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In this paper, we estimate the resource costs of agricultural water use and simulate the
environmental and economic impacts of their recovery. To this end, we develop a socio-
hydrology-inspired, dynamic, protocol-based modular approach that interconnects eco-
nomic and hydrologic modeling via two-way feedback protocols. The hydrologic module
is populated with the AQUATOOL model, the Decision Support System used in Spanish
river basins; while the economic module is populated with an ensemble of four Mathe-
matical Programming Models (MPMs) that capture human agency and responses. This
allows us to sample uncertainty and provide a range for resource costs estimates and the
environmental and economic impacts of their recovery, rather than a point estimate.
Methods are illustrated with an application to the Órbigo Catchment, a sub-basin of the
Douro River Basin in Spain. Our results suggest significant resource costs (a 34–62%
increase in existing charges, depending on the model) with non-trivial impacts on income
(2–27% reduction) and the environment (water savings range between 6% and 69%), while
the impact on tax revenue is ambiguous yet potentially significant (between �2.3 million
EUR/year and 5 million EUR/year).
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1. Introduction

Water is essential for life, food production, and a key input for virtually all
economic activities (Unesco 2021). However, water demand is growing at a pace
that cannot be met by the increasingly volatile and overall diminishing supply
(IPCC 2021). Climate change, population growth, and changing distributions of
wealth are expected to intensify water scarcity and droughts in already water-
stressed areas, putting water users under further pressure. This holds particularly
true for irrigation, which represents 70% of global freshwater withdrawals (FAO
2021), concentrates the least valuable uses of the resource (less than 7% of the
world’s Gross Domestic Product) (World Bank 2020), and is accordingly targeted
as the main source of much-needed water savings (OECD 2015; UNDRR 2021). A
key policy to achieve such savings, as substantiated in the fourth Dublin Principle,
the first Rio Principle, and recent flagship reports, is water charging — also
referred to as water pricing1 (UN 1992a,b; UNESCO 2021).

Water pricing is widely regarded and used as an instrument for cost recovery;
but it is also a behavioral incentive that can align individual decisions with key
societal objectives such as environmental sustainability and economic efficiency
(Delacámara et al. 2014; Dinar et al. 2015), as well as building environmental and
economic resilience through an appropriate linkage between current uses and fu-
ture water availability — where misleading price tags can lead to overdraft, in-
creased exposure to extreme events, and non-trivial disinvestments into the future,
e.g. through the loss of natural capital or perennial crops (Loch et al. 2020a). To
this end, it is critical that the price conveys information on the full cost of water
use, including any externalities and opportunity costs that may emerge now or into
the future (Adamson and Loch 2021; Dinar and Subramanian 1997; Tsur and Dinar
1997). While it has been often assumed that mature water economies with full-
fledged water markets will deliver price tags that fully internalize all costs (Randall
1981), reality has proved otherwise (Loch et al. 2020b), making government in-
tervention necessary to address negative externalities, improve market outcomes,
and ensure that the opportunity costs of water use (including resource costs) are
well understood. In this context, several governments worldwide have integrated
water pricing instruments into their legal acquis to recover costs and reallocate
water towards other productive uses and the environment (Bogardi et al. 2021).
This is the case of EU and its Member States through the Water Framework

1In the policy arena, the term ‘charge’ (a levies introduced administratively) and the term “price” (the
exchange value of a good) or “pricing”, as is the case in the WFD (European Commission 2000) are
commonly used interchangeably; this is also common in the scientific literature (see, for example,
Dinar et al. 2015; Olmstead and Stavins 2007).
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Directive (WFD) (European Commission 2000), which aims to put the “right price
tag” on water through the full recovery of water use costs, including not only the
financial costs of the resource typically charged to users (O&M and investment
payback), but also the environmental (costs of associated negative environmental
effects) and resource costs (forgone opportunities of alternative water uses) of
water. However, whereas O&M and investment costs of water are measured and
(at least partially) recovered across several countries, environmental and resource
costs are rarely measured by water institutions. Moreover, the relatively low-cost
recovery levels achieved in agriculture (often through flat rates that fail to reduce
demand) make it unlikely that any relevant share of environmental or resource
costs is charged to users (Bhaduri et al. 2021; EEA 2020).

Two key barriers explain the limited institutional measurement and recovery of
environmental and resource costs. First, agricultural economics research and
modeling have long argued that bridging the gap between observed water prices
and the full cost of water use could substantially reduce agricultural income
without significantly reducing water use due to the inelastic water demand of
farmers (Berbel and Expósito 2020; Cornish and Perry 2003; Molden et al. 2010).
In this context, partial cost recovery plays the role of an implicit subsidy to
irrigators to prevent income losses and distributive imbalances (Rey et al. 2019).
On the other hand, some have questioned whether this equity target could be
alternatively addressed through a more environmentally sustainable instrument
such as a decoupled subsidy, possibly funded via higher cost recovery (Young
2014). Moreover, the inelastic response of irrigators to prices predicted in tradi-
tional economic models has been challenged by recent research that finds a more
elastic demand curve for irrigation water once intensive margin adaptation (deficit
and supplementary irrigation) is considered (Graveline and Mérel 2014; Sapino
et al. 2022), albeit inelastic responses can be still observed for perennials,
particularly until minimum water requirements to ensure survival are met (Loch et al.
2020a). Second, and critical for this research, the lack of standardized accounting
and monetization frameworks for environmental and resource costs remains a
major barrier that hinders their recovery (Barraqué 2020; EEA 2013; UNESCO
2021). While several studies have provided definitions and conceptual frameworks
for the assessment of environmental and resource costs (Berbel and Expósito 2020;
EEA 2013; WATECO 2003), the number of studies that attempt to measure them
and assess their impact empirically is significantly more limited — and appears
biased towards the assessment of environmental costs (see e.g. Chaikaew et al.
2017; García de Jalón et al. 2017; Pérez-Blanco et al. 2021).

