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Abstract. Water infrastructure investment plannimgistconsiderthe interdependenciegthin the waterenergyfood nexus
Moreover, uncertain futurelimate evolving socioeconomic context, anstakeholders with conflicting interests, lead to a
highly complex decisiorproblem. Therefore, there is a need for decision supporttmaljectively determine the value of
investmentsconsidering the impés on different groups of actorandthe risks linked to uncertaities We presenta new
opensource hydroecomaic optimization modeljnking in a holistic frameworkrepresentations of theater, agricultureand
power systems The modelrepreserd the joint development of nexuslated irfrastructure and policies and evaluatiesr
economidmpact as well as the risks linked tmcertainiesin future climate and socieconomiadevelopmentWe apply the
methodology in the Zambezi River Basa major African basinshared by eight countries, in whichultiple investment
opportunities existincluding new hydropower plants, new or resized reservoirs, development of irrigation agriculture, and
investments into the power gridde show that the linkagaf the different systems is crucia evaluatémpacts ofclimate
change andocioeconomic developmenwvhich will ultimatelyinfluenceinvestment decision®Ve find that climate change
could induce economic losses up t8ldllion dollars per year on the current system. We showlieatdlue of the hydropower
development plars sensitive tdfuture fuel pricescarbon pricing policigghe capitalcost of solar technologieand climate
changeSimilarly, we show thahevalue of thdrrigation development plais sensitive to thevolution ofcropyields, world
marketcroppricesand climate changé&inally, we evaluate the opportunity costs of restoring the nataddin the Zambezi
delta; we find limited economic tradeffs under the current climate, but potentially major trafle with irrigation and
hydropower generation under climate change.

1 Introduction

Having established Integrated Water Resources Management Plans, many cowhties hasins around the world are now
planning to formulate water infrastructure development plans. These plahslpicountries and regiomsalize the potential

of their water resources including agriculture, energy generation, and tourismwvhile preserving the environment.
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Infrastructure investmentsill contribute tomultiple Sustainable Development Go#éldnited Nations, 2015)such as End
Poverty (1), Zero Hunger(2), Clean and affordable energy for &), Clean and available water for W), Sustainable
economic growtl(8), and Climate Action (13However formulatingtheseinvestment plans is a complex process involving
competing objectives upstreanrdownstream tradeffs, interactions between investments, multiple stakeholdeid
uncertaity related to soci@conomicchanges and future climati particular, it requires evaluating the interactions in the
WaterEnergyFood (WEF)nexus.

The WEFnexus is an gganding topic in the literatur@lbrecht et al(2018)providea systematic review of nexus apaches;
Bazilian et al. (2011), McCarl et al. (2017) and MiraMgghelm (2016)consider modelling and research challengesnaoh

et al. (2017jocuson the water and energy seaddexus studies cover resource use efficiency, institutional analysis, decision
making, and policy integration, using a broad range of methods such as integrated modeadsipupanalysis, Life Cycle
Assessment and stakeholder engagement. In general, thijidémtify tradeoffs betweerthe different sectors aridsupport

the development of crosectorial solutions, which produce additional benefits in comparison to singlecesassessments
(Albrecht et al., 2018)There are two stratezs to model the interdependencies in the nexus: one is to coupkstedilished
single system models where the output of the one feeds the input of the other-way @rdterative process (e.gowells

et al. (2013) and Kraucunas et al. (2Q1&hother is the holistic approach which internally represents all interactions within a
single model(e.g. Kahil et al. (2018) and Khan et al. (201.8The advantage afoupling modelss that it simplifies
communicationamong stakeholders in different areas that can use their respective tools and enablesdataiied
representation oingle systemswhile theholistic approactbetter representsiterrelations and is more effective in an
optimization framework. A challenge in both cases is to representubsity of the scales (spatial, temporal and poliical
whereinteractions occufMcCarl et al., 2017)While there is no approach that can fit all purposes, few models consider a
spatial and temporal scale titainrepresent thanteractionof water infrastructuravith the WEF nexus.

Hydroeconomic optimization models (HOM) have developed putential decision support tools for basstale water
resources management over the past decade (see reviBamsdrgGottwein et al. (2017) and Harou et al. (2009hey have
been used to analyse water infrastructunestments, reseoir release scheduling arichnsboundary resources sharing
problems (e.g.Dogan et al. (2018), Draper et al. (2003), Goor et al. (2@t@) Tilmant and Kinzelbach (2032Models
include a representation of the regieeahle flow network; water availability, water uses and willingriegsay. By
associating aerconomic impadb each decisigrthe complex multbbjective management problem becomes a simpler single
objective problem Traditionally, agricultural and energy water users are represented with an exogenous demand and
willingnessto-pay for wate(BauerGottwen et al., 2017)Thereforegclassic hydroeconominodels are able to analyse trade
offs and synergies betweemater users, but are not as effective in termsepfesenting dynamic interactions between
infrastructue, policies and commodity market§or examplejncreased production of a commodity may lead to a lower
market price of the commodity and thus to a lower willingrieggy for waterOn the othehand nexus models, particularly
energy centred models (e.g. 0SeMOJMBwells et al., 2011and TIAM-FR (Dubreuil et al., 2013)}end to ignor¢he spatial

and tempumal scale of water availability and therefonay overlookwater scarcityproblems(Khan et al., 2017)
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Over the past 20 yearan increasing amount t#gal and policy frameworks for transboundary water management have been
implemented in internationally shared water cou(§asistHoffmannn and Mcintyre, 2016River basin organisatios are
intended to facilitatéhe application of such mechanisms. In the Southern African Developmem @iy (SADC), a state
willing to implement a project, needs to notify potentially affected riparian states, including a description of thegrdjects
its potential impact$SADC, 2000) Furthermore, most international financial institutiong (AfDB, World BanK require
"No-objection” from riparian states to fund projecthierefore,there is a need for decision support tools to objectively
determine the impacts of WEF relatgjectson transboundary watersheds

