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Executive Summary

Increasing competition for water resources among multiple economic and social sectors calls for
efficient allocation of water and intelligent trade-offs among sectors. To support such an integrated
planning approach, there is a need for tools that better account for the complex dynamics underly-
ing water systems. Hydro-economic modeling is one such tool: It is typically used to understand
how the economic benefits from water allocation can be improved or optimized or to assess the
economic benefits of policy or infrastructure responses to current and changing conditions. Many
hydro-economic models (HEMs) exist to study such problems, but a recent review of these tools
points to areas where progress and innovation would improve their relevance. These include
improvements in the representation and analysis of feedbacks between water and other systems
in the economy (energy and industry, for example), more sophisticated accounting of ecosystem
services, as well as analysis of the distributional implications of alternative management institutions
(Bekchanov et al., 2017).

The underlying structure of HEMs is node-based, with flow continuity equations describing
water movements (natural flows as well as human-controlled supply, storage, and distribution to
demand locations) throughout a river system (Harou et al., 2009). This organization is useful for its
detailed spatial and temporal representation of water resources systems. Such models are widely
used in forecasting and scenario analyses to compare the economic consequences of environmental
(e.g. water supply availability), technological (e.g., introducing drip irrigation), infrastructural (e.g.,
dam/reservoir development), and institutional (e.g., water markets, water pricing, or market liber-
alization) changes. The HEM framework suggested in this report is largely based on this structure,
but places additional emphasis on interlinkages across the Water-Energy-Environment-Food nexus,
which increasingly challenges the decisions of water and energy systems managers (McCornick
et al., 2008). Nonetheless, it is important to acknowledge that HEMs have often included and
considered trade-offs across the production and consumption needs of the energy and agricultural
sectors, so our work should be considered an extension, rather than a re-invention, of such models.



The water, energy, and food components in this nexus HEM are controlled by the social sys-
tem, which itself falls within a larger environmental ecosystem. The social system is comprised of
individuals and communities that use water and other resources (e.g., land, energy) as well as the
institutions that manage them. Each system also generates externalities, for example pollution, that
affect inhabitants of the ecosystem in complex ways. Pollution externalities in particular have an
adverse effect on the ecosystem’s ability to provide services to the broader system. One central
theme of the nexus approach is security, here defined in terms of water, food and energy security.
These various notions of security are closely related to the concept of availability, access, and
affordability (3As) of essential goods and services (Flatin and Nagothu, 2014). The availability of re-
sources and final services depends upon biophysical conditions, domestic production, and regional
trade. Production processes require built and social infrastructure and capacity. Accessibility and
affordability, therefore, depends upon existing societal structures such as markets and allocative
institutions and upon technological and economic opportunities. To address issues related to 3As,
biophysical, economic, and institutional conditions are crucial.

Our HEM Nexus framework depicts interactions between five specific sectors or modules. The
tirst core module is the water system; it is based on the typical node-link structure of most similar
HEMs and necessarily contains linkages between surface and groundwater resources. Three other
modules that are linked to this core are principally human production systems: energy, munic-
ipal and industrial, and agricultural production systems. A fifth module describes the broader
ecosystem or environment; this component provides a variety of market and nonmarket goods and
services (ecosystem services) to the other systems and is also the recipient of ?externalities? from
them. These externalities, beyond certain levels, may lead to a reduction in the ability of ecosystem
to provide services to other systems and to the environment.

The structure of the HEM Nexus framework is based on three concepts: scalability, i.e. the HEM
should be able to represent basins or regions of different scales; transferability, i.e. the model should
be transferable across river basins without substantial effort to change its underlying structure;
and modularity, i.e. each module that is connected to the core water system should be able to
function independently. The four connected modules are linked to the core via decision variables
that enter the model objective function. This objective function aims for maximization of benefits
across sectors and uses given both physical and social water and energy system relationships and
constraints.

As an optimization model, the HEM Nexus tool is well-adapted to identifying solutions that
most efficiently allocate water and other resources, which is especially useful for planning purposes.
As with all similar models, it works from a standardized and simplified representation of a very
complex system that is developed to be both sufficiently realistic and computationally tractable.
Such models are sometimes criticized for the assumptions inherent in their structure. Optimization
frameworks for example may not be well-suited to understanding real world outcomes because
the institutions governing allocations rarely come close to resembling an omniscient social planner
or a well-functioning water market. In addition, the model is not meant to be used for operational
purposes, which typically require greater spatial and temporal resolution. A basin scale, node-
based HEM framework, as suggested in this paper, works well at basin level and is best suited to
answering questions related to investments and policies, water use optimization across sectors,
trade-offs across sectors, and connections with ecosystem services. Such an HEM may need to be
linked with more detailed economy-wide models to better understand the issues of affordability
and accessibility. Finally, the HEM Nexus described here is new and needs to be applied to a variety
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of problems and contexts to improve its usability and relevance to real world situations.

1 Introduction

Future projections of water supply and demand suggest a trend towards increasing global and
regional water scarcity (Rosegrant et al., 2002; Alcamo et al., 2007; Arnell et al., 2011; Hanasaki
et al., 2013; Schewe et al., 2014). Reflecting this increased scarcity, analyses of likely future climate
and socio-economic change point towards greater competition for water among various sectors of
economy as well as the environment (Rijsberman, 2006; Chartres and Sood, 2013; Mancosu et al.,
2015). Given this trend towards increased water competition, it will become increasingly crucial for
society to efficiently and effectively manage allocations among competing uses. Various institutions
will play an important role in this management process; these institutions will need to understand
and balance numerous and complex trade-offs across sectors including agriculture, municipal and
industrial, hydropower and energy, and environmental and recreation.

A careful balancing of such diverse interests requires that water resource planning continue to
evolve from an approach focused on analysis of isolated projects and solutions towards more
integrated consideration of development trajectories and portfolios of management and investment
solutions. The tools needed for such analysis must achieve increasing integration and flexibility of
ideas and principles from both physical and social science disciplines. Much progress has already
been made in establishing robust hydro-economic models for use in water resource planning
applications (Harou et al., 2009; Bekchanov et al., 2017), but the dominant approach in the field
continues to focus on isolated objectives, e.g., maximization of water use benefits in hydropower
production and/or irrigation, minimization of municipal and environmental water delivery costs,
or management of well-defined risks. A more integrated approach requires that water demands and
benefits from multiple sectors and interlinkages among these sectors be considered simultaneously
and that trade-offs across them be analyzed to better understand how to efficiently deliver benefits
to society as a whole.

The integrated approach to water resource planning first became prominent with the launch
of Water Resource System Analysis (WRSA), defined as ?study of water resources systems using
mathematical representations of the component processes and interactions of the system to improve
understanding or assist in decision making? (Brown et al., 2015). WRSA began with development
of a systems approach to water resource planning that included multi-objective optimization of
water infrastructure investments (Maass et al., 1962). Since then, it has evolved into a more collabo-
rative analytical approach, whereby stakeholders are involved in defining the relevant systems and
couplings between them. The building blocks of the models used for analysis and understanding
of interactions and feedbacks consist of mathematical functions that link together hydrological and
human components (Brown et al., 2015).

