrower schemes involves a clear trade-off between maximizing national growth 

or poverty reduction.   
Environmental impacts and trade-offs 
Table 3.5 reports the estimated GHG emissions and crop water use associated with the three 

biofuel scenarios discussed above. The final line in the table shows the amount of water used 

to grow sugarcane per liter of ethanol produced. Water use is much higher under irrigation. 

Even assuming a high irrigation efficiency rate of 50 percent, irrigated smallholder cultivation 

uses almost twice as much water as rainfed sugarcane (i.e., 3,387 versus 1,720 liters). Rainfed 

agriculture is most efficient in its water use, but it achieves lower yields and uses more land. 
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Table 3.5: Emissions and water use 
 Biofuel scenarios with land expansion Biofuel scenarios with land constraints 

 Irrigated 
estates 

Irrigated 
outgrowers 

Rainfed 
outgrowers 

Irrigated 
estates 

Irrigated 
outgrowers 

Rainfed 
outgrowers 

       
GHG emissions embodied within ethanol (kgCO2eq/l/yr)    
   After 1 year  2.61 2.62 2.31 1.42 1.46 1.00 
   After 10 years 1.81 1.82 1.52 1.34 1.37 0.91 
   After 20 years 1.77 1.78 1.47 1.33 1.37 0.91 
       
Decomposition of GHG emissions after first year (kgCO2eq/l/yr)    
   Clearing lands 1.70 1.70 1.70 0.18 0.18 0.18 
   Displacing crops 0.00 0.04 0.57 0.34 0.40 0.78 
   Growing feedstock -0.24 -0.27 -1.11 -0.24 -0.27 -1.11 
   Processing feedstock 1.15 1.15 1.15 1.15 1.15 1.15 
       
Crop water use (mil. m3)       
   Total crop water use  1,435   1,435   1,423   1,407   1,407   1,395  
      of which feedstock   135   137   172   135   137   172  
   Change from baseline   137   136   125   109   109   97  
       
Crop water embodied 
within ethanol (liters/liter) 

 3,198   3,387   1,720   3,198   3,387   1,720  

       
Source: Results from the Malawi CGE and crop models. 
Notes: GHG emissions are measured by tons of CO2 equivalent per liter of ethanol per year.   

Our estimated water requirements are fairly high. Gerbens-Leeneens and Hoekstra 

(2009) estimated that Brazil, as the world’s largest ethanol producer, uses 2,500 liters of water 

per liter of ethanol. These authors included polluted “grey water” from fertilizers, whereas we 

consider only crop and irrigation water. Malawi’s actual water use may therefore be higher 

than our estimates. In total, we find that 2 billion cubic meters of water is needed per year to 

produce 1000 million liters of ethanol. This appears to be small relative to the 8,400 billion 

cubic meters of water in Lake Malawi. However, local impacts on small watersheds can be 

significant. The effects on water levels in Lake Malawi and the Shire River would need to be 

determined by hydrological water basin models.  
Table 3.5 reports changes in consumptive water used by crops in Malawi relative to 

the baseline. This includes total crop evapotranspiration, but not the water lost through 

inefficient irrigation. Rainfed sugarcane uses more water than irrigated sugarcane, i.e., 172 

and 137 million cubic meters, respectively. This is because, even though rainfed sugarcane 

uses less water per hectare, it also uses more land. Rainfed sugarcane therefore displaces more 

crops with lower water needs (see Table 3.2), thus driving up total evapotranspiration. 

Overall, sugarcane-ethanol expansion in our simulations increases the water intensity of 

Malawian agriculture by almost ten percent irrespective of which biofuel production 

technology is used and despite the fact that land area increases by only 2.6 percent. 
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We now consider emissions from land use change. In the three biofuel scenarios 

discussed above we assumed that 132,000 hectares of land are cleared to grow sugarcane. 

Table 3.5 indicates that most of the emissions per liter of ethanol are from the once-off 

clearing of grasslands. Over time, these emissions are spread over a larger volume of ethanol 

until eventually the emissions per liter are essentially only those from cultivating sugarcane, 

such as the fossil fuels used for fertilizer, irrigation and transport. The reported emissions are 

therefore higher in the first year of ethanol production and lower after ten years.  
Processing ethanol in Malawi generates 1.15 tCO2eq/l, which is close to the EU’s 

2018 threshold of 1.17 kgCO2eq/l. Emissions from growing feedstock therefore have to be 

extremely low in order for Malawi to export to EU markets. Our results indicate that clearing 

132,000 hectares of grassland generates 1.70 kgCO2eq/l in the first year of ethanol 

production. Although sugarcane is a carbon sink, it cannot offset the emissions from land 

clearing. Even after 20 years, emissions in the Rainfed Outgrower scenario are 1.47 tCO2eq/l. 

If sugarcane is grown on irrigated lands with inputs that directly or indirectly use fossil fuels 

then emissions are higher at 1.78 tCO2eq/l.  
The potential for Malawian biofuels to help mitigate climate change is hampered by 

the high carbon debt from land clearing and the emissions from ethanol processing. The latter 

should be kept in mind when building new processing plants. Dunkelberg et al. (2014) find 

that if ethanol plants in Malawi switch from coal to energy produced using crop residues, then 

the processing emissions become almost negligible. While this would require investments in 

more sophisticated technologies, it would improve Malawi’s chances of meeting the EU’s 

targets.   
Imposing stricter land constraints 
The previous scenarios assumed that 132,000 hectares of land are cleared for sugarcane. This 

may not accurately reflect Malawi’s severe land constraints and so might exaggerate growth 

and welfare gains. This section assumes that only 14,000 hectares of land suitable for 

sugarcane is cleared. This is consistent with land suitability estimates from Kassam et al. 

(2012), but is much more conservative than SMEC (2015) or Watson (2011). The final three 

columns in Table 3.3 report results for biofuel production under land constraints. Each 

scenario should be compared to the corresponding scenario that allowed for more land 

expansion.  
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We still produce the same targeted level of ethanol as in earlier scenarios. However, 

stricter land constraints mean that there is greater displacement of existing crops, particularly 

for export crops. The land allocated to food crops now declines in the Irrigated Estate scenario 

and is much smaller in the Irrigated Outgrower scenario. Falling food production means 

higher real food prices. This is clearest in the Rainfed Outgrower scenario, where almost all 

export crops are displaced and there is a large reduction in lands for food crops.  
Average value-added per hectare still rises in the biofuel scenarios due to sugarcane’s 

higher land productivity relative to existing crops. However, the gains in agricultural GDP are 

smaller because less new land is added to productive resources. Less land also means smaller 

increases in demand for farm labor and so agriculture’s share of employment does not 

increase by as much (see Table 3.4). Slower growth in labor demand means smaller wage 

increases and welfare improvements. The Irrigated Outgrower scenario generates the largest 

welfare gains for poorer households. In contrast, poverty in the Rainfed Outgrower scenario 

actually increases due to higher food prices and smaller land productivity and wage gains. The 

economic trade-offs between production technologies are starker with stricter land constraints. 
As expected, emissions per liter of ethanol are much lower when there is less land 

clearing (see Table 3.5). After ten years, emissions in the Rainfed Outgrower scenario are 

only 0.91 tCO2eq/l, which is well below the EU’s target of 1.17 tCO2eq/l. However, rainfed 

production is not an attractive option given its adverse effects on food production and poverty. 

The Irrigated Outgrower scenario is preferable from a development perspective, but, even 

after ten years, its emissions per liter of ethanol exceed the EU target.  
Feedstock water use per liter of ethanol is unchanged in the land constrained 

scenarios. However, total crop water use declines slightly because of the greater displacement 

of existing crops. If incremental water use from producing biofuels is used to measure 

biofuels’ water content (i.e., if we deduct displaced crop water use), then additional water use 

resulting from producing biofuels is 20 percent lower than in the previous scenarios (e.g., 

109/136=0.80 for the Irrigated Outgrower scenarios). Yet, even with this more lenient 

measurement, ethanol’s water use in Malawi still exceeds that in Brazil. Overall, our analysis 

suggests that both development and environmental objectives could be achieved if Malawi 

reduces its emissions from ethanol processing; and if no quantitative restrictions on water use 

are added to the EU’s sustainability criteria.  



85 

Biofuels versus other export crops 
So far we have followed the approach of previous studies by comparing biofuel production to 

a “status quo” baseline. Yet Malawi’s export strategy (GOM, 2012) suggests that if croplands 

are not used to grow sugarcane for ethanol, then they might be used to grow other export 

crops. A more appropriate counterfactual should consider these opportunity costs. We 

consider three alternative export crops: tobacco, soybeans, and sugarcane grown for refined 

sugar production (as opposed to ethanol production). Tobacco is a well-established 

smallholder crop with strong downstream linkages to agro-processing (i.e., tobacco curing). 

Soybeans is a relatively new crop that is identified alongside biofuels in the export strategy. 

Finally, using sugarcane feedstock to produce refined sugar rather than ethanol is an 

important option given fluctuations in global oil and ethanol prices.  
In our new counterfactual “cash crop” scenarios, we assume that the additional 

tobacco and soybean production and downstream processing make use of Malawi’s existing 

technologies (as captured in the official 2010 SAM). The only difference between sugarcane 

grown for ethanol and refined sugar is in how the feedstock is processed - the actual feedstock 

is grown using the same smallholder outgrower schemes (see Table 3.2). As with biofuels, 

tobacco, soybean and sugar refining are entirely financed by foreign capital and all profits are 

repatriated. To ensure that our scenarios are comparable, we simulate the same 144,000 

hectare expansion in crop land devoted to each alternative cash crop and only permit 14,000 

hectares of new lands to be cleared. We compare the new cash crop reference scenarios to the 

earlier Irrigated Outgrower scenario that produced ethanol.  
Table 3.6 reports results for the Tobacco, Soybean and Sugar scenarios alongside results from 

the Irrigated Outgrower ethanol scenario. Agricultural exports increase in all four scenarios, 

but food production falls in the Tobacco and Soybean scenarios (relative to the baseline). 

Tobacco and soybeans have high labor-to-land ratios (see Table 3.2) and so expanding their 

cropland area draws labor away from food crops. A larger exchange rate appreciation in the 

Sugar scenario leads to greater displacement of export crops and production of food crops. 

Agriculture’s share of total employment in the Tobacco and Soybean scenarios increases by 

5.6 and 4.6 percentage points, respectively, compared to a one percentage point increase in 

the Irrigated Outgrower scenario and a slight reduction in the Sugar scenario. Both land and 

labor displacement are important in determining impacts on food production.  
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Table 3.6: Comparing biofuels to alternative cash crops 
 Deviation from final year baseline value (%) 

 Ethanol 
(irrigated 

outgrowers) 

Tobacco 
(rainfed 

outgrowers) 

Soybeans 
(rainfed 

outgrowers) 

Sugar 
(irrigated 

outgrower) 

     
Total crop land (1000ha) 5,024 5,024 5,024 5,024 
   of which cleared lands 14 14 14 14 
     
Total GDP growth (%) 1.4 0.4 0.0 1.8 
   Agriculture 2.1 1.2 0.5 2.1 
      Food crops 0.9 -0.7 -1.3 1.5 
      Export crops 17.5 17.1 12.2 14.0 
   Industry -0.5 0.7 0.7 3.9 
   Services 1.7 -0.2 -0.5 0.8 
     
Change in price indices (%)     
   Real exchange rate -3.2 -1.0 -0.3 -3.6 
   Real food prices -0.1 0.5 0.5 0.1 
     
Household welfare (%) 1.0 0.2 -0.1 1.3 
   Farm households 1.1 0.4 0.1 1.9 
   Non-farm households 0.7 -0.4 -0.4 0.2 
     
Poverty headcount rate (%) -1.4 -1.1 -0.4 -3.7 
   Farm households -1.4 -1.2 -0.4 -3.7 
   Non-farm households 0.0 0.3 0.3 -2.3 
     
Total crop water use (mil. m3) 1,407 1,333 1,377 1,407 

Emissions from feedstock production (tCO2eq/yr)   
  Per ha after 10 years 1.6 1.7 0.7 1.6 
  Per additional US$ GDP 1.6 6.4 34.0 1.6 
     
Source: Results from the Malawi CGE and microsimulation models. 
Notes: Welfare is measured using real consumption expenditure, the initial value is average per 
capita US$ expenditure. Poverty headcount rate is the share of the population with per capita 
expenditures below the national poverty line.  

Tobacco and soybeans generate less value-added per hectare than sugarcane and so 

agricultural GDP gains are smaller. All four crops create downstream jobs, but tobacco and 

soybean processing and sugar refining are more labor-intensive. Agriculture’s rising labor-

intensity along with the creation of more industrial jobs means that fewer workers migrate to 

the service sectors. At the same time the high labor intensity of sugar refining leads to much 

larger industrial growth than in the other scenarios. Total GDP is unchanged in the Soybean 

scenario because of this crop’s low land productivity. Agricultural gains are exactly offset by 

nonagricultural losses. Tobacco production leads to an increase in total GDP, but these gains 

are smaller than in the Irrigated Outgrower scenario. Overall, using sugarcane for refined 

sugar leads to a larger increase in total GDP growth than using it for ethanol. This underscores 

the importance of including opportunity costs in the counterfactual scenario. 
Changes in household welfare mirror the changes in total GDP. Farm household 

poverty declines in both the Tobacco and Soybean scenarios, reflecting the importance of 
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these crops for poorer smallholders in Malawi. However, total welfare gains and poverty 

reduction are much larger in the two sugarcane-based scenarios. This is consistent with 

Herrmann and Grote (2015), who found that sugarcane outgrower schemes reduce poverty 

amongst smallholder farmers in Malawi. Even though biofuels production leads to better 

economic outcomes than either tobacco and soybeans, we find that the production of refined 

sugar is even more beneficial in terms of both welfare gains and poverty reduction.  
Finally, we compare environmental impacts. Total crop water use in Malawi increases 

in the Tobacco and Soybean scenarios because these crops use more water per hectare than 

the crops they displace. Ethanol and refined sugar production are, however, much more water-

intensive than tobacco or soybeans. This justifies the concerns about the pressure that biofuels 

place on scarce water resources. Importantly, emissions per hectare of sugarcane is lower than 

emissions from tobacco. Sugarcane’s emissions per dollar of crop GDP is also lower than 

either tobacco or soybeans.18 All alternative cash crops generate positive emissions, but 

sugarcane’s heavy biomass means that it is a larger carbon sink than soybeans and tobacco 

(this is despite sugarcane being irrigated and using more fertilizers). 
 

3.5  CONCLUSION 

We developed an integrated modeling framework that jointly assesses the economic and 

environmental impacts of producing biofuels in Malawi. We find that sugarcane production 

on large-scale estate farms has the largest positive effect on economic growth. However, 

irrigated outgrower schemes are more effective at reducing poverty. Smallholders in Malawi 

that use irrigation achieve sugarcane yields that are similar to those on estate farms, and so the 

level of GHG emissions per liter of ethanol is similar across these two irrigated farming 

systems. Reliance on rainfed cropping systems leads to far less favorable food security and 

poverty outcomes although it does generate lower GHG emissions. There are clear trade-offs 

between each farming system. Nevertheless, we conclude that irrigated smallholder outgrower 

schemes operating on existing crop lands is the preferred means of producing biofuels in 

Malawi. 
More generally, we conclude that concerns about the impacts of biofuels on climate 

change and food security are warranted in the case of Malawi. Producing biofuels in Malawi 

increases crop water use and GHG emissions. However, similar concerns can also be raised 

about other export crops. Our analysis for Malawi suggests that growing sugarcane generally                          
18 Emissions are from crops cultivation only and exclude possible processing emissions. Estimates suggest that emissions 

from tobacco curing are higher than those of ethanol processing. No estimates were available for soybeans. 
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leads to better economic outcomes and fewer GHG emissions than tobacco or soybeans – two 

crops that feature prominently alongside biofuels in Malawi’s new export strategy. The EU’s 

sustainability criteria are correct in seeking to “raise the bar” on the environmental standards 

that must be met by biofuel producers. However, our study also suggests that these criteria are 

perhaps overly-biased against biofuels. A “level playing field” should impose similar 

economic and environmental standards on all agricultural exports from developing countries 

like Malawi.  
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3.7  APPENDIX  
Table 3.A1: Model indices, variables and parameters 
Indices  

 Commodities and activities ℎ Representative households 

 Factors (land, labor and capital)  Time periods 

Exogenous parameters (Greek characters)  

 Production function shift parameter 𝜃  Value-added share of gross output 

 Import function shift parameter  Foreign savings growth rate 

 Export function shift parameter  Production function substitution elasticity 

 Household marginal budget share  Import function substitution elasticity 

 Non-monetary consumption quantity  Export function substitution elasticity 

 Production function share parameter 𝜎 Rate of technical change 

 Import function share parameter  Foreign consumption growth rate 

 Export function share parameter  Capital depreciation rate 

 Land and labor supply growth rate  Population growth rate 𝜃  Intermediate share of gross output 𝜔 Factor income distribution shares 

Exogenous parameters (Latin characters)  

 Intermediate input coefficients  World import price 

 Current account balance  Total factor supply 

 Domestic transaction cost coefficients  Base government consumption quantity 

 Export transaction cost coefficients  Base investment demand quantity 

 Capital price index weights  Factor foreign remittance rate 

 Import transaction cost coefficients ℎ Marginal propensity to save 

 Consumer price index  Factor direct tax rate 

 Consumer price index weights ℎ Personal direct tax rate 

 Government consumption adjustment 
factor 

 Import tariff rate ℎ Per capita transfer from government  Sales tax rate 

 Household population ℎ Net transfer from rest of world 

 World export price   

Endogenous variables  𝐴  Average capital rental rate  Government consumption quantity 

 Fiscal surplus (deficit)  Household consumption quantity 𝐴 Investment demand adjustment factor  Investment demand quantity 𝐴 Activity output price  New capital stock quantity 

 Domestic supply price with margin  Import quantity 

 Export price  Aggregate intermediate input quantity 

 Import price  Composite supply quantity 

 Aggregate intermediate input price  Transaction cost demand quantity 

 Composite supply price  Composite value-added quantity 

 Domestic supply price without margin  Sector distortion in factor return 

 Composite value-added price  Economy-wide factor return 𝐴 Activity output quantity  Total factor income 

 Domestic supply quantity  Total government revenues 

 Export quantity  Total household income 

 Factor demand quantity  Exchange rate  
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Table 3.A2: Model equations 
Prices   = ∙ + ∙ + ∑ ′ ∙ ′′  1 = ∙ − ∑ ′ ∙ ′′  2 = + ∑ ′ ∙ ′′  3 ∙ − ∙ = ∙ + ∙  4 ∙ = ∙ + ∙  5 = ∑ ′ ∙ ′′  6 𝐴 ∙ 𝐴 = ∙ + ∙  7 = ∑ ∙  8 

Production and trade   = ∙ ∑ ∙ −𝜌𝑐 −1 𝜌𝑐⁄
 9 ∙ = ∙ ∙ ∑ ′ ∙ ′−𝜌𝑐 −1 ∙ ∙ −𝜌𝑐 −1′  10 = 𝜃 ∙ 𝐴  11 = 𝜃 ∙ 𝐴  12 

𝐴 = ∙ ∙ 𝜌𝑐𝑡 + − ∙ 𝜌𝑐𝑡 1 𝜌𝑐𝑡⁄
 13 

= ∙ − 1 (𝜌𝑐𝑡−1)⁄
 14 

= ∙ ∙ −𝜌𝑐 + ( − ) ∙ −𝜌𝑐 −1 𝜌𝑐𝑡⁄
 16 

= ∙ ( − ) 1 (1+𝜌𝑐𝑡)⁄
 17 

= ∑ ′ ∙ ′ + ′ ∙ ′ + ′ ∙ ′′  18 

Incomes and expenditures  = ∑ ∙ ∙  19 

ℎ = ∑ 𝜔ℎ ∙ ( − ) ∙ ( − ) ∙ + ℎℎ ∙ ℎ ∙ + ℎℎ ∙  20 ∙ ℎ = ∙ ℎ + ℎ ∙ − ℎℎ ∙ − ℎℎ ∙ ℎ − ∑ ′ ∙ ′ℎ′  21 = 𝐴 ∙  22  
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Table 3.A2 continued: Model equations 
Incomes and expenditures continued  = ∙  23 = ∑ ℎℎ ∙ ℎℎ + ∑ ∙ + ∑ ∙ ∙ ∙ + ∙ ∙  24 

Equilibrium conditions  = ∑  25 = ∑ ′ ∙ ′′ + ∑ ℎℎ + + +  26 ∑ ∙ + ∑ ( − ) ∙ ∙ ∙ −1 = ∑ ∙ + ∑ ℎℎℎ +  27 = ∑ ∙ + ∑ ℎℎ ∙ ℎ ∙ℎ +  28 ∑ ℎℎ ∙ − ℎℎ ∙ ℎℎ + + ∙ = ∑ ∙  29 

Capital accumulation  and allocation   𝐴 =  30 ∙ (∑ ′ ∙ ′′ ) = ∙ ∙𝐴 ∙ (∑ ′ ∙ ′′ ) 31 

+1 = ∙ − +  32 

Land and labor supply, technical change, population growth, and other dynamic updates  

+1 = ∙ ( + ) 33 

+1 = ∙ + 𝜎  34 

ℎ +1 = ℎ ∙ + ℎ  35 

+1 = ∙ +  36 

+1 = ∙ +  37    



95 

4.  EVALUATING IRRIGATION INVESTMENTS IN MALAWI: 

ECONOMY-WIDE IMPACTS UNDER UNCERTAINTY 

 

Franziska Schuenemann, James Thurlow, Stefan Meyer, Richard Robertson and  

Joao Rodrigues 
The article in this chapter was accepted for publication in Agricultural Economics on August 

10th, 2017. It was originally submitted on October 24th, 2016 and re-submitted for review on 

May 18th, 2017.    
ABSTRACT 

Irrigation expansion is critical to increase crop yields and mitigate effects from climate 

change in Sub-Saharan Africa, but the low profitability has led to little irrigation investments 

in the region so far. Using an integrated modeling framework, we simultaneously evaluate the 

returns to irrigation arising from both economic and biophysical impact channels to 

understand what determines the profitability of irrigation in Malawi. Our results confirm that 

the returns to irrigation cannot cover the costs in Malawi. While labor-intensive irrigation 

expansion leads to unfavorable structural change in the short-run, the profitability hinges on 

low irrigated yields that fall far from expectations due to insufficient input use and crop 

management techniques. On the other hand, we find that the non-monetary benefits of 

irrigation regarding higher food security, lower poverty, and reduced vulnerability to climate 

change make investments in irrigation worthwhile to improve the livelihoods of smallholders. 
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4.1  INTRODUCTION 

There is still very little irrigation use in Sub-Saharan Africa, despite a large potential in terms 

of existing water resources in the region (You et al., 2011). While farm-level impact 

evaluations report higher food security and reductions in rural poverty through irrigation use 

(e.g. Dillon, 2011; Burney and Naylor, 2012), returns to irrigation are often too low to cover 

the costs of infrastructure investment, labor and maintenance (Inocencio et al., 2007). Yields 

of irrigated crops stay far behind their potential and labor-intensive irrigation techniques put 

pressure on already labor-constrained farmers (FAO, 2006; IWMI, 2007; Woodhouse, 2009). 