In this study, we developedn@w opersource decision spprt tool for water infrastructure investment plannWHAT -IF,
Water, Hydropower, Agriculture Tool for Investment and Financiftge novelty of the tool is that it combines a hydro
economic optimization framework, with a nextepresentation of the agriculture and food systdiins.tool canrepresent
political boundariesthe joint development of BF infrastructureand policies and uncertainytin future climate and socio
technical changes. It aims to provide quantitativensers to the followingrototypicalquestions:

-What is the economic impact ofgiven project or set of projex? Which is the best alternative among different investment
plans?

-What are the synergies or tradifs between investmengnd/orpolicies indifferent sectors? (e. g. what are thed&offs
between hydropoweirrigation development plans aedosystem preservatipn

-What are the risks linked to uncertainty in future climate and smmoomicchanges? Whicinvestmentsand policies will

be norerobust to a range dfiture conditions?

This article is structured as followirdtly, Sect.2 presents the general molilel frameworkanddetails the representatioof

the water, energwnd food systemandtheeconomimptimization. Secondly, widlustratean application ofthe model on ta
Zambezi river basin, wheggater resourcesf the eight riparian countriggay a central role in theegionaleconony and are
critical to sustainable economic growth and poverty reducBewtion3 shows thénput datasefor the study case, as well as
the investment opportunities such as new hydropower plants, new or resized reservoirs, development of irrigation agriculture
and investments into the power griée show in Sec#4 how the model answethe preious questionso assistdecision

making. Finally, we discuss the limitations and improvement opportunitiee ohbdelling approach in Seét.

2 Methodology of the decision support tool

Figurel provides an overview of the deicin support toomethodology with the representatiorf the WEFsutsystems and
their main componentSulsystem representations drasedon the concepts uden models such as WEAF ates et al.,
2005) for the hydrology andvater managemen©SeMOSYS(Howells et al., 2011Jor energy systems and IMPACT
(Robinson et al., 201%)r agriculture.Subsystemare presented as lokes only for explanation purposes; the model internally
represents the interrelations in the nefie core component is tkeonomic optimization frameworksing a single objective

function taking into account the different productioosts, transactioosts and supply benefitsf the different WEF
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commodities In welfare economic terms, thebjective functionmaximizesthe sum ofthe total consumer and producer
surpluseswhere the consumer surplus is the difference between the consumers' willlogoegsnd the market pricend
the producer surplus is the difference between the market price and the producers' product{gmugostés and Wells,
2005) In contrastto simulation model¢hat are rulébased(such as WEAPR, the model finds the optimal water, agriculture
and energy management decisiaussideringradeoffs and synergiebetweerthem Theoptimizationframeworksimulates
adapéation to newinfrastructureandpolicies, climatechangeandsociceconomicdevelopmat. Converselyin arule-based
simulation frameworkallocationrulesareusually based othe current soci@conomic conditionsr new rules are estimated
which may lead tguboptimal allocation decisioasid underestimin of projectbenefits(PereiraCardenal et al., 2016)he
optimization approacls based on a perfect foresight formulatiassumingthat optimal decisions aréound with full
knowledge of the planning perioliinitations of thiscommonapproachn sectoral planning modesse discussed iBect. 5
The main outputsreeconomic indicatorésuch as market prices, consumer and producer surplasesgllaswater, energy
and agriculture management decisions (such as supphgumptionstorage, productioand transpojt To calculate the
economidmpacts of an investment plan or a spegifioject with/without analyssareperformedand different options can
be comparedwith/without analyestend to overestimateenefitswhen no alterriéve is represented, particularly in growing
economiegGriffin, 2008). Therefore, the model alsotegrats capacity expansion representador the energy systesind
alternative suply sourcesfor agriculture such as import or rainfed agriculturEo representincertainties linked to future
climate or socieeconomiadevelopment, the same investment plan or infrastruidenaluated for different scenarios defined
by the userHence, the decision support tool can be used as a discussion platfatakéholders, answering questions such
as"What are the economic impacts on producers and consufr@mps, energy and watef the projects?™What if in the
future available water resources are reduced because of climate ¢hantié®w robust isa plan considering uncertainties

in sociceconomic developmemt
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Figure 1. Conceptual framework of the decision support toolThe water, agriculture and energy system are connected in the economic
optimization frameworkThe blocks represent the different processes used in the model to represent the water, energy and food systems,
while thecircle contains the economand physicainteractions The blo& representation is onfpr explanatorypurposesinteractions are

solvedin a holistic approach

The model is opesource andoded inthe python programming languagesingthe pyomo modelling framewoi(idart et al.,
2017) The code and installation instructions can be found on Gtitts://github.com/Raph&@B/WHAT-IF). Themodel
can be connected to different opswurce or commercial solversput dataand output results amrganized inMS Excel
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spreadsheet¥Ve adopt a general framework that is study cadependentDepending on the context, the avhiliy of datg

and theguestions that the decision support to@lpposed to answer, soc@mpaenscan be relevant or not. For theason,

the model is holistic in its resolution, but modular in its formulatibe user can activate or deactivate different modules and
new modules representing relevant interrelatemeseasy tadd.Mcintosh et al(2011)describes some of the challenges and
best practices of developing an environmental decision support systaciudes: start simple and small with a mtatu
approachplan for longevitywith a frameworkeay to update, design for ease of useludinga usetfriendly interfaceand
design for usefulness biyéludingstakeholdershput. Following these recommendationshe flexibility of the framework and

its opensource character will enable the tool to evolve with user and stakeholderanghatilitional features will be added
such as GIS visualization and data acquisition modules

In the following sections, we describe timelividual modulesrepresentedn Figure 1. All the parameters, equatiorsid
decision variables are detailed in the supplementary matEdalthe practical implementation of the modules and their

parametrizationthe reader is referred 8ect. Jor the Zambezi study case.