Hydro-economic modeling is one particular WRSA tool that aims to understand the economic
implications of interactions between human and water resource systems. Hydro-economic models
(HEMs) are typically developed to understand the optimal economic benefits from water allocation
or to assess the economic benefits of policy or infrastructure responses to current and changing
conditions. The central concept for describing economic value in such models is that of marginal
benefit, which is differentiated according to the type of water use. Traditionally, economic analysis
using HEMs has been conducted to understand how changes in the availability of water ? from



infrastructure, altered management and/or operating rules, or changing flow conditions ? translate
into changes in marginal and overall economic benefits (Bekchanov et al., 2017). Thus, water
allocation is driven by the value of water with the goal of increasing or maximizing its overall
benefit to human society. To achieve optimal economic efficiency, water is allocated among various
users until the marginal net benefit across uses is one and the same.

HEMs include spatially and temporally-differentiated data and flow continuity (mass balance)
relationships that describe movements of water using a node-link network structure (Brouwer
and Hofkes, 2008; Cai, 2008; Harou et al., 2009). Water flows move naturally through the network
but can also be modified using potential and existing water management infrastructures. Water
is then consumed, subject to its availability, according to the spatial configuration of economic
agents and their demands, with infrastructural operating rules and/or allocative institutions acting
through a set of constraints or decision variables (Bekchanov et al., 2017). Hydrological flows can be
provided as a time series of inputs based on historical conditions in a basin or can be obtained from
rainfall-runoff models that allow for consideration of changing climatic conditions. Water manage-
ment infrastructure includes natural and human-built infrastructure, the latter of which can lead to
temporal smoothing of variability in water availability at a particular location. Economic water
users are associated with demand functions that both link quantities of allocated water to marginal
or total benefits and also encompass nonmarket uses. Finally, management costs include those re-
lated to infrastructure development, storage, pumping, transfer, and distribution of water resources.

HEMs are often also distinguished according to whether they are simulation or optimization
models (Harou et al., 2009; Bekchanov et al., 2017). Network-based simulation models are widely
used in forecasting and scenario analyses to compare the economic consequences of environmental
(e.g. water supply availability), technological (e.g., introducing drip irrigation), infrastructural
(e.g., dam/reservoir development), and institutional (e.g., water markets, water pricing, or market
liberalization) changes. Optimization models on the other hand allow for determination of the
most efficient water allocations within a system under varying conditions and subject to a variety
of constraints.

When it comes to analysis of the interlinkages between water and economic systems, the use-
fulness of a particular model structure depends on the research question and objective at hand.
A recent review of basin-scale HEMs and economy-wide water models identified a number of
critical research gaps that would improve the usefulness of such tools (Bekchanov et al., 2017). One
critical shortcoming concerns a lack of sufficiently realistic integration of water, energy, and food
systems. A second major gap concerns the often poor representation (and therefore understanding)
of the value and systems trade-offs surrounding nonmarket water-related ecosystem services.
HEMs by definition include many ecosystem services since these tools describe use of a specific
natural resource, water, by a range of sectors. Inclusion of nonmarket water-based provisioning
and regulating services, however, is often challenging.! Finally, most HEM studies tend to gloss
over or oversimplify the importance and consequences of institutional constraints for economic
production. Indeed, water allocation decisions are rarely made based on some idealized optimal
value of water but, rather, within a complicated context of political and social constraints. As such,
institutions can act as facilitators of, or obstacles to, efficient water allocation.

1These services include aspects such as soil fertilization; maintenance of subsistence livelihoods, wetlands and
ecological function; pollution and erosion control; and many recreational values.



This paper describes a new and general HEM structure that aims to allow researchers to ad-
dress some of these gaps. The next section presents a conceptual framework based around the
Water-Energy-Environment-Food (WEEF) Nexus concept that helps to organize ideas by illustrating
the scope and scale of the challenges facing integrated models of this type. We then review the
prior literature that is relevant for understanding the myriad linkages in the WEEF Nexus using
HEMs and highlight some of the most critical gaps in this prior work. Section 4 explains how our
new HEM structure aims to fill these gaps, using pictorial schematics to clarify which aspects and
connections have been included in the model. Section 5 describes the mathematical structure of
the model in full detail, beginning with a presentation of the principles that were applied in its
creation-scalability, transferability, and modularity—and then proceeding with a listing of equations
and definitions for model parameters and variables. Finally, the report concludes by highlighting
the importance and shortcomings of this work, suggesting how the model may be usefully applied
in future research, and summarizing the lessons learned through this effort.

2 Conceptual Framework

Before developing a conceptual framework for nexus-based hydro-economic modeling, it is impor-
tant to develop a more precise definition of what we mean by the Water-Energy-Environment-Food
(WEEF) nexus. The basic idea motivating use of this nexus concept is that each of these various
systems are interlinked and that the interlinkages and feedbacks across them must be considered in
holistic fashion if development planning is to be improved. The energy and food systems may be
considered as human production systems that influence and are influenced by the constraints and
opportunities of the wider social system, all of which also fall within the environmental system
(Figure 1). The social system is made up of the individuals and communities that use resources to
produce economic benefits as well as the institutions that manage them. It demands resources (e.g.,
land, water, timber) from the environment, labor inputs from society, and intermediate and final
goods from the three human production systems. The quantities of inputs and outputs that are
demanded by different stakeholders in the social system depend on demand functions that relate
quantities to willingness to pay (or marginal benefits). These marginal benefits are not static; rather,
they evolve as a function of technology, demographic and other changes, and societal preferences.

Production is supported by natural resources derived from the ecosystem (a subset of broader
ecosystem services), and accessing these resources entails costs that vary over time and space. Each
system also generates externalities, for example pollution, that affect the inhabitants and ecology of
the ecosystem in complex ways. Pollution externalities in particular have an adverse effect on the
ecosystem’s ability to provide services within the broader nexus.

Substantial prior work has worked to elucidate the theoretical interdependencies between these
WEEF sectors and has correspondingly argued for the importance of an integrated approach to
management in these domains (see for example McCornick et al. (2008), Bazilian et al. (2011),
Ringler et al. (2013), Arent et al. (2014), Weitz et al. (2014)). Traditionally, nexus discourse has also
been driven by a debate over the interrelated components of resource security (Hoff, 2011; ADB,
2013; UNESCAP, 2013; Dubois et al., 2014). The notion of water security for example refers to
safeguarding “sustainable access to adequate quantities of acceptable quality water for sustaining
livelihoods, human well-being, and socio-economic development, for ensuring protection against
water-borne pollution and water-related disasters, and for preserving ecosystems in a climate of
peace and political stability” (UN Water, 2013). Food security meanwhile is achieved by ensuring



“physical and economic access to sufficient, safe and nutritious food that meets dietary needs and
food preferences for an active and healthy life” (FAO). Similarly, energy security can be maintained
through “uninterrupted availability of energy sources at an affordable price” (International Energy
Agency, 2016).
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Figure 1: Water-Energy-Environment-Food (WEEF) Nexus framework

The unifying idea in each these definitions is that scarcity—of inputs and resources as well as
capacities to use them—can lead to insecurity by threatening access to “sufficient” and “affordable”
quantities of water, food, or energy to meet basic human needs. Uninterrupted availability of inputs
and resources is thus necessary in securing the ability to achieve economic benefits derived from
each of these systems. Nonetheless, resources need not be obtained or produced locally as they can
also often be acquired from other regions through trade and migration.