Applied studies on resource costs in the agricultural sector are limited. Pulido-
Velazquez et al. (2013) and Pulido-Velázquez et al. (2006) estimate the resource
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cost of water use for all economic sectors in the Andra and Tous systems (Spain)
by coupling a Decision Support System (DSS) model with a linear mathematical
programming model (MPM) that simulates the optimal land allocation that
maximizes users’ net profit. By comparing the observed and the optimal allocation,
the authors calculate the marginal opportunity cost of water — which ranges
between 0.02 and 0.3 EUR/m3 in the Andra system (Pulido-Velázquez et al. 2006)
and between 0.02 and 0.75 EUR/m3 in the Tous system depending on the type of
water use. Alamanos et al. (2020) estimate the resource cost of water in Lake Karla
(Greece) using two alternative methods: (i) as the expected foregone income using
an agronomic model that proportionally allocates the water deficit among existing
crops in the area; and akin to Pulido-Velazquez et al. (2013) and Pulido-Velázquez
et al. (2006), (ii) as the “benefit differential between the existing water use and the
optimum water use” using a linear MPM (Alamanos et al. 2020). The authors find
resource cost estimates in the range of 10.5–22.4 million EUR/year. Looking at the
demand side, Martin-Ortega et al. (2011) estimate the environmental and resource
benefits of water in the Guadalquivir River Basin (Spain) under scarcity conditions
through a choice experiment that yields a Willingness To Pay (WTP) ranging
between 7 and 10EUR/household, suggesting that water services hold a high value
for society and pointing towards the need for water reallocations from agricultural
to urban and environmental uses.

Four major research gaps emerge from the literature above. First, there is a
weak integration between human and water systems in models. Most resource cost
estimates rely on full-fledged economic or hydrological models, which ignore the
feedbacks between human and water systems that are necessary to understand and
interpret the human-modified water cycle (Sivapalan et al. 2014). Those few
studies that couple human and water systems into hydroeconomic models rely on
linear representations of the human system, which are subsequently integrated
into the architecture of the hydrological model through piecewise equations. This
approach “oversimplifies” human agency by failing to capture the relevant non-
linearities that characterize individuals’ adaptive behavior (Di Baldassarre et al.
2017), which can hinder our ability to predict and understand the evolving
trajectories of coupled human and natural systems (UNDRR 2019). Two examples
of nonlinearities in human agency can be found in Olmstead and Stavins (2007),
which find growing price elasticities in water demand; and in Adamson et al.
(2017), who find that shifts in water availability can induce non-trivial and
sometimes abrupt changes in output decisions or water trading.

Second, and closely connected to the first point, coupled human-water systems
are characterized by complex non-mechanistic dynamics and cascading uncer-
tainties, which makes it challenging to accurately value and monetize the impact
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that a specific water use may have on others. However, and despite this limitation,
resource cost studies typically offer single point predictions, which may lead to
“unreliable” and unprecise estimates (Puy et al. 2022).

Third, while all studies produce resource cost estimates, no study offers an analysis
of the economic and environmental impacts of implementing resource costs recovery.

Finally, the models developed by researchers to assess resource costs remain
concealed in the academic arena and are generally not adopted by decision-makers
to inform policy design (Berbel and Expósito 2020). This disconnection between
scientific advances and actual decision-making is often attributed to the non-trivial
time, monetary and knowledge barriers faced by decision-makers, which constrain
the breadth and scope of their policy assessments (Driscoll et al. 2011; Nkiaka and
Lovett 2019). Rather than adopting brand-new methods and models, which would
demand a significant amount of limited resources, decision-makers typically follow
a pragmatic approach in which they try to complete as many tasks and achieve as
many objectives as possible with the resources and expertise available. This
has hampered the measurement and recovery of resource costs, which require
economic modeling and expertise that is typically not available in river basin
authorities dominated by engineering technicians (Di Baldassarre et al. 2019;
Sivapalan and Blöschl 2015). In this context, it is critical to design actionable
science that allows for more effective integration of state-of-the-art economics
research into the day-to-day operations of river basin authorities. One way to
achieve this is by developing modular hierarchies in which the DSS already used
by decision-makers are complemented by additional modules that incorporate new
functions (e.g., an economic module to measure resource costs), to “respond
progressively to the scale of the analysis, budgets, capacity, and timeframes of the
river basin authority or competent body” (Acreman and Ferguson 2010).