2.1 Water management

The water module represents hydrology arader managementhe bag hydrological time scale is at monthly time steps,

but this is not a fixed requiremerithe river network is described by a nduksed approach, where the modelleghais
divided into catchments with corresponding precipitatisapotranspiratigrsurfaceunoff and groundwater recharg&/ater
transfer channels form additional links to the river netwdhe water is stored and released from reservoirs and is affbocat

to water userswhile lakesand groundwateare represented digear reservoirsEvaporative losses take place in the river
network, reservoirandlakes.Water supply costs and losses alsoconsideredWater userscan be defineavith a water
demand and an associatedrginalvalue;however agriculture users and hydropoweave a dynamic demand and marginal
value detailedh the agricultue and energy modules.

The water resource can have an important value for activities thadtatieectly represented in the model, such as ecosystems,
tourism, fishing and transportation. Rather than giving it an economic value that may be hard to define and very uncertain
(Loucks et al., 2005}he environmeiat flows module enables to define minimum flow requirements that have to be guaranteed

in the river.For methods tajuantifyenvironmental flowrequirementsseeTharme (2003)

2.2 Agriculture production

Theagriculture module computéscal waterdemand for agriculture angtoduction of crop depending owater allocation

and rainfall. Farming zonespresent agriculture areas with a sped#ion type have a limited area and belong to a catchtmen
and a country. Farm typesn represent differenoi qualities, fertilizefpesticidesnputs and availability of irrigation and
drainage systems. Farm typasfine the potentialyields, cultivation and infrastructure costs, they can be used to represent
different kinds of agriculture, such as rainfed, irrigated and subsistence agriculture or diffareang the countrié®gions

depending on available data atfe user's intergt. Crops(as atradedcommodity)are produced at the yearly time stap
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cultures. Cultureare divided int@rowthphases (e.gnitial, crop-development, migeason and late seay@vhich take place
during a specific period of the yeaWater requiremes by culturesare estimatedusing theFAO 56 method(Allen et al.,
1998) with the refeence evapotranspiration andalture andphase specificrop coefficient. The relation between water
allocated to cultures and yield éstimated usinghe additive yiell water response functidrased on the FAO 33 method
(Doorenbos and Kassam, 197B) a farmingzonethe same area can be used by several cultiurésg different perods of

the year, representimgultiple harvess per yeartheschedulesre defined by the user. Thwdeleither findsthe optimalkrop
choiceper year or ssumes fixed crop distribution for the entire simulation periodowever additional constraints such as
maximum area per culture andrfang zone can be used to represent physical, institutional or economic conginghtare
otherwisenotincluded inthemodellingframework.Crop production costs represent costs of infrastructure, machinery, labour,

land, chemicals and fertilizers,gnding on the culture and farm type

2.3 Crop markets

The crop market module represents the local demand, transport, and trade of crops. ety arercharacterized by a
demand, a marginal val@éamda demandtlasticityfor thedifferent crops A minimum supplyrequirementan be definedo
represenfood securityconstraints Crops produced in the farming zones are transpdmtddeen crop markets through
transport routes, with associated costs and loEs#¢srnal marketgan beintroducedto represent imports and exports out of
the study ar@ These markets behave as the other crop mantkattheir crop production is represented throagtexternal
crop productionfunction whichdoes not depend ofarming zons (the function is assumed to be infinite gretfectly

inelastic)

2.4Energy production

The energy modusefocus on electric energy, also called the "power system”, and do not consider fuels for transportation,
cooking or heatingPoweris produced by ydropower turbines and other power plants (such as thermal, solar, wind and
biomass). Hydropower thinesare either linked to a reservoir or are-affrtheriver and have associated operation costs and
waterenergyequivalentfactors. Other power plangse defined by their efficiency, fuel use, operation costs and production
capacity.In additian, genericpower technologiesepresent additional capacity that can be invested in, similarly to capacity
expansion modele.g.Howells et al(2011). They have associated capacionstructiorcosts, fixed and variable operational
costs fuel use and efficiencigbat can be defined for every power marfsgteSect. 2.5or power markets)'Other power
plants" and genericpower technologies" are represenited similar way, the main difference is that the first can be used to
represent specific existimgy planned power productiamits, while the second regsents potentidgbchnologies availabli

the capacity expansion modElelsrepresent the different natural resources that can be used to producdegeal, gas

or sun) fuel consumption is determined by the power plant's efficiency and arfcelgan be defined per power marketo

emissionsareas®ciated to different ue |l s , which | ead t o costisdefirethi ssi on cost s
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25 Energy markets

