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Highlights:  

 An interdisciplinary modelling framework is presented to analyse the effects of global change 

on water resource systemsat the basin scale. 

 Present and future urban and agricultural water demands, as well as a climate change 

scenario,are integrated into a river basinmanagement model. 

 Future supply and demand management measures are selected using least-cost optimisation. 

 Trade-offs between the cost of adaptation measures, irrigated agriculture development, and 

environmental requirements are quantified. 

 Insights to improved integrated water management at basin scalethrough interdisciplinary 

modelling are provided. 

 

Abstract: Shaping global change adaptation strategy in water resource systems requires an 

interdisciplinary approachto deal with the multiple dimensions of the problem. The modelling 

framework presented integrates climate, economic, agronomic and hydrological scenarios to design a 

programme of adaptation measures at the river basin scale. Future demand scenarios, combined with a 

down-scaled climate scenario, provide the basis to estimate the demand and water resources in 2030. 

A least-cost river basin optimisation model is then applied to select adaptation measures ensuring that 

environmental and supply management goals are achieved. In the Orb river basin (France), the least-

cost portfolio selected suggests mixing demand and supply side measures to adapt to global change. 

Trade-offs among the cost of the programme of measures, the deficit in agricultural water supply and 

the level of environmental flows are investigated. The challenges to implement such interdisciplinary 

approaches in the definition of adaptation strategies are finally discussed. 

 

Keywords:global change; adaptation; integrated river basin modelling; programme of measures; 

interdisciplinary; least-cost optimisation. 
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1. Introduction 

Over the past decade,river basin agencies and stakeholders have been confronted with changing 

environmental, economic and societal conditions. Climatic conditions are evolving in many regions of 

the world, leading to increased water scarcity and risk of drought (Arnell, 2004). Climate change and 

the increased demand for food production lead to an extension and intensification of irrigated 

agriculture. Urban water use also increases due tothe concentration of population in cities and the 

emergence of new consumption patterns (Hunt and Watkiss, 2011), particularly in the Mediterranean 

Basin (Thivet and Fernandez, 2012). Thesetrends result in increasing pressure on surface and 

groundwater resources and dependent ecosystems. Concomitantly, societies have rising expectations 

in terms of environmental protection. This has materialized in many legislative frameworks, such as 

the EU Water Framework Directive aiming at achieving the good status of European water bodies 

(EU, 2000) and, more recently, the EU communication (Blueprint) to Safeguard Europe‟s Waters (EC, 

2012) that identifies directions to achieve the good status, highlighting the interest of water efficiency 

measures among others. 

Water planners need to anticipate how to adapt management practices and infrastructure development 

forsomefuture state of their water resource systems. This requires that they developa systemic 

approach depicting the natural and socio-economic factors and processes that determine future 

dynamics of river basins.The factors and interaction processes can be formally represented through the 

development of integrated river basin management models (Jakeman and Letcher, 2003; Letcher et al., 

2007), which can be used either to learn aboutthe impact of alternative water management strategies or 

to identify optimal strategies under future climate, demand and regulatory scenarios.  

Developing such integrated models toestimate future changes and frame adaptation plans is not, 

however, a trivial task. It requires integrating concepts, methods and modelling tools from various 

domains of expertise and scientific disciplines.For instance, forecasting future urban water demand 

(Bauman  et al., 1998) might require the participation of demographers (population growth forecasts), 

urban planners (housing stock and characteristics), economists (impacts of changing tariffs, changes in 

economic activities) and engineers (water supply and water saving options). Similarly, forecasts of 

future change of agricultural irrigation water demand should be informed by an economic analysis of 

future agricultural and international trade policies (economics and political science); by a technical 

assessment of innovations likely to emerge in terms of crop varieties, cropping practices and irrigation 

techniques (engineering sciences); bymodelling crop water requirements (agronomy) under changing 

climatic conditions (Rinaudo et al., 2013a); and by a stakeholder analysis (sociology) to infer the 

objectives, priorities, expectations, behaviour and needs of the different agricultural stakeholders.  

Modelling complexity also comes from the imperative to support decision making in a context where 

heterogeneous stakeholders participate in the searchfor a negotiated solution, moved by different 

interests and multiple objectives. Involving the stakeholders in the development of the model or some 
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of its components theoretically ensures a better understanding of the underlying assumptions, thereby 

increasing its acceptability and credibility. However, the complexity of models, and the associated 

uncertainty, can be such that it stretches the understanding capacity of many stakeholders. A common 

issue among all the modelling tools and methods developed to address water management issues is 

indeed the one of uncertainty and its propagation that challenges the capacity of scientists to accurately 

represent the reality and provide reliable information about the future (Refsgaard et al., 2007). 

Sustainable management of water resources and dependent ecosystems requires an understandingof 

climate change impacts on river flows (Caballero, et al. 2007) and groundwater levels (hydrology and 

hydrogeology),andon the aquatic environment (hydro-ecology). Last but not least, a cross-fertilization 

of engineering, economics and other sciences is needed to define complex adaptation strategies that 

involve new combinations of water demand management measures (e.g. water conservation 

measures), infrastructure operation (e.g. management of reservoir or irrigation systems) and 

development of new capacity (e.g. groundwater exploitation or desalination projects). Therefore, we 

would expect an interdisciplinarymodelling approach to providethe most relevant insightsto water 

managers and policy makers. Combined with the participatory process, interdisciplinary modelling can 

help to develop a sharedunderstanding of the water problems as a foundation for negotiated 

management and policysolutions (Heinz et al., 2007).Indeed, the integration of knowledge from 

different disciplines beyond their respective paradigms and the interconnection of mono-disciplinary 

intellectual silos has been highlighted as one of the salient dimensions for the success of integrated 

modelling approaches (Hamilton, et al. 2015). 

Pioneering efforts to develop an interdisciplinary approach addressing water planning issues date back 

to the Harvard Water Program in the late 1950s, when economics, social sciences and engineering 

were first brought in to support water policy making. Nowadays, such initiatives have become even 

more necessary due to the growing complexity of water management issues (Reuss, 2003). River basin 

management models – oftencoupled with Decision Support Systems tools – have been developed at 

basin scaleto assess the performance of water resource systems under different scenarios and policy 

strategies (Andreu et al.,1996;Labadie, 2004). More recently, hydro-economic models (HEM; Harou 

et al., 2009)took one step further into interdisciplinary modelling by integrating economics and water 

resources management into a coherent framework. At basin scale, HEMs have been applied to assess 

the marginal economic value of storage and environmental flows and so provide economic indicators 

and instruments, as required by the EU WFD (Pulido-Velazquez et al., 2008and 2013; Riegels et al., 

2013). In Europe, they are expected to assist in recommending measures for the next round of EU 

water policy (De Rooet al., 2012). In the United-States, HEMs have been applied to analyse the 

adaptation of inter-tied water supply system to global change in California (Tanakaet al., 2006; 

Medellin-Azuaraet al., 2008) and New Mexico (Hurd and Coonrod, 2012). Various research initiatives 

have been launched to integrate the impact of climate change, from an interdisciplinary perspective, 

into the implementation process of the WFD (Quevauvillieret al., 2012; Pouget et al., 2013). However, 
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despite a few pioneering studies, the vast majority of existing studies stop short at the impact 

assessment stage, whichmeans they provide only a limited contribution to the question of adaptation 

(Wilby and Dessai, 2010).  

In the literature, the issue of selecting measures for the planning of water resources has been long 

addressed as the problem of capacity expansion optimization (planning and scheduling of 

infrastructure over time) through least-cost optimization models (O'Laoghaire and Himmelblau, 1974, 

Loucks et al. 1981; Ejeta and Mays, 2005, Matrosov et al.,2013). From this perspective, the part of the 

frameworkpresented dedicated to the selection of measures could be seen as a least-cost planning 

model without option scheduling. Indeed, we consider that the main focus of the work is located one 

step before the scheduling in the planning process. The framework presented clearly deals with the 

definition of the planning scenarios (demand and hydrological) and objectives (environmental flows, 

agricultural development) before the phasing of the investment. The added value of the contribution 

lies in the combination of different modelling disciplines to define the climate and demand change 

scenario, and then assess trade-offs between the cost of the programme of measures and other planning 

objectives at the river basin scale. 

This paper presentsan interdisciplinary modelling framework to select adaptation measures at river-

basin scale in a global change scenario. The method is tested on the Orb river basin, a Mediterranean 

basin in Southern France, where globalchange is expected to exacerbate the difficulties of meeting the 

growing water demands and the WFD environmental in-stream flow requirements. We describe first 

the general modelling framework that is used to generate future global change scenarios, to assess the 

impact of global change andto design the Programme of Measures (PoM) at basin scale; this is 

followed byadescription of the demands and water resourcesmodelling, and of the selection of 

adaptation measures through a Least-Cost River Basin Optimisation Model (LCRBOM).Next, we 

introduce the case study of the Orb basin,and describe the future socio-economic and environmental 

scenarios applied.One single scenario is selected to illustrate the application and potential of the 

framework. The results quantify future deficits in the supply of agricultural demand, and identify 

where adaptations to global change are required. Trade-offs between cost of the adaptation measures, 

agricultural deficits and environmental flow requirements are finally evaluated to highlight the 

potential of the interdisciplinary modelling framework to support water resources management. The 

final section presents the limitation of the models and discusses potential future developments, 

withfeedback on the interdisciplinary process. 