As irrigation is one of the most important means to increase crop yields and alleviate negative 

effects from climate change19 (Rosenzweig and Parry, 1994; Nelson et al., 2009), our study 

seeks to understand what determines the profitability of irrigation in Sub-Saharan Africa 

(SSA) by holistically evaluating the various returns to irrigation arising from both economic 

and biophysical impact channels.   

Benefits and costs of irrigation accrue both directly at the farm level and indirectly 

through multiplier effects on the rest of the economy (Hussain & Hanjra, 2004). Higher 

productivity, output, and factor requirements of irrigated agriculture affect other sectors 

through product and factor markets. Other indirect and rather non-monetary effects include 

reductions in risk from climate variability for both the individual farmer and the economy as 

whole (Svendsen et al., 2009). The effectiveness of irrigation is as much dependent on 

economic factor endowments of land and labor as on agro-ecological conditions and crop 

management techniques especially in terms of input use. When soils are depleted from 

nutrients as in many African countries, crops cannot use water efficiently, making fertilizer 

indispensable (Drechsel et al., 2015). So far, analyses of irrigation in SSA that include both 

direct and indirect effects are scarce. Only one farm-level impact evaluation of irrigating 

households examines the risk reduction potential of irrigation vis-à-vis extreme weather 

events (Dillon, 2011). Previous partial or general equilibrium models that include irrigation 

and capture multiplier effects on the rest of the economy have mainly looked at issues of 

water markets and pricing (see Dudu and Chumi (2008) for a review). Calzadilla et al. (2013) 

are the first to measure the impact of increased irrigation under climate change in a global 

general equilibrium setting for SSA, but do not consider constraints of individual countries.  

Our study makes several contributions to the literature on irrigation investments in 

SSA: Firstly, we develop a computable general equilibrium (CGE) model of Malawi extended                          
19 While irrigation plays an essential role for climate change adaptation, climate change can also significantly 
reduce the water available for irrigation (Elliott et al., 2014). 



97 

with irrigated agriculture to assess both direct and indirect economy-wide impacts of 

irrigation expansion and changes in cropping intensity on monetary returns, food security and 

poverty. Secondly, we explicitly analyze the role of labor endowments for the effectiveness of 

irrigation. While the technology adoption literature cites labor shortages as a typical reason 

for low adoption rates (e.g. Feder et al., 1985), labor has been mostly neglected in studies on 

irrigation in SSA despite the fact that labor-intensive irrigation has large economy-wide 

consequences. Thirdly, we link the CGE model to a process-based crop model to capture the 

impact of agro-ecological conditions and crop management techniques on irrigated yields. In 

particular, we analyze the importance of the interaction between irrigation and fertilizer 

application for increasing crop yields. Finally, we conduct a stochastic uncertainty analysis to 

assess the potential of irrigation for reducing risk and vulnerability from climate change. To 

the best of our knowledge, we are the first study to simultaneously capture both monetary and 

non-monetary returns to irrigation from both economic and biophysical linkages, which will 

allow us to identify the bottlenecks arising in the various impact channels.   

We choose Malawi as a case study country where the government recently launched a 

major irrigation investment plan to increase agricultural land under irrigation from 2.5% to 

10% (SMEC, 2015). Such a large investment is likely to increase agricultural productivity 

substantially and could add to the already achieved productivity gains under Malawi’s 

fertilizer input subsidy program (FISP) (Arndt et al., 2016). Irrigation expansion could also 

decrease Malawi’s vulnerability to extreme weather shocks in the form of droughts and floods 

that hurt agriculture and exacerbate poverty and food security (Pauw et al. 2011). Conversely, 

an increase in labor-intensive irrigation might negatively affect the Malawian economy, 

which suffers from labor shortages especially in the summer season (Wodon & Beegle, 2006). 

The following section gives an overview on agriculture and irrigation in Malawi. Section 3 

describes our methodology for evaluating irrigation investments based on the different impact 

channels. Section 4 discusses our simulation results, while Section 5 concludes. 

 

4.2  AGRICULTURE AND IRRIGATION IN MALAWI 

Malawi is a small landlocked country in Sub-Saharan Africa that is dominated by agriculture 

with an employment share of 80% and contributing a third to GDP. Despite economic growth 

averaging around 5% per annum for the past 10 years, Malawi remains one of the poorest 

countries in the world with a GDP per capita of 471 USD in 2010 and about half of the 

population still living below the national poverty line (World Bank, 2017, Pauw et al., 2014). 
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This is because its population of around 15 million people in 2010 is one of the fastest 

growing in Sub-Saharan Africa with a stable growth rate of about 3% per annum, quickly 

eating up any gain in total GDP. More than 90% of Malawian farmers are smallholders 

growing mainly food crops for subsistence consumption (NSO, 2012). The staple food maize 

amounts to almost 50% of food crop production. Fertilizer input subsidies provided by the 

government have led to some productivity increases for maize, but many households remain 

food insecure due to small farm sizes and frequent droughts and floods (Pauw et al. 2011). As 

Malawi is located in the tropics most of its average annual 1000 mm precipitation is coming 

down in the rainy season ranging from November to April with almost no rainfall in the dry 

season from May to October.  

Agricultural land amounts to 60% of Malawi’s 9.4 million hectare land area. Crops 

make up most of Malawi’s agricultural sector and account for 60% of agricultural GDP and 

around 70% of agricultural land. Table 4.1 gives an overview of crop production technologies 

in Malawi and their respective production and land shares. The subsistence orientation of the 

sector is evident with food crops showing a share of 82% of crop GDP. Overall, food crops 

are more labor intensive than export crops. Rice, fruits and vegetables are the most labor 

intensive crops and bring a relatively low value-added per worker, but a high value-added per 

hectare of land. Export crops on the other hand exhibit a higher value-added per worker and 

similar value-added per hectare compared to food crops, making them an important driver of 

growth. 
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Table 4.1: Agriculture in Malawi  
Production Labor Value-added or GDP per unit of input Irrigation share 

Area 
(1000mt) 

Yield 
(mt/ha) 

Intensity 
(people/ha) 

Land  
(per ha) 

Labor  
(per person) 

Share of crop 
GDP 

of land of GDP 

Food crops 3,206.6 
 

0.83 510.5 824.4 0.82 
  

Maize 1,696.0 2.02 0.30 350.5 1,153.5 0.47 0.001 0.002 
Sorghum  143.0 0.59 0.18 68.5 382.5 0.01 - - 
Rice 59.0 1.86 1.07 1,030.2 959.0 0.05 0.114 0.145 
Root crops 422.0 4.93 0.23 271.4 1,177.4 0.09 - - 
Pulses 705.0 0.71 0.12 143.4 1,188.0 0.08 0.001 0.001 
Vegetables 78.9 4.60 2.9 1,216.8 416.0 0.08 1.0 1.0 
Fruit 102.7 10.34 1.00 493.1 494.7 0.04 - - 

Export crops 916.8  0.29 348.2 1,222.2 0.18   
Groundnuts 313.0 0.93 0.09 107.8 1,172.7 0.03 0.001 0.001 
Oilseeds 331.0 0.92 0.08 116.5 1,515.1 0.03 0.001 0.001 
Tobacco 200.7 1.04 0.41 575.8 1,403.8 0.09 - - 
Cotton 47.0 0.62 0.15 132.2 899.4 0.00 - - 
Sugar 25.2 108.00 0.72 809.0 1,119.8 0.02 1.0 1.0 

Other crops 85.2 2.82 0.20 218.3 1,111.1 0.01 0.610 0.620 

Source: Own estimates using production data from FAOSTAT; irrigated yield estimates from DSSAT; employment data from IHS3 (NSO, 2012);  

value-added data from the 2010 social accounting matrix (Pauw et al., 2015) and measured in 2010 US Dollar (2010 exchange rate 150 MKW/$);  

data on shares of irrigated crop land from AQUASTAT. 
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Table 4.1 also shows that only a small share of crops is irrigated, even though Malawi 

has large water resources, with lakes and rivers covering around one fifth of the country. The 

majority of crops are rainfed and grown during the rainy season in summer, while neighboring 

countries like Zambia successfully grow irrigated crops during the winter season. Malawi not 

only misses out on a second season, but the low irrigation intensity means that farmers realize 

yields much lower than potential yields due to erratic rainfall. The share of land under 

irrigation currently amounts to 2.5% of cropland with about 100 thousand ha irrigated in 2014 

(SMEC, 2015). Irrigation is evenly divided between large-scale estates using mainly formal 

irrigation systems and smallholders with informal systems, irrigating 48,000 ha and 56,000 

hectares respectively. More than 70% of estate irrigation schemes consist of large center pivot 

technology and sprinkler systems on sugar estates. Informal smallholder irrigation of food 

crops is predominantly characterized by gravity irrigation (56%) and treadles pumps (29%) 

and water is usually applied by canals and watering cans (SMEC, 2015). Regardless of the 

technology, water for irrigation comes from a limited number of sources. These include 

diversions along rivers and water stored in dams, while most informal irrigation water comes 

from dambos, which are waterlogged depressions containing seepage (SMEC, 2015). 

Pumping water from lakes is in principal possible, but would require additional power 

exceeding Malawi’s current electricity production capacity. Since electricity in Malawi is 

produced from a small number of hydropower turbines, Malawi’s irrigation potential is 

dependent on the competing uses of water.  

Irrigation Master Plan  

The recently launched irrigation master plan (IMP) for Malawi explicitly considers 

competing water uses in and determines an irrigation potential for Malawi of 400 thousand ha 

irrigated land of which one fourth is already under irrigation. This was calculated through a 

comprehensive feasibility analysis that first assessed the biophysical irrigation potential for 

Malawi considering geography, topography (slope), soil suitability and existing land use 

(SMEC, 2015). A hydrological feasibility study identified areas with adequate water 

availability throughout the country, defined as the 80% reliable stream flows after subtracting 

environmental flow rates and human water needs. The hydrological potential was then 

matched to the physical criteria as well as water requirements of regional cropping patterns to 

calculate the potential irrigated area of 400 thousand ha. The subsequent technical feasibility 

assessment identified irrigation schemes that are either fed through dam storage or dambos, 
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since most possible river diversions are already developed and lake pumping is not yet 

feasible. Dams are only technically feasible in areas with highland storage potential and 

lowland agriculture. Schemes sizes range from more than 26,000 ha to only 100 ha depending 

on water availability and topography. A proposed dam in the Makoko region for example will 

feed 486 ha and requires a storage reservoir of 5,972,664 m3 (SMEC, 2015). 

The plan recommends low cost irrigation technologies using gravity and treadle 

pumps to convey the water from the sources and watering cans for application to the field, 

which is very labor intensive. There is no preference for a certain crop, but both food crops 

for increased food security and high value exports crops for GDP growth are targeted, 

produced by both smallholders and large-scale estates wherever suitable. Estimations for 

investment costs amount to 2,146 million US$ for initial infrastructure and 278 million US$ 

annual recurrent costs for developing the first 116 thousand hectares in the next 20 years 

(SMEC, 2015). Implementing the whole 300 thousand hectares of missing irrigation potential 

could therefore cost more than 5500 million US$ and take another 20 years. These costs 

appear prohibitively high for the Malawian economy with a GDP around 6 billion US$ in 

2010. On the other hand, Malawi received about one billion US$ annual Official 

Development Assistance in the last 10 years (World Bank, 2017), suggesting that irrigation 

investment costs could be paid for by donors. In fact, the plan envisages that 72% of costs are 

borne by development and (foreign) private partners, 9% by the Malawian government and 

the rest by farmers themselves, although it is unlikely that Malawian smallholders can 

contribute more labor and maintenance costs (SMEC, 2015). Moreover, some of the proposed 

dams could be used for hydropower production and contribute to the financial feasibility of 

the irrigation schemes, although the additional costs for hydropower equipment and 

maintenance are not considered in the IMP.  

Even though the high investment cost could be paid for by donors, returns to irrigation 

in Malawi could stay far behind expectations as was the case in several other Sub-Saharan 

African countries (Inocencio et al., 2007). We therefore make use of the irrigation potential 

analysis conducted in the IMP and simulate what the development of irrigation infrastructure 

will mean for growth, poverty and food security using an integrated modeling framework as 

explained in the next section. 
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4.3  MODELING APPROACH  
Crop models 

Irrigation changes the conditions under which crops are grown and affects the dynamic 

processes surrounding crop growth above and below ground. To capture these agronomic 

effects we use the Decision Support Software for Agrotechnology Transfer (DSSAT) 

cropping system model (Jones et al., 2003). The model suite simulates the growth cycle of 

crops including changes in soil water and nutrients under specific management practices 

concerning planting and harvesting, irrigation and fertilizer. Daily weather information is 

integrated with information from a soil module to compute crop yields. Data on daily weather 

for Malawi from 1951- 2009 is provided at 0.5 degree resolution and generic soil data from 

the Harmonized World Soil Database at a finer resolution of 5 arc-minute grids. To aggregate 

yield results from grid to national level, the results for each pixel are weighted according to 

where crops are effectively grown and their geographic performance using weights from the 

Spatial Production Allocation Model (SPAM) (You et al. 2011). 

We apply the DSSAT model to Malawi and simulate historic yield distributions for 48 years 

for maize, pulses, groundnuts, oilseeds and vegetables under three different management 

regimes: crops can be grown either in the rainy summer or in the dry winter season. Planting 

in the summer season is fixed to take place in November and in April for the winter season, 

specific sowing dates are computed within the model when soil moisture and temperature are 

optimal following predetermined rules (Müller & Robertson, 2014). Secondly, crops are 

either rainfed or irrigated with different intensity. Irrigation systems in the crop model are 

automatic and set up in a way that once soil moisture falls below a critical level, crops get 

irrigated with either 0.5 or 1 mm of water. Thirdly, to capture the common utilization of 

fertilizer in Malawi we vary the application rate of fertilizer, applying either no or 100 kg of 

nitrogen per hectare. The latter corresponds to the amount of fertilizer Malawian farmers 

receive under the fertilizer input subsidy program (Arndt et al., 2016). 
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Table 4.2: Estimated means and standard deviations by crop model crop  

Mean yield (ton per hectare) 

Without fertilizer With fertilizer 

Irrigation amount 
(mm) 

0 0.5 1 0 0.5 1 

Maize 0.85 0.99 1.09 3.33 4.09 4.73 

Pulses 1.14 1.32 1.60 1.26 1.42 1.65 

Groundnuts 2.66 2.90 3.19 2.68 2.92 3.22 

Oilseeds  5.42 5.58 5.75 5.61 5.73 5.85 

Vegetables 0.80 0.84 0.87 2.55 2.68 2.76 

Standard deviation of yields (ton per hectare) 

Without fertilizer With fertilizer 

Irrigation amount 
(mm) 

0 0.5 1 0 0.5 1 

Maize 0.24    0.17    0.11    1.04    0.70    0.35    

Pulses 0.41    0.43    0.41    0.39    0.40    0.38    

Groundnuts 0.42    0.38    0.31    0.41    0.36    0.28    

Oilseeds  0.57    0.48    0.37    0.55    0.47    0.36    

Vegetables 0.11    0.10    0.08    0.31    0.32    0.33    

Source: Own estimates from crop model simulations using DSSAT.  

 

Table 4.2 reports yield means and standard deviations from the 48 years of crop 

simulation under the different management options. Without fertilizer, irrigation leads to 

higher mean yields across all crops, although some crops are clearly more drought resistant 

than others. Especially oilseeds do not show any substantial yield increases. Standard 

deviations from the mean are greatly reduced the more irrigation water is applied. The effect 

of fertilizer on pulses, groundnuts and oilseeds is small since these crops are themselves 

nitrogen fixing. Yet, for both maize and vegetables, fertilizer is the main driver of yields and 

reinforces the irrigation effect once more. The simple comparison of yields already indicates 

that management techniques can be crucial for the success of irrigation. Importantly, every 

seasonal simulation in the crop model is independent from the other. If crops are grown in the 

summer and winter seasons on the same soils, soil quality could be deteriorating if not enough 

fertilizer is applied to replace nutrients. Our results might thus be a bit optimistic, but 

emphasize the importance of input management and agro-ecological conditions. For the 

simulations of irrigation expansion, we incorporate the crop model results into an economy-

wide model of Malawi.  
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Economy-wide model 

CGE models are ideal to measure the economy-wide implications and impact channels of 

large-scale development policies, since they capture both microeconomic impacts as well as 

subsequent multiplier effects working through market interactions and sectoral linkages. Our 

comparative-static CGE model for Malawi follows Lofgren et al. (2002) and simulates the 

functioning of the Malawian economy using behavioral and structural equations that govern 

the decision-making of economic agents and maintain macroeconomic consistency and 

resource constraints. Households maximize their utility and producers maximize their profits, 

both groups interact at factor and product markets where prices adjust to ensure equilibrium. 

Production in each sector is determined by constant elasticity of substitution (CES) functions 

that allow substitution between factors based on relative factor price changes. Intermediate 

input use is calculated using fixed input-output coefficients in Leontief functions. 

Commodities can be traded with the rest of the world, with domestic, export and import 

quantities determined by relative prices (including relevant taxes and transaction costs). 

Imperfect substitution between imports and domestic goods is governed by a CES function, 

whereas the quantity of goods exported is based on a constant elasticity of transformation 

function. World prices are fixed under a small country assumption.  

The model’s parameters are assigned values derived from a 2010 social accounting 

matrix (SAM) (see Pauw et al., 2015). The model contains 51 representative producers or 

production sectors, 26 of which are crops subdivided between irrigated and rainfed 

production. The different production sectors compete for production factors land, labor, and 

capital as well as intermediate inputs. The model distinguishes between three types of labor 

based on three education levels. Land is disaggregated between rainfed and irrigated 

agriculture. As Malawi is highly land and labor constrained especially at the height of the 

rainy season, production factors in our model are initially fully employed and mobile between 

sectors. Demand and supply of factors is balanced through the adjustment of factor prices 

(economy-wide wages and rents). 

Production factors are owned by households who get paid wages, rents and profits, 

which in turn are used to pay for consumption, taxes and savings. To measure the 

distributional effects of irrigation expansion, the model contains 20 representative households 

disaggregated by location (rural/urban), farm/nonfarm and income quintile. These households 

consume according to a linear expenditure system (LES) of demand. Income elasticities are 

estimated based on Malawi’s 2010/11 Integrated Household Survey (IHS3) (NSO, 2012). The 
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impact of irrigation expansion on poverty is evaluated with a top-down micro-simulation 

module in which the representative households from the CGE model are mapped to the 

households from the survey (see Arndt et al., 2012). The module applies consumption 

changes from the CGE model proportionately to survey households and recalculates each 

household’s consumption levels. The poverty status is determined by comparing the 

calculated consumption levels to the official poverty line.  

To ensure macroeconomic consistency the model is governed by “closure rules”. The 

government acts as a third type of economic agent and earns tax revenues based on fixed tax 

rates as well as fixed domestic and foreign transfers. These revenues finance fixed levels of 

recurrent spending, leaving the recurrent deficit or government savings to adjust to maintain 

fiscal balance. The savings-investment balance is maintained through the adjustment of 

households’ marginal propensities to save in order to match fixed real investment. Finally, a 

flexible exchange rate adjusts to balance the external account. The model’s numeraire is the 

domestic price index. 

 

Simulating irrigation expansion 

Crop sectors in the CGE model are disaggregated by irrigated and rainfed production 

according to output and areas for irrigated and rainfed agricultural land. Data on the share of 

irrigated land in total crop land for each crop comes from AQUASTAT. Irrigated output from 

these lands is calculated using the means of irrigated yields from the crop model simulations. 