From these research gaps emerges the research question this paper is set to
address, namely: can we design actionable human-water system models that
quantify the uncertainty involved in the environmental and economic assessment
of resource costs, to inform robust decision-making?

To address this question, this paper develops a socio-hydrology-inspired,
dynamic, protocol-based modular approach that interconnects economic and
hydrologic modeling via two-way feedback protocols. The hydrologic module is
populated with the AQUATOOL model, the DSS used in Spanish river basin
authorities, which makes the proposed framework actionable and facilitates its
uptake by decision-makers and other relevant stakeholders (Andreu et al. 1991);
while the economic module is populated with an ensemble of four MPMs that
captures human agency and responses (Sapino et al. 2020). The coupling between
the human water system builds on recent work by Pérez-Blanco et al. (2021),
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which is expanded to couple multiple MPMs, rather than just one, to the hydro-
logical module. This allows us to sample uncertainty and provide a range rather
than a point prediction. In a first simulation, the proposed modeling framework is
used to estimate the resource costs of agricultural water use; which are subse-
quently used as inputs for a second simulation that assesses the economic and
environmental (through water-saving estimates) impacts of implementing resource
costs recovery. Methods are illustrated with an application to the Órbigo Catch-
ment, a sub-basin of the Douro River Basin in Spain.

2. Background to the Case Study

2.1. Resource costs and water charges in the EU context

In its Article 9, the WFD states that “water pricing policies provide adequate
incentives for users to use water resources efficiently”, while asking the Member
States to “take account of the principle of recovery of the costs of water services,
including environmental and resource costs” (European Commission 2000). The
WFD identifies three key cost categories that should be “fully” recovered through
pricing (European Commission 2000): financial, environmental, and resource
costs. Resource costs were originally defined by the WATECO (WATer and
ECOnomics) Working Group of the WFD Common Implementation Strategy as
the “cost of forgone opportunities that other users suffer due to the depletion of the
resource beyond its natural rate of recharge or recovery” (European Commission
2003). Later definitions substantiate the notion of resource costs as an opportunity
cost for alternative uses, including a more recent definition by the Working Group
ECO2, in which resource costs are defined as “the opportunity cost or forgone
benefits in the best alternative use” (Heinz et al. 2007).

Full-cost recovery of water use, including resource costs, is mandatory in the
EU — albeit the WFD also states that “disproportionate” costs on users caused by
the implementation of cost recovery should be avoided (European Commission
2000). However, resource (and environmental) costs are typically not included in
water prices (OECD 2017). This implicit subsidy, coupled with other explicit
subsidies to agriculture (e.g., for the modernization of irrigation systems), is often
cited in the literature as a key factor explaining irrigation expansion and growing
water demand and consumption across the EU despite diminishing supply and
growing scarcity (Pérez-Blanco et al. 2020; Rey et al. 2019).

2.2. The Órbigo Catchment in Spain

Methods are illustrated with an application to the Órbigo Catchment in NW Spain,
a historically water-abundant catchment within the larger Douro River Basin.
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Annual water supply in the Órbigo has shown a consistent decrease over the past
40 years and now totals 1,436.5 million m3 (average over the 1980–2018 period),
or nearly three times as much as the average withdrawals of 484.9 million m3

(DRBA 2016). This worsening supply-demand imbalance is reflected in the WEI+
(the ratio of freshwater use to total renewable water resources), which has grown
steadily over the period and is now estimated at 33.8%, above the water scarcity
threshold of 20% and rapidly approaching the absolute water scarcity threshold of
40% (DRBA 2021; EEA 2016). The frequency and intensity of drought events
have significantly increased as well over the period (DRBA 2017; MAGRAMA
2017).

In the Órbigo Catchment irrigation represent 96.7% of the total water demand
(DRBA 2021), and our case study comprises 12 Agricultural Water Demand Units
(AWDUs), the basic irrigation unit in Spain (Figure 1). AWDUs are “local irri-
gation communities with common hydrological (e.g., water source), spatial (i.e.,
territory), and administrative characteristics” (DRBA 2016). The irrigated area
object of this study comprises 41,000 ha, which are dominated by maize (73%),
wheat (8%), sugar beet (7%), sunflower (4%), alfalfa (4%), hop plant (1%), barley
(1%), and other crops (2%). The average Gross Value Added (GVA2) in the Órbigo
Catchment irrigated land is 771 EUR/ha, 93% of which comes from profit
(716 EUR/ha, significantly lower than in other irrigated areas in Spain but still well
above the average profit of 390 EUR/ha for rainfed agriculture) and the remaining
7% from labor income (55 EUR/ha). The 12 AWDUs are supplied by a large
reservoir located in the headwaters of the catchment, the Barrios de Luna Reser-
voir. Barrios de Luna has a capacity of 308 million m3 and supplies approximately
272 million m3/year for irrigation, plus 80 million m3/year for higher priority uses
including urban, industrial, and environmental (to sustain environmental flows in
the Órbigo and Luna rivers) (DRBA 2017). The imbalance between water supply
and demand (annual demand exceeds water stock by 44 million m3) becomes
apparent during the increasingly recurrent and intense drought periods when low-
priority agricultural uses can experience water restrictions. Attempts to enlarge and
increase the reliability of water supply through additional water infrastructures
have been unsuccessful thus far: the Omaña Reservoir project (200 million m3)