Thepowermarket module accounts for the power network anghtiveer demandPower markets define the resolution of the
power networkand the power demantthey can be defined nationally or regionally. As for crop markets, they are characterized
by a demandand marginal value for power, howewdemand is assumed to be perfectly inelagdansmission linesarry
energy between power markets with associated costs and losses and a limited ¢apmcasresponds to a "transport model”

or "transhipment model", whiatioes not consider reactive power flows and voltage angleis, dmrhmory used for planning
energy systemas it requires less data and computation time than AC or DC power flow niiddstaan et al., 2016)The

base timescale for thepower system isas for the hydslogy, the monthly time stegHowever, he power demand can be
divided into different load segments (such as peak and tmsand night) defined by the user. Load segments are commonly
used in energy models willrge time steps to better represtiet effects of peaking dema(fialmintier, 2013)Somegeneic

power technologies can have a limited capacity during specific load segments, this st gepresent renewable

energies such as solar or wind (e.g. no solar energy is available atvirght or less windgegmentgan be defined

2.6 Economic optimization

The economic module is the objective function of the optimization modeledintions are solved to find tbptimal water,
agriculture and energyanagemerdecision variables mimizing the costg¢/maximizng the benefitsjesulting from previous
modules while respectingephysical, political and economaonstraints. In welfare economic terntiss corresponds tthe
maximization of the total consumer and producer surploisdll commodities represented: water, crops, and eneegy
Krugman and Wells (200%9r details on consumer and producer surplssording to the second welfare economic thegrem
any pareto optimal allocation can be reached by a competitive market. This means that the "centrally planned" solution from
the economic optimization module,tlse same as the individual profitaximization solution, assuming that water, energy
andcropscould be traded on perfect markets.
The objective functiory to maximize is expressed:as

3 73" 73##3"#3##0#%3" %4 #%0 #
Where7 3 "representthe water supply benefitg, 3 #he water supply costs, 3 the crop supply benefit¢ 3 thecrop supply
costs# 0 the crop production cost363 the energy supply benefitb4 the energy transmission st§ and EPC the energy
production costs whichateh e sum of the energy operational dtlesdpacity f ue
expansion cost&see the Supplementary material®or the completelescription of the equations
The main link in the nexus, is the water resource for which hydropower, irrigation and ecosystems dagyet?).(The
energy markets provide a dynamic value to hydropower production, while the crop markets provide a dynamic value of
irrigation. The markets are therefore indirectly linked through theenahdeoffs between hydropower and irrigation.
Exogenous drivers on these markets such as new policies, technological aretgnoimic changes, indirectly affect the

water tradeoffs and therefore all markets.
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The main outpus of the economic optimisiain are the optimal decisions in terms of water, energy and agricultural
managemerdnd the resulting economic impaadn different groups of actoisquallyimportantoutputsarethe shadowvprices

of the constraints (also called duals) that reveal thailegum prices of the different commodities and give information about
capacityconstraintge.g. the marginal value of additional storage or transmission capheityjan helpdentify bottlenecks

in the systemgHarou et al., 2009)
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Figure 2: Main feedback loops in the wate-energy-food nexus representation All flows are holistically solved to maximize total
economic surplus, the water, energy and crop values are the resulting duals of the mass balances constraints. Thadigsihewldbe
temporal and spatial scaletbt nexus problem.

3 The Zambezi river basin study case

The Zambezi river plays a central role in tiegionaleconony and is shared bgight riparian countries: Angola, Botswana,
Malawi, Mozambique, Namibia, Tanzanidambia, and Zimbabwelhe countrieformed the Zambezi River Commission
(ZAMCOM) in 2014 which is the river basin organisation supporting transboundary water managéngenater resource
supportsagriculture, fisheries, hydropowproduction water supply and sanitation, navigation, tenr;jindustries and mining.
The basirextends over almost 1.4 million square kilometres, sustathimdpasic needs & million people and a rich and
diverse natural environmeni the river basin, 77% of the population/eaccess to safe and adequagder supply and 60%
has access to adequate sanitation, which is above the Southern Africa g&ka8gest al., 2015)The area is mainly covered
by forest and bush (75%hile cropland representsnly 13% of the areamnainly rainfed,as less thaB% of the cropland is
irrigated (SADC et al.,2015) The main source of enerdgy biomass, fulfilling 80% of the demand limited share of th
population hasiccess to grid electricityangingfrom 12% in Zambia to 40% in Zimbae (SADC et al., 2015)Population

is expected to grow rapidly, reaching 51 million @28 and 70 million in 2050which will increase the demand for water,
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food and energySADC et al., 2015)Therefore, lte water resources of thieer basinare critical to sustainable economic
growth and poverty reduction in the region.

The World Bank carriedout the Multi-Sector Investment Opportunities AnalysiSIOA) study(World Bank, 2010)that
analyses the value of the hydropowad irrigation projects artdadeoffs between themThe study finds that the hydropower
development plan is able to meet the regioarrentenergy demanand that the implementation of the irrigation development
plan would reducethe currenthydropower production b$%. Tilmant et al.(2012) also investigatetradeoffs between
hydropwer and irrigation development in the Zambezi hassing a stochastic hydroeconomic optiatian formulation.