The term ecosystem services then refers specifically to the set of provisioning and regulating
features provided by natural resources, including those related to ecological function (Fisher et al.,
2009). Many uses of natural resources and other inputs also require complementary inputs of
investment or infrastructure development and social capital. Thus, there is often a divergence
between potential and economically-relevant resource availability and between potential and actual
resource use. When actual availability lies below potential availability due to lack of development,
some label the situation as one of economic, rather than physical scarcity (Rijsberman, 2006). This
conception of economic scarcity allows for the fact that pure physical availability of resources
does not guarantee security. It also accommodates the idea that natural variation in the supply of
resources may lead to temporary scarcity in the absence of sufficient investment in infrastructure.
Finally, it covers the situation of scarcity that may arise during social disruptions such as economic
crisis, famine, war, or sustained institutional failure. In all of these cases, additional investments
and trade, better governance, or redistributive policies that help the poor may be required to
achieve and maintain long-term security.



In sum, the availability of resources depends upon biophysical conditions, production by do-
mestic or local systems, and regional trade. Use of resources in consumption and production
processes require built and social infrastructure and capacity. A lack of security may be created
if the cost of utilizing resources for societal needs is too high, either because of high levels of
demand or because the cost of exploiting resources is prohibitive to those interests. Accessibility
and affordability then depends upon the social structure of the society, stability of markets or
allocative institutions, and on consumers’ wealth and income. There are no clear boundaries that
demarcate availability, access, and affordability (the 3As) (Clover, 2003; Cook and Bakker, 2012),
but biophysical, institutional, economic conditions, and institutions clearly play crucial roles. Water
can be available but not accessible because of mismanagement or institutional restrictions; it can
be accessible but not affordable (such as in case of desalinated water) due to the high cost of
technology.

A nexus-based HEM

A review of existing literature on the water-energy-environment-food nexus by UNESCAP (UN-
ESCAP, 2013) shows that the primary issues of concern to researchers in this domain can be broadly
grouped under three themes: i) describing the complex inter-relationships between water, energy,
and food sectors, ii) the institutional and policy dimensions of these connections, and iii) their
broader implications for resource security. As discussed above, one of the primary tools for un-
derstanding the physical and economic aspects of water resource systems has traditionally been
the HEM. The strength of the HEM as a descriptive and planning tool is its ability to integrate
mathematical descriptions of the hydrological (or biophysical) processes that describe water flow
with economic production processes that require water inputs and infrastructure investment. Natu-
rally, these production processes already often include energy and agricultural users. Thus, a more
flexible, coupled WEEF model should be considered an extension, rather than a re-invention, of the
standard HEM framework.

In fact, several systematic reviews of HEM tools indicate surprisingly limited integration-meaning
little inclusion of feedbacks—across nexus domains (theme i) as well as a frequent lack of inclusion
or realism with regards to institutional constraints (theme ii) (Harou et al., 2009; Bekchanov et al.,
2017). This highlights the disconnect between theoretical discourses of the importance of nexus
thinking, on the one hand, and the integration of such thinking into practicable and useful decision
tools such as HEMs, on the other. These deficiencies hamper utilization of a systematic approach to
analyze and understand the implications of nexus policies designed to enhance resource security
(theme iii). A fully operational, nexus-based HEM would help in transforming the discourse on the
nexus from one based on theoretical interconnections to one aimed at practical and holistic policy
making.

A fully-operational nexus-based HEM would closely couple hydrology, energy, and agriculture
biophysical models using water as a connecting thread and would enable linking of the biophysical
components with economic and institutional realities. If linked to market wide models, such as
computable general equilibrium (CGE) models, nexus-based HEMs could also help researchers un-
derstand final economic outcomes in terms of income and consumption at the sectoral, community,
and/or household levels. The critical first step, however, it to consider the detailed connections
and feedbacks between the various production WEEF systems.

Thus, we begin by depicting the interactions between five sectors or domains (Figure 2). Four
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of these represent human-centered use or production systems (water, energy, municipal and in-
dustrial, and agriculture), and the last corresponds to the broader ecosystem or environment. In
this conception, the ecosystem domain provides a variety of market and nonmarket goods and
services (i.e., ecosystem services) to the other systems and is also the recipient of pollution and
other “externalities” from them. These externalities, beyond certain levels, may lead to a reduction
in the ability of the ecosystem to provide services to other systems and to the broader environment.

ECOSYSTEM

Other Ecosystemn Services

—— —_—— — — — — —

I \WATER POTENTIAL | ENERGY PGTENT1ALI
: Precipitation I
Surface Runoff
e EMERGY |
PRODUCTION Wind Energy I

e e — — —

Fassil Fuzl I

Salar Enesgy
Aegpuifer Wiaker

OTHER

M1 Water Supply

INDUSTRIAL
AND
MUNICIPAL

Figure 2: Interactions between production domains included in the WEEF framework

The first production domain represents the water system. Water is an essential natural resource for
many economic and environmental functions, and is produced within the ecosystem. Rainfall and
glacier or snow melt fills rivers, lakes, and reservoirs through surface runoff, infiltrates into the
ground and storage aquifers, and contributes to soil moisture or storage in living plants and animals.
Surface water and groundwater resource connections are influenced by physical properties of the
local surface and subsurface. Water supply from this system is then allocated into one or more of
the other three production systems (energy, industrial and domestic, and agriculture production), or
remains in the natural environment, where it plays an essential role in a variety of other regulating
and provisioning services. Utilization of these water resources by the three production sectors
typically requires intervention and infrastructure. This infrastructure can include storage to cope
with spatial and temporal variability in water availability, conveyance that moves water to the
point of intended use, or pumping to bring water to the surface or to higher elevations. The flows
of water towards human uses are termed water production (WP).

We provide a more detailed schematic of the connections between the WP system and the other
4 domains in Figure 3. The elements of WP can be categorized as being related to supply or
demand. On the supply side, water potential is divided into surface and groundwater resources.



These ground and surface waters are connected by hydrological processes such as seepage and
infiltration. The potential surface water available in a given location is the water that flows directly
from upstream locations plus any surface return flow from other production sectors. The poten-
tial groundwater that is available consists of water stored in aquifers plus natural recharge and
groundwater recharge from the production sectors.
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Figure 3: Schematic depiction of the Water Production (WP) system. Attributes or variables
that are primarily related to the water system are shown in blue; energy in yellow; munici-
pal/industrial in grey; and environmental in green. Model equations related to the interactions
between the WP system and other production systems are included where applicable.

