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1. INTRODUCTION

By 2050, global food security will face significant challenges from climate change, global population pressures (expected to reach
the nine billion mark), and increased urbanization (FAO 2009). The recently adopted Sustainable Development Goals demand pro-
gress on key dimensions of human development and environmental sustainability. However, as a result of growing natural resource
scarcity, making progress in one area, such as food security, will likely adversely affect progress towards desired outcomes in other
areas, such as water security or environmental sustainability. As a result, business as usual approaches are no longer an option.
Instead, advances in food security need to be addressed within a nexus perspective incorporating key interlinkages with related
sectors, including water and energy.

In order to maintain our current patterns of food consumption globally, it is estimated that production between 2010 and
2050 needs to increase by approximately 60 percent, annual cereal production has to increase by 50 percent, and annual meat pro-
duction has to more than double (FAO 2009; IFPRI 2016). At the same time, around 800 million people globally go to bed hungry
and more than 100 million children under the age of five years are stunted.

Policy makers will need to design local policies that take into account not only local actors and challenges, but their global
equivalents as well (De Pinto et al. 2016). Investment in agricultural research and development needs to be stabilized and in-
creased; linkages with key connected sectors must be better understood and managed; and the natural resource base on which
both humans and nature depend conserved, all the while meeting human development needs across the water, energy and food
sectors. This is challenging as agricultural land is being degraded through increasing salinity, desertification, climate change, and
pressures from an increasing urban population (Hoff 2011; Nkonya et al. 2016).

The food security challenges place an added burden on the available water sources over and above the higher demand
brought about by population increases. On average, 70 percent of all fresh water (surface and groundwater) is used by the agricul-
ture sector, with the rest used for drinking, industrial use, and the surrounding ecosystem. (FAO 2014; HLPE 2015). By 2050, projec-
tions show that global per capita renewable water resources will fall by 25 percent. These pressures vary greatly across different
regions of the world. In general, per capita water resources will fall more in developing countries than in developed countries. In
the Middle East and North Africa, further declines, estimated from 778 m3 to 506 m3 per capita per year, are expected to severely
constrain livelihoods and economic development (FAO 2014; HLPE 2015).

Energy security is similarly essential to most development outcomes. Energy is used along the entire food supply chain,
which uses close to one third of all energy consumed worldwide, ranging from fertilizer production (using slightly over 1 percent of
global energy use), groundwater pumping, to food preparation (HLPE 2015; Bogdanski 2012). Energy production has to increase 50
percent over current levels by the year 2035 in order to achieve energy security (HLPE 2015; FAO 2014). However, achieving this
increase without prioritizing a reduction in greenhouse emissions would only exacerbate climate change-related challenges glob-
ally. Research shows that increasing the global reliance on alternative fuels rather than fossil fuels will go a long way towards
achieving the objective of increased energy supplies without adverse climate change impacts (Ringler et al. 2016; IEA 2012). The
use of some renewable energy technologies is increasing, including hydropower, biomass conversion, onshore wind, and solar pho-
tovoltaic. However, technological advances in other renewables, such as offshore wind and concentrated solar power, is still lag-
ging behind (IEA 2012).

The 2030 agenda for the Sustainable Development Goals bridges a policy and sectoral gap that the Millennium Develop-
ment Goals failed to address. When the earlier goals identified and worked towards achieving sectoral goals and targets, they failed
to highlight and emphasize the links across these sectors (UN ECOSOC 2016). The Sustainable Development Goals and the 2030
agenda identify these policy gaps and acknowledge that some of the thematic areas under the latter goals are interrelated. For
instance, there is the gender-education-health nexus, the water-energy-food nexus, and the climate-land-energy-water nexus,
among others (UN ECOSOC 2016). The water-energy-food nexus is of considerable significance for economic and human develop-
ment prospects in the East Nile Basin countries. This is what we focus on in this paper.

Climate change alone puts pressure on food security, energy, and water resources around the world, particularly in re-
source constrained regions and those expected to be adversely impacted by climate change (Nelson et al. 2010; IPCC 2014). One
such region is the continent of Africa, and specifically the Nile Basin (Al-Riffai et al. 2012; Verner and Breisinger 2013). Populations
in the East Nile Basin countries of Ethiopia, Sudan and Egypt are expected to continue to increase due to continued high fertility,
which will increase demand for food, water, and energy and challenge their food, water, and energy security.



Reduced water availability, whether as a result of climate change or as a result of man-made interventions, such as dams,
is expected to directly impact the agriculture sector, the energy sector, as well as the rest of the economy in the Eastern Nile Basin
countries. Throughout the water value chain, energy features as a prominent input in all its segments. Whether it is used for extrac-
tion, for powering desalination plants, or as a product of hydro energy generation, water and energy are closely linked (Al-Zubari
n.d.; Hoff 2011; HLPE 2015). Water quality can also be directly impacted by the generation of energy as a result of oil spills or the
contamination of water sources (HLPE 2015). The food-water connection is also strong, as is the energy-food interdependency. The
relationship between energy and food operates both ways — energy is used for the production of food, but also food can be used in
the production of energy, such as through the use of food crop outputs for ethanol production.

We use an innovative methodology to model the socio-economic linkages between water, energy, and food in the East
Nile Basin. Based upon a theoretical nexus framework, the methodology is expanded into a quantifiable modeling suite that under-
lies the analysis of each of three country case studies. The advantages are that, despite resource shortages being a challenge, the
modeling suite aids in devising policies and strategies that formulate these sectoral interdependencies and provide the evidence-
based research results necessary for their design in a way that exploits synergies existing across sectors, countries, and regions (Al-
Zubari n.d.). This paper lays out the methodology and gives an example of an application and scenarios by focusing on three coun-
tries in the East Nile Basin. This methodology paper will be followed by three individual country case studies that highlight the wa-
ter, energy, and food nexus for each.

A Nexus Perspective

The policy questions we will cover with this methodology focus on the socio-economic impacts of water, energy, and food chal-
lenges on the agriculture sector and the rest of the economy in the Eastern Nile Basin countries of Ethiopia, Sudan and Egypt. Spe-
cific foci will be on the impact of water availability on crop efficiency scenarios and on exploring the investment in conventional and
alternative energy sources required to satisfy growing demand for energy.

Attention will be given to water-energy-food nexus modeling and its implications for achieving national development goals
and objectives in these countries. At the macroeconomic level, some of the policy questions we will ask are: What will be the result-
ant changes in Gross Domestic Product and trade patterns? What kind of structural change will eventually take place at the sectoral
level? What will be the changes in energy and water demand and land use? What will be the evolving patterns in food production
and macro food security? How will the countries in the region change their use of energy and water in the face of these interde-
pendent challenges, and more importantly, what will be the welfare effects of future changes in the water-energy-food nexus?

There has been an increasing focus on employing the nexus approach in policy design (Figure 1), and studies have explored
the water-energy-food nexus for this purpose. However, not many studies explore this tripartite nexus in considerable detail® and
none do so for the Eastern Nile Basin countries. It is estimated that if we are to maintain our current patterns of production and
consumption globally, the agricultural sector has to produce 70 percent more than its current production by the year 2050, and
energy production has to increase 50 percent more than its current levels by the year 2035 (Hoff; 2011).

There are close interlinkages and interdependencies between energy, water and land, and food and nutrition (Figure 1).
These three axes impact the welfare of households, communities, and economies at large. As a result of socio-economic, institu-
tional, technological and environmental drivers, governments will devise policies and actions to influence the tripartite links in this
nexus in the hopes of positively impacting socio-economic challenges, including those around food and nutrition security, poverty,
environmental sustainability, labor markets, gender empowerment and equity, and health (Hoff 2011; von Braun 2015). A promi-
nent and more immediate concern is that increasing water scarcity implies diminishing ability for societies to achieve food self-
sufficiency, resulting in rising food insecurity in affected countries, and an even greater need to explore alternatives and synergies
that may have not existed before.

Using the water-energy-food nexus in Figure 1 as a background, we present a suite of tools that will allow us to model this
tripartite link and show its socio-economic impacts on the economies of the East Nile Basin countries in order to draw policy recom-
mendations. Our modeling framework is composed of three components; biophysical, energy, and socio-economic.

1 0ne of the few examples is Conway et al. (2015) who explore climate change and its impact on the water-energy-food nexus in southern Africa.
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Figure 1—-The Water, Energy, and Food Nexus Perspective
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The paper is structured as follows: Section one outlines the rationale behind our framework, focusing on the nexus per-
spective. Section two gives a brief review of how water and energy were modeled in the economic literature, while section three
explains the nexus model, highlighting its three modules; the biophysical module, the energy module, and the socio-economic
model. Section four describes how the three models are linked and how they “talk” to each other when modeling various policy
scenarios. Finally, section five concludes and proposes ways forward.