The technologies of irrigated crops differ from their rainfed counterparts in terms of labor 

requirements and maintenance costs. Irrigated export crops grown on estates are produced 

under the already existing irrigation technologies using large scale sprinkler systems. As 

intended by the IMP, we assume that half of smallholder irrigation is conducted using treadle 

pumps and the other half by gravity irrigation. A weighted average of these two technologies 

shows that they are 1.83 times as labor intensive as rainfed agriculture (SMEC, 2015). Other 

than the irrigation master plan we assume that all irrigation infrastructure investment costs are 

born by development partners, while maintenance has to be financed by farmers themselves.20   

To model the benefits of irrigation arising from non-economic impact channels, we 

link the crop model results top-down to the CGE model. The crop model translates the                          
20 We do not explicitly model foreign direct investment by outside donors but technically assume that irrigation 
infrastructure falls from the sky. This is not perfect but avoids an artificial appreciation of the exchange rate 
through enormous foreign exchange import, which would bias the modeling results especially in our static 
model. 
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historic variation in climate into variations in yield for each crop under each management 

regime. The yield distributions directly correspond to historic climate distributions, so that 

mean yields correspond to a season with average climate. The crop production functions are 

normalized to this historical mean yield to estimate average impacts of irrigation. The yields 

further reflect management techniques in Malawi in terms of fertilizer application rates. 

Currently about half of Malawian maize is fertilized with subsidized fertilizer. Therefore 

current irrigated maize yields at 2.8 metric tons per hectare are only 40% higher than rainfed 

yields and much lower than the potential 4.8 tons per hectare using recommended fertilizer 

rates. 

To measure irrigation benefits due to lower risks of climate change impacts we 

randomly draw climate events from the historical yield distribution and impose them on the 

CGE model. Following Rodrigues et al. (2016) we convert the distribution of climate affected 

crop yields ∈ ℝ𝐧𝐲×𝐧𝐜𝐫, with ny and ncr representing the number of years and crops under 

each management system, into a continuous random variable 𝒚. Since yields of different 

crops and management types are likely correlated under the same climate, we identify a vector 

of expected values for each column of 𝐲 and a covariance matrix that define a multivariate 

distribution of climate events. The random climate realizations are then drawn from this new 

distribution and translated into yield deviations from the mean. These yield deviations 

represent the climate realizations within the CGE model and are imposed on the production 

functions as a change in crop-level total factor productivity (TFP).21   

Simulations 

We simulate four sets of scenarios to accommodate the different impact channels of irrigation 

and compare the results to a baseline without any new irrigation development. The first 

scenario measures the general economy-wide effects of irrigation. As potential irrigation areas 

identified are exclusively on cultivated land (SMEC, 2015), we increase the land available for 

irrigation and likewise reduce the land available for rainfed agriculture by 300 thousand ha. 

Irrigated and rainfed crops do not compete with each other for land, but only for labor, capital 

and intermediate inputs.  

The second set of scenarios simulates an increase in cropping intensity by opening up 

a second season in winter. Theoretically the land equipped for irrigation can be irrigated all 

year round, so we run a scenario in which we increase the amount of irrigated land by an                          
21 Since not all of the crops included in the CGE model are simulated in the crop model, we estimate historic 
yields of the missing crops dependent on maize yields as explained in Rodrigues et al. (2016). 
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additional 300 thousand ha. Since we add new land that was not previously cultivated, there is 

no need to decrease the amount of rainfed land. We treat the winter and summer season as 

identical and do not account for potential differences in yield. Under optimal irrigation, yields 

in both seasons should not be too different from each other but we acknowledge this 

limitation by running another scenario where we add only 100 thousand ha of new land. This 

scenario might be more realistic since soil quality could worsen if crops are planted all year 

round.   

In the three scenarios above, we assume that labor is fully employed, as Malawi faces 

serious labor constraints in the rainy season (Alwang and Siegel, 1999). Apart from generally 

low capital availability in agriculture, recent studies on agricultural innovation adoption 

emphasize that labor scarcity is one of the most important reasons why productivity 

enhancing technologies such as irrigation are not taken up in Sub-Sahara Africa (Woodhouse, 

2009; Nin-Pratt et al., 2011). In our simulations, we force farmers to take up the new 

technology as we take away land from rainfed production. In the short run, an expansion of 

labor-intensive irrigated agriculture relative to the lower labor requirements of rainfed 

production may evoke high adjustment costs in terms of structural change. In the long run, a 

temporary shortage of labor is smoothed out, as the expansion of irrigation is unlikely to 

happen within a single year. The IMP considers an increase in irrigation to 220 thousand ha 

within 20 years, whereas in our policy simulations irrigation expands to its maximum 

potential of 404 thousand hectares. The simulations in our comparative-static model therefore 

reflect policy impacts after a period of 20 to 30 years. Labor shortages are unlikely to be a 

problem as Malawi’s population is forecasted to grow by 3 percent per annum in the near 

future (Dorosh et al., forthcoming). Moreover, Malawi’s labor shortages are of a seasonal 

nature. Smallholder farmers in the rainy season are very labor constrained due to on-farm 

labor demands and off-farm labor opportunities, whereas there is often unemployment in the 

dry season (Wodon and Beegle, 2006). Therefore, the assumption of fully employed labor 

might not be realistic in the long-run and we repeat the three simulations modeling partial 

unemployment. This is implemented in the labor market equation by fixing the economy-wide 

wage rate for low-skilled workers and making the supply of low-skilled labor endogenous.22 

We still maintain full employment for medium and higher skilled labor, reflecting that these 

labor groups are less affected by seasonality, and thus capture potential effects of irrigation 

expansion on structural change.                           
22 Another way of reflecting seasonality would be to run a seasonal CGE model that is disaggregated for the two 
seasons. Dixon et al. (2010) for example employ a quarterly CGE model of US economy to simulate the effects 
of the H1N1 epidemic 
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The previous scenarios assess irrigation impacts in an average weather year, but 

sizeable benefits of irrigation arise from the reduction in risk arising from erratic weather. We 

repeat the three simulations under uncertainty following the two-step approach used by 

Rodrigues et al. (2016). We first run the model using the crop production functions based on 

mean yields. Producers in our model are risk-neutral and take the decision how to allocate 

their production factors and intermediate inputs assuming average weather and average yields. 

These resource allocations are fixed and we draw a random weather event from the 

multivariate distribution of climate events. The deviations from the mean yield evoked by the 

respective weather are then imposed on the production functions for each crop as a TFP shock 

and we run the model a second time. The model establishes a new equilibrium by reallocating 

mobile factors and commodities, which can only be done in the non-farm sectors. By 

repeating the stochastic simulations 300 times we produce the value distribution of different 

outcome variables. We also rerun the baseline without irrigation for each random weather 

draw to establish the correct counterfactual.  

 

4.4.  SIMULATION RESULTS 

To measure the impact of irrigation on the Malawian economy, we compare the simulation 

results to a counterfactual baseline scenario without any irrigation expansion that maintains 

the status quo. The first column in Table 4.3 shows the initial and baseline structure of the 

Malawian economy in the year 2010.   

 

Irrigating summer crops 

The second column of Table 4.3 shows the impacts of increasing irrigation by 300 thousand 

hectares in the summer season on GDP, prices, and cropland allocation. As agricultural land 

under irrigation is expanded, land planted with rainfed crops is redistributed to irrigated crops. 

The overall composition of cropland changes as irrigated land planted with export crops 

displaces some of the former rainfed land used for food production, although the new irrigated 

land is relatively evenly distributed between food and cash crops. As a consequence GDP 

from export crop production expands relative to the baseline, while food crop production 

slightly decreases by 0.1%. Most of the negative effect on agricultural GDP stems from non-

crop agricultural activities (livestock, forestry and fishery), from which workers migrate due 

to high labor demand in the irrigated crop production sectors. As irrigation expands, it not 

only draws in land and labor from other sectors but also increases demand for maintenance, 
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leading to growth in the services sectors. Other non-agricultural sectors contract as workers 

migrate into services. Overall impacts on GDP are very small but negative for several reasons. 

Although irrigated crops have a higher GDP per hectare of land, they have a lower GDP per 

worker than rainfed crops. Therefore, the overall increase in value-added remains small, as 

rainfed lands are replaced by irrigated lands. Moreover, the high labor requirements of 

irrigated agriculture lead to a drain of labor from other productive sectors that contribute to 

GDP. Thus even though irrigation directly increases crop yields, the structural change 

happening within agriculture and the non-agricultural sectors has effectively a dampening 

impact on economic growth. While the production of irrigated high value export crops such as 

sugarcane and tea increases, production of non-irrigated traditional exports crops such as 

tobacco decreases. Together with lower industrial exports, this leads to lower total exports 

compared to the baseline and thus a very small depreciation of the exchange rate. The 

decrease in food prices does not necessarily lead to improved food security as only prices of 

irrigated cash crops (vegetables and rice) decrease. All other food and non-food prices 

increase due to lower food and industrial output. 

Impacts on labor and household welfare are reported in the second column of Table 

4.4. Although irrigated agriculture is more labor-intensive than rainfed agriculture, the labor 

share of agriculture does not change as irrigated export crops need less labor on average than 

the rainfed food crops they displace. The increase in labor demand from the irrigated and 

services sectors leads to rising wages, which do not translate into higher household welfare. 

Both farm and non-farm households suffer from higher non-food and food prices for staples 

as well lower returns to agricultural capital. As irrigation infrastructure is financed by donors, 

irrigated agriculture is less capital intensive than rainfed production. An exchange from 

rainfed to irrigated land therefore reduces demand for capital leading to lower rents. Farm 

households experience additional income reductions due to higher labor requirements of 

irrigated agriculture relative to rainfed. Farm households either have to hire additional labor 

or have to work longer hours on their fields, which reduces their time for off-farm 

employment. These reductions in income translate into increases in poverty that are larger for 

farm than for non-farm households. 
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Table 4.3: Production and price impacts  

 

Initial share 
or value, 

2010 

Deviation from baseline value (%) 

 
Irrigation scenarios with labor constraints Irrigation scenarios with unemployment 

 Summer 300 
thousand ha 

Winter 300 
thousand ha 

Winter 100 
thousand ha 

Summer 300 
thousand ha 

Winter 300 
thousand ha 

Winter 100 
thousand ha 

        
Total GDP 100.00 -0.1 0.8 0.2 1.1 3.8 2.0 

   Agriculture 0.32 -0.2 1.7 0.4 1.1 4.8 2.4 

      Food crops 0.17 -0.1 2.1 0.7 1.2 5.3 2.6 

      Export crops 0.03 0.4 7.2 2.7 1.2 8.9 3.8 

      Other ag 0.13 -0.5 -0.2 -0.4 0.9 3.3 1.7 

   Non-agriculture 0.68 -0.1 0.4 0.1 1.1 3.2 1.8 

      Industry 0.16 -0.5 -1.0 -0.7 0.6 1.7 1.0 

         Food processing 0.06 -0.7 -0.9 -0.7 1.5 4.4 2.5 

      Services 0.51 0.1 0.8 0.3 1.3 3.7 2.1 

        

Change in price indices        

Real exchange rate 1.00 0.45 0.97 0.64 0.38 0.83 0.55 

Real food prices 1.00 -0.41 -1.05 -0.64 -0.39 -1.00 -0.60 

        

        

Total crop land (1000ha) 4,209 4,209 4,509 4,309 4,209 4,509 4,309 

   Food crops 3,520 -1.27 3.23 0.25 -0.39 5.64 1.62 

   Export crops 689 6.46 27.05 27.05 1.98 14.74 6.24 

        
        
Source: Results from the Malawi CGE model.
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Table 4.4: Labor and household impacts  

 Initial value 
or share, 

2010 

Deviation from baseline value (%) 

 
Irrigation scenarios with labor constraints Irrigation scenarios with unemployment 

 Summer 300 
thousand ha 

Winter 300 
thousand ha 

Winter 100 
thousand ha 

Summer 300 
thousand ha 

Winter 300 
thousand ha 

Winter 100 
thousand ha 

        
Agriculture labor share (%) 63.8 0.0 -0.7 -0.3 0.1 -0.5 -0.1 

        
Real wage 3,696 0.7 1.9 1.2 0.4 1.1 0.6 

        
Household welfare 426 -0.3 0.6 0.0 1.1 3.9 2.1 

   Farm households 330 -0.4 0.6 0.0 1.2 4.3 2.2 

   Non-farm households 1,018 -0.1 0.5 0.1 1.0 3.2 1.8 

        
Poverty headcount rate 51.0 0.6 -0.9 0.1 -1.4 -5.3 -2.6 

   Farm households 48.1 0.6 -0.9 0.1 -1.3 -5.2 -2.5 

   Non-farm households 2.9 0.1 -2.5 -0.1 -3.4 -7.3 -4.3 

        
Source: Results from the Malawi CGE and microsimulation models. 
Notes: The initial value of real wage is average per capita real wage in US$. Welfare is measured using real consumption expenditure, the initial value is average per capita US$ 
expenditure. Poverty headcount rate is the share of the population with per capita expenditures below the national poverty line. 
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The second column in Table 4.5 reports investment returns in terms of GDP and 

absorption gains for the summer irrigation scenario. Absorption encompasses total domestic 

spending for private and public consumption and investment and captures policy impacts on 

national welfare. It gives a good measure on the economy-wide benefits of policies through 

both direct output increases and indirect spillover effects on incomes and will later be used to 

calculate the economy-wide benefit-cost-ratio (EBCR) of irrigation (Arndt et al., 2016). As 

expected, GDP from rainfed crops decreases as land is taken away from rainfed production, 

while irrigated crop GDP is almost three times higher than in the baseline. The impact of 

irrigation expansion on total crop GDP as well as GDP per hectare is negligible. GDP per 

hectare of irrigated lands decreases compared to the baseline, in which the majority of 

irrigated land was planted with high value export crops. When expanding irrigation to 404 

thousand hectares a higher share of irrigated land is used for food crop production that exhibit 

a lower GDP per hectare than export crops. Total absorption falls relative to the baseline 

mainly due to a decrease in private consumption. Simply expanding irrigation in the summer 

season is not a profitable option for Malawi. The returns to irrigated land are not large enough 

to offset losses from reduced rainfed production and higher labor costs for farmers as already 

indicated by other studies (Woodhouse, 2009; Nin-Pratt et al., 2011). In addition, our 

economy-wide analysis shows that the competition for limited production factors leads to 

unfavorable structural change. This means that irrigation expansion does not only directly 

affect farmers, but also the rest of the economy through consumption and production linkages. 
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Table 4.5: Investment returns  

 

Initial value, 
2010 

 

 
Irrigation scenarios with labor constraints Irrigation scenarios with unemployment 

 Summer 300 
thousand ha 

Winter 300 
thousand ha 

Winter 100 
thousand ha 

Summer 300 
thousand ha 

Winter 300 
thousand ha 

Winter 100 
thousand ha 

        
Total absorption (million $) 8,167 8,151 8,201 8,168 8,234    8,404    8,292    

Total GDP (million $) 6,391 6,384 6,442 6,403 6,461    6,631    6,519    

        

Total Crop GDP (1000 $) 1,260 1,260 1,297 1,273 1,275    1,334    1,295    

   Rainfed lands 1,198 1,077 1,039 1,063 1,091    1,069    1,082    

   Irrigated lands 62 183 259 210 184    265    213    

        

Total crop GDP/ha ($) 299 299 288 295 303    296    301    

   Rainfed lands 292 283 273 279 287    281    285    

   Irrigated lands 597 452 367 416 456    376    422    

        
        
Source: Results from the Malawi CGE model. 
Notes: All values are measured in US$.   
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Introducing a winter season 

The situation changes once there is an increase in the supply of one factor. Column 3 of Table 

4.3 reports GDP, price and land allocation effects if irrigation expansion in summer 

simultaneously involves an increase in cropping intensity by opening up a second season in 

winter. Since the amount of available land increases by 300 thousand hectares, competition 

for land is greatly reduced and all crop production sectors exhibit a higher GDP relative to the 

baseline. In this scenario, competition for limited labor determines the winners and loser of 

irrigation expansion. Agricultural GDP is again mainly driven by an increase of high value 

export crop production. Increased production of food crops, especially maize, on irrigated 

lands evokes a decrease in food prices. Higher demand for maintenance leads to higher 

growth in the services sector so that non-agricultural GDP is higher than in the baseline. As 

demand for labor in the agricultural and services sector increases once more, especially the 

industrial sector suffers. Industrial output further decreases due to migration of workers into 

agriculture. Lower industrial exports lead to a larger depreciation of the real exchange rate 

compared to the summer scenario.  

The expansion in output and lower consumer prices translate into benefits for all 

households that are reported in the third column of Table 4.4. The total labor share of 

agriculture actually decreases as more workers migrate from unprofitable rainfed agriculture 

into services. Real wages rise more than in the summer scenario due to a larger increase in 

labor demand. Farm households exhibit higher welfare increases than non-farm households. 

When growing crops in the summer season, the productivity of irrigated cropland doubles 

leading to rising factor incomes for land owners. Higher welfare generates lower poverty. 

Since non-farm households benefit more from lower food prices than food producing farm 

households, poverty decreases are larger for non-farm households. This is because even 

though farm households of all quintiles in Malawi are net buyers of food (NSO, 2012), they 

still produce a large share of their food consumption on their own fields (for which labor costs 

have increased) and only benefit from lower food prices for the marketed share of their 

consumption. In addition, richer farm households in Malawi have a lower subsistence share 

and a larger marketed share of food consumption compared to poorer farm households, so that 

lower food prices bring a higher benefit to richer farm households than to poorer. The result 

that poorer farm households do not benefit much from decreasing food prices due to their 

small marketed consumption share is in line with findings by Aksoy and Isik-Dikmelik (2008) 

that higher food prices do not necessarily hurt poorer farmers as a lot of farm households are 

only marginal net buyers of food. 



115 

 

Rising household incomes translate into higher private consumption that increase total 

absorption reported in the third column of Table 4.5. Once the irrigation infrastructure is used 

in both the summer and winter season, absorption increases by 33 million US$ per year. 

Considering the 287 million US$ annual recurrent costs for 116 thousand hectares, an 

irrigation expansion of 300 thousand hectares would imply about 719 million US$ annual 

costs (ignoring economies of scale) compared to 33 million benefits. Thus even when initial 

investment costs are not considered, the EBCR for irrigation in Malawi is smaller than unity. 

The increases in absorption and crop GDP in this scenario are still higher than in the third and 

more realistic scenario, where winter irrigation increases by only 100 thousand hectares. The 

fourth column in Table 4.4 shows that absorption increases by only 1 million US$. Overall 

this scenario tracks the impacts of the two previous scenarios in showing that, assuming 

average weather, returns to irrigation in Malawi are small. If labor is limited, the high labor 

requirements of irrigation have negative impacts on the rest of economy. 

 

Increasing irrigation with unemployment 

As previously mentioned, labor shortages are unlikely to be a problem for irrigation 

expansion in the long-run. We therefore repeat the simulations from above assuming that 

there is indeed unemployment in Malawi and compare each scenario to the corresponding 

scenario with labor constraints. In these scenarios there is much less competition for labor but 

still for land and other factors and inputs. GDP and price impacts are reported in the final 

three columns of Table 4.3. Once the labor constraint is removed there is an increase of GDP 

in all sectors. Workers do not migrate to the crop and service sectors as Malawi’s factor 

endowments effectively increase. There is a larger allocation of total cropland to food crops 

compared to the full employment scenarios due to increases in food demand following 

increases in income. The latter is also the reason why the decrease in food prices is lower than 

in the full employment scenarios. In the Winter300 scenario food crop production increases 

by more than 5% relative to the baseline. As oilseeds are the export crops with the lowest 

value-added per hectare of land, the increase in food crop land comes almost completely from 

displacement of export oilseeds, which also leads to a depreciation of the exchange rate.  

Households benefit from higher income from land and labor as shown in Table 4.4. As 

the amount of lower-skilled labor increases with demand, there is only an increase in wages 

for higher-skilled workers. The more irrigated land comes under production the higher the 
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benefits. In the Winter300 scenario household welfare increases by almost 4% and poverty is 

reduced by more than 5% relative to the baseline. Again, farm households exhibit higher 

welfare as the owners of irrigated land, while non-farm household benefit more from lower 

food prices. The results show that irrigation increases food security both in terms of 

availability and in terms of access. 

In the Winter300 scenario, total absorption increases by 390 million US$ per year as 

shown in the sixth column of Table 4.5. Compared with the annual recurrent costs of 719 

million US$, this amounts to an EBCR of 0.33. To be complete, we also calculate the net 

present value (NPV) including the 5500 million US$ initial investment costs and using 

discount factors based on the geometric mean of Malawi’s official lending interest rate in the 

previous 10 years. The latter amounts to almost 20 percent so that even considering a period 

of 50 years or more, irrigation investments cannot generate a positive NPV. While the 

assumption that lower-skilled labor simply increases with demand is disputable, our results 

also show that the profitability of irrigation hinges only partly on the availability of labor. The 

largest problem is that increases in yields as estimated by the crop model fall far from 

expectations. Growth in crop output and GDP appear very small compared to the investment 

costs calculated by the IMP.  

 

Accounting for climate uncertainty 

To measure the impact of irrigation under variable weather conditions, we simulate 300 

different weather realizations for the three scenarios and the baseline. Irrigation expansion 

cannot affect the probability of climate events, but it can minimize the risks of climate change 

impacts by reducing the vulnerability vis-a-vis climate change both at the micro and 

economy-wide level23. Since irrigated crops are more resilient in years with lower than 

average rain, the impact of such weather conditions on the economy should be less damaging 

in the irrigated scenarios compared to the baseline. We choose two economy-wide parameters 

to capture this reduction in risk, absorption per hectare and the change in the number of poor 

people relative to an average weather year. Using the distributions of these two parameters 

from the 300 simulations, we compute means, standard deviations and probability density 

functions (PDF) for the three scenarios and the baseline. The reduction in risk of climate 

variability impacts due to irrigation should not only become apparent in lower standard 

deviations compared to the baseline, but mostly through increasing the probability that the                          
23 Risks from climate change in our study are very narrowly defined as random deviations from the average 
weather in Malawi, which are all equally likely, i.e. have the same probability of occurrence.   
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outcome is close to the mean. Figure 4.1 shows the means, standard deviations and PDFs of 

absorption per hectare for the different scenarios. The mean is smaller the higher the total 

amount of hectares of cropland. The Winter300 scenario therefore has the smallest mean as 

the amount of total land is increased by 600 thousand hectares. As shown in Figure 4.1 the 

probability that absorption per hectare is close to the mean is higher the more land is irrigated, 

implying a reduction in risk. Also the more land is irrigated, the lower the standard deviation. 

