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Future water management will shift from building new water supply systems to better operating existing
ones. The variation of water values in time and space will increasingly motivate efforts to address water
scarcity and reduce water conflicts. Hydro-economic models represent spatially distributed water
resource systems, infrastructure, management options and economic values in an integrated manner.
In these tools water allocations and management are either driven by the economic value of water or eco-
nomically evaluated to provide policy insights and reveal opportunities for better management. A central
concept is that water demands are not fixed requirements but rather functions where quantities of water
use at different times have varying total and marginal economic values. This paper reviews techniques to
characterize the economic value of water use and include such values in mathematical models. We iden-
tify the key steps in model design and diverse problems, formulations, levels of integration, spatial and
temporal scales, and solution techniques addressed and used by over 80 hydro-economic modeling
efforts dating back 45-years from 23 countries. We list current limitations of the approach, suggest direc-
tions for future work, and recommend ways to improve policy relevance.
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Recent decades have seen widespread use of systems analysis to
help manage water resources. Systems analysis applied to water
resources uses simulation and optimization models to explore
the benefits of managing environmental systems as interdepen-
dent integrated units. Since the earliest applications of systems
analysis to water resources, economic objectives and constraints
have been common (Maass et al., 1962; Loucks et al., 1981).

Origins of the field

Economics and engineering are kindred disciplines which have
frequently exchanged fundamental ideas over their long history
(Lund et al., 2006). Modern engineering and economics share com-
mon ancestors in the French engineering schools of the 1800s
(Hayek, 1950; Langins, 2004). A striking example is the fundamen-
tal economic concept of consumer surplus (section “Efficient water
allocation”) introduced by the French engineer Jules Dupuit (Dup-
uit, 1844; Ekelund and Hebert, 1999). This contribution and others
were part of an effort to design civil infrastructure that would best
serve society. Dupuit recognized the need to consider construction
and operating costs; as well as the economic benefits of proposed
public hydraulic works and operating schemes.

Water engineers continued to incorporate economic principles
throughout the 19th and 20th centuries, increasingly in a system’s
analysis context. Often, optimization provided the mathematical
link between economics and engineering. Economic engineering
in the water field emphasizes the use of economic principles to
support decision making, flexible and integrated management,
benefit valuation, plan design, alternative evaluation, finance, and
institutional design (Griffin, 1998; Braden, 2000; Lund et al.,
2006). One manifestation of this mutually beneficial collaboration
was the development of hydro-economic models.

Hydro-economic modeling can be traced to the 1960s and
1970s in arid regions such as Israel and the south-western United
States. Early use of economic water demand curves to optimize a
water resources systems were made by Jacob Bear, Oded Levin
and colleagues (1964, 1966, 1967, 1970), Rogers and Smith
(1970), and Gisser and Mercado (1972, 1973). Bear et al. estab-
lished the conceptual framework (Gisser and Mercado, 1973; Noel
et al., 1980) for regional-scale integrated water management mod-
els where water is allocated and managed to maximize net benefits
derived from economic water demand curves. Since then research-
ers have used different names to refer to applications and exten-
sions of this hydrologic engineering - economic water modeling
approach including: hydrologic-economic (Gisser and Mercado,
1972), hydroeconomic (Noel and Howitt, 1982), economic-hydro-
logic-agronomic (Lefkoff and Gorelick, 1990b), institutional (Book-
er and Young, 1994), integrated hydrologic-economic-institutional
(Booker, 1995), integrated river basin optimization (Ward and
Lynch, 1996), efficient allocation (Diaz and Brown, 1997), inte-
grated economic-hydrologic (McKinney et al., 1999; Rosegrant
et al., 2000), economic-engineering (Newlin et al., 2002; Draper

economic (Cai et al., 2003a), demand and supply (Griffin, 2006),
integrated hydrologic-economic (Cai et al., 2003a; Ringler et al.,
2004; Pulido-Velazquez et al., 2006), holistic water resources—eco-
nomic (Cai and Wang, 2006; Cai, 2008), integrated hydrodynamic-
economic (Jonkman et al., 2008), and integrated ecological-eco-
nomic (Volk et al., 2008). This review uses ‘hydroeconomic’ (Noel
and Howitt, 1982) hereafter for brevity.