2. Material and methods 

2.1. Interdisciplinary modelling framework  

Because the interdisciplinary modelling framework presented in this paper is aimed atplanning, the 

first challenge consists of identifying the main variables that determine the future of the system, and 
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then in mobilizing and coordinating the corresponding disciplines able to model the processes 

impacting these variables. Figure 1 depicts the interdisciplinarymodelling framework we adopted and 

the variables chosen for our case study – a catchment that is fairly representative of those located on 

the northern rim of the Mediterranean basin.It shows that the water deficit–to be minimised in the 

future through adaptation measures – depends not only on climatic change but also on a range of 

socio-economic variables.This conceptual framework was used as a basis for combining different 

modelling approachesin a computer-based integrated river basin management model. While a number 

of relationships were formally represented using mathematical models, other relationships were 

assessed using more qualitative and participatory methods (eg. for building the agriculture demand 

scenario using participatory workshops).  

Water demand models were developed to integrate the most likely evolution of urban and agricultural 

water uses. The urban water demand model ❶is based on an econometric model combined with a 

population and housing stock forecast model that is based on regional statistical data. The agricultural 

water demand model ❷combines an agronomic model and scenario workshops involving 

stakeholders. Climate change impact on local temperatures, evapotranspiration and precipitation is 

determined using downscaled results from a General Circulation Model(GCM)❸. The consequences 

of climate change on agricultural water requirements are taken into account based on the previous 

agronomic model, while its consequences on natural river flow regimes are considered using 

hydrologicalsimulation models ❹. Minimum in-stream flow requirements were derived from existing 

estimatesusing a hydraulic habitat modelcomplemented by local expertise❺. The water resources 

system is conceptualized as a flow network of nodes and links ❻. The most important surface 

reservoirs are included as storage nodes❼, and the inter-basin water transfers as network 

links.Reservoir releases and the volume of water to be supplied are defined through an optimisation 

procedure for a particular time horizon and spatial network. A catalogue of adaptation measures was 

identified based on stakeholders‟ workshops ❽and engineering studies ❾. Thesemeasures were 

characterized in terms of effectiveness(defined as a volume of water)and cost (defined as an 

annualized investment with operatingcosts)❿. Finally, the least-cost river basin optimisation model ➀ 

identifiesthe optimal portfolio of adaptation measures to minimise the agricultural deficit at minimum 

cost. Further details are provided on the major components of this interdisciplinary modelling 

framework in the following sections.  
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Figure 1:Interdisciplinary modelling framework to assess global change impacts and frame 

adaptation at riverbasin scale 

2.2.  Demand scenarios 

2.2.1. Urban demand scenario 

The urban water demand forecasting model ❶combines an econometric model, which predicts per 

capita water consumption (Rinaudo et al., 2012) with a population and property forecast model based 

on regional statistical data (Vernier and Rinaudo, 2012). The econometric model allows simulation of 

the impact of changes in the socioeconomic variables (water tariffs, income). It calculates urban water 

demand for 2008 (Baseline) and 2030 (Future) planning horizons for all the municipalities (Urban 

Demand Unit, UDU)that abstract water from the water resources system. One key element of the 

method is the adjustment of the domestic demand ratio to different explanatory variables in each 

UDU:the price of water, average household income, climatic conditions, and the opportunity to drill 

their own well.  

2.2.2. Agricultural demand scenario 

The agricultural scenario was developed with the participation ofstakeholders, following a method 

developed by Rinaudo et al., (2013a). This method combines scenario workshops and modelling tools 

to assess future agricultural water demand in a three-step process. First, irrigated areas were estimated 

by crop and irrigation district (Agricultural Demand Unit, ADU) for a baseline year, according to the 

last general agricultural census in 2010. Then, a plausible futurescenario was constructed for the 
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planning horizon (2030) based on assumptionsabouthow the main drivers of agricultural development 

will evolve at global (EU-Common Agricultural Policy, market prices, technical innovation, etc.) and 

local scale (land use policy, sector development). The assumptions were validated by semi-structured 

interviews and focus group discussions with local experts (Maton et al., 2012).  

2.3. Assessing climate change impact on demands and available resources 

2.3.1. Climate change scenario 

Future climate❸wasassessed using downscaled data from the GCM ARPEGE CNRM-CM3 (Salas-

Melia et al., 2005)forced by the A1B emission scenario,which is considered a median scenario 

amongstallpossible future ones (Bates et al.,2008). The downscaled scenario was provided as part of 

the SCRATCH 2010 experiment, based on a statistical “weather type” downscaling method (Pagé and 

Terray, 2010). The downscaled precipitation (P) and potential evapotranspiration (PET) time series are 

representative of the baseline (1971-2000) and the so-called „mid-term future period‟ (2046-2065). 

They are provided at a daily time step, with aspatial resolution of 8 by 8 km, identical to the scale of 

historical meteorological data used to drive water demand and hydrological models (Vidal et al., 

2010). 

2.3.2. Impact of climate change on agricultural demand 

It is expected that irrigation water requirements for agricultural crops in this areawill be impacted by 

climate change. This impact was assessed using an agronomic model ❷(Hoang et al., 2012),adapted 

from Allen, et al.(1998). The model calculates Agricultural Water Demand (AWD) with a 10-day time 

step as the water required by the crop,in addition to rainfall, to compensate for evapotranspiration, 

taking available soil moisture into account. Inter-annual monthly average demands are estimated for 

the baseline and future periods.  For each irrigation district (i), Eq. (1) calculates the Crop Water 

Requirement (CWR) of crop (j) associated with an irrigated area (Ai,j), which is a function of the 

meteorological variables (PETi and Pi), available soil moisture (SMi), a crop coefficient (Kcj),and an 

irrigation efficiency parameter (Ei,j). 

 

𝐴𝑊𝐷𝑖,𝑡 =   𝐸𝑖,𝑗 × 𝐴𝑖,𝑗 ×  𝐸𝑇𝑃𝑖,𝑡 × 𝐾𝑐𝑗 ,𝑡 − 𝑃𝑖,𝑡 − 𝑆𝑀𝑖,𝑡 𝑗           ∀  𝑖, 𝑡  (Eq. 1) 

2.3.3. Impact of climate changeon the hydrology 

Climate change is also expected to perturb the hydrological regime. To assess this impact in our case 

study (section 3), the hydrological modelling framework ❹follows a three-step process for eachof the 

sub-river basins defined. The first step wasto restorethe natural flow regime of the sub-basin by adding 

urban and agricultural water withdrawalsto the observed monthly river discharges (Chazot, 2011; Vier 
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and Aigoui, 2011). Then, a monthly, two-parameter rainfall-runoff model (GR2M, Mouelhi et al., 

2006)was calibrated and validated using historic precipitation, PET and flow data for each sub-basin 

(Caballero and Girard, 2012). The Root-Mean-Square Error (RMSE) was used toautomatically 

calibrate the model by means of optimisation. The validation/calibration performancesof the model 

were assessed usingthe Nash and Sutcliffe (1970) efficiency in addition to the RMSE
1
.The results of 

the calibration and validation of the hydrological models are considered good enough to assess the 

impact of climate change in water resources, more details on the calibration and validation are 

presented in Appendix A. 

2.4. Assessingagricultural deficits  

In abusiness-as-usual scenario (BAU) with no adaptation measures, water deficits are likely to appear 

in the future, due to a combination of increased water demand and reduced hydrological flows. 

Assuming that the existing regulatory framework is maintained, thatdeficit would mainly be borne by 

agriculture.Urban demand, legally defined as thehighest priority use, would be satisfied first. Then, 

environmental flows should be guaranteed, while agriculture would only be authorized to use the 

remaining water available. 

Performance of water resources systems is usually assessed using indicators, such as reliability, 

resiliency and vulnerability criteria (Hashimoto, 1982; Loucks, 1997). In our case, we adapted the 

Demand Reliability Index (DRI) (Martin-Carrasco, et al.,2013), which quantifies the reliability of 

asystem to satisfy demands, by computing the ratio between the demand satisfied for a given 

acceptable level of reliability and the total annual demand. French legislation requires all demands to 

be fully supplied in at least 4 out of 5 years, giving priority tourban use and environmental 

requirements over agricultural use (MEEDDT, 2008). This allows a deficit in the supply of 

agricultural demand with a return period T of 5 years (5-year deficit). In other words, this corresponds 

to supplying the full agricultural annual demand with a level of reliability (noted r)of 80 % (r = (1-1/T) 

x 100). In accordance with this requirement, we defined an Agricultural Deficit Index (ADI) to 

characterize the degree of failure of the system to meet this acceptable 5-year deficit. The ADI is the 

ratio between the maximum annual deficit that occurs with a return period T* less than T equal 5 years 

(T*<T=5) and the annual demand of a given ADU (Eq. 2). 