In terms of total domestic consumption spending which absorption denotes, there is a risk 

reducing effect albeit small as the slight differences in means and standard deviations 

indicate.  

 

Figure 4.1: Probability distribution function of absorption/ha in million MKW 
 

 
Source: Results from the Malawi CGE model. 

 

Figure 4.2 reports the PDFs, means and standard deviations for the change in number 

of poor people relative to an average weather year. Here, the risk reducing effect of irrigation 

is less apparent. The PDFs of the baseline, Summer300 and Winter100 scenarios appear to be 

almost stacked. Only for the Winter300 scenario there is a higher probability of the outcome 

being close to the mean. The Winter300 scenario also exhibits a lower mean and standard 

deviation compared to the other scenarios. Even so, irrigation expansion does not seem to 

greatly reduce the risk of people falling into poverty due to climate variability. Overall, the 

risk reducing effect of irrigation expansion remains small. This is not very surprising as crop 
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model results reveal that irrigated yields in Malawi are on average only 21 percent higher 

compared to rainfed crops. Considering that in the Winter300 scenario 16 percent of total 

cropland is irrigated, the average increase in yields amounts to only 3.3 percent.  

 

Figure 4.2: Probability distribution function of change in number of poor people 
 

 
Source: Results from the Malawi CGE model. 

 

Eventually, our analysis shows that monetary returns to irrigation in Malawi are very small 

and unlikely to cover the high investment and maintenance cost envisage by the IMP. As 

Malawi will continue to suffer from dry spells and climate variability due to climate change 

that threatens already low crop yields, monetary profitability will not be the main unit to 

measure returns to irrigation. Much more important benefits arise from increasing food 

security and decreasing poverty as well as reducing risk and vulnerability to climate change. 

The question for Malawi is thus not so much whether to invest in irrigation infrastructure or 

not, but rather how to keep investment costs low, for example through cheaper small-scale 

irrigation technologies or through multi-purpose dams that can be used for hydropower or to 

increase tourism. 

 

4.5  CONCLUSION 

Irrigation is an important means for increasing crop yields to reduce food insecurity and 

vulnerability to climate change in SSA, but the low profitability has led to little investments in 

irrigation in the region so far. Potential gains of irrigation arise from various impact channels 
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including direct yield increases, indirect multiplier effects and reductions in risk from climate 

variability. Our study closes an important research gap by measuring both direct and indirect 

impacts of irrigation investments to understand what determines the profitability of irrigation 

in SSA. We develop an integrated modeling framework to assess returns to irrigation in 

Malawi from both economic and biosphysical impact channels. Through combining a CGE 

and a crop model we evaluate the impact of labor endowments, agro-ecological conditions 

and crop management techniques for the effectiveness of irrigation. Using stochastic 

simulations we analyze the potential of irrigation to reduce risks of climate change impacts. 

Our results show that the returns to irrigation cannot cover the costs in Malawi as 

calculated by irrigation master plan. Labor-intensive irrigation expansion leads to unfavorable 

structural change that has negative impacts on GDP in the short-run. Even so, the profitability 

of irrigation hinges only partly on labor as the decisive factors are irrigated yields that fall far 

from expectations due to insufficient input use and crop management techniques. Conversely, 

our simulations also show that irrigation will increase the production of food crops and the 

welfare of households, leading to lower poverty and higher food security. The climate risk 

reducing effect of irrigation in Malawi remains small, but positive.  

Malawi will continue to be affected from droughts and climate variability that threaten 

already low crop yields, so that monetary profitability will not be the main unit to measure 

returns to irrigation. The question for Malawi is therefore not so much whether to invest in 

irrigation infrastructure or not, but rather how to implement irrigation expansion successfully. 

Our analysis has shown that biophysical linkages in terms of water-fertilizer interactions play 

an important for raising crop yields so that successful irrigation expansion needs to go in hand 

with improved crop management. 

   



120 

4.6  REFERENCES  
Aksoy, M.A. and Isik-Dikmelik, A., 2008. Are low food prices pro-poor? Net food buyers and 

sellers in low income countries. World Bank, Policy Research Working Paper 4642. 

Alwang, J., Siegel, P.B., 1999. Labor Shortages on Small Landholdings in Malawi: 

Implications for Policy Reforms. World Development, 27(8), 1461-1475. 

Arndt, C., Pauw, K., Thurlow, J., 2012. Biofuels and economic development: A computable 

general equilibrium analysis for Tanzania. Energy Economics, 34(6), 1922–1930.  

Arndt, C., Pauw, K., Thurlow, J., 2016. The Economy-wide Impacts and Risks of Malawi's 

Farm Input Subsidy Program. American Journal of Agricultural Economics, 98(3), 1–19.  

Calzadilla, A., Zhu, T., Rehdanz, K., Tol, R.S.J., Ringler, C., 2013. Economywide impacts of 

climate change on agriculture in Sub-Saharan Africa. Ecological Economics, 93, 150-

165. 

Dillon, A., 2011. The Effect of Irrigation on Poverty Reduction , Asset Accumulation , and 

Informal Insurance : Evidence from Northern Mali. World Development, 39(12), 2165–

2175.  

Dixon, P.B., Lee, B., Muehlenbeck, T., Rimmer, M.T., Rose, A. and Vrikios, G., 2010. 

Effects on the U.S. of an H1N1 Epidemic: Analysis with a Quarterly CGE Model”, 

Journal of Homeland Security and Emergency Management, 7 (1). 

Dorosh, P., Pauw, K., Thurlow, J., forthcoming. The Contribution of Cities and Towns to 

National Growth and Development in Malawi.  

Drechsel, P., Heffer, P., Magen, H., Mikkelsen, R., Wichelns, D. (Eds.) 2015. Managing 

Water and Fertilizer for Sustainable Agricultural Intensification. International Fertilizer 

Industry Association (IFA), International Water Management Institute (IWMI), 

International Plant Nutrition Institute (IPNI), and International Potash Institute (IPI). 

First edition, Paris, France. 

Dudu, H., Chumi, S., 2008. Economics of Irrigation Water Management : A Literature Survey 

with Focus on Partial and General Equilibrium Models. World Bank Policy Research 

Working Paper 4556.  

Elliott, J., Deryng, D., Müller, C., Frieler, K., Konzmann, M., Gerten, D., et al., 2014. 

Constraints and potentials of future irrigation water availability on agricultural 



121 

production under climate change. In: Proceedings of the National Academy of Sciences 

(PNAS), 111 (9), 3239–3244. 

FAO, 2006. Demand for products of irrigated agriculture in sub-Saharan Africa. FAO Water 

Reports, 31, Rome, Italy.   

FAO, 2013. Atlas of Malawi Land Cover and Land Cover Change 1990-2010. Rome, Italy.   

FAO. 2015. FAOSTAT Online Database. Rome, Italy: Food and Agriculture Organization. 

Available at www.faostat3.org – last accessed 30 April 2015.  

Feder, G., Just, R., Zilberman, D., 1985. Adoption of Agricultural Innovations in Developing 

Countries: A Survey. Econ. Devel. Cult. Change, 33 (2), 255-298. 

Hussain, I., Hanjra, M.A., 2004. Irrigation and Poverty Alleviation: Review of the Empirical 

Evidence.  Irrigation and Drainage, 53, 1–15. 

Inocencio, A.; Kikuchi, M.; Tonosaki, M.; Maruyama, A.; Merrey, D.; Sally, H.; de Jong, I. 

2007. Costs and performance of irrigation projects: A comparison of sub-Saharan Africa 

and other developing regions. IWMI Research Report 109, International Water 

Management Institute, Colombo, Sri Lanka.  

IWMI, 2007. Water for Food, Water for Life: A Comprehensive Assessment of Water 

Management in Agriculture. London: Earthscan, and Colombo: International Water 

Management Institute. 

Jones J.W., G. Hoogenboom, C.H. Porter, K.J. Boote, W.D. Batchelor, L.A. Hunt, P.W. 

Wilkens, U. Singh, A.J. Gijsman, and J.T. Ritchie. 2003. The DSSAT cropping system 

model. European Journal of Agronomy, 18(3-4), 235–265. 

Lofgren H., R.L. Harris and S. Robinson. 2002. A Standard Computable General Equilibrium 

(CGE) Model in GAMS. Washington D.C.: IFPRI. 

Müller, C. and R.D. Robertson. 2014. Projecting future crop productivity for global economic 

modeling. Agricultural Economics, 45(1), 37–50. 

Nelson, G. C., Rosegrant, M. W., Koo, J., Robertson, Richard D., Sulser, T., Zhu, T., Ringler, 

C.,Msangi, S., et al., 2009. Climate change: Impact on agriculture and costs of 

adaptation. Food Policy Report, International Food Policy Research Institute 

Washington, D.C 



122 

Nin-Pratt, A., Johnson, M., Magalhaes, E., You, L., Diao, X., Chamberlin, J., 2011. Yield 

Gaps and Potential Agricultural Growth in West and Central Africa. IFPRI research 

monograph, Washington, D.C.: International Food Policy Research Institute (IFPRI). 

NSO (National Statistical Office). 2012. Integrated Household Survey 2010/2011. Lilongwe, 

Malawi. 

Pauw, K., Thurlow, J., Bachu, M., Van Seventer, D.E., 2011. The economic costs of extreme 

weather events: a hydrometeorological CGE analysis for Malawi. Environment and 

Development Economics, 16(2), 177198.  

Pauw, K., Schuenemann, F., Thurlow, J., 2015. A 2010 Social Accounting Matrix for Malawi. 

Unpublished mimeograph, International Food Policy Research Institute, Washington DC, 

USA. 

Pauw, K., Beck, U., Mussa, R., 2014. Did rapid smallholder-led agricultural growth fail to 

reduce rural poverty ? Making sense of Malawi’s poverty puzzle. WIDER Working 

Paper 2014/123.  

Rodrigues, J., Thurlow, J., Landman, W., Ringler, C., Robertson, R., Tingju, Z., 2016. The 

economic value of seasonal forecasts stochastic economywide analysis for East Africa. 

IFPRI Discussion Paper 1546. Washington, D.C.: International Food Policy Research 

Institute (IFPRI). 

SMEC, 2015. National Irrigation Master Plan and Investment Framework for the Republic of 

Malawi, Ministry of Agriculture, Irrigation and Water Development, Department of 

Irrigation. 

Svendsen, M., Ewing, M., Msangi, S., 2009. Measuring Irrigation Performance in Africa. 

IFPRI Discussion Paper 00894.  

UN, 2015. General Assembly resolution A/70/L.1, Transforming our world: the 2030 Agenda 

for Sustainable Development.  

Wodon, Q., and K. Beegle. 2006. Labor Shortages Despite Underemployment? Seasonality in 

Time Use in Malawi. In Gender, Time Use and Poverty in Sub-Saharan Africa, 

Blackden, C.M., and Q. Wodon eds., 97–116. Washington DC: World Bank. 

Woodhouse, P., 2009. Technology, Environment and the Productivity Problem in African 

Agriculture: Comment on the World Development Report 2008. Journal of Agrarian 

Change, 9(2), 263-276.   



123 

World Bank. 2016. World Development Indicators Online Database. Washington DC, USA. 

You, L., Ringler, C., Wood-Sichra, U., Robertson, R., Wood, S., Zhu, T., Nelson, G., Guo, Z., 

Sun, Y., 2011. What is the irrigation potential for Africa ? A combined biophysical and 

socioeconomic approach. Food Policy, 36(6), 770–782.   



124 

4.7  APPENDIX  
Table 4.A1: Crop yield correlations with maize yields, 1961-2013 

 Coefficient (t-
statistic) 

R2 N 

     
Other cereals 0.540 (13.23)* 0.62 265 
Root crops 0.253 (4.80)* 0.98 265 
Pulses and oilseeds 0.152 (5.02)* 0.94 265 
Horticulture 0.081 (2.10)** 0.98 265 
Tobacco 0.223 (2.88)* 0.27 265 
Cotton 0.210 (3.57)* 0.48 263 
Sugarcane 0.598 (8.73)* 0.99 253 
Other crops 0.328 (7.86)* 0.79 257 
     
Source: Own calculations using FAOSTAT data (FAO 2015) and based on 
Rodrigues et al. (2016). Notes: * and ** indicate significance at the one 

and five percent level, respectively.   
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ABSTRACT 

Biomass energy still dominates the energy sector in Sub Saharan Africa, in particular as the 

main cooking energy source in rural and urban areas. The strong linkages to food security and 

the environment place biomass energy at the heart of sustainable development, a fact that is 

largely ignored by policy makers in favor of modern energy. At the same time, population and 

GDP growth are exacerbating already existing supply-demand imbalances in highly populated 

countries such as Malawi. These trends make it imperative to identify policy interventions 

that promote sustainable biomass energy while simultaneously considering linkages with 

other sectors. We use new data on demand and supply for biomass energy in Malawi and 

develop a model that estimates fuelwood demand based on actual diets and project demand in 

future years. We simulate how demand side interventions in the form of improved cookstoves 

affect biomass demand and built a behavioral model to analyze the potential of agroforestry 

for promoting a sustainable biomass energy sector in Malawi. Our findings show that policy 

measures aimed at increasing cooking efficiency are not enough to decrease demand for 

cooking energy due to high population growth. Supply side interventions like agroforestry on 

the other hand will not only increase sustainable supply, but can also enhance food security 

and protect the environment. We find that biomass energy can be inherently sustainable and 

should be an integral part of every energy sector strategy in developing countries as well as of 

the Sustainable Development Goals.   
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5.1  INTRODUCTION 

Sustainable energy is a key focus of the Sustainable Development Goals (SDGs) with SDG 7 

seeking to secure access to renewable, “sustainable and modern energy” (UN, 2015). Sub-

Saharan Africa’s energy sector remains to be dominated by solid biomass in the form of 

firewood and charcoal, which as renewable but traditional sources of energy are not targeted 

by the SDGs.  SDG 7 rather aims at universal electrification with electricity produced from 

renewable sources such as hydro, wind, solar, but biomass and biogas are also promoted as 

feedstock for generators (UNDP, 2016). Even though SDG 7 seeks a departure from solid 

biomass energy, including biomass in the SDGs is an important signal to countries in Sub-

Saharan Africa. Wood-based energy has long been perceived as backward and harming the 

environment and studies making the point for renewable and sustainable biomass energy 

remained largely unheard by policy makers (e.g. World Bank, 2011; Owen et al., 2013).  

This is a dangerous oversight considering that almost 75 % of people in Sub-Saharan Africa 

rely on biomass energy for their daily food intake (IEA, 2014), making biomass a decisive 

factor for SDG 2 “achieving food security and improved nutrition” (UN, 2015) in terms of 

food utilization. Moreover, sustainable biomass energy is at the heart of SDGs 15 and 13 

focusing on sustainable forest management and climate change mitigation. These strong 

linkages of biomass with other sectors make it imperative to ensure sustainable biomass 

energy while simultaneously tackling the goal of more modern energy sources. In light of 

unprecedented pressure on scare resources through population and economic growth, 

overcoming the tendency to solely focus on a single sector is crucial to find policy measures 

that minimize trade-offs and increase synergies for all sectors. Our study aims at fostering 

integrated development policy by seeing the biomass energy sector from a holistic point of 

view, considering the linkages with the environment, the economy and social well-being, with 

particular attention to food security.  

Malawi makes an important case study for energy sector development in Sub-Saharan Africa 

in several ways. It is one of the poorest and fastest growing countries in Africa in terms of 

population with a heavy reliance on biomass energy for food security, since biomass is the 

predominant cooking fuel of 97% of the population, affecting the utilization dimension of 

food security (NSO, 2012). There are already divergences between demand and supply of 

biomass energy in the Southern region of Malawi (Owen et al., 2009). Due to high population 

growth and total GDP growth at around 5% per year, this gap could be aggravated in the 

coming decades if there is increased demand for food and cooking energy without any fuel 
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switching to higher value fuels such as LPGs. These trends will also reduce supply indirectly 

through land clearing as a consequence of growing demand for agricultural land.  

In the absence of policy action not only are energy and food security placed at risk but also 

environmental quality – measured through the impact on forest eco-system services such as 

watershed protection and carbon sequestration. Demand-side measures to increase cooking 

efficiency have already been initiated but might not be enough considering the projected 

growth in population. Supply-side measures such as reforestation are inhibited by conflicting 

land uses for forestry and agriculture. These conflicts could be avoided, if rural households 

produce their own wood simultaneously with food on their fields. Agroforestry has the 

potential to increase biomass energy supply, while protecting forests and increasing food 

security through fertilizer trees (Garrity et al., 2010). Yet, agroforestry policies will mean 

additional work for already labor-constrained farmers and might not bring the intended 

benefits if the constraints facing farmers are not taken into account. Our study analyzes how 

demand and supply for biomass energy in Malawi will evolve in the coming years and which 

policy measures could ensure a sustainable biomass energy sector. We develop a new 

methodology with minimum data requirements to estimate demand based on actual diets and 

cooking habits and project future demand following GDP and population growth. This 

methodology is expanded to capture effects of efficiency increases in cooking appliances on 

energy demand. Moreover, we develop a behavioral model for agroforestry adoption 

considering constraints of rural households in Malawi to analyze the actual potential of 

agroforestry. Our goal is to show that biomass energy can foster sustainable development and 

should be an inherent part of energy sector strategies in developing countries. 

The following section briefly examines the energy sector in Malawi and the ongoing trends. 

Section three explains our methodology for estimating and projecting demand for biomass 

energy as well as results for future demand, section four examines supply side estimations. 

Section five analyzes the potential of demand side policies in the form of improved 

cookstoves to decrease demand for biomass energy. Section six explains our model for 

agroforestry in Malawi and explores how a supply side measure could promote a sustainable 

biomass energy sector, while section seven concludes. 

 

5.2 BACKGROUND: ENERGY SECTOR DEVELOPMENT IN MALAWI 

As in most developing countries in Sub-Saharan Africa, Malawi’s energy sector is dominated 

by biomass. In 2010, 97% of households used biomass energy in the form of firewood, 
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charcoal and crop residues as their main fuel for cooking (NSO, 2012). Biomass constitutes 

90% of total energy use, while other energy sources continue to play a minor role (Owen et 

al., 2009): Electricity use is limited mainly to the sugar industry and to urban areas with only 

8 % of households being connected to the grid (NSO, 2012). Imported fossil fuels are 

expensive and rarely used except for the transportation sector. Therefore, biomass will clearly 

remain the dominating energy source in Malawi in the near future, but is faced with 

increasing divergences between demand and supply.  

Several studies have analyzed Malawi’s biomass energy sector and warned about 

diminishing forest cover for decades (e.g. Orr et al., 1998; Zulu, 2010). These studies 

underestimated supply by omitting trees outside forests and overestimated demand by 

overlooking fuel substitution behavior of households from firewood to more inferior energy 

sources such as crop residues. More recent studies paint a less pessimistic but still alarming 

picture: Owen et al. (2009) come to the conclusion that sufficient supply of fuelwood is given 

on a macro level, but find large regional imbalances already in 2008, especially in the 

overpopulated South where demand exceeds sustainable supply by 10 %. A more recent forest 

valuation study by Hecht and Kasulo (2013) calculates that demand for firewood in the 

Southern region in 2010 exceeded sustainable yield of forests by a factor of 5, but omitted 

trees outside forests as well as alternative biomass energy sources. Regardless of the actual 

magnitude of deviations, the sustainable supply-demand situation is likely to be aggravated in 

the coming decades by several trends as examined in the following. 

 

Population growth, income growth and urbanization 

The household sector represents the largest consumer of biomass energy in Malawi with a 

share of 92% of total demand, the rest is made up of a few industries such as tobacco 

processing and brick burning (Owen et al., 2009). Within the household sector, biomass 

energy is almost exclusively used for cooking, heating and water boiling. Malawi’s 

population is growing rapidly at 3% per annum, urban growth rates are slightly higher with 

4% (Dorosh et al., forthcoming). At the same time, GDP is growing at around 5% each year, 

increasing incomes and the demand for food and cooking energy. These developments will 

not only increase overall demand for biomass energy, but the composition of energy mix is 

likely to change as people move to urban areas and demand more urban fuels, predominantly 

charcoal. Higher charcoal consumption will mean an over proportional increase in demand for 

wood due to conversion inefficiencies. While these trends increase demand for wood directly, 
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they also reduce supply indirectly by increasing demand for land for agriculture. Land 

clearing for agriculture remains the main reason for deforestation and recent analyses of land 

cover change in Malawi show that forest cover decreased by the same share by which 

agricultural land increased in the last 20 years (FAO, 2013).  

Figure 5.1: Impact of population and GDP growth on demand and supply of biomass 
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Figure 5.1 illustrates the effects of population and GDP growth on demand and supply 

of biomass in a simple model. On the demand side increasing demand for food    

(quadrant I) directly increases demand for cooking energy   (quadrant II), which 

translates into increased demand for biomass  𝒘  depending on the cooking technology 

used (quadrant III). While traditional cooking appliances such as the three-stone fire need a 

lot of firewood, improved cook stoves are more efficient and can significantly reduce the 

demand for biomass energy. In quadrant VI, demand for biomass comes together with 

sustainable supply  𝑺 𝒊 , which is in turn reduced by population and GDP growth 

through land clearing for agriculture. For illustration, we assume that demand for biomass 

using a traditional cook stove 𝒘  and sustainable supply of biomass are in equilibrium in 

2010 at point A0, but will be in disequilibrium once population and GDP growth increase the 

demand for food beyond the level of 2010. Using an improved cooking technology rotates the 

wood demand curve to  𝒘 , leading to a new equilibrium at point A1 and ensuring 

equilibrium beyond 2010. However, as soon as population and GDP growth exceed point B0, 

demand for biomass exceeds sustainable supply even with improved cooking technologies. 