Hydroeconomic models: features and purpose

Hydroeconomic models represent regional scale hydrologic,
engineering, environmental and economic aspects of water re-
sources systems within a coherent framework. The idea is to oper-
ationalize economic concepts by including them at the heart of
water resource management models. These models have emerged
as a privileged tool for conducting integrated water resources man-
agement (IWRM) (Global Water Partnership, 2000; Marifio and
Simonovic, 2001; Cardwell et al., 2006). Hydroeconomic models
are solution-oriented tools for discovering new strategies to ad-
vance efficiency and transparency in water use. The goal is to look
at a system in a fresh way to investigate promising water manage-
ment schemes and policy insights. Recent hydroeconomic model-
ing research has been described by McKinney et al. (1999),
Jakeman and Letcher (2003), Lund et al. (2006), Heinz et al.
(2007), Cai (2008), Pulido-Velazquez et al. (in press), Brouwer
and Hofkes (2008) and Ward (2009).

Engineers traditionally evaluate costs of building, operating and
maintaining water supply, conveyance, storage, sewerage, drain-
age, and waste-water reuse infrastructure and estimate water
requirements. In non-economic system models, water demands
are commonly represented by fixed water “requirements” or deliv-
ery targets. The profession has often relied on a static view of water
demands which can lead to over-design of infrastructure, waste,
and slow adaptation to new conditions. In a mature water econ-
omy (Randall, 1981) with rapidly rising incremental costs of new
supplies (aquifers already heavily exploited, best dam locations ta-
ken and other rivers protected) and increased conflicts among
water users, a wider view is needed to face water scarcity prob-
lems. Economics helps water managers move from a static view
of water demand, defined through water rights, priorities and pro-
jections of population growth and agricultural and industrial water
requirements to a view of demand related to the economic concept
of value. Water value changes with the quantity and type of use.
Monetizing all water uses allows for an even-handed comparison
among uses. Identifying the value of contested resources helps dif-
fuse conflicts by introducing clarity and revealing the often rela-
tively modest sums involved (Fisher et al., 2002). Monetization
converts a complex multiobjective management problem into a
simpler single-objective problem.

Hydroeconomic models differ from related tools such as engi-
neering models that minimize financial costs or economic models
such as dynamic optimization of groundwater stocks, economy-
wide general equilibrium models, input-output analysis, cost-ben-
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efit analysis, agent-based models, etc. In hydroeconomic models,
water allocation is driven or evaluated by the economic values it
generates. Hydroeconomic models represent all major spatially
distributed hydrologic and engineering parts of the system. Repre-
sentations include water balance components such as river flows,
evaporation from surface water bodies, natural groundwater re-
charge and discharge, and return flows. Relevant water supply
infrastructure and operations may include canals, reservoirs, desa-
lination plants, water and waste-water treatment plants, ground-
water or pipeline pumping stations, artificial recharge basins and
other groundwater banking infrastructure. These hydrologic and
engineering features are included in a node-link network, where
economic demands have locations (nodes) and costs (or benefits)
are incurred on links. The network accommodates both physical
and economic spatially distributed systems, and integrates all
hydroeconomic model elements.

Including economic water demands in addition to costs/benefits
distinguishes hydroeconomic models from purely engineering
models that maximize profit (e.g. hydropower operation) or mini-
mize capital and/or operating costs.

Economy-wide economic models, such as general equilibrium
or input-output models differ from most hydroeconomic models
by representing how water resource policies or shocks affect the
entire economic system, rather than focusing only on how eco-
nomics affects water resource management. Typically these mod-
els do not represent spatially distributed water resource systems
(e.g. Mukherjee, 1996) and so are not described here. Recently
however, Jonkman et al. (2008) estimate both direct (flood dam-
ages) and indirect (economy-wide) costs of a major flood in the
Netherlands by combining a hydro-dynamic model with an in-
put-output economic damage model.

Agent-based models imbed social relations and information
provision into economic and hydrological representations of water
resource systems. This promising and related field is distinct from
hydroeconomic modeling which focuses on combining neoclassical
economics with hydrologic and engineering models. Agent-based
models attempt to simulate human cognition and actions, particu-
larly actions in response to other’s actions and exogenous environ-
mental variables. More realistic incorporation of learning and
individual and collective action may benefit water management
models by better representing conflicts, institutions and non-eco-
nomic motivations. However, like other interdisciplinary modeling
efforts (hydroeconomics included), there is a risk to produce com-
plex tools that are too divorced from the simpler disciplinary ap-
proaches used by practitioners.

Why an economic approach?

Due to the life-sustaining qualities of water for humans and the
environment, some commentators object to the use of economics
to manage water. However, human access to clean water for basic
needs and sufficient environmental and public use allocation are
compatible with and encouraged by an economic approach to
water management (Young, 2005, p. 8).