Water potential translates into water availability based on the location and capacity of existing
storage, and connectivity of supplies to demand sites using conveyance infrastructure. Surface
storage leads to loss of water from the system due to evaporation. Surface water not held in storage,
and/or allocated to environmental flows, moves downstream. Actual availability of water for each
of the other production systems may also depend on energy supply, which is needed to pump
water to end users, especially for groundwater or for conveyance over long distances. The use
or exploitation of the water potential will be determined by demand, from industrial/ municipal
(I/M), agriculture, and energy sector users. Finally, the broader ecosystem both influences and is
influence by the WP system.

Figure 3 relates this construct of the WP system to the HEM developed in Section 5 by including
references to the equations that specify the links identified in this figure. Each additional production
system (energy, agriculture, and industrial/municipal) links into the WP system through water
demand and return flow. The approach is utilized in Figures 4-6 as well to illustrate the relationship
between the conceptual construct of the inter-sectoral relationships with the modeling application.

Domain 2, Energy Production (EP), comprises the energy system (a detailed depiction of the
connections within this domain and to the other domains is shown in Figure 4). As in the WP
system, the ecosystem provides resources to the energy system, including fossil fuels such as oil,
coal and gas and renewable energy potential from solar, wind, geothermal, or hydroelectric sources.
Exploitation of these energy resources requires processing and infrastructure. Along with other
investments, this exploitation necessitates water inputs. In particular, water is used for drilling,
by refineries for oil and gas production, for dust suppression and washing in coal production, for
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irrigation of biofuel crops, for steam generation and cooling in thermal plants, for cooling in nuclear
plants, and for hydropower generation. Conversely, energy production affects the quality (through
pollution by chemicals or heat) and quantity (based on the balance of evaporation, embedding of
water into products, and return flows) of water that can be used for other purposes (IEA, 2012).2
For example, tapping groundwater resources and water supply conveyance require pumping,
creating a potential trade-off between more energy intensive use of proximal and often higher
quality resources (from aquifers), and more distant and lower quality sources (from surface water).
Because of these connections between energy and water systems, economic water scarcity can arise
from either insufficient energy or water supply infrastructure, or both.
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Figure 4: Schematic depiction of the Energy Production (EP) system. Attributes or variables that are
primarily related to the water system are shown in blue; energy in yellow; municipal/industrial in grey;
and environmental in green. Model equations related to the interactions between the EP system and other
production systems are included where applicable.

Central to this domain is the idea of a “National /Regional Energy Pool”, which may be considered
as analogous to a storage reservoir in the WP domain. Whereas water storage pertains to a catch-
ment, the regional energy pool, which contains locally produced energy as well as imported energy,
lies within institutional boundaries. Linkages between the regional energy pool and national (or
global) energy markets provide connections across political boundaries. The transmission lines
that form these connections are especially important because of the particular challenge of storing
energy.

The supply system for energy is broadly characterized into electricity and fuel. Each group
can be further subdivided based on specific energy sources to better define the cost of energy
within a given region. Electricity can be generated by thermal, nuclear, wind, solar or hydropower.

%In fact, according to IEA analysis, global water withdrawals for energy production in 2010 were 583 km3, representing
about 15% of total global water production, but only 11% of these withdrawals were consumed (i.e. not returned to the
environment). Fossil fuel and nuclear power plants were the largest users of water due to the need for cooling water;
this emphasizes the importance of return flows (and effects on quality) from this sector.
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Fuel is made up of fossil fuels and biofuels. There also exists some overlap between the two; for
example, thermal energy can be used in the production of fuels and fossil fuels themselves can
generate electricity. The local pool of energy may be augmented by production of energy within
municipalities (from waste) and industries (for their internal use), which is usually consumed
locally by the M/I sector. In analyzing the true economic costs of different energy sectors, it is
important to note that actual cost to users is frequently distorted by regional policies (price controls
or subsidies) and that related adjustments are necessary to complete accurate analysis.

Water demand by local energy producers can be estimated as a function of energy generation,
and is linked to the production systems in the WP domain. The flow balance that determines the
balance of consumption, losses, and return flows to the WP system closes the loop. As in the case
of WP domain, the energy available in the regional energy pool is distributed to the other domains
(water, municipal/industrial, and agriculture) according to an economic objective (maximizing net
benefits) or according to specific allocation rules and regulations.

The third domain, Agriculture Production (AG), concerns food production system (Figure 5
presents its schematic, again with connections to the other domains). Throughout the world,
the agriculture sector is typically the largest user of water (representing around 70% of global water
withdrawals), and it also often consumes significant energy resources (United Nations, 2016). The
purpose of water allocation to this domain is to enable crop irrigation, which improves yields by
enhancing control over essential water inputs, protects against droughts, provides production in
areas with insufficient rainfall, and allows for higher cropping intensity than rainfed irrigation.
Irrigation technology and techniques vary greatly, influenced by infrastructure investment on large
(e.g., canals) and small (e.g., field technologies such as drip vs. spray) scales. This leads to different
levels of water use efficiency across irrigated areas.

In low efficiency systems, less water is effectively used by crops, and more water evaporates
and drains back into ground or surface water bodies, along with pollutants such as pesticides
and fertilizers. In contrast, higher efficiency systems have higher rates of consumption, and lower
return flows. These efficiency differences translate into varying patterns of energy consumption,
due to differences in pumping requirements (which are usually higher for low efficiency systems
because more water must be pumped) or technology. The agriculture sector, meanwhile, requires
energy for other activities in addition to irrigation, including mechanization and fertilizer usage.
Agriculture is not only a user of energy, however; an important feedback loop comes from its
contribution to the energy system through biofuel production. Biofuels include a range of products
(such as bio-alcohol, ethanol, bio-diesel etc.) that are made from crop-based sugar, starch, and
vegetable oils.

The crops considered in the AG module are classified as rainfed and irrigated. Rainfed crops
get their water only through precipitation (or effective rainfall, which refers to the fraction of
rainfall used by crops). For irrigated crops, effective rainfall is augmented with allocations from
surface or groundwater supplies. Each crop requires a specific amount of water to reach maximum
yield in a particular region. Deviations from this requirement lead to water stress and crop-specific
reductions in yield. The product of area under cultivation and yield then gives the total produc-
tion of crops in the region. Energy is required for conveyance of surface water and pumping of
groundwater; its cost depends upon distance conveyed, as well as depth and pumping technology
(capacity and pump efficiency). This and other inputs in the agriculture sector (e.g., labor, fertilizer,
etc.) also influence crop yields and production. Net profits for producers then come from the
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difference between revenues (or prices multiplied by production) and these various input costs.