2. MODELING WATER AND ENERGY IN THE LITERATURE

Economists, water specialists, and energy analysts have been modeling the water and energy sub-sectors. Economists emphasize
the connection between resource scarcity in the sub-sector of focus and the rest of the economy, modeling these interlinkages in
stylized general equilibrium models. These models use general equilibrium theory and the neoclassical theory of economic growth
as their economic underpinnings (Bergman 1988). Water and energy practitioners, in contrast, provide highly detailed and specific
water and energy partial equilibrium models that emphasize the technological intricacies of these resources within the sub-sec-
tor(s) of focus. However, despite their technological richness, partial equilibrium models do not have the capacity to asses and ana-
lyze the impact of policy changes on the rest of the economy. Moreover, despite their capacity to address that shortcoming, gen-
eral equilibrium models — more specifically, computable general equilibrium (CGE) models — are unable to fully capture the techno-
logical intricacies of partial equilibrium models. In short, “stylizing” water in CGE models is inadequate for water and energy model-
ers and “stylizing” economics in water and energy models is inadequate for economists (Robinson and Gueneau 2013).

Water and economic models

There are few resources that capture the essence of economic theory like water. With temperatures around the world expected to
rise by over 4 degrees Celsius post-2050 and drier climates expected to prevail, in the context of continuing population growth,
water is truly an embodiment of limited resources and unlimited wants (Nelson et al. 2010). In 1992, following an international
conference on water and the environment, convening experts officially recognized and declared that the scarcity and inefficient use
of water is a serious threat to humanity and sustainable development (UN n.d.). At the close of the conference, the Dublin State-
ment on Water and Sustainable Development was adopted. The Statement contained four guiding principles to shape policy
around the use of water, urging the use of economic valuation techniques in the allocation of this vital resource. From needing wa-
ter in general to sustain life to specifically using it to generate energy, water as a resource has been well researched and studied in
the economic literature, in both partial and general equilibrium frameworks.
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Partial equilibrium models of water are of significant value when analyzing small changes in the availability of water, water
quality concerns, and water pricing. Generally the changes modeled are considered small enough not to significantly impact prices
in the rest of the economy (Fadali et al. 2012). However, as previously mentioned, partial equilibrium models neither take into con-
sideration direct impacts on the rest of the economy nor do they account for direct and indirect impacts on welfare.

Water has been modeled in general equilibrium frameworks in various ways depending on the policy question. Earlier wa-
ter-focused CGE models assessed the socioeconomic impacts of shortages in the water supply on the agricultural sector, the pro-
duction sectors, or on the household sector. Early general equilibrium models, such as Seung et al. (1997), Berck et al. (1990, 1998),
Seung et al. (1998), Seung et al. (1999), and Seung et al. (2000) focused on water for agricultural use. Berck et al. (1990), for exam-
ple, focused on the San Joaquin Valley in California, studying the impact of a falling water supply on both the agriculture sector and
the wider economy of the Valley. Later, water used for non-agricultural purposes was modeled by Goodman (2000), Watson and
Davies (2011), and Wittwer (2009), among others. The agriculture sector has been the predominant sector of focus in CGE model-
ing of water issues. The prime reason is that the sector is by far the largest user of water as a resource for food production (Fadali
et al. 2012). From establishing a market and hence a price for water (Dixon 1990; Horridge et al. 1993; Gomez et al. 2004; Diao et
al. 2008; Hassan et al. 2008) to modeling surface and ground water sources (Diao et al. 2008; Calzadilla et al. 2010) to modeling
seasonality in the agriculture sector (Strezpek et al. 2008; Robinson et al. 2008), water has received its fair share of representation
in general equilibrium models.

While water has been incorporated into economic models through general equilibrium models and economics has been
incorporated into water models through partial equilibrium models, neither approach alone is enough to satisfy the details needed
for robust policy analysis (Robinson and Gueneau; 2013). As a result, interlinked, hybrid platforms have been emerging. The results
are specialized models that do not compromise on the details of each discipline, complementing each other to present an inte-
grated methodology that optimizes on the different features of each component. Yu et al.(2010) use such interlinked hybrid models
to study the impact of climate change on food security in Bangladesh in order to devise adaptation strategies for the agricultural
sector. They use the hydrological model that the government of Bangladesh employs for their annual flood forecasts with an econ-
omy wide CGE model for Bangladesh. Robinson and Gueneau (2013) use a combined CGE model and a regional water system model
(river basin simulation model) for Pakistan to analyze the economic impacts of changes in water supply as a result of water shocks
in the Indus river basin on the rest of the economy. Osman et al.(2015) assess the impact of improving the quality of water and soil
on the Egyptian agricultural sector and on the rest of the economy. They link water satellite accounts to their model to highlight the
relationship between physical water systems and the rest of the economy. Hybrid modeling techniques are increasingly being rec-
ognized as platforms for more comprehensive analysis for generating policy information.

Energy and economic models

Following the energy crisis in the early 1970s, interest in energy supply and energy policy was on the rise. Energy systems that fo-
cused on the energy sector were mainly of the partial equilibrium type, i.e., they used exogenously determined demand for energy
to endogenously determine the cost minimizing levels of resource extraction, conversion, and distribution (Bergman 1988).

The resultant partial equilibrium models were very detailed and helped provide input for energy planning needs. Among
the first was the energy model developed by Nordhaus (1974) that was used to analyze how markets allocate scarce resources over
time, focusing on the efficient allocation of energy resources (Bergman; 1988: Nordhaus 1974). Later, the MARKAL model was de-
veloped by researchers at the International Energy Agency (Bergman 1988). These models are referred to as partial equilibrium or
bottom-up models. But, despite the richness of their technological and sectoral details and their ability to inform the energy plan-
ning process, these models cannot provide information on the impact of energy supply changes or domestic energy policies on rela-
tive prices and the allocation of resources in the economy (Bergman 1988; Bohringer and Rutherford 2005). Although they model
the energy sector with considerable detail, they tend to ignore linkages between the sector and the rest of the economy, and so
provide an incomplete picture of the impact of energy policies on the rest of the economy.

At the other end of the spectrum, CGE models have become a much used tool to analyze energy policy and its impact on
the rest of the economy. As a direct consequence of the rich sectoral and agent interlinkages founded on macro and micro eco-
nomic theory, economists use these CGE models to analyze the socioeconomic impacts of energy taxation? (Solaymani and Kari
2014) and energy market regulation (Vandyck and Regemorter 2014). Energy-focused CGE models also have been used to study the
sensitivity, or lack thereof, of the economy to oil price changes (Sanchez 2011; Aydin and Acar 2011; Balke, Brown and Yucel 2008).
These models rely on a macro and micro economic framework that represents the whole economy (sectors, factors of production,

2 Energy taxation policies focus on both fiscal and environmental considerations.
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and taxation and subsidy systems), as well as economic actors (producers, households, government, and the rest of the world).
However, they cannot provide a detailed technical representation of the energy system (Bohringer and Rutherford 2005). The en-
ergy sector, although explicitly identified in these models, is represented by production functions that portray transformation pro-
cesses using constant elasticities of substitution. This approach fails to capture the technological intricacies of the energy sector
(Bohringer and Rutherford 2005). Furthermore, the empirical estimations of these elasticities are unavailable for all countries as
they rely on assumptions of the growth in technology, the time horizon involved, and the level of aggregation employed.

The two types of models mentioned above (partial equilibrium or bottom-up and CGE or top-down, respectively) mainly
differ with respect to the level of detail modeled for the energy sector and the interlinkages modeled of the different sectors and
agents in the economy. Various modeling efforts have successfully linked these two types of models in order to capture the
strength of each. Arndt et al. (2015) linked the South Africa TIMES® model to the South Africa General Equilibrium Model to explore
the socioeconomic impact of introducing a carbon tax and liberalizing import restrictions in South Africa in order to make use of
regional hydropower available from other southern African countries. Other single country linked models for exploring policy issues
in the energy sector include Fortes et al. (2013) for Portugal, Riekkola et al. (2013) for Sweden, to name a few. Linking top-down
and bottom-up models for energy policy analysis also has involved regional and global models that have incorporated policy scenar-
ios of energy efficiency (Martinsen 2011) and energy policies in general.

3. THE NEXUS MODELING FRAMEWORK

To employ a nexus approach to water, energy, and food security, this analysis will use methods that work across sectors. We use a
methodology suite of three models that work together to capture the biophysical, energy, and economic impacts of the various
resource stresses facing the Eastern Nile Basin. By linking a biophysical and energy component to a rich general equilibrium (eco-
nomic) component, we explore water, energy, and food policies and their impacts on the economies of Ethiopia, Sudan, and Egypt
to provide a rich integrative canopy of interactions that can capture the tradeoffs involved and highlight externalities and synergies
that could exist among these countries.

The three component models in our modeling framework are a biophysical, an energy-focused, and an economic model
(Figure 2). The biophysical component model provides an insight on water, land, and food production by combining a hydrological
model, a river basin management model, and a crop model. The energy component model uses the MARKAL/TIMES (TIMES is a
successor of MARKAL model) energy model to give us a detailed analysis that captures the role of energy in the nexus. Finally the
socio-economic component model connects the energy and biophysical components, allowing us to analyze the impacts of changes
in water and energy supply on the economy as a whole and on poverty and income distribution in particular, all the while exploring
policy scenarios for action and for potential synergies that may present themselves. For the socio-economic component of our
nexus modeling, we use a country-specific dynamic recursive computable general equilibrium model (DCGE). The DCGE completes
the nexus framework and allows us to design water and energy sector and broader economic policy from a nexus perspective.