When basic human water needs are small compared to amounts
used by other sectors, water should not be managed solely for
drinking water needs. If demand exceeds supply in a mature water
economy the relevant concept is water scarcity, not water short-
age. When water is a scarce resource, it should be managed and
allocated efficiently, i.e. to maximize the value it provides society.
Managing any resource efficiently (“Pareto efficiency”) occurs
when a water allocation can provide no further gains in production
or satisfaction without simultaneously creating a loss. Griffin
(2006, p. 50) further distinguishes between neutral (Pareto front)
and aggregate efficiency (maximize net benefits irrespective of dis-
tribution) to enable social preferences such as equity to be explic-

itly incorporated in the efficiency objective. Economics offers
methods to evaluate and foster both equity and efficiency.

Besides health-sustaining human consumption and some non-
economic values, water has value as: a commodity and input into
various in-stream and off-stream production processes, as diluter
and transporter of waste, recreational space, and ecological habitat
(Young, 2005, p. 6). Representing these interests using a common
monetary unit whenever possible establishes a framework for
evaluating the trade-offs and synergies among competing water
uses.

Using economic tools is not tantamount to advocating water
markets (Chong and Sunding, 2006) as the mechanism to allocate
all water resources; nor does it assume privatization. Constraints
on allocations and flows are readily included in hydroeconomic
models to represent political and cultural norms. Environmental
demands can be valued or alternatively specified as constraints if
their economic value proves too difficult or controversial to esti-
mate. Further, hydroeconomic models are restricted in their ability
to represent some practical aspects of markets such as transaction
costs and agent behavior (Griffin, 2006).

According to the 1992 UN Dublin statement, “Managing water
as an economic good is an important way of achieving efficient
and equitable use, and of encouraging conservation and protection
of water resources” (U.N., 1992). Under conditions of water scarcity
an economic focus helps identify efficient water allocations and re-
duce wasteful practices. Water is typically allocated according to
historical, institutional, political, legal, and social traditions and
conditions. This division of water resources can be slow to adapt
to environmental or water demand changes. Economic techniques
help to allocate scarce resources and identify appropriate trade-
offs between resource uses that reflect the values and choices of
society.

Economic concepts for water valuation and allocation

Economics applied to water management has a long and distin-
guished history. Some basic concepts integral to understanding
hydroeconomic models are described below. Several recent intro-
ductory textbooks provide accessible but in depth coverage of
the economics of water resources (Gibbons (1986), Tsur et al.
(2004), Young (2005), Fisher et al. (2005) and Griffin (2006)).

Efficient water allocation

A key concept for efficient water allocation is that water use
values and costs vary with quantities rather than being fixed.
Water is more valuable in a drought than in a wet period, and sup-
ply costs increase disproportionally when increasing output if all

c consuners' surplus +

market yalue = gross benefits

Demand

price

——— Demand function.

DN

Output, ¥

Fig. 1. Demand function consisting of the price (willingness to pay) for water at
different quantities. Note that for a small quantity of water (“Output”, y), the price
is high (C). (Bear et al.,, 1964). N.B. market value alternatively named producer
surplus.
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major water sources are already exploited. Many traditional water
planning practices assume fixed water use targets and operations,
independent of prices and costs.

A demand curve (Fig. 1) for water presents consumer’s willing-
ness to pay for varying quantities of water. The y-axis is unit price
or marginal willingness to pay, the x-axis is the quantity available.
Due to a quirk of economic history, water demands are, counterin-
tuitively, defined as the quantity demanded (x-axis) being a func-
tion of the price (y-axis). A steeper demand curve implies water
use is less responsive to price changes (low price-elasticity) and
user’s value for water use is very sensitive to water availability. De-
mand curves are essential for economic analysis; “Determining
economic value and production costs of water” discusses how they
are estimated for various water uses. Because demand for water
may change with location, type of water use (e.g. agricultural, mu-
nicipal, industrial), hydrologic condition (e.g. dry year, normal
year, wet year), or external influences (e.g. recession), hydroeco-
nomic models may use more than one demand curve in one model.
Fig. 1 shows how the area under a demand curve quantifies market
value (ABDE) and consumer surplus (BCD), the sum of which are
the gross benefits from a water delivery.

Integrating the demand curve quantifies the gross economic
benefits derived from water allocation (see Fig. 2b). In this way de-
mand functions can be used to allocate water to sectors that use it
most productively. The optimal economic water allocation maxi-
mizes the aggregated net economic benefit (value) of water use
in the system. The objective function can equivalently be formu-
lated as a cost-minimization problem in which the costs modeled
include water use benefits forgone (i.e. scarcity costs) and operat-
ing costs (e.g. Draper et al., 2003).