𝐴𝐷𝐼𝑇∗
𝑎 =  1 − 𝑆𝑇∗

𝑎 𝐷𝑒𝑚𝑎  × 100 (Eq. 2) 

Where ADI𝑇∗
a  is the Agricultural Deficit Index for the agricultural annual demand at the ADU “a” 

associated with a return period T*lower than the acceptable value T; S𝑇∗
a  is the minimum annual water 

supplied to the ADU “a” in Mm
3
 per year, with a return period T

*
; Dema  is the annual demand at the 

                                                      

1
Nash-Sutcliffe efficiency is a criterion for quantifying models performance in comparison to the observed 

values (relative measure) and therefore, it allows comparison with other models, whereas the root mean square 

error characterizes only the performance in absolute values (Pushpalatha et al. 2012). 
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ADU “a”, in Mm
3 

per year. An ADI equal to 0 means that the system fulfils the legal requirements of 

having no more than a 5-year deficit; if this condition does not hold (ADI greater than 0 and up to 1), 

the index quantifies the magnitude of the greater than acceptable deficit in comparison to the annual 

demand. 

2.4.1. River basin optimisation model 

First, a river basin optimisation model ❻ was developed to represent water allocation in the basin and 

to estimate the deficit in the present baseline and the BAU future scenarios, integratingthe demand and 

hydrological scenarios previously defined (Section 2.2 and 2.3). The model minimises agricultural 

deficit with a return period of less than 5 years,with a monthly time step (objective function, 

Eq.3),byoptimising reservoir management and water allocation (decision variables) over the time 

horizon. Meanwhile, water allocation has to meet the environmental requirements and the target 

supplies for the urban demandsin order of priority.  

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒  =    𝐷𝑒𝑓𝑎,𝑡
𝑇∗

𝑎𝑡𝐷  (Eq. 3) 

Where, t is the time step index (monthly); “a” is the index of the ADU, and 𝐷𝑒𝑓𝑎,𝑡
𝑇∗

 is the deficit for 

ADU “a” at month “t” with a return period T* less than T.  Additional equations are presented in 

Appendix B. 

The sub-river basins are represented in a flow network of nodes (diversions and/or storage nodes), 

linked by arcs that represent the river stretches. UDUs and ADUs are connected to the corresponding 

nodes of the sub-basin from which they abstract or return water. At each node and for each monthly 

time step, constraints are imposed on demand targets, minimum environmental flow requirements, and 

reservoir operating rules for both flood protection and dead storage volume. If less water is available 

than is needed to meet the constraints, there will be a deficit in the water available to supply 

agricultural demand. Optimisation is carried out over a monthly flow time series, first on the baseline 

period (1971-2000) and then for the global(climate and demand) change scenarios corresponding to 

the future period (2046-2065). The model was implemented using GAMS (General Algebraic 

Modelling System, Rosenthal, 2012) and applying Mixed Integer Programming with the CPLEX 

solver.  

2.4.2. Environmental flow requirements  

In-stream environmental flow requirements ❺aim at maintaining the environmental functions of the 

river by means of an appropriate flow regime (Postel and Richter, 2003). Ideally, a seasonally variable 

flow regime is needed to sustain freshwater ecosystems (Poff et al., 1997). However, the current 

approach applied in the river basin defines only minimum in-stream flow requirements for selected 

nodes. A hydraulic method (Gippel and Steardson, 1998) using the habitat method ESTIMHAB 
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(Lamouroux, 2002) was applied by Vier and Aigoui (2011) to define minimum flow thresholds at each 

node of the basin.  

2.4.3. Infrastructure management  

The reservoir is managed as a multipurpose reservoir. Operating rules fix only the monthly dead-

storage and maximum volume of the reservoir for flood protection (Chazot, 2011). The volume 

released from the reservoir and the volumes of water allocatedare defined during the optimisation 

procedure. Direct evaporation from the reservoir has been calculated based on estimates of average 

annual reservoir evaporation in the south of France (Vachala, 2008).  

2.5. Selecting least-cost adaptation programme of measures 

Once the deficits are calculated for the present and future periods, the river basin optimisation model is 

converted into a least-cost river basin modelthat minimises the cost ofaprogramme of adaptation 

measures, given the operational and physical constraints of the water resources system, which include 

supplyingagricultural and urban demands,and meeting the environmental flow targets. Thecatalogue of 

potential adaptation measures consistof capacity development projects and water conservation 

measuresthat could be implemented in the differentUDUs and ADUsof the system. 

2.5.1. Identification and assessment of adaptation measures 

Workshops with local stakeholders were held to identify possible adaptation measures to cope with 

increased water deficit in the basin, which were thendocumented by a series of complementary 

technical studies. Water conservation measures ❽ are considered at the level of UDU (municipality or 

group of municipalities) and ADU (irrigated area) to define a set of local adaptation measures.For each 

unit, we estimated the volume of water that could be saved by implementing these measures. The 

equivalent annual cost of the measures was calculated by applying a 4 % discount rate on investment 

and operating costs ❿. 

In terms of capacity expansion measures ❾, a specific study was carried out to identify aquifers 

unconnected to the river (Rinaudo et al., 2013b) that could be sustainably usedby drillingnew wells. 

The sustainable yield and costs (investment, operation and maintenance) associated withthe projected 

wells were estimated. The catalogue of measures includes the possibility of building a desalination 

plant to supply coastal municipalities. Investment and operating costs for such plants were estimated 

based on figures provided by local engineering companies and cross-checked with values reported in 

international surveys (Zhouand Tol.,2005; Ghaffour et al.,2013). 
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2.5.2. Least-cost optimisation model 

The LCRBOM➀was built onto the previous optimisation model (section 2.4.1).The objective function 

(Eq.4) minimises the total annualized cost of the measures applied to meet urban and agricultural 

demands and minimum in-stream flow constraints. For that purpose, measures are selected to reduce 

the deficit in agricultural demand (Eq. 4 and 5).  

Minimise  =  𝐶 +  𝑀 ×  𝐷  (Eq. 4) 
 

Where:   is defined in Eq. 3D ; M is a very large positive number that is higher than the sum of the 

cost of all the other measures. 

 

 =C  Act m × Cost m m +   V m, t × VCost m mt /𝑁 (Eq. 5) 

 
where, m is an index of the measures of urban or agricultural demand, groundwater or desalination 

project; t is the time step index (monthly); Act(m) are binary decision variables of the measures m; 

Cost is the fixed equivalent annual cost (€) of the measures, m; V is the volume of water in 

Mm
3
/month coming from the groundwater and desalination measures, respectively; VCost is the 

variable costs of the groundwater and desalination measures in € per Mm
3
 per month; N is the total 

number of years of optimisation; Additional equations are presented in Appendix B. 

The supply and demand management measures are characterized by their cost and effectiveness for 

each ADU and UDU. By introducing slack variables with a very high cost (far beyond the range of 

costs of the measures) in the objective function, the model avoidsunfeasible cases in which 

implementation of every measure is insufficient to avoid a deficit in agricultural water supply. 

3. Case study and future scenarios 

3.1. Case study description 

The modelling framework was implemented for the River Orb basin (1580 km² -Figure 2), located on 

the French Mediterranean coast. The Mediterranean region is projected to be affected by climate 

change, and has been defined as a “hot spot” on a global scale (Giorgi and Lionello, 2008; Mariotti et 

al., 2008),where severe impacts on water resources are likely (Bates et al., 2008). The catchment is 

characterized by a Mediterranean climate and hydrological regime with significant lowflows in 

summer and flash flood events in autumn. The average annual natural flow is 850 Mm
3
. While rainfall 

is abundant in the hilly upstream area (1800 mm per year), it is much scarcer in the coastal area (570 

mm), where most of the population, agriculture, tourism and other economic activities are located.The 

River Orb and its alluvial aquifer form the main resources for supplying urban areas with drinking 

water. Traditional gravity channel irrigation systems also depend on these resources to irrigate crops in 

the upstream part of the catchment (1000 ha). A more efficient and larger pressurized system, 

developed in the 1960s, supplies irrigation water to agriculture in the coastal plain (5000 ha). River 
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flows are regulated by the Mont d‟Orb multipurpose reservoir (30.6 Mm
3
 of usable capacity, with a 

mean annual inflow of 101.8 Mm
3
). It was constructed to store water for irrigation downstream andis 

also used to protect against flood risk. It is only marginally used to produce hydropower.  

At present (baseline situation), urban and agricultural water demands represent 62 % and 38 % of total 

water demand, respectively, in an average climatic year. With a demand to resources ratio of less than 

20 %, the total demand for environmental requirements and consumptive use falls within the available 

annual water resources during a dry year(Table 1). Under baseline conditions, the annual balance of 

supply and demand at basin scale is satisfactory. However, the allocation of scarce water resources 

becomes an issue during the summer, for both baseline and future periods.We calculated the available 

water resources for the 5-year low-flow for an annual or summer period (mid-May to mid-September). 

The environmental requirements and demands for consumptive uses approach the level of available 

natural resources during these periods (60 %) and the demands are likely to exceed available resources 

in future summer periods (125 %, for the considered climate scenario). Notwithstanding, this initial 

balance of resources and demand does not consider the inter- and intra-annual regulation provided by 

the reservoir, as is the case with the river basin management model developed in this study. 