Biophysical Model
Water Management Optimization for the Nile Valley in Egypt

We choose six climate change scenarios (see Appendix) to profile the climate change possibilities in the Eastern Nile Basin. These
scenarios were common runs between those present in the Nile Basin Initiative’s database and those present in the database for
the International Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT).

3 The Integrated MARKAL-EFOM System
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Figure 2—The Nexus modeling suite
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The hydrologic system in our modeling suite is a river basin management model composed of a river basin model and a
DSSAT (Decision Support System for Agrotechnology Transfer) data optimization crop model. The hydrologic system is used to give
us the climate change impacts on crop yields and hydropower generation in the economy. This biophysical system carries through
all of our scenarios. Within this biophysical system, the river basin model simulates climate change impacts on precipitation and the
crop model simulates climate change impacts on temperature. The river basin model uses a spatially distributed hydrologic model
which simulates evapotranspiration and rainfall runoff processes that feed into a river basin and crop model. The river basin and
crop models maximize net economic return from irrigated agriculture subject to resource, technological, management, and policy
constraints. Previously generated data on the heat impacts of climate change from the DSSAT model are used to simulate the tem-
perature impacts of climate change. The end results are crop yield changes over the entire period of study from 2010 to 2050 under
a baseline scenario of no climate change as well as under the six climate change scenarios.

Figure 3—The hydro-economic system
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The Water Management Optimization Model (Figure 3) for the Nile Valley is a regional hydro-economic optimization
model that maximizes the economic benefits from crop and hydropower production through optimal regulation and allocation of



water flows over time, space, and crop activities. In this model, each irrigated area is regarded as a representative farm. The im-
plicit stochastic optimization model is formulated as: *

Max Z = ch Zc Zy(pcnc ' YCJTL; - sz'lc) ' A?E/ + Znn Zt NIB?n + an PPnp Zt HEGZW - Zn Zt(csn ' ngl +cgn - WG?) (1)

The objective Z represents net economic benefit accrued over the entire period defined by the length of the hydrological
record being used in the model, with socioeconomic and water infrastructure condition fixed at the planning year level. The multi-
year period of hydrology being used is exclusively for analyzing the performance and risks of the river basin management system in
the context of the stochastic nature of weather and river flows.

The node indices nc, nn, np and n represent the agricultural water demand, non-irrigation water demand, hydropower
plant, and general water demand nodes, respectively. The index c refers to crop type, y year, and t time interval (usually month),
respectively. Producer price of crop commodity c is denoted as pc. The crop yield Y, . ,, is estimated using the empirical crop water
production function provided by FAO (Rao et al. 1988). For countries where irrigated area is not expected to drastically expand,
calibration of the model is critical so that it can reproduce base year observations of crop yield and area, hydropower production,
and flows to sinks.

The production input cost (except water) is assumed to be proportional to crop area, and the total cost per unit area is
denoted as cp, which is determined using a Leontief technology matrix estimated using available data. Crop area is denoted as A;
benefit of water use in non-irrigation sector is denoted as NIB; and HEG is hydropower production, with unit electricity price of pp.
The cost of surface water use WS and groundwater use WG at each demand site are respectively cs and cg, with surface water cost
usually represented by a water charge and groundwater cost represented by cost of pumping.

Hydropower production is a function of flow through the turbine QP and hydraulic head above the turbine H, namely
HEGype =1y p - g QPP - H[” (2)
where parameter n is turbine efficiency, p water density, and g is gravitational acceleration.
The main constraints for this optimization model include:

Water balance equation at each node. The following water balance equation states that storage change at a node during time pe-
riod t equals total incoming flow minus total outgoing flow during the period.

Sp - Sp—l = Znue(nu,n) Q?u'n - ane(n,nd) Q?'nd (3)

where S is storage of node n in time period t, and qu‘" represents flow from node nu to node n. This water balance equation

applies to node types that include surface reservoir, groundwater aquifer, river reach, artificial conveyance facilities, such as canals
and pipelines, and junction nodes. For river reach or conveyance facility, their storage capacity is negligible and therefore the left
hand side of the equation becomes zero, forcing total incoming flow to be equivalent to total outgoing flow in any time period.
Incoming flow node type nu includes river reach, local stream, reservoir, groundwater aquifer, and irrigation return flow. Reuse of
wastewater is also considered a local inflow node. Outgoing flow node types include reservoir, river reach, groundwater aquifer,
reservoir evaporation as a sink, river basin outlet as a sink, and demand site.

For a reservoir node with hydropower plant, total release to the downstream equals to the sum of flow running through
the turbines QP plus reservoir spill QS.

Sna QP = QB! + QST (4)

Water delivery and allocation at demand node. At demand node n, total water delivery from surface water WS equals
Ynuesw (nun) Q/™™. For coastal areas that have desalination plants, an “other” source, WO, is considered. Therefore, total water

supply for a demand site node is
Q? = Znue(nu,n) Q;nun + WOZL (5)

Meanwhile, at the demand node, water delivered to the end user equals total delivery multiplied by efficiency. For irriga-
tion, total irrigation water delivery is allocated to crops, as follows

4 Notation convention is that all decision variables are written in uppercase, while all parameters are written in lowercase.
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Q? Ten = Zc IRDZL ' A?,y (6)

where e, is irrigation efficiency in node n, IRDy" irrigation water requirement in time period t in depth unit, and AZ,, irrigated area
of crop cin year y. IRD{ can be determined either using maximum evapotranspiration for crop ¢ and effective rainfall or through a
soil water balance equation in the root zone. The year value y can be determined using the time period value t.

Return flow from demand node. The coefficients of return flow are differentiated by the source of water supply. Return flow usu-
ally ends in the next river reach or junction node.

ers,y,m = rns ' WSn,y,m + T}? : WO? (7)

Besides water balance through the river basin network, a set of constraint equations are applied to set the upper and
lower bounds for decision variables, including, but not limited to, reservoir storage capacity and dead storage, hydropower genera-
tion capacity and sometimes firm power, conveyance capacity, river flow regime for aquatic ecosystem protection or minimum
instream flow requirement, and range of planted areas of certain crops.

Energy Model

For our modeling suite we use the MARKAL (MARKet Allocation)/TIMES (The Integrated MARKAL-EFOM (Energy Flow Optimization
Model) System, a successor of MARKAL). The MARKAL/TIMES model assumes perfectly competitive markets for energy carriers
(energy source or energy form). It is also a technology rich and demand driven model that has been adopted in energy and environ-
mental studies in over 70 countries, has been used over 35 years, and is one of the most widely used energy models to design en-
ergy policies (IEA-ETSAP 2015; Loulou et al. 2004; Loulou et al. 2005).

MARKAL is an energy planning tool that was developed in 1974 just after the oil crisis by a consortium of members of the
International Energy Agency. It is a large-scale model used for long-term analysis of energy systems for a city, province, country, or
region. A linear programming model, it identifies the technological configuration of an energy system, subject to user-specified
constraints, that minimizes the total discounted energy-system costs (Fishbone et al. 1983).

The driving force of the model is socioeconomic development (Mondal et al. 2014) where the environment is an important
constraint on development. The energy demand is driven by the availability of technology and the primary energy resources that
can be exploited. These factors will then determine energy consumption in the various economic sectors, capital needs and tech-
nology deployment, and the effects on the environment through pollutant releases to various ecological systems.

The TIMES model combines advanced versions of the MARKAL model. Its generator was developed as part of the Interna-
tional Energy Agency-Energy Technology Systems Analysis Program, an international community which uses long term energy sce-
narios to conduct in-depth energy and environmental analyses (Loulou et al. 2004). The TIMES model is the successor of the
MARKAL model. The executive committee of the Energy Technology Systems Analysis Program decided to promote the TIMES
model for new users from 2008 onwards. Nonetheless, the MARKAL code is still in use.

Similar to MARKAL, TIMES is a linear programming bottom-up energy model. The model computes an economic equilib-
rium for energy markets from supply to end use energy services. TIMES computes both the energy flow and energy prices in such a
way that the suppliers of energy produce exactly the amount of energy the economy needs. The MARKAL/TIMES is a demand
driven model. However, TIMES acknowledges that demands are elastic to their prices (Vaillancourt et al. 2008). A typical
MARKAL/TIMES model for the evaluation of energy systems is presented in Figure 4.

The model mainly consists of the description of a large set of energy technologies, linked together by energy flows, jointly
forming a reference energy system. The reference energy system is the structural backbone of this model for any particular energy
system. Its great advantage is that it gives a graphic idea of the nature of the system. Another important characteristic of
MARKAL/TIMES is that it is driven by a set of demands for energy services. The feasible solutions are obtained only if all specified
end-use demands for energy for all periods are satisfied. The user exogenously supplies these demands in the model. Once the
reference energy system has been specified, the model generates a set of equations that hold the system together. In addition, the
model possesses a clearly defined objective, which is usually chosen to be the long-term discounted costs of the energy system. The
objective is optimized by running the model, which means that configuration of the reference energy system is dynamically ad-
justed by the model in such a way that all model equations are satisfied, and the long-term discounted system costs are minimized.
In this process, the model computes a partial equilibrium of the energy system for each period, i.e., a set of quantities and prices of
all energy forms, such that supply equals demand in each period. A variety of constraints can be supplied to the model for making
the solution more realistic.