Maximizing net benefits is often equivalent to reallocating
water until marginal net benefits are equal among all uses. The

§ 4

V | === - . - e ————

(a) D
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Fig. 2. Describes the relationship between the demand curve (a) and gross
economic benefits (b). B, are gross benefits, P is water quantity,  is willingness
to pay. Note that the demand “curve” in (a) is a step function made from two data
points. When this step function is integrated, (b) is piece-wise linear. (Adapted from
Bear et al., 1964). If the demand curve in Fig. 1 were integrated, the economic
benefit function would be smooth. In both cases benefits exhibit diminishing
marginal returns (rate of benefits decreases as water quantity increases).

concept of marginality is central in economics to express the ben-
efit or cost of one additional resource unit (“at the margin”). The
microeconomic equimarginal principle states that in an optimal
allocation among sectors, each sector derives the same utility from
the last unit of resource allocated. In practice the equimarginal
principal often does not hold at all time periods and locations with-
in the hydroeconomic network because of non-economic con-
straints (e.g. hydrologic, engineering, institutional,...) (Cai, 2008)
and the limited ability to respond to dynamic conditions.

Determining economic value and production costs of water

The prices for water in well-functioning water markets would
offer an opportunity to directly observe water’s economic value.
Because markets are usually absent or inefficient, it is often neces-
sary to estimate economic value of water using alternative ap-
proaches (Young, 2005). Valuation approaches and results
depend on which specific water services are being valued, as well
as where and why the valuation is being conducted. Water valua-
tion can occur from a supply or demand perspective, resulting in a
supply curve or a demand curve for water. For many water manag-
ers, the economic value of water evokes the capital (investment)
and operating costs of supplying water that result in a supply cost
curve. These tangible costs are typically calculated by engineering
economists or accountants and are often simplified as being con-
stant with respect to amount supplied (Griffin, 2006, chapter 10).

Economics contributes most to valuation from the water de-
mand perspective where simpler methods are unusable. Gibbons
(1986) provides a good primer. Valuation is done differently
depending on whether water is considered an intermediate or a fi-
nal good. When water is an input to a production process, such as
in irrigation, hydropower generation and commercial or industrial
uses, water demand is derived from the demand for the final out-
put and the production function. In these cases water is an “inter-
mediate good” and its demand is referred to as a derived demand.
Residential or recreational water use are typically viewed as final
demands in regional management modeling. These differences
have important implications for valuation method selection, since
different economic theories (of consumer’s and producer’s de-
mands) are applicable to each case (Hanemann, 1998). When
water is a final good, water provides direct utility to consumers
willing to pay a specific amount of money for it. For intermediate
goods (derived demand), water demand will be influenced by the
technology producing the final goods and demand for the final out-
put. In this case, estimating the economic value of water is equiv-
alent to isolating the marginal contribution of water to the total
output value (residual value).

Two broad approaches are available to model water demand:
inductive and deductive valuation techniques (Kindler and Russell,
1984). Inductive techniques rely on econometric or statistical anal-
ysis of observed data to estimate price-response. This empirically-
based technique is considered a ‘positive’ form of analysis. Deduc-
tive techniques usually use mathematical programming (optimiza-
tion), although general equilibrium models and residual value
methods also fall in this category (Tsur et al., 2004). Assuming opti-
mal actions subject to economic and physical constraints is a nor-
mative approach which has prompted more “positive” variations
(Howitt, 1995). In general econometric methods are data-intensive
while optimization models are computationally-intensive.

Urban water demands

Since Howe and Linaweaver (1967) econometric approaches to
estimate price-response and marginal benefits for the consumer
dominate the literature (Arbues et al., 2003). Most use cross-sec-
tional data, but also time series and panel data. The discussions
have focused on which variables to include in the model in addi-
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tion to water quantity and price, the best functional forms for sta-
tistical estimation, data, and magnitudes of the estimated price and
income elasticities (Martin and Thomas, 1986; Dalhuisen et al.,
2003). The main challenge to econometric estimations of water
price-elasticity is the simultaneity problem posed by block-rate
schedules, the level of disaggregation, dataset size, and the price
specification (Young, 2005). Typical econometric applications in-
clude specifying a marginal price variable, a Taylor-Nordin differ-
ence variable, demographics, and climate data as regressors for
water use (Griffin and Chang, 1991). Estimates of price-elasticity
of water demand range from zero to almost two in absolute value
(Espey et al., 1997; Dalhuisen et al., 2003). Price elasticity is the
percent change in consumption per percent change in price.