The river basin authority has already classified the water bodies of the Orb river basin as being at risk 

of failing to meet the good status required by the WFD (AERMC, 2009).  The two most recent water 

management plans for the River Orb states the improvement of quantitative water resources 

management as one of its main objectives (SMVO, 2013). 

Demand (Mm
3
) Urban Agricultural Environmental Total 

Resources 

(Mm
3
) 

Demand/resources 

(%) 

Baseline 19.2 11.6 43.0 73.8 374
b
 19.7  % 

Baseline 

summer
a
 

7.8 10.8 14.5 33.1 55
b
 60.2  % 

Future 21.9 28.3 43.0 93.2 276
b
 33.7  % 

Future 

summer 
8.9 27.1 14.5 50.5 40.4

b
 125,0 % 

a. The summer period corresponds to four months in the summer (mid-May to mid-September) 

b. In this case, the resources are estimated for a dry year with a 5-year return period at the outflow of the basin 

Table 1: Annual and summer water balance of the Orb river basin baseline and future scenarios 
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3.2. Future demand scenarios 

Change in future urban water demand is mainly driven by population growth (1 % per year, on 

average). Per capita consumption is forecasted using the econometric model (section 2.2.1). Over the 

2008-2030 period the following assumptions were made: 1) a 30 %increase in water pricesand a 10 

% decline inper capita consumption,due to technological change, 2)a stable household income and 3)a 

6 %increase of per capita consumption due to climate change(mainly due to swimmingpool 

evaporation and lawn watering) (Table 3). Overall, urban water demand is expected to increase by 14 

%between the baseline and future periods.  

Agricultural demand is expected to increase at a much faster pace during the same period due to the 

combined effect of an increase in irrigated area and a rise in the evapotranspirationrate (section 2.2.2). 

Stakeholders who participated in the definition of the future agricultural development scenarios 

envisaged a significant development of irrigation practices within the existing vineyards (Table 2), as 

a way to secure the harvest in case of drier summers, due to a combination of regulatory, economic, 

and technical changes. Climate change will certainly exacerbate this trend. The marginal (and 

combined) effects of changes in irrigated area and climate are depicted in Figure 3. Climate change 

alone would increase demand by 58 % (considering that the crops grown and the area under irrigation 

Figure 2: Case study area: the Orb river basin 
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remainunchanged). Socio-economic change alone would result in a 64 % increase. When combined, 

the two drivers result in a 145 % increase in irrigation water demand. Assumptions on the demand 

estimation are further detailed in appendix C. 

 

Demand Urban Agricultural 

Main assumptions 

+ 30 % of water price 

- 10 % due to savings 

+ 6.5 % due to climate change; 

Constant household incomes 

 

25%ofthe vineyard is irrigated 

(5% in 2008) 

+ 100 % of market gardening 

- 50 % of orchards 

Constant irrigation efficiency 

 

Table 2 Main assumptions of the demand forecasting models at river-basin scale. 

 

 

Figure 3:Changes in the agricultural water demand at basin scalefor various scenarios. 

 

3.3.  Future hydrological scenario 

For the chosen climate scenario, annual PET is likely to increase by 12 %compared to the baseline 

period (1971-2000), with monthly variation from +19.6 mm in June to +1.9 mm in February. 

Regarding precipitation, the average decrease is expected to be 8 % per year, characterized by an 

uneven distribution over the year ranging from -50 % in January to +20 % in August. The comparison 

of the 5-year monthly low flows (QMNA5) for the baseline and future periods illustrates the projected 

impact of the considered climate change scenario on water resources (simulated using tools described 
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in section 2.3.3), leading to a 25 %decrease in river flow atbasin scale, though with spatial variation 

depending on the sub-basin (Table 3). 

 

Sub-basin O1 O3 M4 O4 J3 O5 V3 O6 O8 O10 O12 Basin 

 Low-Flow 

(Mm
3 
per 

month) 

 

Baseline 

(1971-

2000) 

1.07 0.75 0.15 0.42 0.89 0.03 0.74 0.18 0.05 0.06 0.10 4.52 

Future  

(2046-

2065) 

0.66 0.47 0.10 0.34 0.71 0.02 0.69 0.18 0.03 0.04 0.05 3.41 

Variation   -38 % -37 % -29 % -20 % -20 % -24 % -7 % -1 % -40 % -38 % -55 % -25 % 

Table 3: 5-year monthly low-flow (QMNA5) by sub-basin under baseline and future scenarios 

3.4. Adaptation measures  

Eleventypes of water conservation measures were identified, nineof which target urban use (MU1 to 

MU9) and twoof which relate to agricultural uses (MA1 and MA2). Urban water conservation 

measuresare aimed at facilitating the adoption of water saving devices and practices, through subsidies 

or water conservation tariffs (MU5), and at reducing leakage in water distribution networks (MU1). 

The two agricultural water conservation measures consist of improvements in the technical efficiency 

of irrigation systems. MA1 relates to the modernization of traditional gravity irrigation system located 

in the upstream part of the river basin, replacing it with sprinkler irrigation. MA2 is aimed at 

developing drip irrigation in the lower part of the river basin, where water distribution already uses 

pressure networks. These measures are therefore mutually exclusive.Overall, 462 local adaptation 

measures were evaluated for the 84 UDUs, 19 measures for the 19 ADUs. Five groundwater projects 

and the desalination plants can supply 18 and 22 UDUs, respectively. The adaptation measures are 

characterized by their equivalent annualized cost and the saved and new water(Table 4), either by 

saving water on the demand side (water conservation) or by providing new resources on the supply 

side (capacity expansion). Measures are further detailed in Appendix D. 
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Description of measure 

Maximum 

annual volume 

available in 

2030 (Mm
3
) 

Average 

annualized 

unit cost 

(€/m
3
) 

 UDU/ADU 

affected 

by the 

measure 

 

 
Water conservation measures 

(Demand side) 
  

   

MU1 
Reduction of leaks in urban water 

distribution networks 
3.28 0.77 

 
37 

 

MU2 

Installation of water conservation 

devices (faucet aerators, shower flow 

reducer, etc.) by households 

0.36 0.56 

 

62 

 

MU3 
Water consumption audits for single 

family houses and change in appliances 
0.52 1.16 

 
62 

 

MU4 
Same as U3 for multifamily housing 

units 
0.51 1.64 

 
33 

 

MU5 

Installation of automated reading 

meters and use of seasonal water tariffs 

to reduce peak season demand 

0.83 0.66 

 

62 

 

MU6 
Installation of water saving devices in 

hotels (faucet aerators, toilet flushes) 
0.04 0.61 

 
20 

 

MU7 

Water consumption audits of campsites 

and holiday parks. Installation of low 

flow flushes / showers, leakage 

detection in campsite distribution 

network, etc. 

0.18 1.55 

 

10 

 

MU8 

Replacement of water intensive 

landscapes with xeric vegetation 

(public gardens) 

0.59 0.68 

 

62 

 

MU9 
Replacement of irrigated lawns with 

artificial turf for sport grounds 
0.43 1.95 

 
7 

 

MA1 

Conversion of gravity irrigation 

systems to pressurized / sprinkler 

irrigation 

0.81 0.16 

 

7 

 

MA2 

Development of drip-feed irrigation at 

farm level in all pressurized irrigation 

systems  

1.56 0.54 

 

11 

 

 
Capacity expansion measures 

(Resource side) 
  

 
 

 

GW 

Substitution of water intakes in the 

River Orb (and alluvial aquifer) by 

other groundwater resources 

1.00 1.89 

 

5 

 

DS 

Substitution of water intakes in the 

River Orbby desalinated water (coastal 

municipalities)  

3.60 1.22 

 

2 

 

Table 4: Main characteristics of the adaptation measures 
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4. Results  

4.1. Present baseline scenario 

Using the optimisation model,Agricultural DeficitIndices (ADI, section 2.4.1) were computedfor the 

historical hydrology and current demands (baseline scenario) and aggregated by sub-basin. Its spatial 

distribution was found to be uneven (Figure 4, top-right). In the baseline scenario, ADI reaches the 

maximum value (100 %) in the Mare (M4) and Jaur (J3) sub-basins, meaning that legal requirements 

are not fulfilled in thesesub-basins (a deficit of magnitude equal to the demandoccurs for a return 

period of less than 5 years). These sub basins correspond to tributaries of the River Orbthat do not 

benefit from regulation by an upstream reservoir. This water deficit wasmentioned inprevious studies, 

and actions are already being implemented to address these issues (Vier and Aigoui, 2011). In 

contrast, the higher demand in the Orb sub-basins,whichbenefit from regulation fromthe upstream 

reservoir (O2, O4, O5, O6, O10 and O12),can be suppliedas requiredfor the baseline scenario. 