2GVA is obtained as profit plus labor income. Profit (in EUR/ha) is obtained as price (in EUR/kg)
times yield (in kg/ha), plus coupled subsidies, and minus the variable costs (in EUR/ha). Labor
income (in EUR/ha) is obtained as hired labor (in numbers of working days/ha) times daily wage (in
EUR/working day). Both labor and profit are attributes ZðXÞ whose relevance is explored by the
ensemble of models, and their mathematical formulation is available in Annex I. The GVA is initially
obtained per hectare and per crop, and then combined with the crop portfolio X to obtain the GVA at
an AWDU level.
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was discarded in 1993 due to environmental concerns, while the smaller La Rial
and Los Morales reservoirs project (23 and 11 million m3, respectively) is on
standby and both reservoirs were excluded from the latest river basin management
plan for the 2021–2027 period due to concerns over their economic and financial
sustainability (DRBA 2021)

As in other basins across Spain and the EU, agricultural water prices in the
Órbigo Catchment are an instrument for financial cost recovery rather than for
modulating the use of increasingly limited water resources. The average water

Figure 1. Study Area: The Órbigo Catchment

Source: Own elaboration.
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charge in the Órbigo Catchment is estimated at 0.047 EUR/m3, which allows a
recovery of about 70% of the total financial costs (DRBA 2021). This cost re-
covery figure drops to 45% if recent estimates of environmental costs are included
(Pérez-Blanco et al. 2021). No estimates of resource costs are available for
the basin.

3. Materials and Methods

This paper develops a modular hierarchy of human and water systems to estimate
the resource cost and then assess the effect of the full recovery of this cost in the
agricultural sector. The water system is populated with the DSS used by Spanish
river basin authorities, AQUATOOL; while the human system is populated with an
ensemble of four conventional MPMs that reproduce the behavior of irrigators. The
human-water model was developed under the auspices and with the collaboration
of the Douro River Basin Authority in the context of one European and two
national research projects in which the Universidad de Salamanca and the Douro
River Basin Authority collaborate (see Acknowledgements Section for details on
the projects). Model co-development efforts between scientists and stakeholders
helped us to deliver an actionable modeling framework that can be readily used by
stakeholders to inform actual decision-making. The following sections present
each system/module and the models that populate them, the coupling protocol
developed to integrate human and water systems, and the simulation setup adopted
for the resource costs application.

3.1. Hydrologic module

AQUATOOL is the DSS model used by Spanish river basin authorities to advise
decision-making at a basin level (Andreu et al. 1991). AQUATOOL is a complex
interface including several modules, each addressing key aspects of the hydro-
logical system: SIMGES (simulates watershed management), GESCAL (simulates
water quality at basin scale), OPTIGES (optimizes watershed management),
SIMRISK (risk assessment and management), EGRAF (shows the graphical
results of the previous modules), and EXTOPO (exports spatial data to vector
format) (PUV 2020). In this paper, the AQUATOOL and SIMGES modules were
used for setup and simulation, respectively. These two modules import and manage
information on many aspects of the water system, namely flows and stocks in
surface and “groundwater bodies, discharge under natural conditions, river-aquifer
interaction, infrastructures (reservoirs, canals, irrigation systems), water demand
units (including AWDUs), conveyance, distribution, and application inefficiencies
(and related return flows and non-beneficial consumption), evaporation from
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reservoirs, environmental flows, water rights, and water operation rules” (Pérez-
Blanco et al. 2021).

A key input for AQUATOOL is the discharge series under natural conditions,
which are produced by treating daily precipitation data from 1950 to 2015 with the
EVALHID tool, which integrates several rainfall-runoff models (Lerma et al.
2017). This 1950–2015 series is then integrated with data from the SIMPA
(Sistema Integrado para la Modelación del proceso Precipitación Aportación)
model to obtain the final 1940–2018 series (CEDEX 2020). In case of discrepant
values, we correct the series with more specific data records from reservoirs and
monitoring stations. Following the guidance provided by MAGRAMA (2017) and
observed by the Douro River Basin Authority, discharge series are subsequently
adjusted to account for climate change impacts under a RCP4.5 scenario (an 11%
reduction of the discharge in the whole basin).

Using discharge data inputs, AQUATOOL assesses the impacts on water
availability in water bodies “through a longitudinal simulation that offers spatial
information on surface and subsurface water flows on a monthly basis” (Pérez-
Blanco et al. 2021). Then, a network optimization algorithm simulates the water
allocations for each use following the management rules of the river basin au-
thority. This algorithm follows a multi-objective optimization that includes (i)
satisfying the environmental flows targets, (ii) minimizing water deficits among
users, (iii) the maintenance of the minimum water stock in reservoirs, and (iv)
achieving hydropower generation targets.

In this paper, we used the latest version of AQUATOOL which was set up and
calibrated by the Douro River Basin Authority to produce the 2021 Douro River
Basin Management Plan (DRBA 2020).