The study finds that some of the upstream irrigation projects are not viable if the downstream hydropower projects are
developed. Howeverhestudy uses an exogeus price for hydropower antigation water, angas the World Bank stuglit

does not consider climate or sog@oonomic changeBeilfuss (2012pointsoutthat most of the planned ipopower projects
wereevaluatedising historical hydrologic dataot considering climate changad may therefore be economically not viable.
Furthermorethe studyhighlightsthe lack of consideratioof the impact on ecosystems of large hydropowereptsjin a
further World Bank studyCervigni et al. (2015assess potential impacts of climate chaogevater infrastructurén sub
Saharan AfricaThe study finds for the Zambezi that in the driest scenario hydropower production could decfirne ®3%

and unmet irrigation demand increase by up to Z586used on the power system, lRENA (2013)study shows that 80%

of capacity additn between 2010 and 2030 in the South African Power (8@d?P)could be renewabliechnologies. This
tendencyis confirmedin SpaldingFecher et al., (2017@nalysing electricity supply and demand scenarios for the SAPP
power pool until 2070SpaldingFecher et al. (20174 combiring the previous study witdatafrom Cervigni et al. (2015)

find that hydropower productioroald decline by 1£20% in a drying climate which could increase generation costs by 20 to
30% in the most hydropowetependent countries. The agriculture systermdaever not part of the integrated analydis a
broader perspectivehé Zanbezi Enviroimment Outlook studySADC et al., 2015) presents an integrated analysis of the
Zambezi river considering ecological, social and economic issues.

10
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3.1 Hydrology, reservoirs and environmental flows

Water System
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Reservoirs
>
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Environmental flows
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Figure 3: The water system representationThe river basin is divided into hydrological catchments defining the river network and a
rainfall-runoff model gives water availability. Reservoican store and release water. Water users represent largagrionltural
consumption, such as mining.

Thehydrologic data used in this study is the same as the data uSedvigni et al. (2015)The historical climate dataset is
from Sheffield et al(2006) and runoff is given by a lumped rainfalinoff model fromStrzepek et a2011) As the annual
flow follows long term cycles, &use a 40 years time series, from 1960 to 1999: the yearsl298re significantly below
average and the years6lB1982 are above avera@@eilfuss, 2012) The rainfaltrunoff model exogenouslgonsidershe
effect of wetlandshat evaporate part of the river flowherefore theimpact ofreservoir operationsn wetlanddynamicsis

not representechowever only theKafue flats are located downstream of a major rese(iteizhi- Tezhi and upstream of
other water userd\ccordingto World Bank(2010)groundwater isiot overexploited in the river basifurthermore there is
almost no data available concerning groundwalberefore, likan similar studiesn the basingroundwater is ignored in this
study The main reservoirs of the Zambezi riviezhi-Tezhi, Kariba and Cahora Basdam (Figure 3) have a totahctive
storage capacity of 127 000 million3, slightly higher tharihe mean annual flow. Evaporation from the reservoirs is the main
consumptivevater useranging from7 800 to 16 989 million m3 per yedepending on the stias (Beilfuss, 2012; Euroconsult
and Mott MacDonald, 2008; Tilmant et al., 2018pe Sect4.1for more details The volumearea relationshpused to
compute evaporatioarederived fromWorld Bank(2010) The main noragricultural water users are the Gokwe and Moatize
coal mines with 622 million m3 per yeaither industrial and domestieater consumptianarerelatively small and represent

only 175 million m3 per yea(World Bank, 201Q)Waters of the Zambezi sustaome fragile ecosystems, among them are
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Kafue flats and BarogsPlainin Zambia Mana Pools in Zambia and Zimbahveed Zambezi Delta in Mozambiqué/e do

not represent the ecamdc value of these, but usavironmental flow requirements frofworld Bank, 201Q)which are based

on two assumptions: flow should not drop below the-Fw level in dry years and average annual fldvewd not drop
below 60% of the mean average annual flbhis constraint is applied at the Barotse floodplain, the Kafue Flats, the Luangwa

river, the lower shire, and the Zambezi défmure3).

3.2 Energy

The national power utilities of the Zambezi basin are mesnilethe Southern African Power Pool (SAPP), which is the
institution overseeing the power sector in southern Affi¢ee goal of the SAPP is talevelopof a competitiveelectricity
market in which power is traded in bilateral, forward physical, day ahead and intraday nigrke8APP power pool is
dominated by South Africa which represents roughly 80 % of the demand and prod8étRm, 2015)Coal is the main
source of power production (77%), followdy hydropoweron the Zambezi and Congo river bas{24% of installed
capacity) nuclear gasand renewables representing only a minor stig§#aPP, 2015) The members of the SAPP are
interconnected with transmission lines, except for Angola, Malawi and Tanaiclaare isolated. The demand for electricity

is growing rapidly, andéh recentyears power shortfalls became common particularly in Mozambique, Malawi, South Africa,

Zambia and Zimbabw@Vorld Bank, 2010)Figure4 shows an overview of the energy system representation.

3.2.1Energy markets

To represent thenergysystem, weconsiderone power market per countifrigure4), including South Africa which is the

main power exchanger with the Zambbasin Nationalpower demanslare found irSAPP (2015)We assumeon-satisfied

power demandis compensated byunningfuel generatorsso powercurtailment cost are estimated aP40 $ MWh™. The
monthlyenergydemand is divided in two load segments: a base demand and depeakd. Based d®APP (2015)the peak

load is during day and covers 70% of the total demand, while the base load is during night and covers 30% of the demanc
both are assumed toverhalf of the monthly time stefgnergy demand is assumede perfectly inelastic, as most consusner

do not have houby-hour metering, the price signal from the marginal cost of produistmssumed toot reach the consumer.