Figure 4—A typical structure of the MARKAL/TIMES model

/ Policies & Action \
Finance, Governance, Innovation
e.g. constraints on imports & energy mining

Drivers Impacts/Outcomes

* Bemographic MARKAL/TIMES * Economy:

- Demand for energy services - Energy requirements to meet demand

* Technology: M ODEL - Capital needs & technology deployment

- Existing &.p gl * Environmental sustainability:
resource availability
- Ecological effects &

* Policy/Political:

- Constraints on imports &
energy mining

ENERGY

Source: Authors’ representation

Model constraints

The basic constraints of the model take into account the following (Condevaux-Lanloy and Fragniere 2000; Loulou et al. 2005):

e The satisfaction of projected energy demands, which are exogenous in the MARKAL/TIMES model in the methodology
used in the paper, coming from the DCGE model;

e The limits on emissions of various pollutants imposed on the system for environmental reasons;

e The energy balance for each energy carrier at different levels of the energy system;

e The capacity transfer between successive periods and capacity expansion due to investment;

e The bound on production as a result of installed capacities or limited fuel supply; and

e Various other technological constraints needed to represent the complex production systems involved.

The constraints (equations or inequalities) and objective function (criterion to be minimized or maximized) include deci-
sion variables and parameters, where decision variables are endogenous and, thus, are determined by the model, or are exogenous
and, thus, are determined by the modeler.

Some of these decision variables include:

o INV(r, k t): the investment in new capacity addition for technology k, at period t, in the region r. Typical units are
PJ/year for energy technologies and GW for electricity (1 GW=31.536 PJ/year).

e CAP(r, k, t): the capacity of technology k, at period t, in region r;

o ACT (r, k, t, s): the activity of technology k, at period t, in region r, during time slice s;

e  MINING (r, ¢, t, 1): the amount of commodity c (PJ per year) extracted in region r at price level /, in the period of t: the
coefficient in the objective function is the unit cost of extracting the commodity required to provide by the modeler.

o IMP(r, c t, I): the amount of commodity c (PJ per year) at price level /, exogenously imported by region r in the period
of t. For example, in a single region model, these variables would have to treat the imports of oil to this single region
as exogenous; the coefficient of the import variable in the objective function is the unit price of importing the com-
modity and is provided by the user

o EXP(r, c t, 1): the amount of commodity c (PJ per year) at price level /, exogenously exported by region r in the period
of t. For example, in a single region model these variables would have to treat the exports of oil from this single region
as exogenous; the coefficient of the export variable in the objective function is the unit price of importing the com-
modity and is provided by the user.

e ENV(r, t, p): the emission of pollutant p, at period t in region r.

e D(r, t d): the demand for end use d, at period t in region r.

e TRADE (r, t, ¢, s, imp) and TRADE (r, t, c, s, exp): quantity of a commodity ¢ (PJ/year), exp/imp by region r to/from all
other regions at period t for the time slice s (electricity).
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The model constraints are summarized below in the simplified form given in the MARKAL and TIMES documentation
(Loulou et al. 2004)(Loulou et al. 2005)°.

Energy flow conservation. For the flow of each energy form, the consumption must not exceed availability according to equation
(8), where k is energy technology, c the quantity of a commodity, OUtk, r the amount of commodity c produced by one unit activity

in technology k, and inpk, f =amount of commodity c required to operate one unit of activity of technology k.

D outcte- ACT (K, t,¢) + D IMP(t,c,1) = > inpr, - ACT (k,t,c) — D EXP(t,c,1) >0 &
k s k d

Energy demand satisfaction. The demand for each energy service d must be met at each period where dema, tis the demand for

end-use of energy at period t for all simulations of all the technologies k, which produce energy for demand d. This is gross demand
that includes losses of transmission, distribution and utilization, incorporated through different parameters in the model.

D CAP(K,t) > dema. *)
k

Capacity transfer. In case of each technology k, total capacity at any period is determined by the capacity installed previously that
is still operative, the initial capacity, and investment in new capacity.

CAP(K,t) — >INV (K, p) < residk.t (10)
p

where residk.t is the residual capacity of technology k at period t. The summation extends over all previous periods p such that t-p

does not exceed the life time of the technology k.

Capacity utilization. For each technology k, activity must not exceed the installed capacity at any time period t where utily is the
annual utilization factor of technology k.

ACT (k, t) — util.- CAP(k,t) < 0 (11)

Electricity generation technologies may have a single annual utilization factor or seasonal utilization factors, the sum of
which should be less than unity.

Source capacity. The use of any energy carrier or form of energy f through technology k must not exceed the annual availability of
this capacity at any time period t. Srcapt,t, i is the annual availability of energy form f from source i at period t.

> inpk, 1 - ACT (k,t) < ) srcapr.v,i (12)
k i

Growth constraint. Limited extraction facilities for fuel or sometimes regional priorities and constraints will influence the capacity
of each technology, therefore growth cannot exceed a certain percentage rate in each period.

CAP(k,t+1) — (1+ growth.) - CAP(k,t) <0 (13)
where growth« = maximum allowable growth factor for each technology at period t.

Emission constraints. Emission constraints set the upper limit on emissions of certain pollutants by the energy system as a whole.
These limits can be imposed separately for each time period or cumulatively over the whole planning horizon. For these constraints
to be active within the model, emission coefficients must have been defined for all polluting technologies. Instead of an emission
limit, the user may also specify an emission tax Etax(t, p) . If so, then the quantity ENV (t, p).Etax(t, p) is added to the annual

cost expression, adversely impacting the emissions at a constant rate. The total emissions and emissions limit can be expressed as:

ENV (t, p) =) | EMINV (t, p,k)- INV (t,k) + EMCAP(t, p)-CAP(t,k) + EMACT (t, p,k)- Y ACT (t,k,s)

k

(14

and

5 For a single region, in the notations used in the following equations, the names of decision variables appear in upper-case italics and the known
parameters in lower-case italics.
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ENV (t, p) < ENV _LIMT (t, p) (15)

where EMINV, EMCAP, EMACT are emission coefficients for pollutant p linked respectively to the construction, capacity, and
activity of a technology. ENV _ LIMT (t, p) is the upper limit set by the user on the total emission of pollutant p, at time period t.

Objective function

The objective function is the sum of all regional objectives, where all are discounted to the same selected base year. Each region
(country) may have different discount rates and the model will calculate each separately. The sum of the total discounted cost is
the model’s objective function as shown in equation (16).

0BJ(z)= Y [REG_0BJ(z,1)] (16)

reREG

where OBJ (Z) is the total system cost discounted to the beginning of the year z, and r is the region.
Each regional (REG) objective OBJ(z)is decomposed into the sum of nine components.

INVCOST (y) + INVTAXSUB(Y) + INVDECOM (y)
REG_OBJ(zf)= Y  DISC(y,z)x|+ FIXCOST(y) + FIXTAXSUB(Y) + VARCOST (y) + (17)
re(~»,
S(mote ELASTCOST (y) — LATEREVENUES (y) — SALVAGE (2)

where DISC(y, z) is the value discounted to the beginning of year z using a general discount factor (the regional index r is omit-

ted from the nine components for simplicity of notation). The first and second terms are linked to investment costs. The third term
is related to decommissioning capital costs. The fourth and fifth terms are linked to fixed annual costs. The sixth term is linked to all
variable costs, while the seventh is demand loss costs, and the eighth term is the revenue that accounts for commaodity recycling
which occurs after the end of the analytical time horizon. The ninth term is the salvage value of all capital costs of technologies
whose life extends beyond the end of the analytical time horizon.

The MARKAL/TIMES input parameters

Input specifications, such as technology performance data, emission data, economic data, etc., are required by the TIMES model.
(See an example in Figure 5). The model builds a representation of the energy system for the given region by specifying energy
flows in and out of each technological component in the system.

Figure 5—Example of MARKAL/TIMES model input component block

Emission data: CO,, NOx, SOx, Particles

=~

Fuel data:

. Availability Power plant
. Cost

. Import/export

Performance data: Economic data:

. Efficiency . Investment cost

. Plant availability . Fixed and variable operating costs
. Start year and useful life time L Residual/existing capacity

. Seasonal and load characteristics

Source: Adapted from (Gargiulo 2015; Mondal 2010)

The model requires extensive data input, which can be classified into data groups such as data for the technology group,
the energy carriers group, the end-use demand group, the emissions group, as well as other or additional stylized constraints im-
posed on the model.
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Each group of data input requires a set of defined information. The user also has to choose proper units for costs, energy
flows, final energy demands, activity levels, and capacities of conversion technologies (Nobel 2007; Loulou et al. 2005; Amorim et
al. 2014).

Model outputs

A typical MARKAL/TIMES solution consists of the following results (Mathur 2001; Nobel 2007; Loulou et al. 2005; Gargiulo 2015;
Vaillancourt et al. 2008.):

e Aset of investments in technologies selected by the model at each time period. This set refers to the level of new in-
vestments expressed in terms of plant capacity (GW) of each technology in each period.

e Aset of operating levels of all technologies at each period; the model suggests the optimum utilization level of each
technology. It is expressed in terms of percentage utilization of installed power generation capacity.

e  Electricity outputs in PJ by technology by year.

e The quantities of each fuel produced, imported, or exported at each period. Based on the information on plant capac-
ity and utilization factors, the model gives the total quantity of each fuel required or consumed in the energy system
in each period.

e The emission of pollutants at each period. If sufficient information about different emissions is provided in terms of
coefficients for each technology, this emission result set provides values of total emissions due to the utilization of
different technologies.

e The overall total discounted system cost. It is the minimum value of operation of the reference energy system under
the defined energy demand levels for each time period of the analysis period. It is the value of the objective function
of the model.