Several indirect methods have been proposed to estimate eco-
nomic costs of urban water scarcity based on optimization models
that select the least-cost mix of residential water-saving tech-
niques (Lund, 1995; Alcubilla and Lund, 2006; Rosenberg et al.,
2007) or through contingent valuation surveys of willingness to
pay (WTP) to avoid shortages (Griffin and Mjelde, 2000). Given lack
of data, an easy form to characterize the residential demand curve
within hydroeconomic models is the “point-expansion method”.
This method uses the data on observed price and water demanded
at that price, a seasonal estimate of the long-run price-elasticity of
that demand, then calibrates the parameters for a two parameter
functional form by solving the resulting two identities. Constant
price-elasticity forms are common in water management models
that include the computation of consumer surplus (Griffin, 1990;
Jenkins et al., 2003).

Agricultural water demands

Irrigation is by far the largest human consumptive use. Litera-
ture abounds on how to derive agriculture water demand curves
and price-elasticities (Tsur et al., 2004; Young, 2005). Average
and median values for price-elasticities for irrigation water fall in
the inelastic range (Scheierling et al., 2006). Irrigation water de-
mands are derived demands, since water is a production process
input. Information on agricultural productivity can be used to con-
struct crop-water production functions, from which the marginal
physical product (first partial derivative of the production function
with respect to the water input) can be derived for different water
quantities. Finally, the marginal value (the demand curve) can be
obtained from multiplying marginal physical productivities by
crop prices.

Crop-water production functions represent the relation be-
tween water use and crop output, for particular agrobiologic and
climatic conditions. This relation can be derived from controlled
field experiments, from econometric methods (Moore et al.,
1994), or by agronomic simulation models that yield the response
of the crops to water applied under specific agronomic and climatic
conditions (Dinar and Letey, 1996). Optimization models can be an
alternative to data-intensive econometric methods. Howitt (1995)
combines regional equilibrium models and positive mathematical
programming (PMP) to calibrate flexible crop production
functions.

Irrigation water demands depend on farmers decisions’ on crop
mix and timing, water application, and irrigation technology. Many
factors affect farmer’s decision on crop mix (crop selling price, in-
put costs, water availability and water price, agro-climatic charac-
teristics, and risk and management effort involved). An extensive
literature on mathematical programming models tries to repro-
duce farmer’s decisions at the farm or irrigation district level. Most
maximize profit or gross revenue. PMP models calibrate these opti-
mization models to reproduce observed farmer decisions.

Irrigation water demands are usually represented in hydroeco-
nomic models using piece-wise linear or quadratic equations,
exogenously generated, relating water application to economic

benefits. In some cases, complex crop yield functions are explicitly
included in the model (Cai et al., 2003b).

Hydropower and industrial water demands

The benefits of hydropower production are often defined using
the alternative cost technique, calculating the cost savings of
hydropower compared with the next less expensive energy pro-
duction alternative (Gibbons, 1986; Booker and Young, 1994). Ben-
efit functions also can be derived from the quantity of energy
produced and its energy market price. The energy produced de-
pends on the powerplant discharge, the hydraulic head and the
efficiency of the turbine-generator group. Hydraulic head is often
represented as a linear function of reservoir storage (Diaz et al.,
2000; Cai et al., 2003a) although this can produce inaccuracies.
Economic valuation of hydropower has become more complex
due to energy market deregulation and decentralization, and the
rise of contracted firm energy commitments and random pur-
chases on the spot market.

As with commercial urban uses, elasticity of demand for indus-
trial uses varies among types of industries (reviewed by Renzetti,
2002). Jenkins et al. (2001, 2003) characterize the industrial de-
mand using a linear production loss function defined by the cur-
rent consumption and data from a survey on the economic value
of production lost if water deliveries were cut back by 30% (CUWA,
1991).

Environmental and recreational water demands

In-stream values for recreation and wildlife can be comparable
to more traditional economic use values (Colby, 1990). Approaches
for quantifying benefits of environmental water uses either infer
WTP from observations of actual expenditure choices of the con-
sumers (e.g. travel cost method or hedonic pricing) or use surveys
to ask consumers about the values they place on environmental
services (contingent valuation) (Freeman, 2003; Young, 2005).
Benefit transfer approaches adapt results from studies at other
sites (Brouwer, 2000). Despite the advances in methods and appli-
cations, environmental valuation is still an “imperfect art”, subject
to interpretation and debate (Braden, 2000; Shabman and Stephen-
son, 2000). Finally, shadow values on minimum flow constraints in
hydroeconomic models provide the opportunity cost of environ-
mental water, an indirect form of supply-side valuation (Mede-
llin-Azuara et al., 2007).