The transmission network is represented by aggregated transmission lines among countries that are correeteds sihemn

capacity and loss rate are foundRENA (2013), SAPP (2018) and World Bank (2010)

3.2.2 Energy production

We represerthe existing hydropower plants aadeaggegated power plant per coun{iigured) representing the total nen
hydropower generation capagitysing data fromWorld Bank(2010) For hydropower plants, theaterenergy equivalent
factor is derived from turbine capacity in m3/s and power output in MW Yi@rid Bank(2010) In addition,threegeneric
technologies are available for additional investmestgercritical coal, combimecycle gas turbine¢CCGT) and solar

photovoltac. Investment costs, fix and vabla operation and maintenaraaests, lifetimeand efficiency of these technologies
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are found iIRENA, 2013) we assume the same parameters for all counttt@sgever, @s and coal (fuels) costs vary among

countries, dependingn their local availabilit{IRENA, 2013) To represent intermittency constraints in a simplified way,

solar energy is assumedte unavailableluring the base load segment (night), and the peak load segment (dayead divi

two: days where solar energy can be produced andvd@si® itcan't The length othese twdoad segments is adjusted to fit
5 theload factor of 25 % used {(HRENA, 2013 for solar photovoltaic energy.
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Figure 4: The energy system representationHydropower plants are represented individually while the remaining generating capacity is

aggregated in a single power plant per counfiransmission lines among the countries permit power exchaAgdégional power
generatingapacity can be added in every power market by investing in one gémleeicpowertechnologiegCoal, Gas or Solar)
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10 3.3Agriculture

According toFAO (2018) the total production value tfe agricultural sector in the Zambezi basin is around 6.7 billion dollars

per year (the numbers are estimated by downscaling national statistics from 2010 to 2016 with the population ratio). Among

these, 1.7 billion dollars is from exports and half ofékports are tobacco. The crop imports represent 1.2 billion dollars per

year, wheat and rice being the most imported crops. Agricultural markets are heavily regulated by policies such as import o
15 export bans and crop prices fixed by the governmentsftrerlittle trade occurs among the Zambezi countries. The trade

among Zambezi countries accounts for only 320 million dollars per year, and almost half of it is exports of maize and tobacco

from Zambia to Zimbabwe.
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3.31 Main cropsand cultures

To repregnt the most significant crops in the agricultural modiifeerentaspecs shouldbe considered: the cultivated area
per crophas the strongest impact aater demands for agriculture, however the valuagofculturalproductionindicates
which crophavethe biggest economic impaémother factor is which crops aneainlyusedfor irrigated agriculture, as these

will have a bigger impact on the nexarsd irrigation projectsTo simplifythe model some crops are grouped, which assumes
that cropdan thesamegroupare fully substitutabland have the same valti@blel shows all selected crops; cassava, maize
and roots represent more than half of cpspduction, cultivatecarea and value of production.otever for irrigated
agriculture the most important crops are cereals, rice, sugar cane and stirSolaetsf the cropsan be produced ifferent
cultures (e.g. summer and wintetherepresentedultures arecassava, potat@oots) wheatandsorghum(cereals) summer

and winter maize, vegetables, sugarcane, summer and winter rice, fruitsdrgrtaand soybeangoilseeds) stimulants,
summer and wintdoeangpulses)

Potential yietls of the different cultures are estimated as the maximum observed yield in each country A0 (2618)
"Production quantity" and "Area harvested" data between the yearsap@0B016. Tis assumes the maximum vyield was
obtaineddueto optimal hydrologic conditionsll other inputdeing equalln general, yields in Zambezi countries are lower
than averagexpecedyields because of very low inpui#/orld Bank, 201Q0)We consider four growing phases for all cultures
(initial, crop-development, midgeason and late seasonfe correspondingrop coefficients (Kgandyield water response
coefficients (kY) used in the model to calculdte water requirements and ttesultingyields are found inFAO 56 (Allen et

al., 1998) World Bank(2010)andFAQO 33(Doorenbs and Kassam, 1979 verage irigation losses in the Zambezi area are
estimated at 55% between gravity and sprinkler irrigation systems, considering conveyance, distribution and application losse
(World Bank, 2010)Return flovs are estimated at 30% for all cultures and catchméhthivation costsper hectare for
different cultures arderivedfrom Social Accounting Mtrices of Malawi, Mozambique and Tanzaii@PRI, 2014, 2015,
2017a) Cultivation costsinclude seeds, fertilizerschemicals, labour and capital costs, the cost per hectare is calculated by
dividing the totaleconomic flowby the area cultivated the corresponding yéer few dataare available, we consider a
different cost per culturbut use an average cost over all countrié® land costare not included as the model internally
represents a market fagriculturallanduse We consider two farming zones per catchment, representing irrigated and rainfed
land. Available area for rainfed and irrigated agricultig®btained from the spatial data of the SPAM mqdePRI and
IIASA, 2017) and fromWorld Bank(2010) For irrigated agriculture the crop choice is ¢osised by the observed arfes

each culturethis is to avoidver production of very profitable cash crops and géhi® account nomepresented physical,
sociceconomic or political constraints.

Table 1: Represented crops andheir importance in the agricultural sector. The modelled crops represent more than 90% of the crop
production, cultivated and irrigated area and of the production value. The production value excludes dagtEoducts.Some crops
have a moderate pact on the global economy (e.g. cereals, rice and stimulants) but are important for irrigated agiit@share of
irrigated areas from World Bank(2010), other indicator$rom FAO (2018)average over 2010 to 2016

Cultivated Irrigated Production

Crop group Main crops Production
area area value
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cassava cassava 22% 7% 0% 30%

maize maize 20% 43% 7% 18%
roots potatoes and sweet potatoes 9% 3% 0% 18%
fruits bananas, pineapples and coconuts 5% 2% 3% 5%
oilseeds groundnuts, soybeans and sunflower 3% 13% 5% 7%
pulses beans, peas and other pulses 2% 12% 0% 7%
cereals wheat, sorghunmillet and barley 2% 7% 17% 2%
rice rice 1% 1% 13% 2%
vegetables tomatoes and other vegetables 2% 1% 5% 3%
stimulants tobacco, tea and coffee 1% 2% 8% 7%
sugarcane sugacane 28% 1% 33% -
TOTAL 95% 92% 91% 99%

3.32 Crop markets,demands and values

To represent demand for crops, we consider one crop market per country, as data is usually at nati@ehkvelpr
country is derived from the "foodipply quantity” data (in crops primary equivalent) frdfAO (2018)averaging the years
20102016.National data is thedownscéed by the ratio of population within the Zambezi basin to get the local derAand.