I
1
F Energy Far SW Energy Far GW Eriengy Fot Dithet
7 -

|

I ictuen Flow

Patential Irrigated Seasanal Crop
Crop Production

Irrigatian Water
Requirement
£15

Actual Irigated
ield
£34

Total Crop
Production
135 e Agriculture Net
Benefit
Poteritial Rainfed anal Crop Actual Rainfed .37 a7
Crop Production Wiatar Requiremant Yield
5 =

Figure 5: Schematic depiction of the Agricultural (AG) system. Attributes or variables that are
primarily related to the water system are shown in blue; energy in yellow; municipal /industrial
in grey; and environmental in green. Model equations related to the interactions between the
AG system and other production systems are included where applicable.

The fourth domain, Municipal and Industrial (MI), represents consumption of water, food, and
energy by humans for domestic purposes and for the production of industrial consumer goods
(Figure 6). Households demand food and water to meet their dietary needs and maintain good
health, demand water for other domestic purposes (cooking, hygiene, etc.), and demand energy for
lighting, cooking, and heating. Yet there are wide disparities in water, food, and energy consump-
tion across the globe, which are correlated with infrastructural and institutional capacities to tap
water and energy resources, as well as with regional preferences and conditions and socio-economic
factors. Production of water for domestic purposes also requires energy to enable effective drinking
water treatment and distribution to users. In addition to domestic requirements, water and energy
also factor into the production of intermediate and final consumer goods. In fact, the industrial
sector is the second largest global consumer of water and the largest consumer of energy (United
Nations, 2016; U.S. Energy Information Association, 2016). Water usage by households and indus-
try also generates substantial amounts of polluted wastewater, which may or may not be treated
prior to its discharge back into the environment depending on energy availability and infrastructure.

Water and energy demand depend on socio-economic factors such as population, per capita
GDP, and urbanization. Furthermore, these demands provide the links between the MI domain and
the WP and EP domains, and consumption of these inputs arises again from the profit maximizing
behavior of firms in the sector and utility-maximizing behavior of consumers. Specifically, firms
balance input costs for water pumping, treatment, and distribution along with the cost of energy
purchases with the revenues derived from production of industrial goods. Usage of water and en-
ergy within this sector entails losses from evaporation during conveyance as well as in distribution
and transmission of electricity. Some water may be reused after adequate treatment, and waste
generated in the M /I sector may be used to generate energy for local consumption. Meanwhile,
municipal distribution of water and energy services aims to satisfy consumer demand for energy
and water, often by institutionalizing cost recovery pricing. Benefits in this domain thus arise from
consumer surplus and the producer and consumer surplus produced by the industrial sector.
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Figure 6: Schematic depiction of the Municipal/Industrial (MI) system. Attributes or variables
that are primarily related to the water system are shown in blue; energy in yellow; munici-

pal/industrial in grey; and environmental in green. Model equations related to the interactions
between the MI system and other production systems are included where applicable.

All four domains discussed thus far connect back to the Ecosystem (ES) domain (Figure 7). The
production of other services (not depicted in the systems described above) from the ES domain—
such as fisheries, recreational values, disaster risk mitigation, existence values, etc.—depends on
the temporal and spatial distribution of water availability and quality. Water quantity relates to
hydrological variability and upstream consumptive uses by the four production systems. Quality,
meanwhile, is influenced by utilization and return flows (which may or may not be subjected to
treatment) from these production sectors and by the pollutants released from each sector. The
economic benefits from ecosystem services then depend on market or nonmarket values for other
provisioning and regulating ecosystem services.

Regulating

Cudtura

I Pallution Externalities

Figure 7: Schematic depiction of the Ecosystem (ES) system. Attributes or variables that are
primarily related to the water system are shown in blue; energy in yellow; municipal/industrial
in gray, and environmental in green.
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3 Relevant Literature

Before presenting the details of the HEM model developed to span across these WEEF nexus
domains, we provide a brief review of the literature related to prior hydro-economic modeling
efforts to incorporate its different components. This helps to highlight some of the gaps that we aim
to fill by developing a more complete integration across these domains and informs the eventual
analytical approach we adopt.

In characterizing this literature, a recent and detailed systematic review of water-economy modeling
applications that discusses HEMs is particularly helpful. Bekchanov et al. (2017) show that HEMs
have been extensively used to analyze the linkages between water systems and the demand sectors
described above (i.e., hydropower, agriculture, and municipal/industrial). Many of these prior
studies face specific challenges, the most important of which are documented in existing reviews
of hydro-economic modeling methods (Brouwer and Hofkes, 2008; Harou et al., 2009).3 Focused
attention on feedbacks to the water system and on cross-sectoral interactions poses perhaps an
even greater challenge, in part because it is increasing in importance as population pressure and
resource scarcity increase. Most existing multi-sectoral HEM studies consider trade-offs between
sectors—predominantly comparing the benefits of irrigated agriculture versus hydropower pro-
duction (Chatterjee et al., 1998; Barbier, 2003; Hurford and Harou, 2014; Bekchanov et al., 2015)
or irrigated agriculture versus ecosystem preservation (Cai et al., 2003; Ward and Booker, 2003;
Mainuddin et al., 2007; Blanco-Gutiérrez et al., 2013; Mullick et al., 2013). A small number of
notable exceptions consider important system feedbacks such as the demand pressure on water
systems that stems from energy use in surface water conveyance and groundwater pumping
(Pulido-Velazquez et al., 2006; Harou and Lund, 2008; Kahil et al., 2016) or consumptive water use
in biofuel production (Alcoforado de Moraes et al., 2009). A limited body of research examines
temporal trade-offs between water use for hydropower production and for dilution of municipal
and industrial pollution, usually on a very local scale (such as Yoon et al. (2015)). Out of a total
of 160 applications reviewed in Bekchanov et al. (2017), only four focused primarily on trade-offs
across WEEF sectors.

Reviews of existing literature also reveal that most nexus-based integrated models are purely
bio-physical (Alcamo et al., 2007; Van Vliet et al., 2012; Hanasaki et al., 2013; Miara and Vorosmarty,
2013; Wada et al., 2013). These models typically start from hydrological models that link to sectoral
water use models but allocations from them are usually not based on economic principles. Howells
et al. (2013), in contrast, developed an integrated application linking climate, land, energy, and
water use systems (CLEWS) in Mauritius. CLEWS is an energy focused simulation model that links
off-the-shelf models-the Long-range Energy Alternatives Planning (LEAP) model for energy, the
Water Evaluation and Planning System (WEAP) mode for water, and an Agro-Ecological Zones
land production planning model (AEZ) for land, with climate models (Welsch et al., 2014). The
integration of these models to consider sectoral interactions and feedbacks generated significant
added value in the test application by highlighting the important effects of water stress on energy
production, which led to overestimation of the benefits of ethanol-based energy generation in
disaggregated models.