Energy demand and fuel prices assessed by the DCGE model directly can be used as inputs to the MARKAL/TIMES model.
All fuel price or cost data is user defined. The outputs from the TIMES model, such as technology capacity (GW), electricity unit gen-
eration cost (USD/kilowatt-hour) by technology, energy supply mix, marginal technology investment cost, marginal electricity price,
levelized cost of electricity generation, and others can be used as inputs in the DCGE model. Hydropower generation capacity (GW)
assessed by the hydro model can use as constraints in the MARKAL/TIMES model to select other options to meet energy demand.

Economic Model

For the socio-economic component of our nexus modeling, we use a country-specific dynamic recursive computable equilibrium
(DCGE) model for each of the countries. This DCGE model works to complete the nexus framework and help us design policy from a
nexus perspective. The model connects the energy and biophysical components and allows us to analyze the impacts on the econ-
omy as a whole and on poverty and income distribution in particular, all the while exploring policy nexus interventions to mitigate
and adapt to the impacts of climate change.

The DCGE model, developed at the International Food Policy Research Institute, is a multi-sectoral dynamic computable
general equilibrium model of a single country.® It has been designed primarily for the analysis of agricultural strategies, income
distributions, and household welfare in an open economy facing import and export competition on world commodity markets. The
model is based on microeconomic theory. The economy is modelled as a competitive economy with flexible prices and market
clearing conditions. Agents represented in the model are consumers who maximize utility, producers who maximize profits, and the
government. The economy is connected to the rest of the world via trade and capital flows.

The DCGE is recursively-dynamic, meaning that the evolution of the economy over time is described by a sequence of sin-
gle-period static equilibria (within period component) connected through capital accumulation, changes in the supply of labor and
agricultural land, and sector specific technical progress (the between period component). The economic structure of DCGE is fully
specified and covers production, investment, and final consumption by consumers and the government. Policy instruments in the
DCGE are taxes, subsidies, or quantity constraints in factor markets, product markets, and in international trade. The model results
show relative changes to a reference scenario that also needs to be defined.

Figure 6 describes the circular flow of income and spending between economic agents in the DCGE. Producers in the agri-
culture, industry, and services sectors purchase land, labor, and capital inputs from factors markets, and intermediate inputs from

6 See Diao and Thurlow (2012) for a detailed description and full mathematical presentation of the DCGE model.
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product markets, using these inputs to produce goods and services. These domestically produced goods are supplemented by im-
ports and then sold on product markets to households, the government, investors, and foreigners. Households and enterprises,
own the factors of production, receive factor earnings or value added from producers, transfers from the government, and remit-
tances from abroad and spend their total income on the consumption of goods and services, savings, and tax payments. The public
sector or the government receives revenues from taxation and foreign aid and spends these revenues on recurrent spending, in-
cluding remuneration of public employees, transfer payments, and public spending on productivity and factor-enhancing invest-
ment. Finally, the rest of the world receives foreign exchange for the provision of goods and services (in the form of domestic im-
ports) and pays foreign exchange for its demand of domestically produced goods and services (exports). In addition, the rest of the
world also pays out transfers to the domestic economy, through workers’ remittances and as transfers to the government.

Figure 6—Circular flow of income in a CGE model

Sectoral & national Household incomes &
economic growth poverty
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Agriculture
_— Factor markets _—

(
Q

ad

_ > _ >
Product markets )
Production Consumption
A
A T
axes .
Foreign markets
Taxes .
and countries
Recurrent
spending
v
. Taxes & social
I Public sector or P grants
government
Productivity/technolo Public investment .
v/ 8y <+— Savings & private
—_ i i investment
< Foreign investment
— Human/physical capital P

Source: Diao and Thurlow (2012).

We adapt the standard CGE model in several ways to make it more suited for modeling the water-energy-food nexus in
the East Nile Basin. Although renewable electricity capacity and generation has substantially increased in the last years, its share in
the energy mix is still modest or nonexistent in most East Nile Basin countries. To model possible energy transition plans, we split
the electricity sector in the individual country case studies to include (where relevant) solar, wind, and conventional technologies7.
For countries currently producing electricity from renewable sources, we use the statistical information from the International En-
ergy Agency. For countries without renewable power production, we assume that a small amount of solar and wind electricity is
generated by a standard power plant running at minimum capacity.8

The production technology of solar and wind power plants is defined according to the cost structures provided by Dii’s
industry survey (2012) and is assumed to be identical for all countries. There is not enough information to model grid operation

7 Conventional technologies include hydropower, gas, combined cycle, and diesel production technologies.

8 This assumption does not distort the energy mix because a small production is added for solar and wind technologies in the case studies coun-
tries. Doing so also allows us to model future development of solar and wind power production in countries where production is currently non-
existent.

13




independently; therefore we use the same assumption as the original electricity sector in DCGE. That is, each electricity sector ac-
counts for electricity generation, collection and distribution. In addition to the different electricity generation sectors, the DCGE
models four energy sectors where relevant, coal, oil, gas, and petroleum products, which helps us to represent the complete inter-
action of different energy sources on the domestic energy market.

In the business-as-usual policy scenario, renewable electricity production in DCGE is mainly driven by fossil fuel prices and
competitiveness. High fossil fuel prices make expensive the production of electricity from conventional sources incentivizing the
production of electricity from renewable sources. Competitiveness, on the other hand, is determined by the levelized cost of elec-
tricity and the learning curve. High levelized cost of electricity and poor reduction costs are directly linked to production subsidies
in the model, which makes its production unattractive.

The electricity produced by each type of power plant is sold to domestic markets and part of it could also be exported. The
distribution to intermediate demand and final demand of renewable electricity is assumed to be similar to the distribution of con-
ventional electricity. Therefore, we use a high elasticity of substitution between solar, wind, and conventional electricity, which
characterizes a very homogeneous good.

The dynamics underlying the CGE model are composed of two components, the within and between period components.
The former (equations 18-35) maximizes consumer and producer utility and profits, respectively, subject to consumers’ budget
constraint and the prevailing factor prices for the producers. Prices clear the product and factor markets. For the latter (the be-
tween period component, equations 36-38), certain exogenous variables such as population growth, labor and land supply growth,
and total factor productivity, are set period to period, and the rate of capital accumulation is determined endogenously in the
model based on the investment level in the previous period.

Consumers. Consumers® in a CGE model maximize their utility subject to their budget constraint (equations (18) and (19)). C; is
the consumption level for each household for each good, y;,; is a subsistence level of consumption, and f;,; are the marginal budget

shares.

Max U, = [1i(Cpi — Yni)Phi] (18)
subject to

2i(P - Cpi) = (1 — sp — typ)Yy (19)

Expenditures must always equal disposable income less savings for the consumer, where sy, is the savings rate, tyy, is the
direct (income) tax rate, Y}, is income earned® and P; - C,; is their spending on consumption.

Using a Stone-Geary utility function, the consumer’s optimization problem yields a linear expenditure system of consumer
demand equations that determines their demand for each of the goods and services on the market.

Cni = Bril(X = s, =ty )Yy — Zi(Py * Yui)IPT + ypy where i’ ~ i (20)

Producers. Producers employ factors of production (labor, land and capital) to produce goods and services. Depending on the econ-
omy under analysis, the disaggregation of the production sector varies. However, for the purposes of this research, the agriculture,
energy, and water sectors are disaggregated as much as possible for policy purposes. Each producer faces a constant elasticity of
substitution production function (equation (21)) where in order to produce good/service X;, Vi;pi of factors of production are em-
ployed. Aiis sectoral total factor productivity, a;r is the share parameter of each factor employed, and the factor substitution elas-
ticity is o; where 0; = 1/(1 + p;).

X; = Ai(Zf s Vi;Pi)—l/Pi (21)

The first order conditions from profit maximization yields the factor demand equations

9 The number of households represented in the model varies from economy to economy.
10 Households earn income from factor returns, transfers from the government, and workers’ remittances.
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Vip = 4, pl'Xi(“if'W—f

1/(1+p;)
) (22)

Factor demand is directly proportional though non-linearly, to the relative price of value added price (of the good) to the

. PV;
price of the factor, (—).
Wy

The government. The government does not follow any behavioral functions in the model. The government uses the net revenue
it collects from taxes (income taxes, sales taxes, customs duties) and foreign grants, (R + rw), to spend on recurrent expenditure
(goods and services, Y.;(P; - G;)). The residual, if positive, becomes a fiscal surplus and, if negative, a fiscal deficit (FB).

R +rw =Y,(P;-G;) + FB (23)

International trade. In the DCGE, trade with the rest of the world (when it exists) relies on the fact that there is product differentia-
tion or imperfect substitutability between domestically produced goods and similar products on the international market.

Producers can produce for the domestic market or for exports. The decision to do so relies on a constant elasticity of
transformation function where D{p" is domestic production going to the domestic market and El.(pi is domestic production being
exported.