5 no data was available, we assume the demand to be perfectly in@lastpresent imports and exports out of the Zambezi
area, v also consider an international markeitthas an infinite demand for cash crops like sugarcane and stimulants.
Willingness to pay for cropsieach crop market isvaluated as the "value of agricultural production” divided by the
"production quantity" froniFAO (2018) International marketrop prices aréhe averagenport price for the Southern African
market,calculated as the "value of import" divided by "import quanfitgin FAO (2018) The same value is used for external

10 supplycosts from the international market, meaning that crop mairkét® Zambezcan import crps at this price. Afew
data areavailable on transport and transaction costs, we assume that the transactiar aogtsrfs fromthe international
market are the difference between the international market price and the observed importgaotecountryjrom FAO
(2018) Similarly, for exportdowards the international market, the transaction costs are estimated as the difference between
the international market price and the observed export price in each cduatrgaction costs among countries are set as the
15 difference between the import pes.
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3.4Developmentplans

Development projects
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Figure 5: Hydropower and irrigation development projects. The major irrigation development projects are located at the Kariba Lake
(Zimbabwe), in the Zambezi Delta (Mozambique) and in the Lower SHakai). The major hydropower projects d@atoka Gorge North
and South with 800 MW in Zambia and 800 MW in Zimbabwe and Mphanda Nkuwa with 1300 MW in Mozambique.

3.4.1 Hydropower developmentplan

To respond to the rapidly increasing dema®PPcountries are planningew or refurbished hydropower and thermal power
plant, as well as new transmission lines. Veéger to the" hydropower development plammt "HDP" asthe ensemble of
projectsdescribedn World Bank(2010) it includesl5 projects with7.2 GW of new operating capacitfFigure5, Table?2).
Investment costs in the hydropower projects rangm 837 $kW for Kapichira Il to 3375 %W for the Batoka Gorge
South project, total investment costs reach 12.5 billion dollars aad dixnual operating costs are estimated at 56 million
dollars(IRENA, 2013) Transmission line projects are not considered as part biidifebutare considered in future scenarios.
Other power generation projects are not considered individually, however the representgépnaerifpower technologies
simulates additional investments in power generation.

Table 2: Hydropower development projects.For extension projects the original and projected capacity are indicated. Songwe (I+11+11l)
is an aggregation of tee cascade hydropower proje@sojects are fromiVorld Bank (2010and investmeincosts fromMRENA (2013)

Hydropower Capacit Investment
yprojgcts Country (I\F/I)W) g costs M$)
Kapichira Il Malawi 64 54
Songwe (I+11+I11) Malawi 340 456
Kholombidzo Malawi 240 419
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Mphanda Nkuwa
HCB
Rumakali

Batoka Gorge North Zambia
Batoka Gorge South Zimbabwe

Kariba North
Kariba South
KafueGorge Low
KafueGorge Up
Itezhi Tezhi

Mozambique 1300 2142
Mozambique 850 826
Tanzania 222 553

800 2143

800 2700
Zambia 720>1200 643
Zimbabwe 750>1050 400
Zambia 750 1607
Zambia 990->1140 321
Zambia 120 268

3.4.2 Irrigation development plan

We consider thé&rigation development projectermulated inWorld Bank(2010) referred as "lrrigation development plan”

or "IDP". With almost 100 identified irrigation projecggregated per catchment, the IDP atdsind 33®00 ha of equipped
area to thet82 000 existing(Figure5, Table3). "Equipped area" refers to the actual land use, while "irrigated area" usually
double counts winter and summer crops on the sameTaedtotal investment costs of theP are evaluated at 2.5 billion
dollars(World Bank, 2010)The most important culturés terms of areare sugarcan€23%) rice (17%),wheat(15%)and
maize (14%)Thecrop choice for the irrigated aseia constrained tthe planned crops usimgta inWorld Bank(2010) We

assume that irrigation projeateplace existing rainfed argas long as the irrigated area does not exceed the total available

area

Table 3: Irrigation development projects. The irrigation development projects are aggregated per catchment. Areas are expressed in terms

of "equipped area" whicbountsthe land use.

Existing Project Major
Catchment area (1000 area (1000 culture
ha) ha)
Kabompo 0 6 Wheat
Upper Zambezi 3 5 Sugarcane
Lungue 1 1 Rice
Luanginga 1 5 Rice
Baroste 0 7 Vegetables
Cuando 1 0.3 Rice
Kafue 36 8 Sugarcane
Kariba 28 106 Wheat
Luangwa 10 6 Wheat
Mupata 14 6 Stimulants
Lake Malawi (TAZ) 12 12 Rice
Lake Malawi (MLW) 14 10 Maize
Tete 0 19 Maize
Delta 7 77 Sugarcane
Kariba (BOT) 0 14 Maize
Lower Shire 17 38 Maize
Kafue Up 4 6 Soybeans
Harare 22 8 Wheat
Mazowe 13 4 Wheat
TOTAL 183 336 -
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3.5Climate change, future scenarios and uncertainty analysis

The Zambeziiver basinwas classifiedy IPCC as beingeverely threatened by thetential effect of climate changédPCC,
2001) according tdNorld Bank (2010¥he runoff might be reduced by 12 to 34 % depending on the regiorteermore,
population is expected to grdvom 40 to 70 nilion until 2050(SADC et al., 2015) This will drastically increasenergy and
food demand and accentuate the pressure on ecosy#isitige investment plans involve infrastructure vétlong lifetime,
over50 years for hydropower planisis crucial to consider the potential futuenateand socieeconomic scenario3able
4 offers an overview of the considered scenarios.