The inclusion of ecosystem services in HEMs remains a major challenge. Ecosystem services

3Prominent among these challenges are the following: a) the need for econometric analysis to evaluate marginal
benefit, due to the price distortions that prevail in most water markets; b) the challenge of aggregating demands across
different types of consumers or users; and c) the lack of volumetric consumption data in many uses (notably irrigation).
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have been broadly grouped into four classes: provisioning, including food production and energy
and water consumption; regulating, which deals with controlling climate and diseases as well as
pollution control by dilution; supporting, such as nutrient cycling; and cultural, such as spiritual
and recreational benefits (Millennium Ecosystem Assessment, 2005). Given the more straightfor-
ward connection between provisioning services and economic values, most HEM studies have
focused on marketed provisioning services such as water allocation for irrigation or to municipal
users. For nonmarket environmental services, the most common approach is to measure trade-offs
between market benefits and environmental flow requirements (Bekchanov et al., 2017). Such stud-
ies optimize benefits subject to varying levels of environmental flow (or instream flow) constraints.
Mainuddin et al. (2007) for example considered how optimized water use in irrigated agriculture
changed subject to within- and cross-catchment water sharing constraints. Blanco-Gutiérrez et al.
(2013) similarly used an HEM to analyze the loss to agriculture from maintaining environmental
flows. Ward and Booker (2003) calculated the economic cost to the agriculture and the municipal
and industrial sectors associated with increasing instream flows to meet the ecological needs of a
particular fish species in a river system.

A different approach, utilized by Mullick et al. (2013), is the direct estimation the value of ecosystem
service benefits. These authors used a hydrologic-economic optimization model to calculate the
economic trade-offs between off stream water use (irrigation) and instream water use for fisheries
and navigation, using marginal benefit functions that were created for off-stream and instream
water use. Cai et al. (2003) include irrigation-induced soil salinization (a regulating ecosystem
service) within an HEM analysis of the economic and environmental costs of various irrigation
policy options. Ringler and Cai (2006) explicitly modelled water values for wetlands and fisheries
in their Mekong River Basin HEM analysis. These direct valuation approaches more readily reveal
trade-offs across sectors and uses but require careful derivation of nonmarket valuation estimates
for marginal benefits. Nonetheless, a complete nexus approach that considers pollution and return
flows must somehow address all such issues.

Finally, it is important to note that many WEEF nexus processes play out on a different and
much longer time scale from that governing market processes that evolve via complex dynamics
that may be highly nonlinear, emergent, context-specific, and uncertain (Liu et al., 2007). Ecosys-
tems services production has been shown to have these types of features, which tend to challenge
existing modeling efforts. The institutions that govern water allocations are similarly lumpy and
discontinuous. For example, water sharing treaties with in-stream requirements, as included by
Mainuddin et al. (2007), may specify complicated water sharing provisions or constraints on water
withdrawals (Mullick et al., 2013; Blanco-Gutiérrez et al., 2013; Ringler and Cai, 2006). Analogous
institutions in other sectors—such as energy and agriculture—are rarely if ever included. In a com-
prehensive nexus-based HEM, constraints in these other domains, such as bio-fuel regulations,
renewable energy quotas, water-reuse standards, rainwater harvesting regulations, and cross-sector
institutional interactions, need to be considered. This requires careful and detailed institutional
mapping across nexus systems, highlighting a potential conflict between generalizability-which is
enhanced by accuracy in the description of fundamental processes—and utility for policy making-
which stems from well-calibrated and institutionally realistic descriptions that may not reflect
fundamental socio-hydrological processes (Beck, 2014).
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4 Model Analytical Framework

This section describes the analytical framework for an HEM developed to consider the intercon-
nections in the WEEF nexus framework. We begin by describing the principles applied in the
development of our model and then proceed with presentation of diagrams that show how the
model relates to the schematics of the broader WEEF concept. This helps to clarify what is and is
not included in our formulation. The model equations and definition of variables and parameters
follows in Section 5.

4.1 Principles behind the model

The model is developed around three principles aimed at improving the versatility of the final
HEM:

1. Scalability: The HEM should be able to represent basins or regions (and relevant subunits
therein) of different scales and overlap. WEEF nexus issues vary according to the scale of the
study area. For example, a small catchment may be dominated by rural populations engaged
primarily in agriculture with little energy production or industrial activity or, alternatively, by
a single urban setting that includes little to no agriculture. In contrast, a larger scale will likely
require inclusion of both rural and urban areas. Also, a smaller area may be dominated by a
single institution while larger systems may include multiple institutions. Finally, a scalable
model should allow analysis at multiple time scales—for example a single year (as static) or
across multiple years—or allow analysis over spatial units of different types such as catchment
or geopolitical boundaries.

2. Transferability: The model should be easily transferable to any water resource system. This
would require that the fundamental structure of the model need not change for different
study areas. Differences and idiosyncratic characteristics of a study area instead would be
reflected through differences in data.

3. Modularity: Outside of the core (which specifies the objective function, the water system,
and indicates the other systems included), each module within the HEM framework should
be able to function independently. This makes it easier to replace an existing module with an
improved version or to “shut-off” modules that are not required to answer particular policy
or research questions. It also allows testing of the sensitivity of results that do and do not
include integration of multiple sectors, which is an interesting socio-hydrological research
question in its own right.

4.2 Schematic presentation of the model

Each of the domains described in Section 2 is represented by a module. As alluded to above,
the core is the Water System Module (WSM). This module handles the flow continuity equations
that maintain the water balance throughout the system, describes storage in natural and built
reservoirs as well as in groundwater aquifers, and specifies water flows in and out of the other
production systems or sectors. This core, therefore, contains the objective function that drives water
allocations in order to maximize net benefits across domains. The input data into the WSM consists
of hydrological inputs (specifically partitioning of rainfall into runoff into surface water nodes and
aquifer recharge). These data are best obtained from a separate hydrological rainfall-runoff model
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that is not directly connected to the HEM.* The four other modules that are connected to the core
are the Energy, Agriculture, Municipal and Industrial, and Environmental Modules (Figure 8).

Equations pertaining to production processes in each of the other modules are then written within
those modules. These are linked to the core via the decision variables that enter the model objective
function, and via binary parameters that allow the user to switch the modules on and off. Various
additional water and production system constraints appear in the WSM and in the production
modules to reflect physical, technological, economic, or institutional realities.

(HYDROLOGY)

RETURM FLOWS

Figure 8: Module interconnections for HEM model

Considering the interdependence of users and the inherent directionality in water resource systems
(Keller, 1996; Ringler et al., 2004), integrated WEEF system management is best considered at basin
scale. The challenge is then to link basin scale hydrology to policy making in other sectors, given
that those decisions are typically made according to a different set of administrative boundaries.
Figure 9 shows an illustrative node structure that does not overlap cleanly with institutional (or
administrative) boundaries. Reservoirs and/or water withdrawal are represented by “river or
reservoir” nodes connected by the flow of a river (links) and into groundwater reservoir nodes.
These nodes link to the outlets of the catchments in the hydrological model and represent the
physical hydrology of the region. Each node has a surface water and a groundwater component.
The surface water component represents the surface water flowing from upstream node as well
as the surface water generated within the catchment of the node. The groundwater component
represents the groundwater available within the node?s catchment. These are indexed accord-
ing to institutional boundaries. Production sectors that fall within the institutional boundary but
are outside the basin boundary are not considered (as shown by the blackened portion in the figure).