After this point, only supply side measures such as agroforestry can mitigate the increase in 

demand by shifting the supply curve outward to 𝑺 𝒚 and can ensure sustainable 

fuelwood supply (at least up until point B1). In the following sections we will thus analyze the 

potential of these two policy options to establish a sustainable biomass energy sector in 

Malawi.  
 

5.3  ESTIMATING BIOMASS ENERGY DEMAND 

Finding policy measures for a sustainable biomass energy sector in Malawi requires accurate 

numbers on future demand given population and GDP growth. While non-household demand 

is relatively small and can be estimated from existing resources, household energy demand 

may vary substantially over locations and income groups.  We therefore develop a new 

methodology that indirectly estimates biomass energy household demand through food 

consumption.  

 

5.3.1 ESTIMATING HOUSEHOLD DEMAND 

Estimations of rural household biomass energy demand in Malawi so far were based on small 

surveys and then extrapolated for the whole country (Owen et al., 2009) or used secondary 

data for averages of annual fuelwood consumption (Hecht & Kasulo, 2013). Reliable urban 
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energy consumption surveys have not been conducted in Malawi since 1997 and all recent 

data are updates from this survey. In the absence of primary information on actual biomass 

energy consumption values we make use of the direct relationship between demand for 

cooking energy and food consumption. All meals that the household consumes have to be 

cooked and this will determine the amount of cooking energy demanded. It is thus possible to 

directly calculate the demand for cooking energy based on the food consumed. Speaking in 

economic terms, cooked food and cooking energy are perfect complements with L-shaped 

indifference curves and Leontief utility functions. In this sense we refrain from taking the 

approach used in many microeconomic studies which model the amount of firewood collected 

as dependent on the consumers’ preferences for time allocation between productive activities, 

leisure and firewood collection (e.g. Chen et al., 2006; Murphy et al., 2015). The consumer 

will always collect so much firewood as it is necessary to cook the food available or cook so 

much food as is possible with the energy available. Food security and energy security are thus 

dependent on each other and any increase in the access dimension of food will lead to 

increased demand for energy, while the latter is essential for the utilization dimension of food 

security. If more firewood is collected than needed, this is sold at the market and is captured 

as another household’s demand who buys the wood at the market.  

To calculate baseline demand for biomass energy, we use data from the Malawi 

Integrated Household Survey (IHS) 2010/11, a nationally-representative survey providing 

information on weekly food consumption and on basic cooking energy demand patterns 

(NSO, 2012). To get a reasonably detailed sample we divide survey households into 30 

representative types according to expenditure quintile, region and location (rural/urban). 

Within these types, a further subdivision is done according to main cooking fuel (firewood, 

charcoal, electricity, LPGs). We calculate the average diet in kg of each representative 

household type, divided into 12 broad food groups, 9 of which are cooked directly by the 

household. Malawi’s staple food maize dominates food consumption of all household groups, 

with a share between 50-90% of total consumed food weight depending on income quintile. 

Overall, diets of different income quintiles in Malawi are not very different from each other 

except for in quantity as already found by Tschirley et al. (2015).  

To assess how food consumption translates into biomass energy demand for cooking, 

we make use of Controlled Cooking Tests measuring fuel consumption of local meals cooked 

by local cooks using different stove types (Bailis et al., 2007). These tests measure the 

efficiency of stoves with specific fuelwood consumption (SFC), the ratio between the quantity 

of fuelwood consumed per meal (kg) and the weight of food before cooking (kg), which is 
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ideal to calculate biomass energy needs of diets. Table 5.A1 in the appendix shows the SFC 

for the 9 food groups and their respective sources for the three stone fire and two improved 

stoves, the local Chitetezo Mbaula and the rocket stove. Since most tests are conducted only 

for firewood and not for charcoal, the charcoal SFC is calculated in wood equivalent by 

weighing wood SFC with the charcoal energy value and the conversion efficiency of wood 

into charcoal. The  values for each  group,  type and  are then multiplied 

with the consumption quantities ℎ,  of the different food groups for each representative 

household ℎ, giving the baseline biomass energy consumption for cooking ℎ, ,  of 

Malawian households in 2010 as shown in equation (1): 

ℎ, , =  ∑ , , ∗ ℎ,     (1) 

Biomass energy is not only used for cooking but for water boiling and heating as well. 

We rely on findings from Owen et al. (2009) that 76% of household energy in Malawi is used 

for cooking and the rest for water boiling and heating, and weigh the final value from the 

cooking module accordingly. Since biomass plays virtually no role for lighting, we exclude 

lighting from our analysis.  

 

5.3.2 HOUSEHOLD DEMAND PROJECTIONS 

To analyze which policy measure could establish a sustainable energy sector in Malawi, it is 

necessary to understand how demand will develop in the light of GDP and population growth. 

We choose a projection time frame of 20 years, from 2010-2030. Population projections 

amount to 3% growth per annum nationwide, with higher growth in urban areas (4%) than in 

rural areas (Dorosh et al., forthcoming). We assume Malawi will continue on its growth path 

of 5% GDP growth per annum for the next 20 years, a very optimistic assumption but in line 

with growth projections (World Bank, 2016). This will in turn increase incomes (although not 

by the same rate due to population growth) and thus food and energy consumption.  

The indirect estimation of bioenergy demand has several advantages for demand 

projections since we only need information on consumer preferences for food and not for 

energy consumption. Our method does not require any estimation of shadow prices for 

collected biomass energy and is completely independent of market prices of energy, as we 

explicitly assume that biomass energy demand is not sensitive to own price changes. 

Although cooking energy demand is also completely inelastic to income changes, we capture 

the income effect on energy demand implicitly as income growth will change food demand 

and cooking energy demand accordingly. The latter effect is measured through a linear 
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expenditure system (LES) derived from a Stone-Geary utility function, which we estimate for 

each representative household group using consumption expenditure data from the IHS. 

Under the demand regime dictated by the LES functional form, households consume goods as 

fixed shares of their supernumerary income, i.e. the income available after subsistence 

consumption. The equations that describe the LES demand system can be found in the 

appendix in Table 5.A2. Income elasticities of demand for the different household groups are 

estimated following King and Byerlee (1978). All LES parameters are thus differentiated 

across the different household groups so that income changes affect food demand differently 

according to their specific diets, income elasticities of demand and total expenditure. We use 

earlier findings from a computable general equilibrium (CGE) model to estimate how the 

projected population and GDP growth affects income of the 30 representative household 

groups from 2010-2030 (Schuenemann et al., 2017). A detailed explanation of the Malawi 

CGE model and the impacts of GDP growth on different household groups can be found in 

Schuenemann et al. (2017). The yearly income changes are applied to the LES leading to 

consumption changes. The changes in food consumption are then imposed on the 

consumption quantities in equation (1). By adding a time dimension we measure the effect on 

biomass energy consumption in every year. 

Treating energy demand as independent from income and prices of other energy 

sources is a very strong assumption on consumer preferences and implies that households will 

not switch to other fuels from their baseline fuel if they can afford it. This contradicts the 

energy ladder hypothesis, which assumes that households prefer modern over traditional fuels 

(e.g. LPGs over biomass and Electricity of LPGs) and switch once their incomes increase 

(Hiemstra-van der Horst & Hovorka, 2008). On the other hand, most empirical studies find a 

weak relationship between fuel source and income in developing countries (van der Kroon, et 

al., 2013). This is also the case in Malawi, where biomass energy is the main cooking fuel of 

all income quintiles and fuel “stacking” is widely prevalent in urban areas in Sub Saharan 

Africa, where different fuels are used for different purposes even if modern fuels are available 

and affordable (IEA, 2014). We thus do not assume any increase in use of a particular fuel 

due to fuel switching but only through population and income growth. Since we account for 

urbanization through higher population growth in urban than in rural areas, there will be an 

automatic higher growth in demand for those fuels preferred by urban households relative to 

firewood use in rural areas. Our assumptions are in line with projections of the African 

Energy Outlook that does not assume any fuel switching in rural areas (IEA, 2014). While the 

IEA projections consider substantial fuel switching in urban areas from biomass fuel to LPGs, 
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this is not a feasible assumption for Malawi, since LPGs play virtually no role (Owen et al., 

2009). There are multiple reasons why LPGs are unlikely to become more important in urban 

Malawi in the future, including prohibitively high costs of imported LPGs and of LPG 

cooking appliances, price and market fluctuations but also the big size of the LPG canisters 

(MERA, 2016). Especially poorer households cannot afford to purchase large quantities and 

usually buy small amounts of charcoal and firewood on a daily basis (Kambewa et al., 2007). 

Charcoal remains the dominant fuel for the urban population in Malawi as it is culturally 

preferred, less expensive, more reliable and available than electricity and LPGs (MERA, 

2016). While Malawi’s GDP growth is projected at 5% per annum, the high population 

growth means that per capita income growth remains very small and unlikely to increase the 

affordability of LPGs and their appliances. 

In our calculations, we consider that some households already use an improved 

cookstove (ICS) and have consequently lower fuel needs. ICS projects have been ongoing in 

Malawi for several years. Until early 2014, about 165,410 ICS of different fuel types were 

distributed through several projects, which omits ICS in urban and semi-urban areas that had 

been adopted prior to any projects (Minofu & Kunert, 2014). We thus assume a best guess 

conservative estimate of 150,000 adopted ICS in 2010, which corresponds to 5% of Malawian 

households. This number might be too high considering that the scaling up in some projects 

happened between 2011 and 2014, but should also reflect non-project ICS in urban areas. In a 

final step we model how population growth influences energy demand growth. Total fuel use 

for each year for each representative household group is multiplied with actual population 

numbers considering population growth and urbanization.  

 

5.3.3 NON HOUSEHOLD DEMAND  

Household biomass energy demand accounts for the majority of fuelwood demand, but 

several industries are still relying heavily on wood. Tobacco curing as well as brick burning 

dominate industrial woodfuel demand with a share of 85%. Tobacco is the most important 

export crop of Malawi and the country produces mostly air-dried Burley tobacco, but about 

10% of tobacco is flue-cured. Flue-cured tobacco requires a large amount of wood of around 

12 tons of wood per ton of green tobacco (Bunderson & Hays, 1997). Using output numbers 

of 173 thousand tons of tobacco for 2010 results in almost 500 thousand tons of wood for 

tobacco processing in 2010.  
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For the calculation of brick burning fuel demand, we follow the approach used by 

Hecht and Kasulo (2013). We calculate the average number of new brick houses built 

annually in the last 6 years, which roughly follow household population growth. The IHS 

2010/11 gives information about the number of rooms of each new house and we use house 

sizes from Ngoma and Sassu (2004) to calculate the amount of bricks necessary to build the 

houses. Since 0.9 tons of firewood are needed to produce 1000 bricks (Makungwa, 2008), 

around 500 thousand tons of firewood are required in 2010 for brick burning. Other minor 

activities consuming biomass energy are cottage industries and the tea sector requiring 

firewood for tea drying as well as institutions such as schools or hospitals, restaurants and 

food processors (Owen et al., 2009). The timber industry competes for wood to produce poles 

and sawnwood. Baseline values for minor activities come from data collected by Owen et al. 

(2009) for 2008 and are extrapolated to 2010. We assume that all minor industries grow in 

line with GDP growth. Brick burning and timber production follow population growth as was 

the case in previous years. Tobacco has seen a decrease in production in recent years and the 

Malawian government is looking for an alternative export crop strategy. No growth is 

assumed in wood energy demand for tobacco processing and the 2010 baseline value is likely 

to overstate demand from this industry in the coming years.  

 

5.3.4 RESULTS AND DISCUSSION 

Table 5.1 shows the estimations from equation (1) for annual per capita biomass energy 

consumption of different household groups in Malawi cooking with the three stone fire. The 

biomass needs mirror the actual food consumption quantities of different quintiles and 

increase with food consumed as expected. Our findings are roughly in line with per capita 

demand estimations of Owen et al. (2009) for Malawi and match outcomes of many other 

studies such as HED (2012) or Morton (2007) who find around 8-9 kg of firewood consumed 

per household per day in Malawi or between 291 and 574 kg per capita fuelwood 

consumption per year in Mali. Some regional differences are apparent in the data. Demand for 

cooking energy in the Northern region is often estimated to be higher than in the other two 

regions mainly due to the higher availability of fuelwood (Owen et al., 2009). While the latter 

is certainly the case, this does not necessarily have to translate into a higher consumption of 

firewood. If Northern Malawian diets are simply less cooking energy intensive, the demand in 

Northern region could be smaller than in the other regions. Our methodology of estimating 

demand for cooking energy directly through actual diets should thus give more accurate 

estimates of demand for fuelwood. The Southern region has a higher estimated per capita 
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demand for firewood than the other two regions due to the predominance of a diet heavy in 

beans and rice, which are very cooking-intensive. This might be problematic since tree cover 

is scarcest there. In reality, the Southern dietary patterns do not result in higher consumption 

of firewood. Due to their supply constraints, Southern Malawians have to rely on inferior 

sources of fuel, especially crop residues. Fuelwood needs of households in the Central region 

are on average the lowest, stemming from the fact that they eat more bread, especially in 

urban areas, which is purchased and not baked at home. Northern households have fuelwood 

needs close to the Southern region as diets are similar. The numbers also show the 

inefficiency of charcoal production relative to firewood. Even though diets over quintiles are 

very similar, households cooking with charcoal require around double the amount of wood 

equivalent per head than households using firewood, as the majority of wood is lost during 

charcoal production with a conversion efficiency of 0.22.  

Table 5.1: Annual per capita fuel demand per region and quintile in 2010 for three stone fire 

Firewood (kg) Charcoal (kg wood equivalent) 

North Center South North Center South 

Rural 

Quint 1 327.5 241.0 333.4 n.a. n.a. 906.5 

Quint 2 427.7 364.5 494.1 n.a. n.a. 718.1 

Quint 3 493.1 452.6 635.7 n.a. 828.0 1036.4 

Quint 4 641.3 563.6 812.1 n.a. 821.1 1338.6 

Quint 5 984.0 849.1 1180.2 1824.2 1559.9 1947.3 

Urban 

Quint 1 251.5 194.7 327.3 n.a. 699.5 491.6 

Quint 2 336.9 329.6 400.1 n.a. 544.8 654.0 

Quint 3 368.7 381.1 417.6 907.8 855.8 864.2 

Quint 4 461.3 455.5 526.3 993.1 1043.0 1006.7 

Quint 5 712.3 728.3 941.8 1501.4 1455.8 1747.1 

       

Source: Results of Malawi biomass energy demand model. 
Note: Quintiles without any charcoal consumption are denoted by “n.a.”. 
 

 

Using household weights from the IHS we calculate initial demand for wood in 2010 

considering that about 5% of each household group own an ICS as explained in the previous 

section. Results for initial household and non-household demand can be found in Table 5.2. 

We then simulate changes in household demand following population and economic growth 

without any change in stove preferences, i.e. the rate of technology adoption remains constant. 

The results in Table 5.2 show that households’ fuelwood demand in all regions almost 
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doubles from 2010 to 2030, whereas non household demand increases by about a third. Due to 

the high growth of household demand for biomass energy, the share of industry in biomass 

energy demand declines slowly from 20% in 2010 to 17% in 2030.  

 

Table 5.2: Demand for fuelwood in Malawi in 1000 metric tons 

 

Initial demand 

(2010) 

Demand projection with GDP 

growth and Population growth 

Demand projection with GDP 

growth and constant population  

2020 2030 2020 2030 

Households 
 8,093   10,977   14,945           8,120           8,176  

North 
 953   1,288   1,745               957               964  

Center 
 3,082   4,179   5,692           3,093           3,117  

South 
 4,058   5,510   7,507           4,070           4,095  

Industry 
 2,037   2,574   3,311  n.a. n.a. 

Total 
 10,130   13,551   18,255  n.a. n.a. 

Source: Results of Malawi biomass energy demand model. 
Note: Rate of technology adoption remains constant. 

 

In a second step, by keeping population constant, we isolate the share of growth in 

household fuelwood demand due to income growth and find that in the 20 years from 2010 to 

2030, a little more than 1% of demand growth originates from growth in income. This is 

because Malawi’s GDP growth of 5% per year is simultaneously dampened by a rising 

population and does not translate into high income growth per capita, substantiating the 

assumption of no fuel switching due to income growth as explained above. The growth in 

charcoal use due to urbanization is quite substantial and much higher than findings of earlier 

studies. While the urbanization level in Malawi increases by only 3 percentage points over the 

20 years in our model, our model results show that charcoal consumption more than doubles. 

This translates into a correspondence in which a one percentage increase in urbanization 

levels results in a 34% increase in charcoal demand in Malawi. Hosier et al. (1993) estimated 

that a one percentage increase in urbanization levels in Tanzania would lead only to a 14% 

increase in charcoal consumption. These high growth rates mean an enormous pressure on 

available supply, which is examined in the next section.  
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5.4  ESTIMATING BIOMASS SUPPLY 

Our approach to estimating sustainable supply draws on existing supply estimations updated 

with more recent data. Similar to Owen et al. (2009) we calculate sustainable supply in the 

base year 2010 through assessing sustainable wood yield of different land cover classes in 

Malawi. While former supply estimations were derived from satellite images from the early 

1990s, we use findings of a very recent land cover atlas for Malawi (FAO, 2013). Through 

satellite images and GIS technology the study assessed land cover change from 1990 to 2010 

and gives detailed information on the areas of different land cover classes in 2010. As with 

household demand, we take on a regional approach when looking at the supply of biomass in 

Malawi. Importantly, woodfuel does not only come from forests, but also from farmland and 

bushland. Trees outside forests for example in the form of traditional agroforestry systems of 

Faidherbia albida standing on maize fields are very common in Eastern Africa (Garrity et al., 

2010).  

 Recent data on sustainable wood yields of different land cover classes is not readily 

available and we rely on several different data sets which we match to the FAO land cover 

classes in a second step. Both Owen et al. (2009) and Millington et al. (1994) measure 

sustainable yields as the mean annual increment of above ground growing biomass and take 

care to include all woody biomass and not only the stem of trees. Owen et al. (2009) estimate 

sustainable yields by extrapolating data from a remote sensing inventory of indigenous trees 

from 1990/91 and a forest inventory from 1995/96 of Malawi. The latter was conducted 

during a national Biomass Supply Survey and includes estimations of annual increments of 

biomass growing stock (Masamba & Ngalande, 1997). Similarly, Millington et al. (1994) 

used a range of forest inventories and other field data estimating above ground woody 

biomass in Sub-Saharan Africa, which they combined with remote sensing data and 

extrapolated to regions where not data was available. Table A3 in the appendix shows values 

for sustainable yields of land cover classes in Malawi from varying sources. We estimate 

sustainable fuelwood supply using all land cover types, but exclude protected areas such as 

national parks and game reserves. Forest reserves are not excluded since anecdotal evidence 

shows that firewood is definitely collected in forest reserves. As long as the collection is 

limited to sustainable yield, there is no harm in collecting branches in forest reserves. We also 

estimate the supply of crop residues as this an important source of biomass energy in firewood 

scarce regions and at harvest time (GoM, 2001). Calculating actual available biomass from 

crops is done through the “residue to product ratio”, which estimates how the final crop 

output is related to the volume of residues left behind after harvest. We multiply crop output 
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data from FAOSTAT for Malawi for 2010 with residue to product ratios from Koopmans and 

Koppejan (1997) to calculate the potential production of crop residues in Malawi. Still, it is 

not in the interest of Malawians to use crop residues as fuel, since they play an important role 

for food production, predominantly as fodder for livestock and to provide soil nutrients and 

soil organic matter for crops in the fields. While the impact of crop residue mulching on 

yields remains mixed depending on climate conditions (Erenstein, 2002), livestock is an 

important risk insurance and investment good, making crop residue fodder a considerable 

source of income (Dercon, 1998; Giller et al., 2009).  

Results and discussion 

The supply estimations given in Table 5.3 show that the substantial growth in fuelwood 

demand calculated in the previous section is faced with supply constraints depending on 

which data set for sustainable wood yields is used. Since it is not possible to specify the exact 

wood yield of a certain land cover type, our two main data sources Owen et al. (2009) and 

Millington et al. (1994) give minimum and maximum values for sustainable yields (see Table 

5.A3). The highest numbers are based on Owen et al. (2009), who assume a rather high 

biomass yield compared to Millington et al. (1994) for the two largest land cover classes. Data 

from Owen et al. (2009) shows a yield of 0.7 ton/ha from crop land under intensive 

agriculture (about 3.6 million ha), which is more than three times the yield found by 

Millington et al. (1994). Anecdotal and visual evidence from the south of Malawi do not 

provide support to the hypothesis of there being many trees on-farm in the typical household. 