Production costs

Water production costs include variable costs to pump, treat,
and improve water quality as well as capital and fixed costs for
infrastructure and operations. Most hydroeconomic models are de-
signed for management, and so they include only variable operat-
ing costs of existing infrastructure. For linear and non-linear
programming, variable costs must be convex (as they often are in
practice due to decreasing returns to scale) to guarantee identify-
ing a globally optimal solution.

For capacity expansion planning, fixed and capital costs should
also be considered. However, fixed and capital costs are often non-
convex due to discontinuous and decreasing marginal facility costs.
This inhibits use of linear and non-linear programming, which is
why fixed and capital costs are often ignored. There are several
ways to include these costs. First, capacity expansion decisions
can be considered as a side calculation outside the optimization
process (comparing capital costs to benefits from separate optimi-
zation runs, one with and one without the infrastructure in place)
(Fisher et al., 2005). Alternatively, capital costs are annualized
(using the discount rate and estimated project lifetime) and then
added to the operating costs. Third, capacity expansions are in-
cluded as separate linear, integer, or binary decisions with addi-
tional constraints added to ensure operational decisions within
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existing and expanded capacity limits (e.g. Rosenberg et al., 2008).
Non-convex costs (for minimization problems, or non-concave
costs for maximization problems) require using dynamic program-
ming or heuristic search techniques to identify an optimal or
nearly optimal solution.

Hydroeconomic model design and implementation

Many choices face the modeler when designing the mathemat-
ical formulation and choosing a solution algorithm. General rules
and good practices of environmental modeling apply here as well
(Jakeman et al., 2006). An essential feature is to design a model
capable of answering questions and providing insights for resource
managers, stakeholders and policy makers. Model design affects
data requirements, available solution methods, and the types of re-
sults obtainable.

Model components

Most hydroeconomic models share basic components including
hydrologic flows, water management infrastructure, economic
water demands, operating costs, and operating rules. Since Maass
et al. (1962), water resource systems have been modeled as net-
works of storage and junction nodes joined by conveyance links
representing river reaches, canals, pipelines, etc. Water demands
and consumption, and other features where water incurs a cost
or benefit also are represented as nodes. The network format is
straightforward, efficient and parsimonious for both simulation
and optimization models. Boundary conditions in the form of in-
flows, outflows or other fixed flows can occur anywhere in the
network.

Hydrologic flows entering and leaving the modeled domain and
relevant internal inflows must be estimated. These include exter-
nal surface or subsurface inflows and local precipitation-driven

Table 1

Some design choices, options, and implications for building a hydroeconomic model.

fluxes such as runoff and aquifer recharge. For operating purposes
short-term forecasts of inflows based on operational weather pre-
dictions and current hydrologic conditions can be used. External
system inflow data may come from historical flow gage records
or synthetic time series generated by stochastic hydrology models.
Alternative hydrologic scenarios, for example from downscaled
global circulation models representing climate changes, may also
be used. When historical data do not exist, calibrated hydrologic
models can fill the gap. Hydrologic models are the main source
for ungaged flows such as groundwater recharge, evaporation
and local runoff.

Water management infrastructure consists of natural and built
facilities to store, convey, treat, and use water such as river
reaches, canals, pipelines, reservoirs, aquifers, pumps, power-
houses, treatment plants, groundwater injection wells, recharge
basins, and water demand intake locations. Minimum and maxi-
mum capacities and operating costs are specified for each element.
Using data and network topology from existing models is a quick
and credible way to build a hydroeconomic model. Simulation
models calibrated and maintained by water management institu-
tions are an ideal foundation for more abstract management
models.

Economic water demands can be represented by functions pro-
viding gross economic benefits generated during a particular mod-
el time-step (Bear et al.,, 1964). If the model’s objective is cost
minimization, water scarcity costs incurred by lower deliveries
can be represented by penalty functions (Newlin et al., 2002). Envi-
ronmental water uses may be alternatively represented with oper-
ating rules or constraints, where an objective function valuation is
unavailable.

Operating costs include pumping, treatment, artificial recharge
and other costs to move water between network nodes. They also
can include negative costs (benefits) from hydropower generation.
Water quality costs to urban users can be represented as operating
costs, so they could be assessed and varied depending on the

Options Summary Advantages Limitations
Simulation/optimization
Simulation Time-marching, rule-based algorithms; Answers question: Conceptually simple; existing simulation Model only investigates simulated

“what if?”

Maximizes/minimizes an objective subject to constraints”;
answers question: “what is best?”