4.2. Business-as-usual future scenario 

In the future business-as-usual (BAU) scenario, the ADI increases under the impact of higher demands 

and scarcer water resources. In addition to the basins that show a deficit under the baseline scenario 

(M4 and J3), three more downstream sub-basins (O8, O10 and O12) show deficits for the future 

scenario (Figure 4, top-right). Thus, the decrease in summer flow impacts, first, the sub-basins that do 

not benefit from flow regulation fromthe reservoir; then, the downstream sub-basins with the highest 

demands (Figure 4, top-left) and the lowest natural flows (Table 3). The impact of global change thus 

challenges the current protection against dry summers provided by the reservoir and underlines the 

need for additional measures to meet environmental flow requirements and supply the agricultural 

demands in the future. 
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Figure 4: Spatial distribution of: future demand in the Orb river basin (top-left); present and 

future agricultural deficit (top-right); saved and new (mobilised) water volume by sub-basins 

(bottom-left); and cost by sub-basin (bottom-right). 

 
 

4.3. Least-cost programme of adaptation measures 

A least-cost PoM was selected using the LCRBOM developed. At the sub-basin scale, the spatial 

distribution of the volumes to be mobilised (sum of the volumes saved by water conservation 

measures and provided by capacity expansion measures;Figure 4, bottom-left) and the associated costs 

(Figure 4, bottom-right) do not followthe pattern of the distribution of deficits (Figure 4, top-right). 

While the greatest deficitsoccur in tributaries M4 and J3 (ADI of 100 %), their contribution to the total 

cost and volume saved is low. This difference is explained by their lower demand, so there is 

lesspotential for water savingthrough efficiency improvements. The volumes and costs associated with 
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these basins are lower even if the need exists. In contrast, the sub-basins with no deficit (O1, O2, O4, 

O5 and V3) have measures applied that also benefit othersub basins. The downstream basins with the 

highest demand take up the biggest share of the new and saved water volume.Sub-basin O12 has a 

high ADI, but few measures are applied in this area, given that it benefits from measures implemented 

further upstream. 

4.4. Trade-off analysis 

The least-cost optimisation model canalsobe used to assess potential trade-offs between agricultural 

demand, environmental requirements and economic cost of the PoM. 

4.4.1. Trade-off between agricultural demand and adaptation cost 

Increase in agricultural water demand is a key driverthat can be actively influenced by local 

policymakers depending on the agricultural policy they promote (Table 1).Therefore, there is a 

possible trade-off between extending the area of irrigated agriculture (in particular irrigated vineyards) 

and the cost of water management measures that would be needed to offset the increased demand. To 

represent the effect of various agricultural development scenarios, we analysed the consequences of 

varying agricultural demand at basin scaleby+/- 5 and 10 %(Figure 5).A +/-10 % variation in the 

agricultural demand at basin scale – representing a volume of +/- 2.9 Mm
3
 per year –translates to a 

cost variation of between -95 % and +137 % (0.11 to 5.68 M€ respectively). Consequently, the 

anticipated skyrocketingin the surface area of irrigated vineyard in the basin could challenge the 

management of water resources or represent an unaffordable cost. 

 

Figure 5:  Cost of the PoM for different levels of agricultural demand at basin scale 

 

The defined least-cost PoM illustrates thegreat potential of demand management measures, as well as 

the fact that expensive capacity expansion projects (groundwater and/or desalination) could be avoided 
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if the increase in agricultural demand were limited. For the lowest level of agricultural demand (90 % 

and 95 % of the estimated future value) only demand management measures were selected. Measures 

to expand capacity are selected only once the increase in agricultural demand equals or exceeds 100 % 

of the future scenario.  

4.4.2. Trade-off between environmental flow and adaptation cost  

The model can also be used to prioritise where it is economically more efficient to concentrate 

effortsin defining environmental flow requirements. Indeed, the total cost of the PoM can 

changesignificantly depending on the level on environmental flow imposed on each sub-basin (Figure 

6). Variationsof +/- 5 % of the environmental flow requirements, applied in different sub-basins,give 

rise to contrastingimpactson the cost of the PoM.For a given variation of in-streamflow requirements, 

the impact on PoMcost is highest in O1. While sub-basins O2 and O4 present greater environmental 

flow requirements than O1, the cost of the PoMat basin scaleis less sensitive to their environmental 

flow requirements. These results highlight the strategic importance of ecological flow definition in 

sub-basin O1, which accommodatesthe Monts d‟Orb reservoir that regulates most of the River 

Orbflow. Most in-stream flow in this part of the river comes from reservoir releases. Therefore, 

decision makers control the flow regime in this section of the River Orb, which allows them to further 

investigate the trade-off between costs and environmental requirements.  

 

 
 

Figure 6 : Cost of the PoM for different environmental flow thresholds in three sub-basins (O1, 

O2 and O4) 

4.4.3. Trade-offbetween environmental flowrequirement, adaptation cost and 

agricultural demand 

A fixed variation in volume (ranging from -0.1 and + 0.1 Mm
3
/month) was applied to both the 

environmental flow in the headwaters of the basin (sub-basin O1) and to the agricultural demand of 

the downstreamADU, “A14” (Figure 7). In this case, the total cost of the PoM exhibits higher 
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sensitivity to variations in agricultural demand in ADU“A14” than to environmental flows in sub basin 

“O1”. The same increase in PoM cost allows an increase of agricultural demand inADU “A14” (grey 

arrow) by 0.1 Mm
3
/month or an increase of environmental flow in sub-basin O1 by 0.2 Mm

3
/month 

(dark arrow). This comparison illustrates the kind of trade-off that can be compared at river basin 

scale. 

 

 
 

Figure 7 : Cost of the Programme of Measures for different levels of agricultural demand in A14 

and environmental flow in O1 
 

5. Discussion 

5.1. Frameworklimitations 

The modelling framework presented provides a useful method to explore future adaptation strategies 

in the face of global change. However, the method implemented in the present study has 

revealedseveral caveats and limitations that need to be acknowledged. 

The first limitation is the lack of any assessment of uncertainty. Uncertainty in water resources 

modelling stems from an incomplete understanding of the hydrological processes modelled (e.g. 

surface-groundwater interactions), from imprecise hydrological data used for calibration, and from the 

choice of models used for simulating sub-components of the system (water demand, hydrological 

processes), (Refsgaard et al., 2007). In the case of the analysis of global change scenarios in which we 

no longer assume that the hydrology is stationary, this is far more complex, since we need to add the 

uncertainty on the meteorological variables (defined as plausible scenarios derived from GCM 

projections, with a large range of variations among them) and on the resulting inflow time series that 

define available resources in the basin (Brown and Wilby, 2012). Moreover, land use changes will 

affect water demand but also affect the hydrology and even the climate, creating a circle of feedbacks 
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demanding different approaches for designing adaptation under uncertainty (eg. Brown et al. 2012). 

Large ensembles combining several climate models and emission scenarios could be needed to 

quantify the uncertainty linked to climate modelling (Barsugli et al., 2012). However, it is still a 

matter for discussion whether the improvement achieved by using ensembles instead of a single model 

is as large as expected, and how this translates into improvements in the projections (Knutti et al., 

2010). Other sources of uncertainty are inherent to each discipline involved in the framework as for 

instance water demand forecasting that relies on future socio-economic conditions (e.g. agricultural 

markets) with hardly predictable uncertainties.Overall, given the resulting global uncertainty,there is 

call for a new approach to adaptation strategies. The top-down approach – which underlies the 

modelling framework presented in this paper – could be complemented by a bottom-up approach, 

which analyses how a set of possible strategies perform over a large range of possible futures (Wilby 

and Dessai, 2010; Lempert and Groves, 2010). To illustrate the development of the framework, we 

indeed have used one single climate and demand scenario, but the same approach could be developed 

under different climate and demand scenarios, and then proceed with a characterization of the 

robustness of the proposed adaptation plan across these scenarios. 

Another limitation of our modelling framework lies in its normative nature. Indeed, it identifies a 

solution thatcan theoretically maximise social welfare but it does not integrate other factors considered 

by stakeholders to select relevant adaptation strategies. A condition for implementing the 

optimisedsolution is the existence of a strong planning authority and a central decision-making 

capability to implement the optimal solution or an alternative approach that could lead to a close-to-

optimal solution. This issue is called the limitation of „perfect cooperation‟(Madani, 2010),or 

alternatively, „perfect command and control‟that is assumed by the optimisation procedure. Actually, 

no such authority exists in the context of river basin management in France (or in many other 

countries). Relevant stakeholders (urban, agricultural, and environmental) are represented in the basin 

authority and sit around the table to negotiate a programme of measures. As such, the model can 

provide useful insight for water planners acting at policy level (such as a water agency, government 

agency or county council), who have been associated with the development of this initial model.  

However, the model would not provide the range of information needed by local stakeholders (water 

users‟ representatives, elected politicians at municipal levels) who will be concerned by the actual 

implementation of some of the adaptation measures considered in our study.  

In future research, we intend to explore, in conjunction with more qualitative research (focus groups, 

scenario workshops, participatory modelling) how the model could be used as a medium for wider 

stakeholder participation in adaptation planning. This will implynot only a discussion of the model 

assumptions and structure but also a possiblerestructuring of the model to include additional processes 

and output indicators as required by stakeholders. This also implies an opportunity to incorporate lay 

stakeholders‟ knowledge into the modelling framework – moving from an interdisciplinary to a trans-

disciplinary approach (Pohl, 2005). 
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For instance, the distribution of costs associated with the optimal solution (or „first-best‟ solution to 

use economists‟ terminology) may not be considered fair and equitable; there may be calls to search 

for a negotiated „second-best‟ option – involving financial transfers between stakeholders. Issues such 

as agreements on costs and measures allocation among the different players in a basin could be further 

integrated in the analysis. This is one of the challenges to be addressed next in our modelling research.  