3.2. Economic module

Positive MPMs are widely used calibrated microeconomic models that represent
agents’ behavior and their responses to key stimuli. Agents can be defined at
different scales, from farmers to entire regions, and in this case are the AWDUs —
which are the agricultural water demand unit adopted in AQUATOOL. Agents in
MPMs decide on the crop portfolio, timing, water application, and key investments
aiming to maximize an objective or utility function subject to a series of constraints
(e.g., land availability, water caps). This complex decision is usually reduced to a
decision on the crop portfolio, where each alternative portfolio yields a unique
combination of crops, timing, investments, and water application (Graveline 2016).
The general formulation of the problem is as follows:

MaxUðXÞ ¼ f ðz1ðXÞ, . . . , zmðXÞÞ ð1Þ

F. Sapino, C. D. Pérez-Blanco & P. Saiz-Santiago
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Subject to:

xi � 0, ð2Þ
Xn

i¼1

xi ¼ 1 ð3Þ

X 2 F ð4Þ
X 2 R

n, ð5Þ
z1ðXÞ, . . . , zmðXÞ ¼ ZðXÞ 2 R

m: ð6Þ
Agents in the model decide on the crop portfolio X 2 Rn, a vector that repre-

sents the share of land allotted to each of the n individual crops available
xiði ¼ 1, . . . , nÞ, to maximize their utility within the domain F. Utility UðXÞ is a
function of m attributes z1ðXÞ, . . . , zmðXÞ, including e.g., profit, risk avoidance,
and management complexity avoidance. The attributes are defined so that “more-
is-better”, i.e., if the provision of one attribute increases and the provision of the
remaining attributes remains constant, then total utility increases. Accordingly,
“less-is-better” attributes (e.g., risk) are transformed into “more-is-better” attributes
(e.g., risk avoidance). Annex I presents the mathematical formulation of the
attributes employed in this ensemble, the data inputs, and a mathematical formu-
lation of the constraints that conform the domain.

We assess uncertainty in human behavior and responses using a multi-model
ensemble of MPMs consisting of two Positive Mathematical Programming (PMP)
models (Howitt 1995; Júdez et al. 2002), one Weighted Goals Programming
(WGP) model (Sumpsi et al. 1997) and a Positive Multi-Attribute Utility Pro-
gramming (PMAUP) model (Gutiérrez-Martín and Gómez 2011). Differences
across the MPMs considered in the ensemble stem from the form and calibration
of the utility function (Sapino et al. 2020). Regarding the form, the utility functions
used by MPMs can adopt a non-linear Cobb-Douglas (PMAUP), non-linear qua-
dratic (PMP), and linear additive (WGP) form. The utility functions can also be
single- (in the case of PMP) or multi-attribute (in the case of WGP and PMAUP)
(Graveline 2016; Pérez-Blanco and Sapino 2022). Single-attribute utility functions
consider only expected profit as the relevant attribute; whereas the multi-attribute
utility functions also include risk avoidance and management complexity aversion.
Another relevant difference between each MPMs regards the calibration method,
which is discussed in Annex II. The calculation of the calibration residuals is
presented in Annex III. Finally, the calibration results for the agents in the Órbigo
Catchment using the four models above are presented in Annex IV.
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3.3. Coupling

The coupling between the hydrologic and economic modules (Figure 2) adopts
a time-variant and sequential fashion in six steps and using two protocols, as
follows:

In Step 1, a discharge shock that accounts for future climate change impacts
forces AQUATOOL.

In Step 2, AQUATOOL assesses water availability and runs a simulation to
determine water allocation using its network optimization algorithm.

In Step 3, the first protocol is activated, and information on the water allocation
for every agent/AWDU simulated in AQUATOOL is conveyed to the economic
module.

In Step 4, the MPMs within the economic module simulate the crop portfolio
responses of agents/AWDUs to the water allotments determined in AQUATOOL.
MPMs produce key information on hired labor, profit, and effective water use per
AWDU, from which we can estimate income changes through the GVA.

In Step 5, the second protocol is activated, and information on effective water
use by AWDUs is conveyed to the hydrologic module. This second protocol is
relevant because effective water use may be lower than water allocation to
AWDUs, particularly during relatively water-abundant years, and this has impli-
cations for water flows and stocks in the water system. Note that while AQUA-
TOOL operates at a monthly timescale, the MPMs in the economic module operate

Figure 2. Flowchart of the Coupled Human and Water Systems

Source: Adapted from Pérez-Blanco et al. (2021).
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on a yearly basis. Accordingly, the information on water use produced by the
economic module is distributed over the months of the irrigation season and then
imported to AQUATOOL.

In Step 6, AQUATOOL combines the information on effective water use by
AWDUs and discharge data over the following months to reassess the status of the
water system and estimate water availability and allocation in t þ 1.

This process is repeated in sequence for a predefined time, which follow best
practices in Spanish basins is set to 38 hydrological years3 (1980/1981 to 2017/
2018) (MAGRAMA 2017).