Women rather walk to the next forest reserve and bribe the soldiers protecting the reserves to 

let them collect firewood. Moreover, we capture crop land with trees in a separate land cover 

class. Similarly, Owen et al. (2009) assume an average yield of 2.5 ton/ha of wood from 

miombo woodland (around 3 million ha) compared to 1.3 ton/ha on average from Millington 

et al. (1994). The same applies to crops interspersed with trees, which can be termed as “trees 

outside forests”. Here Millington et al. (1994) assume much lower yields compared to Owen 

et al. (2009).  Since those trees are a significant source of fuelwood and their yield has often 

been ignored in the past, Millington et al. (1994) likely underestimate their yield. Overall, we 

expected to see higher estimated wood supply when using older yield data, since total forest 

cover in Malawi decreased by more than 5% in the last 20 years (FAO, 2013), but the 

opposite is actually the case. The actual yield numbers are likely to lie somewhere between 

the data provided by Owen et al. (2009) and Millington et al. (1994).  
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Table 5.3: Sustainable supply of fuelwood in Malawi in 2010 in 1000 metric ton 

Dataset for sustainable yields North Center South National 

Owen et al. (2009) 

Minimum 

3,598 2,813 2,712 9,123 

Owen et al. (2009) 

Maximum 

5,070 3,573 3,593 12,236 

Owen et al. (2009) 

Average 

4,475 3,231 3,184 10,889 

Millington et al. (1994) 

Minimum 

1,971 967 834 3,772 

Millington et al. (1994) 

Maximum 

4,189 1,985 1,808 7,983 

Millington et al. (1994) 

Average 

3,080 1,476 1,321 5,878 

Millington & Townsend (1989) 3,684 2,251 1,895 7,829 

Maximum 5,465 3,693 3,720 12,878 

Average 3,942 2,499 2,383 8,824 

Average supply minus demand (2010) 2,989 -583 -1,675 -1,306 

Source: Own calculations based on FAO (2013) and the respective datasets for sustainable yields. 

 

Regardless of which yield data set is used, the supply estimations clearly show the 

imbalances between sustainable supply and demand in the different regions when compared 

to the initial demand in 2010 (last row of table 3) as already found by other studies (Owen et 

al., 2009). The imbalances are aggravated by the fact that not all potential sustainable supply 

is practically available and accessible supply might be even lower than what our numbers 

suggest. The Northern region has the largest supply and the smallest household demand for 

fuelwood, whereas the situation in the South is most alarming. The Southern excess demand 

could be satisfied by unsustainable harvesting of fuelwood for charcoal production, but most 

of this is likely to come from crop residues, while some charcoal is imported from 

Mozambique. Especially in the South people grow pigeon peas and use their woody stalks as 

fuel source. Our calculations of the potential amount of crop residues result in 8 million ton 

wood equivalent24 of biomass from crop residues in Malawi, which corresponds nicely to the 

12.1 million m3 estimated by Owen et al. (2009). While crop residues hold a large potential to                          
24 Wood equivalent is calculated by using energy content of crop residues compared to firewood. We take the 
12.5 MJ/kg energy value for air dry crop residues compared to 15 MJ/kg for firewood both with 15% moisture 
content from Owen et al. (2009). For a lower moisture content, the energy value for crop residues increases 
respectively (Wekesa, 2013). 
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satisfy energy demand on a macro level, they are only available after harvest and should be a 

fuel of last resort due to their other uses.  

For now we will use the average yield numbers of all different datasets and calculate a 

sustainable supply of 8.8 million tons of fuelwood, which already in 2010 shows a demand – 

supply gap of almost 1.5 million ton. Even the maximum estimations of sustainable supply 

exhibit an imbalance between demand and supply already in 2020, making it imperative to 

find policy measures to decrease demand and/or increase supply. Our estimations are based 

on land cover values for 2010 and do not encompass potential land use changes from forests 

into farmland following pressure from population growth.25 This would certainly diminish 

supply from forests, but should be mitigated if people produce woodfuel on their own fields 

from agroforestry as modelled in section 5.6. 

 

5.5  DEMAND SIDE POLICY: IMPROVED COOKSTOVES  

A very prominent policy measure to boost both energy and food security is the dissemination 

of improved cookstoves. ICS can have a variety of benefits such as more efficient energy use 

translating into lower fuelwood requirements, as well as fewer smoke emissions potentially 

reducing respiratory illnesses and greenhouse gas emissions, but also higher food security 

through better cooked food (Lewis & Pattanayak, 2012). Since 2013 the Malawian 

government pursues the goal of providing ICS for two million households by 2020. This 

ambitious plan would mean that almost half of Malawian households adopt ICS. In order to 

find out whether this policy measure will be sufficient to ensure a sustainable biomass energy 

sector and how less ambitious goals would affect energy demand in Malawi, we will simulate 

the effect of increased adoption of ICS on biomass energy demand in Malawi until 2020 and 

beyond. 

We use the estimate of 150,000 adopted ICS in 2010 from the previous section as our 

baseline number in 2010. The goal to provide ICS for two million households by 2020 would 

mean an annual compound growth rate of 30% every year26 or that every year until 2020, 7% 

of the remaining households adopt ICS. We will compare this optimistic policy scenario to a 

pessimistic scenario where we assume an increase in ICS adoption of 1%. The percentages are 

evenly distributed among all household groups in all regions. To simulate the effects of ICS 

adoption on energy demand, it is necessary to determine how much fuelwood is actually                          
25 Considering that forest area diminished by only 0.16% in total between 2000 and 2010 in Malawi (FAO, 
2012), extreme land clearing for agriculture is unlikely to occur.  
26 This means that every year the group of ICS owners grows by 30% on average.  
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saved compared to the three stone fire. Applying the methodology for the household baseline 

demand estimation in equation (1), we use specific fuel consumption values for two different 

stoves to calculate the fuel needs for diets of the various household groups cooking with ICS 

technology (Table 5.A1). The most prominent stoves distributed are the Chitetezo Mbaula, 

which is made locally from clay and relatively cheaply available, and stoves of the widely 

known rocket type, which are mainly imported into Malawi and thus not affordable for most 

households. Both stove types differ in their energy efficiency. Cooking tests find firewood 

savings for rocket stoves compared to the three stone fire of around 40%, while these were 

around 15% for the Chitetezo (Adkins et al., 2010a; Wang et al., 2009). In both scenarios, we 

will increase the number of households in Malawi using either the Chitetezo or rocket stove 

evenly and calculate how this changes national biomass energy demand. Population and 

income growth in both scenarios are identical to the demand projections in the previous 

section. 

 

Results and Discussion 

In the estimation of fuelwood demand in the previous section we did not assume any change 

in cooking appliances until 2030. Even if the ambitious plan of the Malawian government 

with two million ICS adopted will not be reached, it is highly unlikely that no new ICS will be 

adopted. We thus compare the effect of the optimistic government’s policy to a more 

pessimistic scenario where the group of ICS users increases by 1% every year. The results are 

shown in Table 5.4 and compared to the average and maximum supply estimates. Bringing 

two million ICS into use until 2020 does indeed reduce fuelwood demand of households and 

diminishes the effect of population growth on demand growth through efficiency increases. 

While demand growth in the pessimistic scenario closely follows population growth with a 

compound annual growth rate (CAGR) between 2010 and 2020 of almost 3%, the CAGR in 

the optimistic scenario is little more than half of that with 1.5%. In the optimistic scenario the 

group of adopters grows from 5% to 48% of Malawi’s population until 2020. As the number 

of non-adopters decreases significantly until 2020, growth in the population share of adopters 

is much slower from 2020 to 2030 and increases only to 63% of the population in 2030. This 

effect is mirrored in the pessimistic scenario with a share of ICS adopters of 12% in 2020 and 

of 16% in 2030. Consequently, the substantial effect of increased ICS adoption on demand 

growth in the optimistic scenario slows down and population growth catches up. The CAGR 
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of biomass energy demand in the optimistic scenario between 2020 and 2030 amounts to 

2.6% and is very close to the CAGR in the pessimistic scenario of 3.1%.  

 

Table 5.4: Demand for fuelwood in 1000 metric tons with increased improved cookstove 
adoption 

Initial 

demand 

(2010) 

Pessimistic scenario Optimistic scenario 

2020 2030 2020 2030 

Households 8,093 10,707 14,328 9,273 11,787 

North 953 1,256 1,673 1,086 1,373 

Center 3,082 4,075 5,453 3,519 4,467 

South 4,058 5,376 7,203 4,669 5,947 

Industry 2,037 2,574 3,311 2,574 3,311 

Total 10,130 13,280 17,639 11,847 15,098 

“Average supply”-
demand differences 

-1,306 -4,456 -8,815 -3,023 -6,274 

“Maximum 
supply”-demand 
differences  

2,748 -402 -4,761 1,031 -2,220 

Source: Results of Malawi biomass energy demand model. Both scenarios assume GDP and population growth 
as in the baseline.  

 

When comparing the scenario results for demand with the sustainable supply numbers 

from the previous section, the optimistic scenario is indeed able to bring total biomass 

demand below sustainable supply in 2020 at least for the maximum supply estimations. Even 

so, demand remains above supply for all the other supply estimations and is considerably 

above all sustainable supply estimations in 2030.  Moreover, dissemination of ICS does not 

necessarily mean that the same number is really adopted or that less wood is used. Our 

pessimistic scenario might thus be more realistic, especially since the dissemination of two 

million ICS will require huge logistical and monetary efforts. Demand side policy measures in 

the form of ICS make an important contribution in decreasing biomass energy demand, but 

are clearly not enough to ensure a balance of demand and sustainable supply. In the next 

section we examine whether the latter can be ensured through supply side policy measures in 

the form of agroforestry.  
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5.6  SUPPLY SIDE POLICY: AGROFORESTRY  

Research on agroforestry in Malawi began already in the 1980s under the World Agroforestry 

Centre, which concentrated on nitrogen-fixing tree species (“fertilizer trees”) to improve soils 

and subsequently crop yields, mainly for the staple food maize (Garrity et al., 2010). 

Following promising results, an Agroforestry Food Security Programm was launched 

promoting and providing free seeds for several species. The predominant species was 

Faidherbia albida, a type of indigenous acacia that has been widely grown among fields for 

generations and can provide fuelwood and significant maize yield increases from 100-400%, 

albeit only after about 15 years of tree age (Garrity et al., 2010). For earlier benefits from 

agroforestry, other nitrogen-fixing tree shrubs for intercropping with maize were promoted: 

the medium term Gliricidia sepium and short-term species such as pigeon peas. The latter are 

already very common in the South of Malawi and valued both for food and firewood. While 

the effect of pigeon peas on maize yields is not negative but neither significantly positive due 

to competition in the field, Gliricidia has been found to increase maize yields up to threefold 

(Chirwa et al., 2003).  

Despite positive effects of the Agroforestry Food Security Program in terms of crop 

yields, it was not extended after 4 years and reached only about 4% of households (Beedy et 

al., 2012). The reason could be that at the same time the Malawian government started its 

large fertilizer input subsidy program providing mineral fertilizer for maize for free and 

thereby suppressing the demand for fertilizer trees to increase food security. Since the subsidy 

program is extremely costly, the government needs alternatives to ensure food security which 

could come in the form of agroforestry, especially since this might establish a sustainable 

biomass energy sector at the same time. We thus want to simulate how a nationwide extension 

of agroforestry as it was promoted in the Food Security Program could look like and how this 

would increase the supply of biomass energy and food security. 

 

5.6.1 METHODOLOGY 

We develop a forward-looking mathematical programming model to analyze which kind of 

agroforestry practice farmers in Malawi are most likely to adopt given land and labor 

constraints. Similarly as in the Agroforestry Food Security program, households in our model 

have the choice between three different agroforestry options Faidherbia, Gliricidia and 

pigeon peas. The three types differ in fuelwood yield, effect on maize yields and labor 
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demands as well as in the waiting period before they realize benefits for wood and maize. 

This baseline data and the respective sources can be found in Table 5.A4 in the annex. While 

Faidherbia does not bring any benefits for the first 15 years until maturity, ultimate benefits 

are much higher for this tree than for the other two shrub like trees. Households ℎ have a 

finite planning horizon of 50 years (  and maximize their sum of future utility from maize 

and firewood production in the form of net revenue  of different agroforestry options  

subject to a discount rate and land constraints: max 𝑁 = ∑ ∗  (2) 

Discount factors  are calculated using the geometric mean of Malawi’s official lending 

interest rate in the previous 10 years. In each period, the household decides which variable 𝐴 𝑎 , ,ℎ in hectares of his land under maize to allocate to each agroforestry option and 

derives a net revenue  (equation (3)). Seeds are assumed to be provided for free by donors 

as was the case in the previous agroforestry program.27 We maintain the strong relationship 

between energy and food security in the way that the unit used to measure costs and benefits 

of agroforestry is calories/energy in mega joule per hectare (MJ/ha) depending on the area 

( 𝐴 𝑎 , ,ℎ  that is allocated to each agroforestry option. This means that our model does 

not need any prices but costs are defined for each household by the energy requirements of 

the person that works on the field or collects firewood.  Benefits of agroforestry thus include 

food calories derived from increased maize production 𝐴 𝑎   in MJ/ha and burned calories 

or energy saved from not having to collect firewood. For pigeon peas, the calories of 

consumption of peas are also included. To convert the amount of wood produced into energy 

saved, the amount of time in minutes ℎ that each household would need to collect one kg 

of wood is multiplied with the additional28 energy needed for collecting wood ℎ (in 

MJ/minute) and the amount of wood equivalent 𝑎  in kg/ha produced on the field. Costs 

are measured as energy used for work on the field, based on labor days for each agroforestry 

option. They include 𝑎  and  as energy needed in MJ/ha for wood and maize production, 

respectively. Finally, trees can be uprooted and replanted evoking costs for uprooting 𝑎  and replanting 𝑎  in MJ/ha, which are multiplied by the respective uprooted and 

replanted variable areas 𝑎 ,  and 𝑎 ,  in ha.                           
27 This is in line with estimates by the World Agroforestry Centre where a large scale introduction of the 
program in Malawi partly replaces the donor financed fertilizer input subsidy and therefore does not incur 
additional expenses (Akinnifesi et al., 2004). 
28 Calories burned on top of basal metabolic rate. 
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=  ∑ 𝑎 ∗ ℎ ∗ ℎ ∗ 𝐴 𝑎 , ,ℎ + 𝐴 𝑎 ∗ 𝐴 𝑎 , ,ℎ𝑎 − ( 𝑎 ∗𝐴 𝑎 , ,ℎ)𝛽 − ∗ 𝐴 𝐴ℎ − 𝑎 ∗ 𝑎 , + 𝑎 ∗ 𝑎 ,  (3) 

The minutes needed by each household to collect one kg of wood ℎ are computed by the 

distance ℎ to firewood collection site in minutes times the frequency of collection ℎ 

divided by the weekly fuel needs in kg for each household group ℎ from our demand 

model:  

ℎ = 𝐼 ℎ𝐿ℎ ∗ ℎ (4) 

Limits on land for each household group 𝐴 𝐴ℎ  are the field sizes planted with maize, since 

research on agroforestry concentrated on increasing yields of maize varieties. The sum of 

agroforestry shares cannot exceed 𝐴 𝐴ℎ: ∑ 𝐴 𝑎 , ,ℎ ≤ 𝐴 𝐴ℎ𝑎  (5) 

Even though farm sizes are extremely small with 0.7 ha on average, labor costs are 

likely to matter the most when it comes to tree production on farm. Thangata et al. (2002) 

developed a linear programming model of improved fallow adoption based on a sample of 

small-scale farmers in Central Malawi. They find labor constraints to be the most important 

factors in determining adoption of agroforestry, which is also confirmed by Snapp et al. 

(2010). Moreover, Chirwa et al. (2003) find that agroforestry benefits from Gliricidia on farm 

are much lower than in the research station due to the competing labor requirements of trees 

and crops at the height of the rainy season. Their results go in line with the paradox explored 

by Alwang and Siegel (1999) that despite the small field sizes in Malawi, households’ on-

farm labor supply is highly constrained since households need to take on off-farm labor 

opportunities to overcome their lack of capital and food. Off-farm labor demand however is 

highest in the rainy season when labor needs on their own farms are highest as well. We 

therefore introduce an exponential coefficient  on labor in equation (3) to measure the effect 

of increased labor constraints on agroforestry choice. Moreover, by including a non-linear 

term, we avoid overspecialization of the household.  

Data on how much firewood is needed per household type per week comes directly out 

of our demand model with an overall average of 47 kg per week. The IHS gives data on 

fuelwood collection times, but not on the number of collection trips as this differs according 

to location as various data for Malawi suggests. Biran et al. (2004) found that women in the 

South of Malawi made the collection trip only once every 4 days collecting 53.6 kg of wood 

on average, since distance to collection sites was between 0.52 – 4.93 km with a mean of 241 
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minutes per collection trip as women had to wander through mountainous terrain. Jumbe and 

Angelsen (2011) on the other hand collected data with a mean of 3 collection trips per week 

collecting 30 kg of wood on average, while distance to collection sites in this study was only 

between 0.6-1.3 km. Data from the IHS shows that the majority of Malawians live less than 

120 minutes away from their firewood collection site. The overall average distance to 

collection site is 55 minutes. We will simulate several scenarios with three different collection 

frequencies (1, 2 and 3) to test whether this has a significant influence on the choice of 

agroforestry practice.  

Even though firewood is predominantly collected by women, Murphy et al. (2015) 

find a strong effect of gender on fuelwood source choice in Kenya as women are not allowed 

to practice agroforestry themselves due to cultural taboos. These cultural taboos do not exist 

in Malawi (Kiptot & Franzel, 2011) and Thangata et al. (2002) find that land and labor 

constraints are much more important for agroforestry adoption than gender. Nevertheless, we 

will run different scenarios for men and women to check the effect of gender on agroforestry 

choice by differentiating labor costs for both men and women. Both genders differ in the 

respective energy they use for the planting and collection activities, leading to different cost 

structures for women and men. In terms of land, women and man from the same household 

type exhibit the same land constraints. A third group of scenarios is run for two maize 

varieties, local and hybrid maize. Local maize varieties usually have low yields of around 1 

t/ha and would benefit the most from fertilizer trees, but a lot of maize production in Malawi 

is done with improved hybrid seeds. Agroforestry on local maize fields might thus produce 

not enough wood to have a decisive effect on wood supply.  

Our model allows us to calculate the potential biomass energy production in Malawi 

on maize fields through agroforestry given households’ choice. This comes not only in the 

form of firewood for rural households, but we implicitly model the potential for a sustainable 

charcoal sector as well, since we examine a policy measure that allows to produce charcoal on 

crop fields through agroforestry. Charcoal produced on farm would follow the government’s 

objective of protecting forest reserves from unsustainable harvesting. While Gliricidia and 

pigeon peas can only provide a reasonable alternative to collected firewood (their energy 

density is about 80% that of firewood), both are not suitable for the production of charcoal 

due to their shrub-like nature. Faidherbia albida on the other hand can well be used for 

charcoal production and can thus contribute to a sustainable charcoal sector in Malawi 

(Barnes & Fagg, 2003).  
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5.6.2 RESULTS AND DISCUSSION 

As explained in the previous section we run three different types of agroforestry scenarios 

considering frequency of firewood collection, gender and maize variety. We first examine the 

results for agroforestry systems combined with local maize varieties and women being the 

decision makers, as they are the predominant wood collectors. Since firewood collection 

frequency did not have any influence on choices of agroforestry systems, we do not present 

the results here. Land constraints and labor costs play a more important role in determining 

agroforestry choice than the relative benefits of wood produced on farm through energy and 

time saved for collection. Table 5.5 reports agroforestry choices as field shares of each 

agroforestry system for the third rural income quintile in each region. Other income quintiles 

exhibit similar and proportional regional differences. The general picture shows that all 

household groups prefer a mix of agroforestry systems on their fields that changes slightly 

over the years. While they start off with planting a larger part of their field with the two faster 

growing agroforestry systems that bring almost immediate benefits, the mix changes over the 

years in favor of Faidherbia. The additional energy from pigeon pea consumption does not 

outweigh the additional labor costs incurred, so that pigeon peas are the least-preferred 

agroforestry system.  
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Table 5.5: Agroforestry system choice as share of maize fields 

Gender 

+ 

Time 

Region 

Local Maize Hybrid Maize 

Faidherbia 

(%) 

Gliricidia 

(%) 

Pigeon Pea 

(%) 

Faidherbia 

(%) 

Gliricidia 

(%) 

Pigeon Pea 

(%) 

Female       

After  

1st  

year 

North 0.43 0.33 0.23 0.16 0.73 0.11 

Center 0.43 0.31 0.21 0.21 0.67 0.12 

South 0.34 0.43 0.23 - 0.96 0.04 

 

After 

20 

years 

North 0.62 0.31 0.07 0.21 0.73 0.06 

Center 0.65 0.28 0.06 0.28 0.67 0.05 

South 0.46 0.43 0.11 - 0.98 0.02 

Male 

After 

1st 

year 

North 0.39 0.25 0.14 0.35 0.48 0.17 

Center 0.39 0.24 0.13 0.38 0.44 0.17 

South 0.43 0.31 0.21 0.19 0.70 0.12 

 

After 

20 

years 

North 0.77 0.19 0.04 0.49 0.48 0.03 

Center 0.79 0.17 0.04 0.53 0.44 0.03 

South 0.65 0.28 0.06 0.25 0.70 0.05 
        

 Source: Results of Malawi agroforestry choice model. 

 

Looking at the agroforestry mix for males shows a preference for the longer-term, 

high-yielding system Faidherbia both after 1 and after 20 years, which is much less labor 

intensive than the other two systems. Since men burn more energy than women, labor costs 

weigh more heavily in our model. This effect corresponds to the fact that off-farm labor 

opportunities are greater for men than for women. Some regional differences are apparent for 

women and men. Households in the Southern region plant more Gliricidia than in the other 

two regions. This is because field sizes in the South are significantly smaller (0.31 ha) due to 

a high population density, whereas field sizes are very similar in the North and Central region 

(0.47 and 0.51 ha, respectively). Due to the small field sizes, Southern households cannot 

afford to have much idle land that does not bring them any benefits in terms of higher maize 

yields or firewood. Similarly, this land constraint effect also determines the agroforestry 

system choice for hybrid maize fields in all regions, as these fields are on average 7% smaller 

than for local maize. The effect is starkest for Southern females who do not produce any 

Faidherbia on their small hybrid maize fields. For men the labor cost effect weighs heavier 
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than the land constraints so that they would choose more Faidherbia compared to females on 

their hybrid maize fields, even in the South.  