Other limitations are inherent to the optimisation procedure selected, as it is the „perfect foresight‟of 

deterministic optimisation (Labadie, 2004). By using this kind of optimization, we assume that an all-

knowing manager would know the hydrological future with certainty and therefore will be able to 

select ideally the measures or to release water from the reservoir when needed. This leads us clearly to 

an overoptimistic result, this means an underestimation of the adaptation needed, and therefore the 

results given here must be taken as the lower bound of the adaptation strategy needed. This 

optimization method, even if appropriate to the relative simplicity of the case study, could need to be 

adapted to more complex water resource systems (greater storage capacity and temporal correlation of 

the hydrology) as the importance of perfect foresight generally decreases significantly with the amount 

of over-year storage (Draper et al., 2003). However, the effects of perfect foresight have been 

considered as acceptable even in some complex water systems (ie. California water supply network, 

Newlin et al., 2002 and Pulido-Velazquez et al., 2004). This part of the framework presented could 

require further improvement to overcome the perfect foresight of the optimization looking at methods 

such a Stochastic Dynamic Programming (SDP) or combining simulation models with genetic 

algorithms. 

Finally, other types of measures (water quality measures, river restoration measures, etc.) would also 

need to be included in a general adaptation programme of measures, although here the focus is on 

water quantity issues (water scarcity). Assessing the trade-offs at stake between the planning 

objectives of environmental preservation, economic development and adaptation cost, is a necessary 

step for the definition of a programme of measures. The next step would be as well to consider the 

phasing of the investment needed to achieve the objectives defined following a more conventional 

least-cost planning approach to advise on the investment required or a real option analysis (Jeuland 

and Whittington, 2014) to include as well the possibility to learn along the planning process.The 

framework is indeed a first step, in terms of adaptation, towards what could be the development of a 

full adaptive management strategy that would consider an iterative process of planning, implementing 

and updating the plan as more information is obtained and lessons are learned by the decisions makers 

when they experience changing conditions. 

5.2. Insights from theinterdisciplinary approach 

This paper illustrates how analysinglong-term changes and adaptation to global change in river basin 

management requires bringing multiple scientific disciplines together and binding them into a single 
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framework,facilitated by integrated modelling. Our experience suggests that deploying such an 

interdisciplinary approach is by no means a trivial task. During our research, a continuous (and time-

consuming) dialogue took place to construct a shared representation of the river basin, specify the 

optimisation problem, identify and formalize water management constraints in that model, choose 

spatial and temporal scales at which the model should be developed and the nature of adaptation 

measures to be considered. A conceptual model was developed gradually and, through an iterative 

process, progressively refined. Finding an appropriate temporal and spatial resolution of water 

resourcesmodelling, which would be consistent with the economic analysis of water demand forecast, 

was also an iterative process. Each researcher had to adapt their approach (concept and tools) to fit in 

the overall optimisation model, seen as an end-point for research and integration. The modeller played 

a role of „guardian of integration‟, as already reported in the literature (Kragt, et al. 2013). This 

integrative approach stands in contrast with multidisciplinary research where the various disciplines 

basically do their own thing in parallel, their conceptual and methodological choices remaining 

independent from each other (Mollinga, 2009). Creating this dialogue implies that researchers be 

willing to cross-disciplinary boundaries, that they invest time and energy to appropriate concepts and 

methodologies of the other disciplines. The success of such interdisciplinary approaches requires an 

attitude of „engaged problemsolvers‟rather than „detached specialist‟(Pohl, 2005). This clearly rises 

team-work challenges (how to ensure communication, engagement, trust, coordination of disciplines) 

and also challenges the way the academia sometimes evaluates such integrative interdisciplinary 

research (Kragt, et al. 2013). These challenges being part of a cultural and historical barrier to the 

integration across disciplines(Hamilton, et al. 2015). 

 

6. Conclusions 

In Europe, as in many other parts of the world, recent legislation increasingly compels water planners 

to conduct ex-ante integrated assessment of policies deployed to adapt to global change. Because of 

the wide range of social, agricultural, environmental, economic and hydrological impacts associated 

with global change, policy analysts need to deploy interdisciplinary evaluation methodologies. This 

paper suggest that least-cost river basin optimisation models can provide a useful framework for 

integrating knowledge from various scientific disciplines,including economics, agricultural, 

hydrological and engineering sciences, to design global change adaptation strategies at basin scale.  

From a policy perspective, least-cost river basin optimisation models inform policy makers‟ decisions 

at the regional or basin level, by providing three main types of results. First, they can help to 

prioritisethe allocation of measures in the basin to satisfy all constraints at a minimum total cost. The 

model helpsusers to understand that the optimal programme of measures is characterized by a spatial 

distribution of costs and water volume (saved or created), which is proportional neither to the deficit 

nor to the demands. This fact reflects differences in the actual efficiency of the measures at basin 
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scale, depending on their spatial location. A water conservation measure implemented upstream not 

only allows the environmental target in the sub-basin to be met but also contributes to solving the 

problem in all downstream sub-basins. The integrated model captures this issue by accounting for the 

upstream-downstream interactions in the basin. These results provide valuable insight into the 

definition of first-best solution that could be a basis for negotiating a basin-scale adaptation strategy 

with the relevant stakeholders.  

Second, the model helps to prioritise the type of actions that need to be implemented. For instance, 

results of our case study suggest that certain water conservation measures should be systematically 

implemented, even for the lowest level of water deficit. The cost minimisation approach leads to a 

recommendation to implement water conservation measures in agriculture before engaging in projects 

to increasecapacity. However, if agricultural demand grows above a certain value, capacity expansion 

measures – such as groundwater development or desalination plants – are needed to ensure that urban 

water demand and environmental flow targets are fully met. Further analysis could be conducted to 

assess the threshold level of agricultural development that would make capacity expansion measures 

unavoidable, and provide elements to further match water resources management and agricultural 

development at planning level.  

Third, the model can help evaluate possible trade-offs between development of uses, environmental 

objectives and costs of water management. This is useful information for regional and river basin level 

policy makers as they attempt to reconcile agricultural and urban development policies with 

environmental objectives. The model can be used to identify boundaries (in the mathematical sense of 

the word) between agricultural development, urban growth, water management cost and environmental 

objectives. 

 

The interdisciplinary modelling framework presented takes a step toward better integration of 

disciplines within a coherent framework for the integrated assessment of water resource systems‟ 

performances. It allows fruitful insights into water management that exceed the sum of particular 

disciplinary contributions. Even if the increasing complexity of water management issues call for the 

adoption of such an approach, whether this type of tools will become part of water managers' toolbox 

remains an open debate. It does not only raise questions about the financial resources to be dedicated 

to the development of such tools, but also about its acceptability and appropriation by those policy 

makers, technicians and stakeholders who are often not so familiar with integrated interdisciplinary 

approaches. 
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Appendix A: Result of the calibration and validation of the hydrological model on the 11 sub-river 

basins of the Orb river basin. 

 

The results of the validation and calibration of the hydrological model indicate variable calibration and 

validation quality (Table A and Figure A) that were considered good enough overall to be able to use 

the model for climate change impact studies. On the one hand, the difference between simulation and 

observation is due in part to someinconsistencyof the natural flow restoration. Water demands to meet 

urban and agricultural supply are considered accurate enough at the monthly time-step to be added to 

observed river discharges. On the other hand, the difference could be also partially due to surface 

water seepages that recharge the calcareous aquifers further downstream in the basin. Indeed, the 

statistics indicating thepoorest performancein Table A are obtained for the sub-basins, where these 

surface-groundwater interactions are probably the cause of the significantly lower specific river 

discharges (O5, O8, O10 and O12). This is linked to the coarse description of the surface-groundwater 

interactions due to the lack of relevant data in such a complicated geological context. Applying models 

able to simulate groundwater dynamics or stream-aquifer interactions should improve the quality of 

the modelling. However, this raises the need to acquire new data particularly in order to quantify the 

part of the river flow that disappears underground in the sink holes specific to limestone regions. 

Finally, the validated models for each of the sub-basins were used to simulate the natural river 

discharge at their respective outlets, using the historical climate data for the baseline period (1971-

2000) andinputs from the downscaled ARPEGE climate scenario for the future period (2046-2065). 