The WSM is then developed around the network of these nodes and links to specify water flow
and distribution to users along the river. Economic sectors (or water users) along the river are
represented by irrigation, industrial-municipal, and power generation sub-nodes, each of which
are connected to parent river or reservoir nodes. Economic sectors also return a fraction of the

4The advantage of this approach is that it allows for the use of previously established and tested process-based
hydrological models that incorporate catchment-level complexity and dynamics. Such models readily provide volumes
of water stored as soil moisture, groundwater recharge, surface runoff, and water lost to evapotranspiration.
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flows they receive to downstream nodes in the surface and groundwater systems through drainage
or wastewater flows (return flows). Environmental sub-nodes represent the ecosystem services
produced within the catchment represented by each node.

[ Water flow

. River Node [ =1 |nstitutional . Energy Sub- Link to Environment

- d y
Boundar node
[:] River Basin ¥ Outside study area

Agriculture Industrial/Municipal Environmental Sub-
‘ Reservoir . Sub-node Sub-node - .

Figure 9: River node network scheme

5 Model Equations

This section presents the mathematical equations that comprise the model. We present these
equations by module, and supplement them with diagrams insofar as the latter help to clarify
complex relationships between variables.

5.1 Water system module (the core module)

5.1.1 Model objective function

Joint maximization of benefits (B°2/) across sites 1 and sectors s is formulated as:

BOW = Y(Y 68, BN + ENVBENY) )
n S

where 65 ; is a binary parameter that takes a value of 1 if production related to sector s uses water
from node 7 or a value of 0 otherwise;’

SENV is a binary parameter that takes a value of 1 if environmental services rely on water from
node n and takes a value of 0 otherwise;

BPRD represents the benefit in each production sector that withdraws water from node 7; and

5Tn the GAMS code, such binary indicators are replaced by inclusion of sets that include only the subgroups of nodes
pertaining to those sectors.
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BENV is the benefit from environmental flows.

As described previously, the main sectors considered in the model are agriculture (A or sa C s),
energy production (E or se C s), and the municipal and industrial sector (I or si C s). Separate sets
are defined for agricultural (da), energy production (de), and municipal-industrial (di) sites. Thus,
only a single sector can be referenced to one node but multiple production sites may belong to this
sector according to the model formulation. This notation for sectors and production sites is intro-
duced to make each module independent and to prevent errors in coding. If a particular module is
not included in any given application, all binary indicators for that sector (or for environmental
flows) can be set to zero using a single input command.

To represent optimization at the institutional level, an institution-specific grouping of nodes can
be assigned a differential weighting (according to power or locational asymmetries), or the single
global optimization procedure can be broken into sequential optimization problems that begin with
the upstream groupings and then proceeds downstream, taking the upstream solution as given
when solving the downstream optimization problem (Jeuland et al., 2014).

5.1.2 Surface water balance

Reservoir volume in period t > 1 depends on the volume in period t — 1 as well as the change
between periods:

W_RES _ y;W_RES W_V_RES
Vr,t - Vr,t—l + 5r,t (WZ)

where:
VW_RES . th 1 f . . . £
i is the volume of reservoir r in time ¢;
VrVY;IfES is the volume of reservoir r in time t — 1; and
o-Y-RES is the change in reservoir storage of reservoir r in time f.

Reservoir volume in period t = 1 (RE SfﬂC,IL{AR) is set to an initial reservoir level chosen by the
user, and the final reservoir volume must also equal this initial volume (to prevent derivation of

unsustainable solutions).

For reservoir nodes, the storage volume and surface area of the reservoir are related to each
other using a polynomial relationship:

A}I‘/,\Q_RES — RESW_CHAR + RESW_CHARVW_RES

r,VBO r,VB1 1t (W 3)
W_CHAR[{,W_RES12 W_CHAR [{,W_RES13 :
+ RES, gy [V 71T+ RES g [V,
where:
A%—RES is the surface area of reservoir r at time f; and

- cW_CHAR W_CHAR W_CHAR W_CHAR -
RES; gy ™", RES, 751", RES, 75, "7, and RES, 75" are the parameters of the function that
are obtained using regression techniques specific to reservoir r.

If data are missing for particular reservoir sites, a linear relationship between area and volume
(and net head and volume, see below) should be assumed as a first-order approximation.
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The reservoir net head also depends on the reservoir storage volume:

W_RES W_CHAR W_CHAR W_CHARy;W_RES W_CHAR[y/W_RES2
Hp ™" = RES Jgrg " + RES; g " + RES iy "V, + RES yy [V 2 (wd)
where:
RE SZVVX({{AR, RE SZVVX{{AR, and RESKVVEZHAR are parameters of a function as obtained using regres-

sion techniques for reservoir r;

va -RES is water level for reservoir r in time t; and

RE'SW CHAR -

wato - is the tailwater level for the turbine discharge for reservoir r.

5.1.3 Node/reservoir water balance

The water balance at the river nodes of the model requires that all inflows to the node equal
outflows from it (Figure 10). Water inflows are from upstream nodes, from surface runoff generated
within the catchment of the node, from groundwater contribution into the surface water system,
and from return flows from production sites. Water outflows are to downstream nodes, to irrigation
and municipal and industrial users, water lost due to evaporation, and into groundwater systems.
For reservoir nodes, changes in storage are also included.

Flow from upstream node Flow to downstream node nl

nu to node n Wy ] fromnoden [W,ﬂ';;g' ]

Source water Evaporation losses
[W,W-SRC0y 0.7-PETY, - 0.5-

W_RES
(AWRES 4 AW.RES) 4

River/

reservoir STRYV?]
Groundwater seenage P node T~ Groundwater recharge
pag [W-cwel

[%%_GWS ]
Change in storage

W_RES _ W RES
[V =V + Surface water diversions

w_v RES ;
Return flows from 6r,t ] for sectors (agriculture,
production sites M&I, energy)
W W-RF W_DIV
[ n,s, b ] [Wﬂ S, X

Figure 10: River node/reservoir water balance
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Following this logic, the water balance at each river node is formulated as:

nu,n,t
nue NNULINK gENGLINK

- Z (0~7'PETJ{Z -0.5- (AZY;RES +A3,Vf:1§’55))
reNRLINK
(w.5)
W_EVP W_GWC W DIV
FSTRF T+ ) (W) Y (Was)
gENGLINK S

+ Y whEy+ Y (6fR)

n,nd,t
nde NNULINK re NRLINK

(WWJ-" ) + Wm*SRCO + Z (W;/,\%GWS> +Z(W;Z,V;7tRF)
s

where:
anuﬁf, ; is the flow from upstream node nu to node n at time ¢ (given a link (nu, n) € NNULINK);
WSRO

) is the flow from source node (runoff into the river) at time ¢;
WW-GWs
gt

is the groundwater seepage from groundwater aquifer g at time ¢ (given a link (g, n) €

NGLINK);
W,ZvlsthF is the return flow to node n, from sector s, at time ¢;
PET,Y, is the potential evapotranspiration at node  at time t;
STR,'Q/ t—E VP is evaporation from streams at node 7 at time £
Wg—cwc is the water lost to groundwater aquifer g from the river at time ¢;

W,Z\;—tD IV is the water diverted from node 1, for sector s, at time #; and

WrI:YJ; , is the flow from node 1, to downstream node nd, at time ¢ (given a link (nu,n) € NNULINK).