Since females collect firewood in Malawi and are the main producers of food crops, 

we use the results from the simulations for women for further calculations. Once enough 

firewood is produced for the household or it becomes clear that Faidherbia wood can well be 

used for charcoal production, transforming Faidherbia into a cash crop, men might take over 

agroforestry production similar as it is done in Kenya (Murphy et al., 2015). While these 

effects cannot be foreseen and might mean that women have to collect firewood off-farm 

again, an increased production of charcoal on-farm is generally a contribution to a national 

sustainable woodfuel sector.  

Using the total amount of land under local and hybrid maize for each household group 

multiplied with the wood yield of their agroforestry choices, we calculate the total amount of 

wood produced in each year as shown in Table 5.6. Fields with local and hybrid maize in 

Malawi amount to more than 1 million ha or about 12 percent of total land area. Our model 

results show that almost 3 million tons of wood can be produced on local maize fields, the 

number for hybrid maize is lower with 2.4 million ton, resulting in almost 5.4 million ton 

national wide after 20 years, more than half of current average sustainable supply. Until 2030, 

demand will increase substantially as shown earlier in both cookstove scenarios. The wood 

production potential of agroforestry is not large enough to allow total sustainable supply to 

keep up with demand, even on a national level. This is not the case when sustainable supply is 

based on average or maximum numbers from Owen et al. (2009): These supply estimations in 

combination with the biomass produced through agroforestry result in sustainable supply that 

can satisfy demand under the optimistic ICS scenario on a national level. The results need to 

be further differentiated on a regional level. While the Northern region does not have a 

sustainable supply problem even without agroforestry interventions, agroforestry is able to 

ensure sufficient supply in the Central region where the ICS intervention was not enough to 

establish a sustainable woodfuel sector. Supply-demand imbalances remain in the Southern 

region, even when using maximum yield data from Owen et al. (2009). Nevertheless, 

sustainable supply in the Southern region almost doubles within 20 years, making households 

much less dependent on fuelwood collection.  
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Table 5.6: Fuelwood and maize produced from agroforestry on maize fields in 1000 metric 

ton  

Local Maize Hybrid Maize Total 

After 1 st year  After 20 years  After 1 st year  After 20 years  After 20 years  

Wood      

North 48 524 27 402 926 

Center 116 1,310 101 1,420 2,729 

South 121 1,149 27 593 1,742 

National 284 2,983 155 2,415 5,307 

Surplus* - 194 - 16 211 

Maize      

National** -            493   -            1,640     2,133  

Source: Own calculations based on results of Malawi agroforestry choice model. 
*Surplus after subsistence wood needs of agroforestry households are substracted.  
** Note: Maize output numbers are the additional output due to agroforestry.  

 

There is no potential for on-farm production of charcoal in the South, since households 

cannot cover their own wood subsistence needs. After 20 years of agroforestry, households in 

the Central region produce a wood surplus from Faidherbia of about 0.8 ton on average per 

year, which is very little considering that the per capita charcoal needs in a household cooking 

with charcoal already amount to more than 1 ton of wood equivalent per year on average (see 

Table 5.1). National wood surplus from agroforestry after supplying subsistence needs of 

agroforestry practicing households add up to 210 thousand tons per year as shown in Table 

5.6. While the charcoal potential of agroforestry in Malawi is thus relatively small, potential 

increases in food security could be substantial. These include the indirect effect on the energy 

needs of wood collectors from not having to carry wood loads and the direct effect of maize 

yield increases. For our model we chose relatively conservative numbers on maize yield gains 

coming from agroforestry and the potential increase in maize output is shown in Table 5.6. 

The agroforestry systems chosen by households for local maize would double current national 

production of 470 thousand tons (FAOSTAT). The potential output gain for hybrid maize 

should be treated with caution. Hybrid maize yields are already relatively high due to 

extensive use of mineral fertilizer. It is likely that this mineral fertilizer will be substituted 

with fertilizer trees once their yield improving impact sets in. Thus yield gains under a hybrid 

maize agroforestry system are unlikely to really double production from 1688 metric ton in 

2010 as our numbers would suggest. Nevertheless, the fact that agroforestry is able to replace 

mineral fertilizer at least partially will reduce households’ expenditure and government costs 

for the fertilizer input subsidy. In addition there are certainly other indirect benefits from 
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agroforestry that we are not able to calculate such as women having more time for 

reproductive29 work due to the collection time saved that could contribute immensely to food 

security of children.  

These findings demonstrate that agroforestry interventions are an essential tool to 

ensure sustainable supply of wood and food security in Malawi. Wood produced directly on 

farm is easily accessible for households and sidesteps the problem that not all of sustainable 

yield is practically available as mentioned above. The largest impact of agroforestry is found 

in the Central region in Malawi, where agroforestry can establish a sustainable biomass 

energy sector from an otherwise unsustainable situation. Moreover, agroforestry in Malawi 

can play an important role for climate change mitigation. After 20 years, the agroforestry 

systems produce as much wood as 1.85 million hectares of high yielding miombo woodlands. 

Using the average standing stock in miombo woodlands 92 m3/ha from Owen et al. (2009), 

the agroforestry systems could rescue 87,000 ha of woodlands from deforestation. Missanjo 

and Kamanga-Thole (2015) find a carbon stock of 30.8 tC/ha for above ground biomass of 

miombo woodland in Malawi, which would result into almost 10 million ton CO2eq saved 

through agroforestry, making an important contribution for greenhouse gas emission savings 

under the REDD initiative.  

 

5.6  CONCLUSION AND POLICY IMPLICATIONS 

Biomass remains the dominant energy source in Sub-Saharan Africa especially as the main 

cooking fuel of rural and urban households. Conversely, traditional renewable biomass energy 

is missing on the agenda of the Sustainable Development Goals, even though the strong 

linkages to food security and the environment place biomass energy at the heart of sustainable 

development. Since population and GDP growth are exacerbating already existing supply-

demand imbalances in highly populated countries such as Malawi, it is becoming crucial to 

explore policy interventions that promote sustainable biomass energy while simultaneously 

considering linkages with other sectors. Our study thus assessed the potential for a sustainable 

biomass energy sector in Malawi in the light of pressures on demand and supply through 

population and income growth. Through a newly developed methodology we calculate 

demand for biomass energy based on diets and cooking habits in Malawi and project future 

demand from 2010 until 2030 following population and GDP growth. Sustainable supply is                          
29 Reproductive work as opposed to productive work refers to unpaid domestic activities typically undertaken by 
women such as caring for and rearing children, cooking, maintenance of the household and cleaning (Beneria, 
1979).   
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estimated based on wood yield data of different datasets. We simulate how the adoption of 

improved cookstoves could decrease biomass energy demand and develop a behavioral model 

to analyze the potential of widespread agroforestry adoption for promoting a sustainable 

biomass energy sector in Malawi.  

Comparing our demand projections to sustainable supply estimations shows large 

supply-demand imbalances in the future, especially in the Southern region of Malawi. Even 

with the most optimistic assumptions of sustainable biomass yields, demand in 2030 is one 

third above sustainable supply. We find that demand side interventions in the form of the 

widespread dissemination of improved cookstoves are not enough to ensure a sustainable 

biomass sector in Malawi. Since the technology savings occur only once the efficient stoves 

are introduced, they cannot keep up with population growth. Until that time that Malawi 

becomes less dependent on biomass energy, supply side measures are the only way to ensure 

that increasing demand is met with sustainable supply. Our model results show that 

agroforestry systems as they are preferred by Malawian farmers have the potential to ensure 

sustainable fuelwood supply in 2030 even though population will almost have doubled.  

Biomass is an inherently renewable resource, but it takes time for trees to grow, 

making it imperative to start investing in reforestation and agroforestry now. We calculate 

that more than 87,000 ha of woodlands can be saved from deforestation through agroforestry 

systems on maize fields in Malawi. At the same time, agroforestry with fertilizer trees can 

substitute for expensive mineral fertilizer and increase food security. Nonetheless, even with 

concerted policy efforts on both the demand and supply side, it is not possible to ensure 

sustainable biomass supply in the Southern region of Malawi due to high population growth. 

This emphasizes the need for a faster rural electrification and access to modern energy 

sources as aimed at by SDG 730. At the same time the fact that traditional biomass energy 

remains the predominant cooking fuel in Malawi should not imply any trade-offs. As our 

study has shown a sustainable biomass sector in Malawi can be established while 

simultaneously protecting the environment and increasing food security.                             
30 SDG 7 states: “By 2030, expand infrastructure and upgrade technology for supplying modern and sustainable 
energy services for all in developing countries, in particular least developed countries, […].”(UN, 2015) 
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5.8  ANNEX  
Table 5.A1: Specific fuel consumption by stove, fuel and food group 

Food group 

Specific fuel consumption 

Wood  Charcoal** 

3 Stone Rocket Chitetezo 3 Stone Rocket Chitetezo 

Beans 11.55 7.00 9.28* 27.47 16.65 22.06 

Eggs 0.50 0.20 0.26 1.18 0.48 0.62 

Fish 0.50 0.20 0.26 1.18 0.48 0.62 

Maize 0.97 0.45 0.71* 2.30 1.07 1.69 

Meat 0.84 0.59 0.71* 1.99 1.40 1.70 

Plaintains 0.65 0.35 0.50* 1.54 0.83 1.19 

Poultry 0.84 0.59 0.71* 1.99 1.40 1.70 

Rice 1.05 0.92* 0.79 2.49 2.18 1.88 

Vegetables 0.32 0.14 0.23* 0.77 0.34 0.56 
       

Source: Adkins et al., 2010a; Adkins et al., 2010b; Wang et al., 2009; USAID, 2010; Malakini et al., 2013. 
*Values are an average between 3 Stone fire and Rocket Stove.  
**The SFC of charcoal for each food group is calculated by multiplying the SFC for firewood with the ratio of 
the energy content of firewood (15.5 MJ/kg) to energy content of charcoal (29 MJ/kg). By dividing the SFC of 
charcoal through the conversion efficiency (0.22) of firewood into charcoal we get the SFC of charcoal measured 
in wood equivalent.  
 
 

Table 5.A2: Linear expenditure system 
Indices  ,  Commodities  ℎ Representative households 

Parameters   ℎ,  Consumption of commodity i by household h 

 Price of commodity i  ℎ Household expenditure ℎ,  Subsistence minimum of commodity i by household h ℎ,  Marginal budget share of commodity i by household h 𝜖ℎ,  Expenditure elasticity of commodity i by household h ℎ,  Average budget share of commodity i by household h ℎ Frisch parameter for household h ℎ Supernumary income 

Equations 

ℎ, = ∗ ℎ, + ℎ, ∗ ℎ − ∑ ∗ ℎ,   1 

ℎ, = 𝜖ℎ, ∗ ℎ,  2 

ℎ, = ( ℎ) ∗ ( ℎ, ∗ ℎ,ℎ ) 3 

ℎ =  𝑌ℎ𝑌ℎ− ℎ  4 

ℎ = ∑ ∗ ℎ,  5 

Source: Linear expenditure system following Dervis et al. (1982) 
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Table 5.A3: Sustainable yield of firewood of different land cover classes in Malawi 

FAO Land 
cover class 

Yield classification 
Total land 
cover in ha 

Sustainable yield of firewood in ton/ha 

Owen et al. 
(2009) 

Minimum 

Owen et al. 
(2009) 

Maximum 

Owen et al. 
(2009) 

Average 

Millington 
et al. (1994) 
Minimum 

Millington 
et al. (1994) 
Maximum 

Millington 
et al. (1994) 

Average 

Millington 
& 

Townsend, 
(1989) 

Maximum Average 

AGFL Post flooding crops 400,780 0 0 0 0 0 0 0 0 0 

AGHL Crop field 91,089 0.7 0.7 0.7 0.2 0.2 0.2 0.5 0.7 0.5 

AGHS Crop field 3,591,826 0.7 0.7 0.7 0.2 0.2 0.2 0.5 0.7 0.5 

AGOR Agroforestry 7,853 2.7 3.9 3.3 0.4 2.3 1.3 2.2 3.9 2.5 

AGSR Shrubs 1,915 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

AGTP Plantation 89,890 6.7 11.3 11.3 11.3 11.3 11.3 5.2 11.3 10.0 

AGTR Crops/sparse trees 568,779 2.7 3.9 3.3 0.2 0.6 0.4 0.5 3.9 1.9 

ARIC Rice 42,762 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ASUG Sugarcane 30,175 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ATEA Tea 36,944 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

BARE Rock 20,711 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

HBCL Savannah 522,032 0.3 0.3 0.3 0.2 0.5 0.4 0.5 0.5 0.4 

HBCO Herbaceous veg. 108,652 0.3 0.3 0.3 0.1 0.1 0.1 0.1 0.3 0.2 

HBFP Marsch 164,190 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

HBFT Dambo 264,104 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SRCO Shrubland/Thicket 132,281 0.5 0.5 0.5 0.2 0.5 0.4 0.5 0.5 0.4 

TREC Evergreen 218,354 1.9 2.3 2.1 5.0 5.0 5.0 2.2 5.0 3.6 

TREO Miombo woodland 2,938,629 2.0 2.9 2.5 0.4 2.3 1.3 2.2 2.9 2.1 

URBA Houses 170,977 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

WAT Water 168,167 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 Total 9,570,110          
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Table 5.A4: Assumptions for Malawi agroforestry system choice model 
 Agroforestry system 

Source 

 
Faidherbia Gliricidia Pigeon Peas 

Benefits 

    
Annual production of wood equivalent (w.e.) kg/ha 

after 1 year                 -            1,209.7         2,419.4  Akinnifesi et al., 2006; 
Chirwa et al., 2003; 

ECCM, 2009. 
after 6 years                 -            2,822.6         2,419.4  

after 15 years        8,200.0         2,822.6         2,419.4  

Annual production of local maize and pigeon pea ton/ha*  

after 1 year 1.0 1.0 1.0+0.5 Snapp et al., 2010; Barnes 
& Fagg, 2003; Chirwa et 

al., 2003. 
after 6 years 1.0 1.9 1.0+0.5 

after 15 years 2.1 1.9 1.0+0.5 

Energy from local maize and pigeon pea production MJ/ha per year** 
 after 1 year      14,610.5       14,610.5       21,704.8  

Ecker & Qaim, 2011 after 2 years      14,610.5       27,759.9       21,704.8  

after 15 years      31,266.4       27,759.9       21,704.8  

Costs 

    
Labor days per ha per year 

   
In the first year 56 58 78 

SMEC, 2015 following years 0 52 78 

for maize 
(local/hybird) 

116/120 116/120 116/120 

Energy needed for wood production MJ/ha per year 
 women 

    
In the first year 222.9 230.9 310.5 

FAO, 2011 following years 0.0 207.0 310.5 

for maize 461.7 461.7 461.7 

men 
    

In the first year 289.7 300.1 403.6 

FAO, 2011 following years 0.0 269.0 403.6 

for maize 600.2 600.2 600.2 

*Yields of hybrid maize are 2.7 times higher than of local maize, which usually includes mineral fertilizer. Value 
for pigeon peas includes maize and pigeon pea yields.  
**Energy from hybrid maize is 2.7 times the energy from local maize.  
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6.  DISCUSSION AND CONCLUSIONS 

Food, energy, and water are essential goods for human survival. At the same time, the three 

goods are intrinsically connected with each other through economic consumption and 

production linkages on the one hand and ecological processes on the other hand. All three are 

dependent on the provision of limited resources which are threatened by growing global 

challenges in the form of economic growth, population growth, and climate change that are 

particularly affecting poor developing countries. In the light of these challenges, researchers 

and policy makers gathered in Bonn, Germany, in 2011 and agreed that development policy 

cannot continue on its current “silo” path, but must undergo a transformation towards a nexus 

perspective of integrated food, energy, and water security policies. This dissertation 

contributes twofold to the research on the food-energy-water (FEW) nexus: methodologically, 

through developing integrated modeling frameworks for ex-ante policy assessments that 

capture the linkages between food, energy, and water, and empirically through identifying 

those policy measures that maximize the synergies for food, energy, and water (FEW) 

security and minimize the tradeoffs. These empirical and methodological achievements are 

reviewed in the subsequent sections, followed by general policy implications and directions 

for further research. 

 

6.1  MAJOR RESULTS AND ACHIEVEMENTS   
6.1.1 METHODOLOGICAL CONTRIBUTIONS 

The methodological objective of this dissertation is the development of an integrated 

modeling framework for ex-ante policy assessments that encompasses the relevant linkages of 

the FEW nexus at country level. Due to the complexity of the nexus and the numerous 

linkages between food, energy, and water, there is to date no existing economy-wide 

modeling framework that adequately captures all various interconnections. On the one hand, 

economic nexus linkages are the result of market interactions around consumption and 

production and determine the impacts of policy measures on the economic and social sphere 

of the FEW nexus. These are in turn influenced by ecological processes that comprise the 

environmental sphere of the nexus. Natural resources such as water, soil, and biomass 

originate in the earth’s climate system and are provided as ecosystem services by nature. The 

three spheres also maintain a reciprocal relationship with drivers in the form of economic and 

population growth as well as climate change. Global earth system models that can assess the 

climate system and anthropogenic feedback effects do not allow for detailed assessments of 
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policy impacts on FEW security at country level. To overcome the disadvantages of large 

aggregated models and to simultaneously encompass the relevant nexus linkages, three 

innovative modeling approaches are developed for the policy measures assessed in Chapters 3 

to 5 that concentrate on the linkages affected by each respective policy. The choice of 

modeling framework is guided by the three overarching research questions posed in Chapter 

1:  

1. What is the simultaneous impact of policy measures on food, energy, and water security?  

2. What is the role of drivers in effectiveness of policy measures? 

3. How do these policies affect the livelihoods of the poorest? 

A computable general equilibrium (CGE) model of Malawi is at the heart of each 

modeling framework. The economy-wide model not only captures all economic linkages 

between food, energy, and water, but also the social dimension of the FEW nexus through a 

detailed representation of the household sector. This is central to measure distributional 

effects and to answer the third research question on how policies affect the livelihoods of the 

poorest. A CGE model based framework is also an appropriate choice to answer the other two 

overarching research questions: the CGE model encompasses both the availability dimension 

of FEW security by measuring policy impacts on output as well as the access dimension by 

capturing impacts on income and prices. In addition, population and economic growth can be 

simulated within the CGE model to determine the role of these drivers in the effectiveness of 

policy measures. The CGE model approach does include neither nexus linkages outside of 

market interactions such as the collection of firewood for cooking energy, nor ecological 

processes such as the provision of water through the ecosystem that are central to FEW 

security. These shortcomings are overcome by linking the CGE model with different 

biophysical and tailor-made farm household models as suitable for each policy measure 

analyzed. 

Chapter 3 investigates the impacts of biofuel expansion policies on FEW security. 

Biofuels are often blamed for displacing food crops, water resource depletion, and greenhouse 

gas (GHG) emissions from land clearing. These concerns underpin the “sustainability criteria” 

governing access to European biofuel markets. Nevertheless, it is unclear if producing 

biofuels in low-income countries exacerbates food insecurity or conversely increases income 

of smallholders. To analyze the impacts of biofuels in Malawi, a CGE model is combined 

with a poverty module to assess distributional effects as well as food and energy security. 

Two other models are linked to the CGE model to capture the environmental dimension of the 
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FEW nexus and the ecological linkages affected by biofuels. Water security is included by 

linking the CGE model of Malawi to a newly developed crop model that measures how 

biofuel crop expansion influences the water intensity of the Malawian agriculture. One goal of 

increased biofuel production is to reduce GHG emissions relative to fossil fuels to slow down 

global warming and climate change. The CGE model is therefore linked to an additional 

module that estimates changes in emissions following land use change.  

In Chapter 4, a similar modeling framework is employed to analyze the effect of 

irrigation expansion policies on the FEW nexus. Irrigation is crucial to increase crop yields 

and mitigate effects from climate change, but the low profitability has led to little irrigation 

investments in Sub-Saharan Africa so far. As benefits from irrigation arise not only from 

yield increases, but also from multiplier effects and lower climate risks, the appropriate 

modeling framework must be able to simultaneously assess the various returns to irrigation. A 

CGE model and poverty module are again combined to determine the access and availability 

dimensions of security as well as distributional impacts. Ecological linkages are assessed by 

including two additional types of models. As agro-ecological conditions and crop 

management techniques are important drivers of the effectiveness of irrigation, a sophisticated 

crop model is linked to the CGE model to determine their roles in the FEW nexus. 

Conversely, irrigation itself is a mitigation mechanism to reduce the risk and vulnerability 

accruing from the driver climate change. The modeling framework is therefore extended by 

the inclusion of a stochastic weather simulation module to capture the linkages between 

uncertain climate conditions and the FEW nexus.  

These two modeling frameworks however do not encompass energy security at the 

micro-level, which is supplied by nature as an ecosystem service, predominantly collected 

from woods, and not traded at markets. In Chapter 5, the impact of improved cookstoves and 

agroforestry on the FEW nexus is analyzed with a focus on the biomass energy sector. The 

role of the CGE model in this modeling framework is to assess how drivers in the form of 

population and economic growth affect food demand. The CGE model is then linked to a 

newly developed food-energy model that translates changes in food demand into changes in 

energy demand. This demand-side model also captures the policy impacts of increases in 

cooking energy efficiency through improved cookstoves. The environmental dimension and 

supply side of biomass energy is included through two different modeling types: a biomass 

supply module estimates sustainable yields of wood using different yield data sets and land 

cover maps, while an agroforestry farm household model simulates the impact of trees grown 

on farms to increase biomass supply. As a farm household model, this tailor-made 
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mathematical programming model encompasses the social dimension of the FEW nexus by 

including the specific resource endowments and constraints of farm households in Malawi.  