Optimization

Representing time
Deterministic
time series

Model inputs and decision variables are time series,
historical or synthetically generated

Stochastic and  Probability distributions of model parameters or inputs;

multi-stage use of multiple input sequences (‘Monte-Carlo’ when
stochastic equiprobable sequences, or ‘ensemble approach’ if
weighted
Dynamic Inter-temporal substitution represented

optimization

Submodel integration
Modular Components of final model developed and run separately

Holistic All components housed in a single model

models can be used, reproduces complexity
and rules of real systems

Optimal solutions can recommend system
improvements; reveals what areas of
decision space promising for detailed
simulation

Conceptually simple: easy to compare with
time series of historical data or simulated
results

Accounts for stochasticity inherent in real
systems

Considers the time varying aspect of value;
helps address sustainability issues

Easier to develop, calibrate and solve
individual models

Easier to represent causal relationships and
interdependencies and perform scenario
analyses

scenarios, requires trial and error to search
for the best solution over wide feasibility
region

Economic objectives require economic
valuation of water uses; ideal solutions
often assume perfect knowledge, central
planning or complete institutional flexibility

Inputs may not represent future conditions;
limited representation of hydrologic
uncertainty (system performance obtained
just for a single sequence of events)
Probability distributions must be estimated,
synthetic time series generated;
presentation of results more difficult;
difficulties reproducing persistence (Hurst
phenomenon) and non-stationarity of time
series

Requires optimal control or dynamic
programming

Each model must be updated and run
separately; difficult to connect models with
different scales

Must solve all models at once; increased
complexity of holistic model requires
simpler model components

" If optimized time-horizon is a single time period, the model can be considered a simulation model that uses an optimization computational engine.
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source of water delivered to each urban area, where incoming
water quality varied primarily with source (Draper et al., 2003).

Choices of model formulation and design

Table 1 lists several model design choices and options hydro-
economic modelers must make to built a model. Further discussion
on some of these choices follows.

Simulation or optimization?

Simulation and optimization answer different questions (‘what
if’ and ‘what is best’, respectively) and can be used separately or to-
gether. Models that simulate decisions on a time-step by time-step
basis can more realistically represent complex systems with non-
linear physical or institutional processes. Models focusing on de-
tailed local decisions (e.g. farm level) often find simulation useful
(Bredehoeft and Young, 1970; Young and Bredehoeft, 1972; De
Ridder and Erez, 1977; O’'mara and Duloy, 1984; Brown et al.,
1990; Letcher et al., 2004; Brown and Rogers, 2006; Marques
et al., 2006). Economic evaluation of simulated alternatives can
provide insights on benefits and inefficiencies of design or manage-
ment policy without driving water allocation and operations.

Optimization formulates problems using a mathematically sta-
ted objective subject to equations that represent physical and
management constraints of the system. Multi-period optimization
links more than one time period in a single model. This helps cap-
ture the trade-offs of resource allocation over time such as storage
in reservoirs and aquifers but may quickly yield large-models with
non-linearity and perfect foresight of inflows. Optimization objec-
tive functions typically maximize expected net benefits (expected
value of gross benefits derived from water use minus costs) or sim-
ilarly minimize costs such as water scarcity costs, capital costs of
investments, and operating costs. Optimization models can be
solved analytically, with mathematical programming, dynamic
optimization, or heuristic (global) search techniques such as evolu-
tionary algorithms or combinations of the above.

Because optimization’s relevance in economic theory, hydro-
economic models commonly use optimization computation en-
gines regardless of whether they are built for simulation or
optimization. When optimization is used to simulate (e.g. Labadie
and Baldo, 2000; Draper et al., 2004; Marques et al., 2006; Reynaud
and Leenhardt, 2008), each time period is a separate optimization
problem, with results at t — 1 serving as boundary conditions for
the model during period t. Simulation models can reproduce actual
operating rules without benefiting from the perfect hydrologic
foresight of multi-period optimization. For example, simulated res-
ervoir releases are based on existing storage without anticipation
of future inflows. Operating rules codify operational, legal and
institutional regulations. They allow simulation models to repli-
cate water allocation decisions in accordance with existing water
management practices. Optimization models follow an objective
rather than a set of rules that are not directly implementable, such
as “maximizing regional net benefits”. In this case accurate water
valuation is essential as the water allocation benefit functions
guide the solution. The purpose of deliberately simplifying or par-
tially by-passing existing operating rules is to better explore the
physical and economic potential of the system in order to propose
policy insights and improvements. Simulation and optimization
perform well together, using optimization to identify promising
solution strategies and simulation models to test and refine these
in more detail (Loucks et al., 1981).