]1/(Pi

X, =Lt D'+ 1+ )E (24)

Using the same rationale, the supply of goods and services available to domestic users can either come from domestically
produced goods and services or their imported equivalents. Using an Armington function that assumes imperfect substitutability
between domestically produced and imported products,

-8; —6;,]7 /0
Qi =0 [ - D7 + (1 + )M ] @5)

trade decisions depend on the relative prices®?. In the case of exports, if the price of the good produced is higher globally than do-
mestically, then the producer will decide to export the good instead of selling it to the domestic market.

D; _ T PD; 1/(<Pi_1)

B (Trl ' P_Ei> (26)
where

PEl' = (1 - tei)pwei (27)

Similarly, if the price of the imported good is higher compared to the price of its domestic equivalent, then the consumer
will decide to consume the domestically produced good instead. The consumer can thus satisfy his/her taste for variety.

Dy _ (L pg)/O*0D
M; (1—#1' PDl-) (28)

The model represents a small open economy that exports and imports goods and services from the rest of the world. How-
ever, the assumption is that the countries are small enough that their export and import decisions do not affect the world prices of
goods and services. Therefore, the export price of a good (in foreign currency) pwe; and the import price of a good (in foreign cur-
rency) pwm; are exogenous. te; and tm; are export taxes and import tariff rates, respectively.

Savings and Investment. The ex-post savings-investment identity of National Accounts holds in a CGE model ex-ante. Savings in the
system can come from private (household) savings (3., s, Yy ), the fiscal surplus (or deficit) FB,, and official grants and loans from
abroad (ER.FS).

I = YnsnYne + FB; + ER.FS (30)

Investment demand is also not determined through a behavioral equation. The value of investment spending (P; - N;)
must equal all the investible funds in the system (I - ¢;).

1 Transfers to institutions (households and enterprises) and subsidies paid out to some activities and commodities are netted out in this relation-
ship.
12 Equations (26) and (28) are derived from the first order conditions of the CET and Armington function, respectively.
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I.gi=Pi'Ni (31)
Ni€ Q;
Current account. The balance-of-payments current account balance may be defined as the difference between national savings and

investment (S — I). If the difference is positive, then those surplus savings are invested abroad (net foreign assets) and, if negative,
then the gap is financed by foreign capital inflows.

CA=S—1=ANFA (32)

Alternatively, the current account balance may also be defined as the trade balance (TE — TM) plus net foreign transfers
or workers’ remittances (Y., hwy,), and foreign aid/grants accruing to the government (rw).

CA =TE —TM — NFI (33)
TE = ¥.(pwe; - E;) and TM = ¥;(pwm; - M) (34)
NFI =Y, hwy, + rw (35)

The above equations model the within period component of the DCGE model. As for the between period growth compo-
nent, that is modeled through the assumed growth in factor supplies (equation 36) -all except capital accumulation, total factor
productivity (equation 37), and the change in government recurrent spending (equation 38).

VSpeer = VSpe(1 + gvpe) Where f # k (36)

Factor supply in the following period, VS 4, is assumed to grow at a rate of gvy,, per year. The production shift parame-
ter, A, grows at the rate of gp;;, which represents total factor productivity.

Ajeyr = A3 (1 + gpie) (37)
Finally, government recurrent spending is assumed to grow at an annual rate of gg;;, per annum.
Gity1 = G (1 + ggie) (38)

All three components of the nexus modeling framework, the biophysical, the energy, and the economic components, in-
teract and “talk” to each other. As previously mentioned, output from the energy and biophysical components is entered as input
into the CGE model, and output from the CGE model feeds into the energy model in order to allow us to assess the macroeconomic
and distributional impacts of the policy questions posed. The links between the different components of the framework come into
play when the system is used to assess different policy scenarios.

4. SCENARIOS AND NEXUS MODELING LINKS: EXAMPLE OF THE NILE BASIN COUNTRIES

Our quantitative framework explores the impact of climate change on the water, energy, and food sectors and assesses nexus pol-
icy interventions in those three sectors and the impact this has on the economies of three of the East Nile Basin countries; Egypt,
Ethiopia, and Sudan. By employing a nexus approach, the economies of the three countries can move one step closer to sustainable
development systems by amplifying and optimizing on the net benefits of intersectoral integration (Hoff 2011).

The food, energy and water nexus highlights not just the multiplier effects involved in an efficient and coherent tripartite
nexus intervention, it also highlights the vulnerabilities of these three systems and their combined and compounded fragilities as a
result of strong sectoral interlinkages and the consequent impact on economic growth and development. Adding climate change to
the challenges makes a policy maker’s job even more difficult when devising nexus policy interventions. In order to keep up with
population increases under climate change impacts, more and more food, water and energy are needed despite their increasingly
constrained supply. As a result of climate change, crop yields will change, resultant water stress upstream will negatively impact the
hydropower generation of downstream countries, and rising sea levels and soil compaction in the delta will adversely impact the
agriculture sector in affected downstream countries.

Climate change will directly impact the economies of the three countries through the three sectors that we choose to
highlight and emphasize in this paper. Climate change will place stress on water supply, namely Nile waters. It will also affect the
food sector through two main pathways; crop yield changes as a result of changing precipitation and temperatures, and loss in agri-
cultural land in the Nile delta as a result of rising sea levels and delta compaction. Finally, for this study, climate change will also
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impact the energy sector by potentially adversely impacting hydropower generation capabilities. Adapting to climate change inevi-

tabilities will require a series of nexus interventions on the part of policy makers*®,

We employ Nielson et al.’s (2015) definition for the water, energy, food nexus, in which they state that the “...food-energy-

water security nexus encompasses synergies and tradeoffs between food, energy, and water security that are impacted by endoge-

nous and exogenous drivers and cannot be captured if these sectors are analyzed in isolation.” When proposing nexus intervention

policies, Nielson et al. make a distinction between the direct and indirect effects of policies on these three sectors. Direct effects

occur when the policy intervention affects at least one of these three sectors directly, while an indirect effect is when polices and

occurrences affect these sectors through a complementary system. These channels of impact are important because for an inter-

vention or a policy “...to be considered a nexus intervention, the intervention must impact food, energy, and water security, of

which at least one impact must be direct.” We use this definition when devising and setting out the policy scenarios.

Scenarios

We undertake six policy scenarios, the first three provide the scenario where there is no adaptation to climate change, while the

next three are aimed at mitigating the adverse effects of climate change through climate change adaptation policies. The first three

scenarios are compared against a baseline where climate change does not take place, while the last three are compared against a

world of climate change without adaptation (Table 1). In both sets of scenarios, climate change impacts are assessed in the three

sectors of water, energy, and food.

Table 1—Nexus policy interventions

Scenario

CC-Fa — climate change
adaptation by focusing
on the food sector, es-
pecially after crop
yields change and, if
relevant, sea levels rise

Policy Intervention

Increasing or de-
creasing cropped
area of land in or-
der to counter yield
changes

Water Security

Direct: Water use
for agricultural pro-
duction will change
while also increas-
ing for industry and
private consump-
tion

Energy Security

Direct: More energy
is used by consum-
ers and farmers.

Food Security

Direct: Net production of food is unknown. On the one
hand, any change in crop yields will change agricultural
output. However, adding or taking away from the
cropped area will impact agricultural output.

Indirect: Potentially employment in the agriculture sec-
tor will change, thus impacting incomes and access to
food.

CC-Ea — climate change
adaptation scenario
that focuses on the en-
ergy sector

Change in energy
mix by relying more
on renewables in
electricity genera-
tion, keeping subsi-
dies intact

Direct: Greater use
of water in the pro-
cess of electricity
generation

Direct: More energy
available for use by
consumers through
a more efficient en-
ergy mix and less
reliance on fossil
fuels

Direct: More electricity is available for consumption, but
not clear if output price of electricity will fall because
some of the renewable sectors will depend on subsidies
to operate efficiently. Consequently, price of electricity
for intermediate demand is indeterminate at this point.

Indirect: Potentially higher employment in electricity
generating sectors contributing to higher incomes and
greater food access

CC-Wa — climate
change adaptation by
focusing on the water
sector — more efficient
water allocation

Relying on alterna-
tive sources of wa-
ter and improving
water use effi-
ciency, e.g., more
desalination and in-
vesting in more effi-
cient irrigation sys-
tems

Direct: More effi-
cient use of water
systems

Direct: More energy
will be needed to
operate these irri-
gation systems

Direct: Productivity expected to increase in the agricul-
ture sector

Indirect: Increased employment as a result of employing
these more efficient irrigation networks

Source: Nielsen et al.(2015) and authors’ representation

In the presence of climate change but with no adaptation measures being taken, our analyses demonstrate the following:

Food production systems are challenged (CC-Fna): Climate change leads to temperature changes and greater water stress facing

the agriculture sector. As a result, crop yields are affected, impacting agriculture production. Furthermore, in coastal countries, the
rise in global sea levels may affect coastal countries, specifically Egypt’s delta which would ultimately reduce the land available for
growing the crops currently grown in and around there.