We congler four climate change scenarios fradervigni et al. (2015)dry, semidry, semiwet and wefor the period 2001

to 2050 The scenarios are derived using Bias Correction and Spatial Downscaling from the General Circulation Models

(GCM) of theClimate Model Intercomparison ProjécPhase §Brekke et al., 2014 applied to historicatlimate dataFigure

6 shows how the different climate change scenarios impact the average evapotranspiration, precipitation and runoff in the

Zambezi river basirLike in World Bank(2010) we consider different flood restation policies in the Zambezi itk 4 500,
7 0 and 10 000 m8' in February as subcenarios of the 2030 scenario.

Expected Bergy demandrowth rates rangieom 0.7 % (Zambia)o 5.1 % (Tanzaniader year in the coming decadSAPP,
2015) meaning thatlemandwill more than double in some courasitoward2030. We considex continuous growth rate of
the demand for scenari@30 and205Q Carbon pricing policies might have an important impactepargy generatign
IRENA (2013)usesa carbon tax of 2% t-COeqtin 2030. Thus, fel priceswould increase drasticallycoal priceswould
double, while gapriceswould increase bB0% (IRENA, 2013) We considethe expected 25$E0;.q carbon price for
scenarioR030 and2050, andneasurahe sensitivity of thipolicy by varyingthe carbon tafrom 0 to 50 %-CQOseq? in the
2030 scenaricCapital costs of solar photovoltaare expected to be halvedtil 2030(IRENA, 2013) we considea capital
costof 1000 $kW in scenario2030 and 2050and vary it from2000 $kW-! to 500 $kW-! in the 2030 scenarid-uture
transmission lineshetween Malawi and Mozambique, Tanzania and Zambia and Namibia and AB4&R, 2015pare
considered as constructiedthe 2030 and 2050 scenaxio

Crop cemand is expected to increaselio (rootsand tuber Angold to 140% (fruits and vegetableZambig by 203Q
depending orropsandcountrieqIFPRI, 2017b)We considedemand growth in the 2030 and 2050 scenarisisg projected
demanddgor 2030 and 205€om IFPRI (2017b) According toOECD and FAO (2017)yields will increasdoy 0.5 % (roots,
Mozambique) to 3.8 % (rice, Zambia) per year; we considemn the 2030 an@050scenariosassuming continuous growth.
This might be optimistic wheRAO (2018)data showshat yields for some crops (e.g. rice, wheat, and sugaroarieg
Zambezi countriehave beerstable for the past 20 yeamus, we also consider no yield growth for the sensitivity analysis
of the 2030 scenaridNationaland cropspecific yielddataare available for Mozambique, TanzaniacaZambiathe sub
Saharan average is used for the other countBesilarly, rainfed area should increase by %.4Tanzania) to %
(Mozambique)per year (OECD and FAO, 2017)we include these changes in the 2030 and 2050 scenssio®. data was
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available, we assumeorld marketcrop prices remain stabie the future scenarioslowever, ve test the sensitivity of this

assumption byarying world market crop prices by +20% in the 2030 scenatrio.

Table 4: Main scenarios.The table presenteends in the water, energy and agriculture seftorthe three main scenari@31Q 2030 and
2050. The sulscenarios areelative to the 2030 scenarim evaluate the sensitivitgf the resultgo climate changeworld marketcrop

prices,C O pricing policies capitalcoss of solar photovoltaic capacityandenvironmental flow policy*The pricevariationis only for the

world market?Flood level restoratioat the Zambezi delta during the month of February.

Subscenarios of

Scenaric 2010 2030 2050 2030 Source

Crop demand (Mtry?) 26 +60% +144% - (FAO,2200117£:);)IFPRI,
Cultivated Area (M hd) 6.6 +39% +92% - (OECZDOir;(; FAO,

. 1 i 0 o ) (OECD and FAO,
Yields (tha') +41% +100% 2017)
Crop Value (&%) 669 - - -20% to +20% (FAO, 2018)
Energy demand (GWhy) 68338 +87% +278% - (SAPP, 2015)
CO ptCeg) ($ O 25 25 0t0 50 (IRENA, 2013)
Solarcapitalcosts (kW) 2000 1000 1000 2000 to 500 (IRENA, 2013)
Runof (Mm yr%) 114868 - - -54% to +35% (Cer‘z"gfg)et al,
Flood levet (m3s?) 0 - - 45001010000 (World Bank, 2010)
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Figure 6: Impact of climate change on hydrologic parametersThe average yearly pattern of evapotranspiration, precipitation and runoff
is shown for the four climate change scenarios and the catieate

4. Results and discussion

In this section, we illustrateowthe Zambezimodelcan be usetb answer questiormichas"What are the potential impacts
of climate change on the agriculture and energy systefiéfiat are the benefitef the hydropower and agricultural

developmenplans?', "What is the sensitivity of these benefits regarding uncertainties in policies, future climate and socio
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