Representing time

Deterministic models consider a single-set of fixed boundary
conditions (e.g. flows and demands) and results. Deterministic
models become probabilistic when run many times with different

inputs and report results spanning a broad range of conditions (e.g.
Monte-Carlo simulation, implicit-stochastic optimization) (Laba-
die, 2004).

Stochastic models explicitly consider the probabilistic nature of
model inputs and parameters. Results take the form of probability
distributions or processes rather than single numbers. Explicitly
stochastic methods are common in pure engineering or pure eco-
nomic models but still relatively rare in hydroeconomic applica-
tions (Reca et al.,, 2001b; Houk et al., 2007; Rosenberg et al.,
2008; Tilmant et al., 2008). Hydroeconomic models tend to imple-
ment variations of deterministic optimization where results are
time series of optimal allocation operations (e.g. storages and
flows).

If discounting is used in the objective function to account for
opportunity costs (the ‘time-value of money’), a discount factor,
(1 +i)"" where i is a discount rate, multiplies future benefits and
costs of the objective function (evaluation function in simulation).
Models that maximize present value of net benefits or net annual-
ized benefits are commonly solved using linear or non-linear
mathematical programming (optimization). Dynamic (time-vary-
ing) economic optimization models using dynamic programming
or optimal control consider inter-temporal substitution of re-
sources rather than only present value (Conrad and Clark, 1987).
If no economic consideration is explicitly given to time in the form
of an equation of motion for the state variables, the model is re-
ferred to as static.

Submodel integration

Integration refers to how different submodels interact and the
breadth of processes and decisions represented together. Holistic
models endogenously (internally) calculate all inputs and outputs
within a single model. A modular design connects independent
submodels, without having them interacting within a single pro-
gram. Braat and Lierop (1987) describe these, respectively, as holis-
tic or compartment approaches, a terminology adopted by Cai et al.
(2003a), Cai (2008) and Brouwer and Hofkes (2008). The main
question is whether to solve the economic model endogenously
within the water management model or to estimate water de-
mands with an external economic model. The advantages of mod-
ularity include increased probability of convergence on an optimal
solution, the ability to go into more detail in each sub-field, and the
ability to be independently updated and developed. Holistic mod-
els can more effectively represent causal relationships and interde-
pendencies. Scenario-based studies such as climate change impact
studies, are easier to execute with holistic models since they do not
require representing the changed policies or conditions separately
for each submodel. An example of a modular approach is Draper
et al. (2003) where economic scarcity cost curves are determined
by a exogenous economic model (Howitt et al., 2001). A holistic ap-
proach is presented by Cai et al. (2003a) where water demand
curves are estimated endogenously. However, few models are fully
‘holistic’; a seemingly holistic hydroeconomic model that does not
represent rainfall-runoff processes would be considered modular
in the context of a climate change impact study. Economy-wide
economic models, such as general equilibrium or input-output
models that represent spatial hydrology (e.g. Jonkman et al.,
2008), are also holistic hydroeconomic models. They have wider
breath, including how water resource policies or shocks affect
the entire economic system, rather than focusing only on how eco-
nomics effects water resource management.

Whether in a single or in separate models, the question remains
of which model components to include and at what scale. A wide
range of both hydrologic and engineered water supply processes
and options can be represented. More or less detailed surface
water, groundwater flow and stream-aquifer models can be
embedded, drastically affecting run times and the scale at which
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management inferences can be made (Harou and Lund, 2008).
Water quality is rarely explicitly modeled in hydroeconomic mod-
els because of the added complexity and computational cost and
the difficulty of quantitatively assessing economic effects; recent
exceptions include Bateman et al. (2006) and Volk et al. (2008).
Constraints or additional costs for some water sources can be used
to implicitly represent water quality. Besides water resource and
economic components, other submodels that may be relevant in
a given context include agronomic and ecological submodels.

Modeling scales

Modeling scale is a critical subject encompassing spatial and
temporal domain and discretization (Jakeman and Letcher, 2003).
The domain describes the boundaries of the model. Spatial do-
mains range from a single farm or household to groups of countries
while the temporal domain is the model’s time-horizon; often a
year or more. Discretization describes the subdivision of the spatial
and temporal modeled domains. The spatial domain is to be sepa-
rated into subdomains (e.g. grid cells, sub-basins) while the tempo-
ral domain is subdivided into time-steps. Scale determines what
issues and questions the model will be able to address.

The most common spatial domain considered in hydroeconom-
ic modeling is regional although analysis can be useful from house-
hold to international scales. If the focus is on water demand
management and conservation, household or utility-level models
can help identify optimal investments at the household and water
utility scales (Alcu