131t is more difficult to put in place country level mitigation practices to slow down sea level rise than to build into policy adaptation measures to
the phenomenon. Though reduction in greenhouse gas emissions is an important adaptation measure, one single country cannot sufficiently re-
duce greenhouse gas emissions to affect sea level rise.
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Water sources are challenged (CC-Wna): Water use efficiency may become compromised as a result of climate change. So, depend-
ing on the outcomes of the different GCMs predicting water stress, the country’s business as usual use of water may become un-
sustainable.

Energy production is adversely impacted (CC-Ena): Climate change may impact hydropower generation capacity. Combined with
increasing demand for energy in the three countries, depending on each country’s net energy production, this may lead to stresses
on the energy sector that would be reflected throughout the economy.

Once these three main impacts of climate change are modeled, we propose adaptation measures to help alleviate some of
the adverse reactions to climate change. The three adaptation measures we focus on are (also see Table 1):

Food sector interventions (CC-Fa): Increasing the availability of food, whether through more domestic production or more imports,
can counter some of the reductions in food supply as a result of reduced crop yields. Increasing production of food is possible by
increasing productivity, land expansion or changes in the crop mix (more fruits and vegetables, less cereals), or even increasing
exports in order to finance higher food imports.

Water sector interventions (CC-Wa): Increasing water use efficiency and investing in and using alternative sources of water. The
former can be achieved through investing in improved irrigation schemes and improving wastewater reuse, while the latter in-
cludes investing more in desalination technology, water harvesting, or even using groundwater resources, non-renewable though
they may be.

Energy sector interventions (CC-Ea): Electricity production will be affected by climate change. It will become necessary to rely on
alternative sources of energy to support each economy’s growth and development. All three East Nile Basin countries are commit-
ted to changing the energy mix towards more climate-resilient technologies in order to counter any negative effects and also to the
countries meet their renewable energy strategy. Furthermore, this scenario assumes that over time these countries will benefit
from a global learning curve that leads to a reduction in the cost of producing these non-conventional energy technologies.

Climate change and water supply shortages are both expected to impact crop yields in the agricultural sector. The results
from the hydro-economic model produce the supply of water available for each country and long term crop yields. The relationship
between water and the rest of the economy is not only through agriculture, but water is also used for industrial and for household
consumption purposes. Water used for agricultural and industrial purposes appears in the demand for intermediate goods. The
model uses a Leontief technology to model the relationship between gross output and the use of intermediate goods.

Crop yield changes produced by the biophysical models are in turn used in the CGE model to reflect changes in the total
factor productivity (TFP) of the agricultural subsectors over time. The model uses a nested constant elasticity of substitution pro-
duction technology that allows us to use the shift parameter to model these yield changes. TFP growth in turn determines the
growth as well as the growth in the entire system. In the case of a negative shock, for example, if crop yields fall due to adverse
climate change impacts or reduced supply of water, TFP growth will be negative. This negative shock is translated into reduced sec-
toral production, reductions in the use of factors of production, and through the model’s linkages, impacts on factor income,
household income, exports and imports.

It is through these links that we are able to bring together the modeling to highlight the socio-economic impacts of climate
change in each country. If the country of interest experiences both the adverse impacts of water shortages (whether through cli-
mate change or through man-made means) and long term yield reductions as a result of high average temperatures, then we ex-
pect a negative impact on the agricultural sector in general and on the directly impacted agriculture subsectors specifically. By tak-
ing the analysis one step further, we are able to explore the direct and the indirect linkages among the sectors and agents and also
explore poverty and income distribution consequences.

Nexus modeling links

In this section we highlight the links among the three model components by listing which equations from each serve as channels for
these links.

Biophysical and energy model links. One possible channel of communication between the river basin model and the energy sector
is through the electricity derived from hydropower production. The river basin model can provide the system with hydropower
production changes as a result of climate change. However, the energy sector model determines the allowable electricity produced
by hydropower, both of which are used as input into the CGE model.
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Hydro-economic model and socioeconomic model links. We conduct two sets of scenarios; the first compares the impacts of cli-
mate change on the water, energy, and food sectors in a world of no climate change, and the second set models the different nexus
policy interventions the governments can consider in order to adapt to a future of climate change. That second set of scenarios is
compared to climate change without adaptation measures.

Climate change is expected to impact the three nexus sectors through changing crop yields, changes in hydropower gener-
ation, and the land available for crop agriculture. Policy makers can adapt to a changing climate by targeting these three sectors
directly. In the food sector, there are a couple of potential options to take: increase agricultural production or productivity, increase
agricultural imports, or both. In the water sector, governments can rely on alternative water sources, such as desalination, more
groundwater extraction, water harvesting, and the like; improve the efficiency of water use in the economy; or a mixture of both. In
the energy sector, in the event that climate change is expected to bring about adverse impacts on energy generation or usage,
changing the energy mix by relying more on renewables is a viable option, especially since all three case study countries emphasize
that trend in their development strategies.

The section below highlights the equations used in the modeling framework and how they interact in order to clarify these
two different sets of scenarios.

Impacts on the food sector

Climate change affects the food sector system through two pathways; changing crop yields in the agriculture sector and changing
land available for crop agriculture.

Modeling crop yield changes

In the hydro-economic model. The modeling suite obtains the long term changes in crop yields from the hydro-economic model. A
crop water production function in heuristic multiplicative form is applied, as shown in equation (39). It is based on the heuristic
assumption that the Boolean principle is applicable and the yield expected at the end of any growth stage is determined with re-
spect to the maximum yield expected at the beginning of that stage. The function is applicable over a wide range of stress condi-
tions (Rao, Sarma, and Chander 1988).

Yo . o (. AET, (39)
Ymc - H{l KC'i(l PETC,i J}

where Yis actual crop yield reported by the analyzer, Ym maximum yield under no water stress, K., yield factor for growing stage i,

and AET,; is actual crop evapotranspiration in growing stage i.

In the DCGE model. Precipitation and temperature changes over the time horizon are expected to change long term crop yields for
crop agriculture. Those crop yield changes are considered as total factor productivity changes to the crop sectors. The model uses a
nested constant elasticity of substitution production technology. These changes are captured through changes in the shift parame-
ter Airof each agriculture subsector’s production function:

Xi = A Qpag Vi PP (40)

where q; f is the share parameter of the factor used in the production of good i and V;; is the quantity demanded of each factor,
and the technological change/shift in each period A;;; as in equation (37) is captured by gp;;, which represents total factor
productivity or the change in the production function’s shift parameter

Modeling agricultural land shocks in the DCGE model

Equation (41) is the equilibrium condition in the factor markets, where the sum of factor demand (¥ Vi) is equal to the supply
of that factor in each time period. If climate change or policy leads to a decrease/increase in the land area available for crop pro-
duction, then land supply is affected in the model.

Yir Virpe = VSpy (41)

We assume that factor supply grows at an exogenously set rate of gy, (equation 36). In the event of a negative/positive
shock land supply in future periods (VS 1) changes accordingly.

Impacts on the water sector

Unlike other attempts to model water in an economic model, this framework makes use of a hydro-economic optimization model
to model the intricacies and details of the water sector and ultimately derive the long term crop yields as highlighted in equation
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(36). In the DCGE model, water is a standalone sector that distributes water to the economy and, thus, any exogenous shocks that
would affect either the supply of water or its demand and use in the economy.

Modeling water stress/changes in the DCGE model

The governments may decide to address water stress by adopting more efficient water management practices, such as improving
water irrigation networks or improving the water supply and distribution network as a whole. These changes can be modeled in the
DCGE model as positive TFP shocks in the water sector in the economy through gp;; (equation 37), thus changing productivity in
that sector. Alternatively, more efficient water management practices affect the demand for water used in agriculture, industry,
and for private consumption. For the first two cases, we can affect the demand for water as an intermediate good (equation (42))*

by assuming lower input output coefficients, io;,; in the future.
PPL'ZPVi‘l'Zi/Pi/iOl'/i (42)
As for the impact on household consumption of water, the above changes will lead to a changing market price for water

for the households and through their demand (equation 42), P;, the market price for water will change, thus influencing Cp,;, house-

hold consumption (equation 20).

Impacts on the energy sector

Water stress as a result of climate change is expected to affect available water used for hydropower and underlines the necessity
for the East Nile Basin countries to change their energy mix more in favor of renewable energy rather than their traditional energy
sources. However, for countries that plan to increase their production of hydropower as a part of their development plans, the neg-
ative impact of climate change on their hydropower generation will not matter, and the net effects are more likely to be increased
hydropower production. Regardless of the net outcome (positive or negative), climate change is expected to cause an exogenous
shock in the energy sector.

In order to capture the intricacies of energy production, the TIMES energy sector model is used as part of the framework
for this sectoral focus where the TIMES and DCGE are involved in a back and forth data dialogue (Figure 7) until the committed
build plan is generated for the entire time period of interest.

Figure 7—Data dialogue between the TIMES model and the DCGE model

Run CGE model over
the time horizon =
Demand projections

Electricity price generated by the
TIMES model

TIMES uses demand

projections and base year
energy prices from CGE
model to construct/revise the
build plan (incl. investment
costs, electricity supply &
prices) = Price and Supply of
Electricity

Electricity Price generated from the CGE
maodel at iteration N
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Source: Author’s representation

The indicators linking the two models are the electricity demand projections, and the average price of electricity derived
from the MARKAL/TIMES model. The DCGE model starts by providing the TIMES model with the economy’s projected electricity
demand for each country over the time period of analysis. The MARKAL/TIMES model then uses this as an input to generate the
investment costs and the generated electricity over the time horizon. The DCGE then takes the calculated average price and runs
the model and generates a new set of electricity demand projections that are in turn passed on to the TIMES model for another

14The model uses a Leontief technology to model the relationship between gross output and the use of intermediate goods. PP; is the producer
price of the goods produced domestically, PV; is the value added price, and P; is the market price in equation (41).
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rerun. This back and forth continues until the average electricity price generated by the TIMES model converges to the supply price
of electricity generated by the DCGE model.