3.4. Setup of the resource costs simulation

Resource costs are obtained by comparing the results obtained in two alternative
sets of simulations using the coupled hydroeconomic model presented above:

In the first simulation (SIM00), we use the original model setup presented in
the previous sub-section to estimate the total GVA per AWDU;

in the second set of simulations (SIMr, where r ¼ 01,02, . . . ,12) we run 12
independent simulations identical to that in 1), but in each of them we exclude one
of the AWDUs (in SIM01 we exclude AWDU01, in SIM02 we exclude AWDU02,
and so on). Again, we calculate the total GVA per AWDU; finally, the resource cost
in EUR/m3 for a given AWDU r is obtained as the difference between the total
GVA in SIM r and the total GVA in SIM00 excluding AWDU r, divided by the
total water allotted to AWDU r.

Note that resource costs can be obtained on a yearly basis (where resource costs
will be higher during droughts, and low or even zero during water-abundant years)
or as an annuity over the entire simulation period (arithmetic mean). In compliance
with existing water charging mechanisms for the recovery of financial costs in
Spanish river basins, the Douro River Basin Authority declared a preference for the
latter mechanism (annuity), which we used to calculate resource costs in the
Órbigo Catchment.

On the other hand, the annuity can be recovered through a user-specific charge
or by applying the same annuity across all users. In compliance with existing water
charging mechanisms, to prevent regressive impacts (see next section), and due to
the technical challenge of measuring and monitoring resource costs for each user,
the Douro River Basin Authority declared a preference for the latter mechanism.

3Discharge data were available for the entire time-series 1940–2018 (78 hydrological years), but in
Spain hydrological studies normally adopt shorter discharge series starting from 1980. The short
series should represent more accurately the current water regime, significantly modified by human
activities (DRBA 2020; MAGRAMA 2017).
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The Douro River Basin authority also manifested a preference for volumetric
prices. Accordingly, we simulated the economic and environmental impacts of
implementing resource costs recovery through a volumetric and homogeneous
annuity payment across irrigators.

4. Results and Discussion

Figure 3 displays the resource costs per AWDU for the four MPMs explored in the
economic ensemble. Average resource costs range between 0.016 EUR/m3 and
0.029 EUR/m3 (i.e., between 34% and 62% of the current water charge in the
Órbigo Catchment of 0.047 EUR/m3Þ. The range of resource costs is significantly
widened by the WGP model, which consistently estimates higher values. This is
because the WGP model linearizes the objective function for its calibration, and as
a result is more likely to lead to corner solutions: the agent specializes in a crop and
once a tipping point is reached, this crop is abruptly replaced by another one
(typically with a lower return). These abrupt changes in the crop portfolio translate
into more pronounced changes in water use, profit, labor, and GVA in the WGP,
which explains the differences in resource costs estimates when compared to other
MPMs with nonlinear utility functions.

The two AWDUs with the lowest surface and water allocation, AWDU03
and AWDU08, are those showing the highest resource costs. This may come as
a surprise if we consider that these two AWDUs are those showing the higher

Figure 3. Resource Cost for AWDUs

Source: Own elaboration.
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GVA/m3 of water use. This apparently paradoxical result is explained due to the
limited water use of these AWDUs: when farmers elsewhere receive water
resources from these two AWDUs, they initially use these resources to irrigate
those crops with a higher return and then move progressively to crops with a lower
return. Thus, the resource cost per unit of water used (EUR/m3Þ for a given AWDU
is likely to be higher the lower its water use, and will decrease as water use
increases, creating a regressive effect that can penalize less intensive water users.
Preventing this undesirable distributive impact calls for a volumetric and homogeneous
(in EUR/m3) charge across all AWDUs — the type of charge adopted here.

Figure 4 shows the GVA reduction following the recovery of resource costs
through a homogeneous and volumetric annuity payment across agricultural water
users. Unsurprisingly, the WGP model that estimates (and charges) a higher re-
source cost also yields the larger GVA losses in more than half of the AWDUs,
albeit in this case differences are less marked than the results in Figure 3. PMP
models predict lower GVA losses for most of the AWDUs as compared to the two
multi-attribute models (PMAUP and WGP). The difference in the impact between
PMP 1 and PMP 2 is explained by the different calibration mechanisms and the
dual value used by the two models (see Annex II): PMP 1 dual value is associated
with the land constraint for every crop, while PMP 2 dual value uses the average
value of land rent price (typically lower). The GVA impacts predicted by the
PMAUP model typically range between those predicted by the PMP models and
the WGP. Among AWDUs, AWDU03 and AWDU08 show the lowest GVA losses

Figure 4. GVA Reduction Per AWDU Following Resource Costs Recovery

Source: Own elaboration.
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(below 5%). Recall that these are the AWDUs with the most profitable crops and
the highest ability to pay for water. In our simulations for AWDU03 and
AWDU08, the resource costs estimated (all MPMs) are not high enough to induce
significant changes in the crop portfolio, and only marginally erode profit and
GVA. Importantly, in all the remaining AWDUs GVA losses are at least 2� larger
than in AWDU03 and AWDU08 and can exceed 25% of baseline GVA. This
nonlinear outcome is in line with the findings of Adamson et al. (2017) and
Olmstead and Stavins (2007). Importantly, when a water charge has a “dispro-
portionate” cost, for example through a significant reduction in profit and GVA that
exacerbates inequality or triggers farm exit, the EU WFD allows an exception to
the principle of full cost recovery (European Commission 2000). Alternatively,
complementary compensation mechanisms such as decoupled subsidies may be
adopted to prevent inequitable redistributions of income/farm exit while ensuring
more efficient water allocations.