The obtained discharge time series were then integrated in the water management model constructed at 

river basin scale. 
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Figure AComparison of simulated and observed annual flow discharges and rainfall at the 11  

sub-river basin from 1968 to 2007.(The model is run at the monthly scale but only annual data are 

represented) 

 

Sub-basin O1 O2 M4 O4 J3 O5 V3 O6 O8 O10 O12 

Warm up  1968-1969 

Calibration 1970-2001 1970-1992 1970-2001 

Nash (Q) 0.86 0.89 0.75 0.78 0.85 0.85 0.80 0.72 0.55 0.46 0.36 

RMSE (mm) 23.8 19.8 20.2 24.0 28.2 28.2 26.1 19.4 2.8 3.1 3.4 

Validation 2002-2007 1993-1995 2002-2007 

Nash (Q) 0.93 0.80 0.47 0.54 0.80 0.72 0.78 0.40 0.69 0.58 0.40 

RMSE (mm) 16.5 29.3 42.1 50.5 29.8 1.8 25.5 20.8 1.7 2.0 2.4 

Table A Calibration and validation performances of the hydrological model by sub-basins. 
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Appendix B:Optimisation models: objective functions and constraint equations 

 

B.1. Water resources optimisation model: 

 
Objective function: 

(Eq. B. 1) 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒  =    𝐷𝑒𝑓𝑎,𝑡
𝑇∗

𝑎𝑡𝐷   

 

Where, t is the time step index (monthly); “a” is the index of the ADU, and 𝐷𝑒𝑓𝑎,𝑡
𝑇∗

 is the deficit for 

ADU a at month t with a return period T* lower than T.   

Subject to: 

B.2.1. Supply of demand: 

 

(Eq. B. 2) 𝑆𝑈𝑢,𝑡 = 𝐷𝑈𝑢,𝑡    ∀ 𝑢, 𝑡 

(Eq. B. 3) 𝑆𝐴𝑎,𝑡 = 𝐷𝐴𝑎,𝑡 − 𝐷𝑒𝑓𝑎,𝑡
𝑇 − 𝐷𝑒𝑓𝑎,𝑡

𝑇∗
   ∀𝑎, 𝑡  

 

Where SU and SA are the volume of water supplied at each time step to u and a respectively; DU and 

DAare the demand of the ADU “u” and ADA “a” at t respectively;𝐷𝑒𝑓𝑎,𝑡
𝑇  is the variable allowing a 5-

year deficit; 𝐷𝑒𝑓𝑎,𝑡
𝑇∗

 is the variable accounting for the extra deficit over the allowed 5-year deficit one. 

 

B.2.2. Deficit frequency constraint: 

 

(Eq. B. 4) If  𝐷𝑒𝑓𝑎,𝑡
𝑇 ≥ 0 𝑡𝑕𝑒𝑛 DCyr = 1 else DCyr=0 

(Eq. B. 5)  𝐷𝐶𝑦𝑟𝑦𝑟 𝑁 ≤ 1/𝑇 
 

Where DC is the annual deficit indicator of the year yr; N is the total number of years, and T is the 

return period fixed by the legislation for an acceptable deficit. 

 

B.2.3. Supply and resources balance:  

 

(Eq. B. 6) V𝑡,𝑛 = V𝑡−1,𝑛 +  I𝑡,𝑛 +  D𝑡,𝑛 − SU𝑡,𝑛 − SA𝑡,𝑛 + R𝑡,𝑛 − E𝑡,𝑛∀ t, n   
 

Where n is the number of indices of the node; I is the monthly inflow at node n; D is the discharge 

from n; Vis the volume of the reservoir;Ris the volume released from the reservoir (only reservoir at 

n1 else V=0 and R=0, at t=0 with set V=V0=19.7 Mm
3
). 

 

B.2.4. Environmental flow constraints: 

 

(Eq. B. 7) D𝑡,𝑛 ≥ E𝑡,𝑛    ∀t, n   

 
Where E is the level of the in-stream environmental flow requirements at n. 
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B.2.5. Reservoir constraint: 

 
(Eq. B. 8) Vmax𝑡  ≥  V𝑡,𝑛1 ≥ Vmin  ∀ t   

 
Where Vmin and Vmax are the minimum and maximum volume of the reservoir at n1. 

B.2.6. Return: 

 

(Eq. B. 9) R𝑛,𝑡 =   SU𝑢,𝑡 × MC_RU 𝑢,𝑛u +   SA𝑎,𝑡 × MC_RA𝑎,𝑛       ∀ t, n    a  

 
Where MC_RU is the connectivity matrix connecting the return from a supply SU of an UDU to a 

node n (respectively ADU). 

 

B.2.7. Evaporation from the reservoir 

 

(Eq. B. 10) At,n = a × Vt,n + b    ∀t, n 

(Eq. B. 11) EVt,n =
At ,n +At−1,n

2
×

ER t ,n

1000
    ∀ t, n  

 
Where a and b are two parameters defined by linear regression; A is a positive variable presenting the 

area of the reservoir (in km
2
) calculated from the Volume V of the reservoir; ER is the monthly 

Evaporation Rate defined in mm and therefore divided by 1000 to calculate the evaporation in Mm
3
 

directly. 

 

B.2. Least-cost river basin optimisation model: 
 

The precedent equation are either maintained or modified as indicated below. 

 

Objective function: 

 

(Eq. B. 12) Minimise  =  C +  M ×  D    
 

Where:  D is defined in Eq B. 1; M is a very large positive number, higher than the sum of the cost 

of all the other measures;  

 

(Eq. B. 13)  =C  A𝑚 × C𝑚m +   V𝑚,𝑡 × VC𝑚,𝑡mt /N  

 

Where, m is the index of the measures; A the activation binary variable; C the equivalent annual 

fixed cost of the measure; V the volume of water coming from the measures (only for ground 

water and desalination projects); VC the variable cost of the measures proportional to the 

volume. (The equation below presents a detailed version of this equation) 

(Eq. B. 14)  =C  AA𝑚𝑎 × CA𝑚𝑎ma  +  AU𝑚𝑢 × CU𝑚𝑢mu  + AGW𝑔𝑤 × CGW𝑔𝑤mgw +

  ADS𝑚𝑑𝑠 × CDS𝑚𝑑𝑠mds +    VGW𝑔𝑤 ,𝑡 × VCGW𝑔𝑤mgwt +   VDS𝑚𝑑𝑠 ,𝑡 ×mdst

VCDS𝑚𝑑𝑠  
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Where, mu, ma, mgw and mds are indices of the measures of urban or agricultural demand, 

groundwater or desalination project respectively; t is time step (monthly) index; AA, AU, AGW, ADS 

are binary activation variables of the measures mu, ma, mgw and mds; CU, CA, CGW, CDS are fixed 

equivalent annual cost (€) of mu, ma, gw, mds respectively; VGW and VDS are the volume of water 

in Mm
3
/month of the measure mgw and mds respectively; VCGW and VCDS are the variable costs of 

the measures gw and mds in €/Mm3/month divided by the total number of year N of the optimisation. 

 

Subject to: 

 

B.2.1. Demand and supply side measures 

 

(Eq. B. 15) SU𝑡,𝑢 =  DU𝑡,𝑢 −  AU𝑚𝑢 × VU𝑚𝑢 ,𝑡 × CM_U_MU𝑚𝑢 ,𝑢mu   

−  VGW𝑔𝑤,𝑡 × CM_GW_U𝑚𝑔𝑤 ,𝑢

mgw

−  VDS𝑚𝑑𝑠 ,𝑡 × CM_DS_U𝑚𝑑𝑠 ,𝑢

mds

    ∀t, u     

 

(Eq. B. 16)  SA𝑡,𝑎 = DA𝑡,𝑎 −  AA𝑚𝑎 × VA𝑚𝑎 ,𝑡 × CMAMA ma ,ama − 𝐷𝑒𝑓𝑎,𝑡
𝑇 − 𝐷𝑒𝑓𝑎,𝑡

𝑇∗
∀t, a     

 
 

Where SU and SA are the supply of u (a respectively) after the activation of the measures; VU and VA 

are water saving (Mm
3
/month)for mu or ma respectively; CM_U_MU is a Connectivity Matrix 

between the “mu” and the demand “u” (Respectively CM_A_MA); CM_GW_U: Connectivity Matrix 

between the measures “mgw” and the demand “u”, Respectively CM_DS_U. 

 

B.2.2. Desalination measures:  

 

Capacity and activation constraint: limits the capacity of the desalination plant and the availability of 

water to connectable UDUs. 

 

(Eq. B. 17)  VDS𝑚𝑑𝑠 ,𝑡 × CM_DS_U𝑚𝑑𝑠 ,𝑢u ≤ ADS𝑚𝑑𝑠 × CapDS𝑚𝑑𝑠      ∀t, mds     

 
Where CapDSis the maximum capacity of a desalination plant mds.  

 

B.2.3. Groundwater measures: 

 

Capacity and activation constraint: limits the capacity of the groundwater project and the availability 

of water to connectable UDUs. 

 

(Eq. B. 18)  VGW𝑚𝑔𝑤 ,𝑡 × CM_MGW_GWmgw ≤  AGW𝑔𝑤 × CapGW𝑔𝑤   ∀ t, gw   

 
Where CapGWis the maximum capacity of a groundwater project gw.  
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B.2.4. Exclusivity constraint: ensures the mutual exclusivity of groundwater projects 

 

(Eq. B. 19)  AGW𝑔𝑤 × MC_Excl_GW_GWgw ≤   1 

 
Where MC_Excl_GW_GW is a matrix ensuring the mutual exclusivity of groundwater projects.  
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Appendix C: Demand assumption descriptions 

 

Future urban demand scenario: 

 

The estimation of the future urban demand for domestic water supply relies on the following main 

components: the demographic growth, the price of water, climate change or urban water savings. The 

main assumption presented in section 3.2 and table 2 are further detailed below. More information can 

be consulted in the report: Vernier, M. and Rinaudo JD (2012) Scénarios d‟évolution de la demande en 

eau potable à l‟horizon 2030 dans l‟Ouest Hérault. Rapport BRGM/RP-61317-FR. BRGM, Orléans, 

France. 51 pp http://infoterre.brgm.fr/rapports/RP-61317-FR.pdf (In French) 

 

Demographic growth:  

Between 1990 and 2007, the average demographic growth rate in the French region Languedoc-

Roussillon, where is located the Orb river basin, was 1.13%, the highest in France (0.52 % in average). 