Electricity demand and prices from the DCGE model to the TIMES model. The MARKAL/TIMES model uses the projected electricity
demand generated by the DCGE model in its first run. For each time period t, region r, and demand d, the total activity of end-use
technologies servicing that demand must be at least equal to the specific demand (equation (9)). For instance, electricity - demand
expressed in PJ per year - may be satisfied by a combination of several types of power plants (coal, oil, gas, solar, etc.).

The DCGE model provides the MARKAL/TIMES model with the base year prices for all energy products (domestically pro-
duced, exported, or imported) to use in its first run. The energy model uses those as an input in its energy flow conservation (equa-
tion (8)).

Electricity prices in the DCGE model. In order to use the electricity prices from the TIMES model in the CGE model, the price of
electricity commodity is determined exogenously, allowing the commodity sales tax (tc;) to clear the market for electricity (equation
(43)).

(l—tCl)PLQl=PDLDL+PMlML (43)

where i is electricity commodity, P; is the market price, Q; the quantity of electricity supplied in the market, PD; and D;, are the
price and quantity, respectively, of domestically produced electricity, PM; is the domestic price of imports, and M; is the supply of
imported goods available in the market.

Alternatively, instead of fixing the commodity price of electricity, the producer price (PP;;) may be determined exoge-
nously allowing the activity tax on the electricity sectors (ta;) (equation 44) to become flexible in order to clear the market for the
different electricity processes produced.

(1 —ta;) PP QA = PV QVie + X+ Pivcio;r ; QINT;, (44)

where i = solar, wind, hydroelectric, gas, or diesel, QA;; is domestic production, PV;,QV;; is value added, and Y.; P;1i0;; QINT;; is
the value of intermediate demand

Modeling climate smart energy in the CGE model.

All three countries plan to diversify their energy supply mix in favor of more renewable energy, so as part of their climate change
adaptation policies, countries will invest more in non-traditional electricity production. There are two pathways to doing that; ei-
ther through increased investment in the renewable energy sectors or, through more efficient management and using newer tech-
nologies, significantly improving productivity in the renewable energy sector.

Increasing investment in the renewable energy sectors. The decision to increase investment using domestic funding requires that
the opportunity cost of these investment choices be accounted for in the framework. Depending on the individual country’s policy
direction, part of the investment is directed towards the target electricity generation technologies, the rest will then be allocated
towards the rest of the sectors in the economy. Equation (45) models this relationship. The sectoral allocation of capital (SKx;),
will depend upon the sectoral profit share (SP;,;), the new investment mobility parameter (w), and a ratio of the difference be-
tween the return to capital at the sectoral level (SR;;) less the average economy-wide capital rental rate (AR;).

SRkt~ AR
SKixe = SPyec + SPye (L) (45)

Increasing the productivity in the renewable energy sectors. By using newer technologies for producing renewable energy, the
production process becomes more efficient with time, implying that TFP in these sectors will over time become higher than that in
the traditional electricity sectors. As a result, gp;: ((equation 37)) for all the renewable electricity sectors increases.

Data used in the DCGE model

The DCGE model’s main data source is a social accounting matrix (SAM). A SAM is a representation of an economy showing the flow
of income from production activities in the form of factor payments to the households and the consequent flow back to product

markets through household spending on goods and services. It is a square matrix where the column sum must equal the sum of the
corresponding row. Each cell in the SAM can either represent the payments from a column account to a row account, or, an income
received by a row account from a column account (Breisinger et al. 2009). The rows indicate income received, whereas the columns
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indicate payments made. As a result, the SAM represents an analytical tool that highlights the interactions throughout the econ-
omy in the form of circular flows. Subject to data availability, the SAM accounts in each category may be disaggregated appropri-
ately to address the policy questions addressed in the CGE models.

For the DCGE models used in the water-energy-food nexus model framework, the country SAMs will have to show detail in
the sectors of focus — the agriculture sector, the water sector, and the energy sector. For the agriculture sector, each country’s stra-
tegic crop mix will be highlighted, subject to data availability. As for the water sector, it will be important to disaggregate that sec-
tor to at least water for irrigation sector and another for all other uses of water when possible. The energy sector will also require
some detailed disaggregation. Again, depending on the specific country’s energy plans and current uses of energy types, the detail
in that sector will vary. For instance, Egypt is looking to exploit alternative energy sources in its energy plan. As a result, the dis-
aggregation of its energy sector in the SAM will include conventional electricity, electricity derived from natural gas, electricity de-
rived from solar energy, that derived from wind power, as well as electricity derived from diesel. Ethiopia, on the other hand, has
an energy sector that primarily focuses on conventional energy and energy from biomass. The latter will have to be disaggregated
from its forestry sector, which in some cases is part of the agriculture sector.

5. CONCLUSION AND WAY FORWARD

By employing a nexus approach and making use of decades-worth of significant investments in advanced quantitative models, one
can add to the literature and provide robust evidence based research as solutions to the challenge of the impact of climate change
and population growth on the nexus of water, energy, and food.

Despite the significant modeling strides taken in partial and general equilibrium models, each genre on its own cannot
provide the level of detail and interconnectedness needed to tackle the challenges we now face in the water-energy-food nexus. It
is proving more and more imperative to see the big picture and approach development challenges by taking into consideration all
their different drivers and accounting for all their expected impacts. The level of sectoral detail associated with partial equilibrium
models alone may provide us with the intricacies needed to understand how the sector works. However, they are unable to tell us
how these changes interact with the rest of the economy. By marrying the rich detail in partial equilibrium models to the rich eco-
nomic interlinkages of a CGE model, we can achieve the best of both worlds to inform policy in the Eastern Nile Basin countries.
There are other considerations to contemplate in order to bring forth the right mix of research tools to dialogue on how to provide
policy solutions to address the interlinked challenges to water, energy, and food resources arising from climate change and contin-
uing population growth.

The Nile basin covers about one tenth of Africa’s total land mass and is home to about 300 million people, many of whom
live in poverty and are malnourished. The Nile plays an important role for these countries’ economies by providing water for irriga-
tion, industrial use, electricity generation, and household consumption. Access to improved water and electricity is limited in most
Nile countries resulting in severe implications on health and other social indicators, especially among women.

Of all the countries neighboring the Nile, Egypt is most dependent on Nile river water, as the river makes up 74 percent of
all the water available. Egypt has been the main user of Nile water throughout history and continues to be dependent on water
from upstream countries. However, water from the Nile and its tributaries also plays an important role in the development of all
upstream countries. The river’s importance is likely to further increase in the future to support urgently needed acceleration of
economic growth, food security, and poverty reduction.

Access to data, research results, and models is a necessary yet insufficient condition for evidence-based policy making.
Oftentimes, the lack of coordination and the exchange of information and tools among different agencies concerned deters devel-
opment, even in the presence of tools discussed here (EgSSP 2016). Furthermore, in the absence of an overarching development
framework to guide and integrate that research, even the most comprehensive and shared research tools are insufficient to pro-
mote development.

There are significant and outstanding policy questions that require application of the research tools described here to ad-
dress growing natural resource scarcity and the challenges facing the water-energy-food nexus in the East Nile Basin countries
(EgSSP 2016). One such question is what is the impact of climate change on the water, energy, and food futures in the region? Spe-
cifically, what nexus policy interventions can help in mitigating or reducing the impacts of climate change on these sectors and on
the economy as a whole? Furthermore, what policies are required to address the growing reduction in the quality of available natu-
ral resources, for instance, water pollution and soil degradation. In the presence of water scarcity, how can non-renewable fossil
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ground water be governed to optimally support development in the long term? Also, given the increase in population and eco-
nomic growth, how can the demand for natural resources be optimized to support both industrial and private needs, as well as
sustainably support rural development and contribute to food security?

Following this analysis of methods, we will develop specific modeling suites for each of the three countries of the East Nile
Basin on which we will focus — Egypt, Ethiopia, and Sudan. For each of these countries, the core six policy scenarios mentioned
above will be applied. However, within these scenarios, stylized country policies may also be added where relevant.
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Global climate

Representative

Concentration

Scenario name model EEWEVA({e )]
HadGEM2_RCP8p5 |HadGEM2-ES RCP 8.5
NorESM1_RCP8p5 |NorESM1-M RCP 8.5
NorESM1_RCP4p5 |NorESM1-M RCP 4.5
GFDL_RCP4p5 GFDL-ESM2M RCP 4.5
MIROC_RCP8p5 MIROC-ESM-CHEM RCP 8.5
MIROC_RCP4p5 MIROC-ESM-CHEM RCP 4.5

APPENDIX. SELECTED CLIMATE CHANGE SCENARIOS USED IN THE NEXUS ANALYSIS
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