Figure 5 shows water savings (in %) following the recovery of resource costs
through a homogeneous and volumetric annuity payment. The PMAUP and WGP
models predict the highest water savings for most of the AWDUs, which are
largely achieved through the substitution of irrigated maize with rainfed cereals.
Since the dual values used by PMP models in their calibration tend to penalize
changes in the crop portfolio, PMP models report lower water savings as compared
to the PMAUP and WGP models. The WGP model predicts zero water savings in

Figure 5. Water Savings Per AWDU Following Resource Costs Recovery

Source: Own elaboration.
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AWDU08 and AWDU09, while PMAUP predicts a very small saving in AWDU03
(only 2.3m3/ha or �0.04%). Zero water savings indicates a corner solution, a
characteristic behavior of linear models: the crop portfolio remains unchanged until
a tipping point is reached and all the area assigned to a specific crop is suddenly
replaced. In these two AWDUs, the tipping point is not reached for any specific
crop, which results in zero water savings. Unsurprisingly, the AWDUs with the
highest expected income per hectare (AWDU03 and AWDU08) show the lowest
water savings due to their relatively more inelastic demand. Overall, the recovery
of resource costs yields significant water savings over the entire Órbigo Catchment
at a relatively lower (yet non-trivial) economic cost: while GVA over the entire
Órbigo Catchment is reduced by 17.56% following the recovery of resource costs,
water use is reduced by 29.45% (ensemble average).

Finally, Figure 6 shows the net revenue raised through resource cost recovery.
Tax revenues are predicted to increase in all AWDUs for the PMP models fol-
lowing full resource costs recovery, while the PMAUP and the WGP predict both
higher and lower tax revenues depending on the AWDU. Reductions in the tax
revenue occur when the negative effect on tax revenue from reduced water use
offsets the positive effect from higher prices. Over the entire Órbigo Catchment,
implementing full cost recovery is expected to change the tax revenue between
�2.3 million EUR/year (�30%) and 5 million EUR/year (þ45.6%), depending on
the model, with the two multi-attribute models (PMAUP and WGP) predicting a
reduction in tax revenue and the two PMP models predicting an increase.

The results above substantiate the role of pricing as a behavioral incentive with
the potential to align individual decisions with key societal objectives such as

Figure 6. Changes in Tax Revenue Per AWDU Following Resource Costs Recovery

Source: Own elaboration.
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environmental sustainability. WATECO defines resource costs as the “cost of
forgone opportunities that other users suffer due to the depletion of the resource
beyond its natural rate of recharge or recovery” (European Commission 2003).
Giving back these opportunities to users requires, in the first place, preventing the
depletion of the resource, which in the case of the overallocated Órbigo Catchment
involves a reduction in water use that restores the balance between demand and an
increasingly volatile and overall decreasing supply. This will enhance environ-
mental performance (higher savings) and reduce economic performance (through
GVA losses), with tax revenue potentially experiencing non-trivial changes as well
(between �30% and 45.6%).

Noteworthy, and as noted above, “disproportionate” costs may trigger excep-
tions of the cost recovery principle (European Commission 2000). In addition,
recent rulings from the European Court of Justice suggest that the precise instru-
ment to achieve the good ecological status of water bodies is at the discretion of
Member States (Jääskinen 2014), who may find more adequate alternatives to
manage demand than charges, such as buyback, caps, or others (Rey et al. 2019).
At the very least, if resource costs are to be recovered in the Órbigo Catchment, it
appears sensible to accompany the implementation of higher charges with com-
plementary measures (e.g., decoupled subsidies) that address the relevant and
asymmetric income losses across AWDUs. Critically, a decrease in tax revenue
implies that returns from resource cost recovery cannot be used to compensate
those users that suffer the most from additional charging (recall that GVA
losses per AWDU range from 2% to 27%). Mitigating these imbalanced income
losses would require additional resources that will result in further budgetary
pressures.

5. Conclusions

This paper presents a methodology to estimate the resource costs of agricultural
water use and assess the environmental and economic impacts of implementing
their recovery. To this end, we develop a socio-hydrology-inspired, dynamic,
protocol-based, modular hydroeconomic model that interconnects human and
water systems through two-way feedback protocols. The hydrologic module is
populated with the AQUATOOL model, the DSS used by Spanish river basin
authorities (Andreu et al. 1991); while the economic module is populated with an
ensemble of four MPMs that captures human agency and responses (Sapino et al.
2020). Results for the Órbigo Catchment in NW Spain show significant resource
costs (between 0.016 EUR/m3 and 0.029 EUR/m3 depending on the model, i.e., a
34–62% increase in existing charges of 0.047 EUR/m3) that have a significant
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impact on the GVA (2–27% reduction) and the environment (water savings range
between 6% and 69%), while tax revenue experiences only marginal changes
(between �2.3 million EUR/year and 5 million EUR/year).