The French National Institute of Statistics and Economic Studies (INSEE, model Omphale) projected 

that this growth rate will continue until 2030 even if it will get closer to the other regions. The final 

demographic growth rate has been established at the “living area” scale (group of municipalities 

sharing resources, “basin de vie”) to harmonize local dynamics (1% in average).  

 

Water price:  

The current trend in an increase of the price of water (volumetric part) is assumed to continue giving 

the aging of infrastructures and the need to finance their replacement, but as well due to the 

strengthening of the environmental and health legislation on the supply of water. From 2004 to 2008, 

the price of water has increased by 3.3 % per year, whereas the consumer price index increased by 1.9 

% per year. The price of water has then increased faster than inflation at a rate of 1.4%. By projecting 

this rate, the increase in water price in 2030 has been established at 30%. This increase is expected to 

act as an incentive to decrease household water consumption and is taken into account in the 

econometric model (section 2.2.1). 

 

Climate change impact:  

The increase in maximal temperature (+ 1.5 to 2 °C in annual average) is expected to contribute to the 

increase in household water demand by increasing some outdoor water uses (swimming pool 

evaporation, garden irrigation) and indoor uses (showers). In the absence of further data about the 
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magnitude of this increase on the study area, we took the 2003 summer heatwave consumption as a 

first proxy to estimate the impact of climate change on urban water demand. During this year, the 

water consumption increase by 13 % in comparison to the 6 precedent years with an increase in 

maximum temperature of more than 4 degree (+ 20 % in summer). Therefore we assume an increase in 

the annual average water consumption of 6.5% and of 10 % in summer. 

 

Water savings: 

Between 2004 and 2008, household water consumption in France has decreased by 2 % per year and 

per habitant to reach 151 liter per capita per day. The decrease corresponds to a change in the tendency 

until 2004, when water demand increased by 1 % per year per habitant. Over the planning horizon, if 

we assume that this new trend will continue this could lead to a decrease of 14 % in water 

consumption. The price increase could explain up to a fifth of this increase (given the econometric 

model developed), the rest being due to technological improvement of water devices and voluntary 

water savings. If we deduct as well the decrease in water consumption due to the decrease in the 

number of people per household (from 2.2 to 2 people per household between 2008 and 2030), the 

water savings due to technological change and voluntary water savings are estimated to 10%.  

 

Other non-domestic water consumptions increases have been taken as proportional to the population. 

The efficiency of the water network distribution has been assumed as constant, one of the measures of 

adaptation being to improve this efficiency.   

 

Future agricultural demand scenario: 

 

The hypotheses underlying the definition of the agricultural demand scenario rely on the consultation 

of experts and grey literature at the local regional and national scale. Future cultivated and irrigated 

areas have been assessed in the case study area to build up a coherent development scenario for the 

river basin. This scenario assumes an increase in irrigated area by a factor of 4, mainly due to the 

development of irrigated vineyard from the current 3 300 hectares to more than 17 000 hectares. 

However, this increase relies on assumptions on the availability of water resources, public subsidies 

and land use planning. Clearly, this scenario represents the development wanted by the agricultural 

sector without considering the limitations of water resources. The possibility of such development and 

its cost in terms of adaptation is discussed in the rest of the paper as a trade-offs between the cost of 

the programme of measures and the level of irrigated agriculture (section 4.4.1).  

 

More information is available on the report Maton M., Girard, C. and Rinaudo, J.D., 2012. Evolution 

des besoins en eau d‟irrigation à l‟horizon 2030 dans l‟Ouest de l‟Hérault Rapport BRGM- RP - 61323 

- FR. http://infoterre.brgm.fr/rapports/RP-61323-FR.pdf (In French)  
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  Areain ha  

Irrigated crop 2006 2030 Variation 

Cereals 729 875 20% 

Oil seeds and protein 

plants 339 407 20% 

Fodder 242 290 20% 

Market gardening 1003 2007 100% 

Orchards 473 402 -15% 

Including olive trees 100 237 137% 

Other 166 52 -69% 

Irrigated vineyard 3367 17757 427% 

Total  irrigated 6420 22027 243% 

Table  A Assumptions on the change in irrigated crop area in the orb river basin 
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Appendix D:Detailed presentation of the urban and agricultural demand management measures 

 

MU1 leakage reduction campaign in the water supply distribution network: This measure consists of a 

diagnosis of the network to identify leakages; then the leaking pipes are repaired. The water saved is 

estimated as the difference between the volume of losses before and after the repair. The life span of 

this measure is estimated to be 15 years. 

MU2 Water saving kits for households: Water saving kits are provided to households on a voluntary 

basis. A 25 % participation rate is assumed for households to collect their kits from the municipality 

(free of charge), of which only 75 % are finally installed. The kit includes water saving devices for 

showers, sinks and toilets, according to the type of house (single or multi-family unit). 

MU3 Water saving audit for individual houses: A specialist is paid to audit individual houses with or 

without a garden. A diagnosis of leakages is carried out and water saving devices are installed. Low 

cost devices are installed by default and the specialist is assumed to be paid for 2 hours of work as a 

plumber (40€/hour). The household paysthe costs up to the threshold of savings realized on the water 

and electricity bill, the public authority adding a subsidy to pay the remainder. The rate of uptake is 

assumed to be 50 %, thanks to the positive impact of the subsidy.  

MU4 Water saving audit for collective housing: This measure is applied only in municipalities with 

more than a hundred collective housing units (flats managed together). Managers of this type of 

housing are always looking for ways to cut costs, therefore they are assumed to adopt this measure 

readily (75 %) and the subsidies can be less than in M3. The measure offers the support of a 

professional to locate and fix leakages and to install water saving devices. Installation of individual 

water meters is also promoted and subsidized.  

MU5 Seasonal pricing policy:The price of water is increased by 50 % during the peak period (from 

the 15
th
 of May to the 15

th
 of September). The price is decreased at other times of year in order to 

maintain an equivalent water bill for the permanent inhabitants. Only certain costs associated with the 

implementation of this measure are paid by the public authority, namely: remote reading water meters 

are installed and cost 5€ per year per household more than classic meters. The meter must also be read 

automatically once during the first few days of the peak period (3€ per household).  

MU6 Water saving kits in hotels:Hotels receive subsidies of 20 % of the cost of water saving devices 

in their rooms. A distinction is made between hotels with two stars or less, and luxury hotels of three 

stars or more, according to the quality of the water saving devices installed. The uptake rate is 

assumed to be high (75 %) due to the benefit generated by water savings.  

MU7 Water audit in campsites: On a voluntary basis, a campsite can apply for a free water audit to 

reduce their leakages. The cost of such audit is fixed at 450€, the campsite owner pays the cost of 

fixing the leakage. It is assumed that 50 % of campsites will volunteer, of which 60 % will reduce 

their leakages. The savings are estimated to be 25 % of the initial consumption.  

MU8Conversion to Mediterranean vegetation: 
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Planting in public parks is modified to introduce vegetation adapted to drought. A design requiring 

less watering and more mineral cover or trees is developed allowing the soil to be protected against 

evaporation. Only the additional costs (comparedto the classic design)are considered and these are 

estimated to be 8.30 €/m². The savings are 50 %over the first three year and 100 % afterwards. Only 

10 % of the public parks apply this measure. 

MU9Replacement of irrigated lawns with artificial turf for sport grounds  

 

The existing football and rugby pitches are converted to artificial synthetic grass at a cost of 230 000€ 

per field. Only 20 % of the investment cost is subsidized by the public authority and 75% of the fields 

are converted. The life span of the field is 10 years.  

 

MA1Modernising gravity irrigation: The measure corresponds to the modernization of gravity-

irrigated systems located upstream in the river basin. The management of the irrigation channel is 

improved, and pumping stations are built along the channel to irrigate areas of 150 to 300 ha. This is 

linked to conversion to sprinkler irrigation. For the distribution system, the investment costs are 

assumed to be 6500 € per hectare, with a life span of 40 years. Maintenance costs are assumed to be 1 

% per year and the energy cost, 30€/ha. 

MA2 Efficiency improvement in pressurized irrigation: The second measure is the development of 

drip-feed irrigation in the downstream part of the river basin, where piped distribution networks are 

already installed (therefore, a zero cost is associated with the distribution network). The investment 

cost is defined as 2000€/ha for a life span of 10 years, linked to operation and maintenance cost of 

78€/ha. The efficiency associated with the drip-feed irrigation remains at 0.9. The annualized cost of 

this measure is 325 €/ha. 
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