Each of these modeling frameworks does not aim to be comprehensive in a sense that 

all linkages between food, energy, and water are covered. Rather the frameworks specifically 

capture the nexus linkages affected by the policy measures analyzed to better understand the 

effectiveness of those policies in evoking synergies and tradeoffs. The modeling frameworks 

therefore close an important gap in the literature by allowing detailed policy analysis of the 

FEW nexus at country level, especially since all developed models can easily be transferred to 

other developing countries. Even if policy measures not analyzed in this dissertation may 

require slightly different models, the CGE based modeling framework for the FEW nexus 

developed in Chapter 2 will serve as an ideal starting point. Nevertheless, the policies 

assessed in Chapters 3 to 5 are central nexus policies for all developing countries in a sense 

that they directly affect at least two nexus securities and the livelihoods of subsistence 

farmers, while their effectiveness is influenced by local and global drivers. The simulation 

modeling results on the impacts of these policy measures are examined in the next section 

with a view to the three guiding research questions. 

 

6.1.2 EMPIRICAL FINDINGS 

The empirical objective of this dissertation is the identification of policy measures that 

maximize the synergies and minimize the tradeoffs between food, energy, and water security. 

Previous studies are sector-specific and unable to simultaneously capture policy effects on all 

three sectors. This however is vital to find those interventions that increase resource 

efficiencies between the three sectors and ensure the provision of food, energy, and water for 

all people, especially the poorest.  

 

Simultaneous impacts on food, energy, and water security 

In general, the empirical findings of the previous chapters show that policy measures always 

produce some tradeoffs between food, energy, and water, but that – if policies are designed 

correctly – these tradeoffs can be minimized while simultaneously maximizing the synergies. 

As expected an expansion of biofuel production from sugarcane does indeed increase macro-

level energy security in Malawi by increasing the availability of fuel. Moreover, the policy 

simulation results of Chapter 3 cannot confirm the conception that biofuel crop expansion 

threatens food security, as long as sugarcane for biofuel production is irrigated. Rather food 
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crops displace unprofitable traditional exports crops, which leads to higher food availability 

and lower food prices. If biofuel crops are produced by smallholders, farm households benefit 

from an increase in income, which increases their access to food. There is therefore a synergy 

between energy and food security through biofuel production policies in Malawi. This 

synergy is dependent on irrigation of sugarcane, which entails a tradeoff for water security. 

As Malawi still has enough water resources, this tradeoff diminishes in light of the synergies. 

Overall, there is evidence that biofuel crops are not worse but even better for the environment 

and food security than other export crops, which does not justify the biased reservation by 

policy-makers.  

There is no tradeoff pertaining water security for the irrigation expansion policy 

analyzed in Chapter 4, since water availability and competing uses of water in Malawi are 

explicitly included in the irrigation potential calculations. As irrigation is conducted with 

smallholder technologies in the form of gravity irrigation, treadle pumps, and watering cans, 

energy needs are minimal. Likewise, irrigation does not require an expansion of land, which 

might negatively affect micro-level energy security. The policy simulation results show that a 

large part of irrigated land is used for food crop production, leading to higher food output and 

lower food prices. These findings hinge on an increase in crop yields and cropping intensity. 

Higher output also generates higher income for farmers, which positively affects the access 

dimension of FEW security. The stochastic analysis of climate variability impacts captures the 

stability dimension of food security. Due to the currently low irrigated crop yields in Malawi, 

the impact of irrigation on food stability is small but positive. If implemented correctly, 

irrigation expansion in Malawi is thus a policy measure that exhibits only synergies for FEW 

security.  

When studying the impact of improved cookstoves and agroforestry policies on the 

nexus in Chapter 5, there is a clear focus on food and energy security. As such, water security 

is only indirectly – albeit positively – affected by these policies, as both lower demand for and 

higher supply of trees may increase the ability of the soil to hold water. The model results 

show that improved cookstoves and agroforestry have the potential to increase energy security 

in Malawi in a way that is sustainable for the biomass energy sector. Especially agroforestry 

increases both national availability of biomass energy as well as the access to energy as 

people grow their wood on their farms. As food security is crucially dependent on the secure 

provision of cooking energy, this increase in energy security simultaneously increases the 

access to and even the utilization of food, as improved cookstoves may lead to better cooked 

food. Agroforestry further enhances food security indirectly by increasing soil quality and 
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crop yields. In addition, the time saved for collecting firewood through on farm production 

may play a crucial role for reproductive work and food security of children. The strong link 

between energy and food security is therefore strengthened by both interventions, leading to a 

win-win situation for all nexus sectors.  

To conclude, all policy measures studied showed a large scope for synergies between 

food, energy, and water, while some tradeoffs cannot be avoided. A simultaneous increase in 

FEW security can be achieved through the right interventions. Nevertheless, it is important to 

note that in practice, the implementation of these policies will require substantial efforts, 

especially in terms of funding.  

 

Role of drivers 

Drivers play an important role for the success and effectiveness of all policies and are 

simultaneously affected by interventions. Biofuel expansion policies are promoted to increase 

economic growth and to reduce GHG emissions relative to fossil fuels in order to decelerate 

global warming. The largest economic growth potential of biofuel production in Malawi can 

be attained if biofuel crops are produced on plantations. But plantation production as opposed 

to outgrower schemes does not increase incomes of farm households, leading to a tradeoff 

between economic growth and food security objectives. In addition, irrigated biofuel 

feedstock production that is central to increases in energy and food security increases GHG 

emissions relative to rainfed production, which add to the already high emissions from biofuel 

processing. Under the current processing technology, Malawian biofuel would not meet the 

EU sustainability criteria. Rainfed production on the other hand, while being the most 

environmentally- and climate-friendly feedstock production, would entail lower food security 

and lower economic growth. Biofuel expansion therefore involves substantial tradeoffs that 

need to be valued carefully before implementing any policy measure.  

Climate change is also a central driver in the expansion of irrigation. Irrigation is one 

of the most important climate change mitigation mechanisms and should reduce the risk of 

climate change impacts and the vulnerability to climate change. The results of the stochastic 

weather simulations in Chapter 4 indicate that irrigation expansion in Malawi is indeed able to 

reduce the risks from climate variability, but that at the moment the risk reduction potential is 

small. This is because irrigated crop yields are much lower than their potential due to 

inefficient input use and crop management techniques. The latter are therefore crucial drivers 

for the effectiveness of irrigation, especially with a view to higher food security. The 
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importance of crop management techniques for irrigation effectiveness can also be an 

advantage, as these can be much easier influenced by policy makers than climate change.   

Although population and GDP growth are the major drivers of increases in food 

demand and subsequently demand for cooking energy, the results of the modeling framework 

employed in Chapter 5 show that the increase in energy demand due to economic growth is 

almost negligible even on an economy-wide level. Conversely, demand growth due to 

population growth is so large that the efficiency increases from disseminating improved 

cookstoves are not enough to reduce demand to a sustainable level. The supply side policy of 

agroforestry on the other hand has the ability to provide sustainable supply even in the light of 

high demand growth through population growth. The nexus policy analyses of the previous 

chapters demonstrate how differently some drivers affect the effectiveness of policy measures 

and are reciprocally affected by them. Without considering the impact of drivers, policy 

measures might thus not be successful and entail undesirable tradeoffs. 

 

Impact on the livelihoods of the poorest 

Increases in FEW security on a national level must not translate into better access to these 

goods for subsistence farmers and other households living below the national poverty line. 

Impact of policy measure on poverty might therefore give a clearer indication on how the 

poorest members of society are affected and whether the access dimension of FEW security 

really increases for poor households.  

The potential of biofuel production to decrease poverty among smallholder farmers is 

large, but is dependent on the production of biofuel feedstock under irrigation by smallholders 

themselves as opposed to plantation production. These results are also confirmed by an ex-

post impact evaluation study in Malawi, which found significantly lower poverty among 

outgrowers of sugarcane compared to workers on sugarcane plantations (Herrmann and Grote, 

2015). Farm households gain from higher income from biofuel production, which translates 

into higher welfare measured through consumption expenditure. In addition, net-consuming 

households of food benefit from lower food prices. This is particularly important for the urban 

poor, who also experience higher wages in services sector as biofuel production increases 

demand for trade services. In the most promising biofuel policy scenario, there is a decrease 

in total poverty in Malawi by 1.4 percent relative to the baseline without biofuel expansion. It 

is important to note that lower poverty and income increases must not necessarily translate 

into better access to food, energy, and water. The results of Chapter 3 show that in the biofuel 
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scenarios where a large part of land was cleared for biofuel expansion, the reduction in 

poverty and increases in monetary welfare are much larger compared to scenarios where 

biofuel production happened on already existing land. In contrast, land clearing might lead to 

felling of trees which would negatively affect the access to biomass energy. In this case, a 

decrease in poverty does not go in hand with better access to energy. Therefore, energy 

security is dependent on the protection of the environment.  

The poverty reduction potential of irrigation is even larger compared to biofuel 

production, but hinges on the labor endowments of smallholder farmers and an increase in 

cropping intensity. Irrigation expansion as possible in Malawi considering water availability 

decreases poverty by almost 8 percent if farmers are not labor constrained and all irrigation 

infrastructure can be employed in both the rainy and dry season. Labor constraints are among 

the most impeding factors for adopting better crop management techniques (Woodhouse, 

2009). At least in the rainy season, Malawian farmers are highly labor constrained (Wodon 

and Beegle, 2006). Additional labor requirements through irrigation on-farm therefore 

decrease their off-farm labor opportunities, leading to an increase in poverty as the results in 

Chapter 4 confirm. Nevertheless, lower poverty through irrigation translates into higher 

welfare and consumption expenditure, while the increase in food production lowers food 

prices for net-consuming households. Non-farm households therefore exhibit even larger 

poverty reductions than farm households. At the same time, energy security is not affected as 

an intensification of agriculture through irrigation does not require any land clearing.  

In Chapter 5, there is no explicit investigation of poverty impacts of neither improved 

cookstove dissemination nor agroforestry. The poverty reducing effects of these policy 

measures rather work indirectly by increasing access and availability of biomass energy as 

well as the utilization dimension of food security. Similar to irrigation, agroforestry can be 

very labor intensive and may put additional pressure on already labor constrained farm 

households. This is confirmed by the farm household model results showing a clear 

preference for agroforestry systems that require minimal labor. As such, the farm household’s 

labor time is not negatively affected by agroforestry. Rather the household saves time by not 

having to collect wood off-farm. This leaves the household time for other productive or 

reproductive work, which is likely to have a (monetary) poverty reducing impact. At the same 

time, the substantial increase in access to energy from agroforestry is clearly a decrease in 

“energy poverty”, even though the latter term is usually used to denote a lack of modern 

energy sources by relying on traditional biomass energy (OECD/IEA, 2010).   
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Overall, the impacts of the policies analyzed on the livelihoods of poor smallholders 

are positive but come with many conditions, showing that the design of policy measures plays 

a crucial role for their success. Thereby, this dissertation achieved its empirical objective of 

identifying the most beneficial policy measures for the FEW nexus and how these policies 

have to be designed to maximize the synergies and minimize the tradeoffs between FEW 

security. These findings are an essential contribution to the empirical literature through 

proving that even in a world with enormous pressures on limited resources, prudent policy 

making can provide food, energy, and water security for all. In addition, the findings 

emphasize the importance of integrated policy analyses that simultaneously capture impacts 

on different sectors and spheres to identify synergies and tradeoffs and to improve resource 

efficiency. 

 

6.2  POLICY IMPLICATIONS 

The findings of the previous chapters give rise to several broader policy implications for 

national and international development policy making. The first implication deals with the 

design of policies in integrating smallholders, the second with the role of funding. The third 

and fourth implications deal with the relationship between the FEW nexus and the SDGs as 

well as the unfair treatment of traditional biomass energy in national and international policy 

making.   

 

Smallholder integration 

The integration of smallholders in implementing nexus interventions proved beneficial for all 

policies measures analyzed: smallholder production of biofuels maximizes synergies between 

energy and food security; smallholder irrigation practices, which do not require any additional 

energy inputs, evoke synergies between water, energy, and food security; a sustainable 

biomass energy sector that provides secure energy and food is crucially dependent on the 

practice of agroforestry on smallholder maize fields. Smallholder farmers thus not only 

determine the economic and social sphere of the FEW nexus as producers and consumers, but 

have decisive influence on the environmental sphere. They directly interact with ecosystems, 

for example through improving the quality of soil and watershed protection by planting trees 

on their fields. Although many studies emphasize the importance of smallholders for 

simultaneously protecting the environment, achieving food security, and reducing poverty 

(e.g. Altieri and Koohafkan, 2008; IFAD, 2013; Riesgo et al., 2016), the actual economic 
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growth and poverty reduction potential of smallholder farming is contested (e.g. Collier and 

Dercon, 2014). More than 80% of farms in Sub-Saharan Africa are smallholder farms with 

less than 2 hectares of land (Lowder et al., 2016), but not all smallholder farmers can move 

beyond subsistence production and produce profitable cash crops or practice irrigation or 

agroforestry (Dawson et al., 2016). The success of irrigation expansion in Malawi for 

example is dependent on improved crop management techniques and high labor input, which 

may go beyond the abilities of many family farms. Even for those smallholders that are 

productive enough, many challenges such as limited market access and financing options 

restrain their ability to manage a commercial farm (Fan et al., 2013; UNCTAD, 2015). As 

crucial as smallholders are for the FEW nexus, policies involving successful smallholder 

participation will require additional efforts in terms of removing constraints and increasing 

productivity of smallholders.  

 

Funding of policies 

Developing countries are likely unable to finance these efforts on their own. In all of the 

policy measures analyzed, costs for inputs and infrastructure were assumed to be financed 

from abroad. While the production of biofuels is lucrative for foreign investors that are 

already investing in sugarcane production in Malawi, irrigation expansion is not profitable 

enough to be undertaken without substantial investments of donors. Similarly, the cookstove 

and agroforestry seeds dissemination projects in Malawi are financed by NGOs or western 

countries’ official development aid. In the end, donor support for these policy measures must 

simultaneously increase private sector development to sustain FEW security. Improved 

cookstoves for example are already produced within Malawi, albeit still dependent on the 

demand and distribution of NGOs. As the policy assessments have shown both biofuel and 

irrigation expansion in Malawi lead to growth not only in the agricultural sector, but also in 

the services sector and other areas of the economy, thereby strengthening the economic 

development of the whole country.   

 

The food-energy-water nexus as a paradigm for the Sustainable Development Goals  

Since the launch of the Sustainable Development Goals, national and international 

development policy is concerned with reaching the 17 goals, of which the FEW nexus makes 

up only a small portion. Similar to FEW security, the 17 SDGs form a nexus where almost all 

goals are interconnected with each other and pursuing one goal may lead to tradeoffs or 



173 

synergies with other goals (Le Blanc, 2015; International Council for Science, 2016). This 

dissertation provides two valuable lessons for the “SDG-nexus”: Firstly, integrated policy 

analysis is necessary to identify the kind of tradeoffs and synergies that exist between 

different goals. Secondly, there are indeed policies that can simultaneously fulfil more than 

one goal and maximize synergies between different goals. At the same time, the launch of the 

SDGs is crucial for attaining FEW security. The SDGs go beyond pure economic growth 

goals and comprise the first policy agenda that integrates the social, economic, and 

environmental dimensions of sustainable development, which also define the FEW nexus. In 

this sense, the FEW nexus and the SDGs do not provide a paradigm for each other, but share a 

mutually beneficial relationship: Achieving FEW security simultaneously supports the SDGs 

and vice versa.  

 

Traditional fuels for sustainable development 

Finally, this dissertation makes a contribution to advocating traditional biomass energy, as it 

will remain the dominating cooking fuel in Sub-Saharan Africa in the near future (IEA, 2014). 

In both international and national energy policies, firewood and charcoal are treated as dirty 

fuels that are harmful for the environment and health. The SDGs explicitly exclude “solid 

biofuels used for traditional purposes” from their list of sustainable modern renewable energy 

(UN, 2016). Charcoal remains to be officially banned by law in Malawi as in many other 

African countries, even though it is the main cooking fuel in the urban areas (Zulu, 2010). On 

the other hand, countries like Malawi and Kenya have recognized the importance of biomass 

energy and introduced policies for improved cookstove dissemination to reduce fuel needs 

and emissions from fire (SEI, 2014). Nevertheless, international development policy still 

vilifies wood-based biomass energy as shown by the SDGs or the fact that households relying 

on traditional biomass energy as opposed to electricity are perceived as “energy poor” 

(OECD/IEA, 2010).   

The research conducted in this dissertation has shown that with the right policies, 

biomass energy can be inherently sustainable, improve ecosystem service availability and 

food security. These findings join several other studies that have been trying to absolve wood-

based biomass energy from its wrongly attached unsustainable image over the years (e.g. 

VENRO, 2009; World Bank, 2011; Owen et al., 2013; Johnson et al., 2014). As the SDGs 

will determine development policy in the next 14 years, it is crucial to improve their 
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perception of biomass energy and emphasize the importance of woodfuels for sustainable 

development. 

 

6.3  DIRECTIONS FOR FURTHER RESEARCH 

The development of integrated modeling frameworks is vital for quantitative analyses of 

policies that simultaneously affect the economic, social, and environmental spheres. As the 

pressure on limited natural resources is increasing, finding solutions for enhancing resource 

efficiencies and synergies across the three spheres requires the combination of detailed 

models from different disciplines, especially economics and ecology. There are different ways 

to combine different models: the soft link where the combined models can also be run stand-

alone and independently from each other; or the hard link where the combined models are 

often developed simultaneously and are nested into each other through functional 

relationships and data (Löschel, 2006). CGE and multi-market partial equilibrium models for 

example have hard links between different sectors and markets. Integrated assessment models 

and earth system models usually feature hard links between the different spheres that they 

cover (Flato, 2011). Most integrated modeling frameworks with a focus on economic and 

social impacts on the other hand are interconnected through soft links, for example the 

broader IMPACT model system (Robinson et al., 2015). Similarly, the modeling frameworks 

developed in this dissertation combine economic, biophysical, and farm household models 

through soft links. The strength of soft links is that each different model meticulously 

represents the structure of the sphere covered without having to compromise on how detailed 

economic or ecological linkages are specified. Hard links on the other hand allow for more 

detailed feedback loops and closer integration than soft links. The scope for more integrated 

models that are linked through hard links is large and will make modeling the relationships 

between the economy and the environment more accurate. This will make it easier to identify 

synergies and tradeoffs of policy measures on different parts of the economy and the 

environment. Yet, the establishment of hard link modeling frameworks requires 

comprehensive knowledge of the different models and the collaboration of researchers of 

different disciplines.  

The use of hard links or soft links between models of the economic and environmental 

sphere is directly related to another area of research that will benefit from further work in the 

future: the integration of ecosystem services in CGE models of developing countries. The 

disadvantage of CGE models is their inability to capture commodities that are provided 
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outside of markets and do not have a market price. Ecosystem services, such as firewood 

provided by open forests, make an important contribution to GDP in developing countries and 

the circular flow of income in an economy. The services include provisioning services such as 

water and biomass energy, regulating services such as climate regulation, cultural services 

such as recreation, and supporting services such as soil formation (Haines-Young and 

Potschin, 2009). Most of these services can only be assessed by biophysical models as they 

depend on numerous ecological processes and are not directly related to economic linkages. 

In the analyses of biofuel expansion in Chapter 3, the regulating (climate) and supporting 

(soil) ecosystem services were successfully soft linked to the Malawian CGE model with a 

GHG emissions model and a crop model. Provisioning services on the other hand are already 

implicitly included in the model functions of CGE models as inputs in production functions or 

commodities demanded by households (Bosello, 2014). Hassan and Thurlow (2011) or 

Calzadilla et al. (2013) for example take advantage of this CGE feature and incorporate water 

as an additional sector that is exogenously supplied. Similarly, environmental CGE modeling 

for industrial countries usually models externalities such as pollution or natural resource 

constraints by including them in the model equations (Wing, 2011). This hard link approach 

however remains a one-way link and does not cover the reciprocal feedback links between the 

supply of ecosystem services by nature and the demand for these services from the economy.  

Finnoff and Tschirhart (2008) overcome this problem and employ an innovative 

modeling approach combining a CGE and an ecosystem general equilibrium model. They 

study the impact of different fish population recovery measures on the ecosystem and the 

economy, solving both models consecutively so that the results from one model serve as input 

to the other model and vice versa. Similarly, Robinson and Gueneau (2014) include the 

impact of water demand changes on the supply side by sequentially running CGE and 

hydrological water system models in an iterative loop. Their modeling framework of Pakistan 

and the Indus river basin integrates the ecosystem service water through a combination of 

both hard links, by including water as an economic sector and commodity in the CGE model, 

and soft links as water supply is modeled with an independent hydrological water basin 

model. The assessment of irrigation expansion in Chapter 4 employed a combination of soft 

and hard links as well to include climate and supporting ecosystem services in the modeling 

framework. An independent crop model simulates the impact of weather variability and soil 

quality on the growth of crops. In a second step, the impact of climate variability on crop 

yields is hard linked into the CGE model through changes in total factor productivity in the 

crop production functions. This combination of soft and hard links between models of 
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different spheres allows the modeling framework to capture economic-environmental linkages 

accurately without losing important details concerning ecological processes. As such, 

integrating ecosystem services in economic models requires innovative and flexible modeling 

of economic and environmental relationships. There is still a large scope for modeling 

feedback effects between the economy and the environment. This dissertation seeks to make 

an important contribution to integrated environmental-economic modeling of developing 

countries and may serve as a starting point for future research on linking the economy and the 

environment in models. 
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