There are several ways in which the proposed modeling framework and re-
search could be improved. First, additional ecological (e.g., an agronomic module)
and human systems (e.g., a macroeconomic module) can be incorporated into the
modeling framework to account for relevant feedbacks and cascading effects (e.g.,
changes in commodity and input prices in a macroeconomic context, which would
in turn condition irrigators’ decisions) (Parrado et al. 2020). The new modules
could be populated with several models each, leading to a grand ensemble (i.e., an
ensemble of ensembles) that more thoroughly samples risk and uncertainty and
better informs robust decision-making. Including macroeconomic aspects into our
model would allow us to reveal backward and forward linkages across sectors and
help us track the roots of environmental stressors and their economic drivers (i.e.,
those using the production obtained through agricultural water use, such as tourism
or food industries, but also society benefiting from enhanced food security or the
repopulation and conservation of rural landscapes), as well as those benefiting
from the charge, to better understand costs and benefits. It may also be that the
benefits from enhanced water availability largely exceed the costs experienced by
farmers facing cost recovery, or that collecting from those who benefit has an
impact on the overall surplus well below than charging users (e.g., because charges
are distributed across a much larger group and marginal utility losses will be
lower). In this context, there exists “a possible system of compensations and
collections such that everyone would be better off than before” (Hotelling 1938).
But without information on who benefits and who pays, such adjustments would
not in fact be made. The debate between social and private beneficiaries of water
use (either direct or indirect) is not trivial in this context and is a solid justification
as to why resource and other water use costs are not fully recovered. Tracking and
identifying the drivers of water use can support the design of a more compre-
hensive policy mix that includes, for instance, cross-subsidization mechanisms to
distribute the economic repercussions of cost recovery more efficiently and equally.

Second, the MPMs used could be improved to explore the relevance of addi-
tional attributes in multi-attribute models, and to allow for alternative adaptation
strategies, notably adaptation at the intensive margin through deficit irrigation;
albeit a key constraint to this is data availability and the limited number of models
tackling this aspect — which would reduce the number of ensemble elements
(Koundouri 2004; Loch et al. 2020a; Sapino et al. 2022). Additionally, attributes
could be revisited to include new variables such as fixed costs, to assess farm exit
scenarios in the longer run.
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Third, the ensemble of MPMs can be expanded by considering additional
models, and an ensemble of hydrologic models could be incorporated. The latter
was explored alongside stakeholders, and finally discarded for this exercise due to
two key factors: (i) an ad-hoc network optimization algorithm that accurately
represents water reallocations by decision-makers should be programmed in the
new models, which is resource and time consuming; and more importantly, (ii) the
actionable nature of our modeling framework resides, to a large extent, on the use
of AQUATOOL, which is the DSS used by decision-makers in Spanish river
basins. The use of additional hydrologic models would demand more time and
resources that are presently not available in the river basin authority.

Fourth, the number of scenarios considered, particularly climate change sce-
narios, could be expanded to further sample uncertainty and underpin robust de-
cision-making. This was challenging to communicate to stakeholders, which are
presently conducting river basin planning considering one climate change scenario
(RCP4.5) following guidance from the relevant Spanish ministry (MAGRAMA
2017).

Fifth, while our paper estimates resource costs and assesses the economic and
environmental impacts of their recovery assuming all else is kept equal, comple-
mentary policies such as decoupled subsidies may be necessary to address some of
the (sometimes disproportionate) negative impacts of water charges. In line with
the thinking of Tinbergen (1952), to address several policy objectives an equal
number of policy instruments are necessary — one per objective. Moreover, in line
with Mundell (1962) Assignment principle, each instrument should be used to
target the objective to which it is best suited. Following the Tinbergen and As-
signment principles, if charges target cost recovery, they may underperform in
terms of water savings, which may require an additional instrument to ensure
sustainable use, such as caps or buyback.

Sixth, the AQUATOOL model could be downscaled from a hydrologic (it now
works at sub-catchment level) and water user perspective (e.g., using irrigation
communities instead of AWDUs, which would provide higher granularity) (Fiseha
et al. 2014).

Finally, aside from the modeling aspects that this paper targets, it is of critical
importance to explore how the engagement of stakeholders can be further
strengthened beyond the model co-development efforts conducted in this research
(see Sec. 3). Indeed, co-development is part of a more comprehensive co-creation
process that involves several science-policy interactions through (i) co-design of
climate and socioeconomic scenarios (closely connected to the fourth point above)
and strategies (see fifth point above), (ii) co-development of the model(s) to be
used, (iii) co-evaluation of adaptation outcomes to identify strengths and
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vulnerabilities of alternative strategies, (iv) co-identification of the robust strategy
to achieve the selected goal(s), and (v) co-implementation of the policy, including
monitoring and adoption of corrective actions where needed (Prahalad and
Ramaswamy 2000 2004). Co-creation process is intricate and typically requires the
development of cohesive and lasting knowledge networks (Eikebrokk et al. 2021),
as well as engagement mechanisms such as serious gaming (Solinska-Nowak et al.
2018). While the development of knowledge networks or serious gaming is out of
the scope of our research, future co-creation processes can greatly benefit from the
use of actionable models that are trusted by the key stakeholders involved in
decision-making — an input that this paper delivers.
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