5.1.4 Groundwater balance

Similar to the surface water balance in river and reservoir nodes, the groundwater balance requires
equality of total inflows and outflows plus water volume change in the aquifer (Figure 11).

Recharge through
conveyance and Groundwater
application loss contribution to surface
w_DP \ flow WW_GWS
Wi Ground- Wge™

water
aq uifer

Local recharge T

A /'

™

Groundwater pumping

argedn storge for sectors (agriculture,

Groundwater recharge [GWW-CHN] M&I, energy)
- W_GWC g.t WW_GWP
from river [W,)'s+ (Wysz

Figure 11: Groundwater aquifer water balance

Groundwater volumes change depending on water percolation from production sites, fields and
irrigation canals, groundwater use and water seepage to (and from) the river.

®In the GAMS model, the hydrology input takes evaporation from streams into account, so this parameter is set to 0.
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y (W(;/’\;_CHG)_’_Z y (W;K,sttDP)+ y (W;,Vt—GWC)

§ENGLINK s geENGLINK SENGLINK (w.6)
w.
_ W_GWS W_GWP W_CHN
- Z (Wg,t ) + Z Z(Wg,s,t ) + E (ng,t )
SENGLINK SENGLINK s gENGLINK
where:
WSI,A;—CH © is the groundwater recharge from rainfall at groundwater aquifer g at time ¢;

WW-PP is the recharge through conveyance at node 7, from sector s, at time t (given a link

(n,g) € GNLINK);

ngé—tGwp is the groundwater pumping at groundwater aquifer g, for sector s, at time ¢; and

GWgV,‘;—CH N'is the change in aquifer storage for groundwater aquifer g ta time t.

The water table depth from ground surface in period ¢ > 1 depends on the depth in period
t — 1 as well as the change in depth:

W_CHN
GWY

B_CHAR 4 ~B_CHAR
AQ.spy " AQgEar

GWyi” = GW + (w.7)

where:
GWgV,‘;—D is the water table depth from ground surface at groundwater aquifer g at time ¢;

GWgM;—_q is the water table depth from ground surface at groundwater aquifer g at time t — 1;

AQ;*S%I;AR is the specific yield of groundwater aquifer g; and

AQgB,—Ea%AR is the effective aquifer area of groundwater aquifer g.

5.1.5 Constraints

Maximum and minimum water levels and storage volumes in reservoirs are imposed based on
their capacity and minimum operating levels:

W_RES.Io _ B_CHAR
H,, *=RES 10 (w.8a)
W_RESup B_CHAR
H,, = RES, g7 (w.8b)
where:
H)-RES10 s the lower bound of height of reservoir r at time ;
RES f T{CL%AR is the minimum height of reservoir r;
H:Ai‘RES'”p is the upper bound of height of reservoir r at time ¢; and
RES f T{CIEAR is the maximum height of reservoir r.
W_RES.Io _ B_CHAR
|79 *=RES V15 (w.9a)
W_RESup B_CHAR
Vi = RES, vy (w.9b)
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where:

VW-RES10 i the lower bound of volume of reservoir r at time t;

RESE‘—/CL%AR is the minimum volume of reservoir 7;

W_RES.up

Vo is the upper bound of volume of reservoir r at time ¢; and

RES?VCH%AR is the maximum volume of reservoir r.

Maximum groundwater level constraints are included to constrain aquifer levels according to
physical limits:

W_D.I B_CHAR
GWo " < AQuuixh (w.10)
where:
GW;};—D 10'is the water table depth from ground to surface of groundwater aquifer g at time ; and
AQE&%}‘R is the maximum head of groundwater aquifer g.

Finally, the reservoir volume in the last period must equal the volume selected in period one:

VIYRES = RESP AR (w.11)

5.2 Energy module

5.2.1 A detailed scheme of energy generation and distribution interlinkages

Energy generation based on different technologies and distribution of this energy among different
sectors are shown in Figure 12.

Technology: il Commodity: = Sector:
Hvdmpnwer-_._________________h L
Nuclear g r--"'"—rf—._', -
Wind_____________._-—: ELECTRICITY |-

___.___,__._--—-""'“;
Solar—" | /’f’f =~ B
Thermal / Fa Py
/ff* DIESEL il -
Fossil Fuel f._____._,__,_.-r-""' ‘_""""'-L--_._,_,_h‘
Biofuel— |

Figure 12: Energy generation and distribution system

5.2.2 Link to WSM core

The water balance at energy sites consists of inflows that come from surface and groundwater
withdrawals. Some of that water is consumed or lost to evaporation, while the remainder flows
back to the downstream system as drainage water, or returns to groundwater via seepage. The
detailed water balance at an energy production site is depicted in Figure 13.
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Figure 13: Water balance in an illustrative energy production site

Total surface water abstracted for energy at each site and technology depends on the surface water

available:
M_DIV _ E_ERG_S
Wn,E,t - Z E E Wde,k,o,t (e'l)
dee NDELINK k 0€KOLINK
where:
W,iVIE—? IV is the surface water abstracted from node 7 at time t; and
ng—,fftc—s is the surface water available at energy production site de (given a link (de,n) €

NDELINK) for technology k, to produce energy commodity o, (given a link (0, k) € KOLINK) at
time £.

Similarly, total groundwater abstracted for energy at each site depends on the groundwater avail-
able at each energy site and technology:

M_GWP __ E_ERG_G
Wg,E,t - Z Z Z Wde,k,o,t (e.2)
deeGDELINK k 0€KOLINK

where:
Wé\%pr is the groundwater abstracted from aquifer g at time ¢ for the energy sector; and

Wi,—,fff—c is the groundwater available at each energy production site de (given a link (de, g) €

GDELINK) for technology k, to produce energy commodity o, (given a link (0,k) € KOLINK) at
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time £.

5.2.3 Conveyance losses

Conveyance water lost to groundwater depends on the total water withdrawn and the conveyance
efficiency, including efficiency gains:

EE_CNV_GN
E_CNV_G E_ERG_S E_CNV dek
RCHRGde_,k,o,t - = Wdejk,o,t = . <1 — <Ede_,k . <1 + 7100 >>> (8.3)

where:

RCH RG‘E;,?SI tV—G is the conveyance water lost to groundwater at energy production site de, for
technology k, to produce energy commodity o, at time £;

E g—fN V' is conveyance efficiency at energy production site de for technology k; and

E ge—]fN V-GN js the gains to conveyance efficiency at energy production site de for technology k.

Conveyance water lost to evaporation further depends on evaporation:

E_EVAP_LOSS _ (tA7E_ERG_S E_CNV_G E_EVAP
CNVde,k,o,t - (Wde,k,o,t o RCHRGde,k,o,t ) ’ CNVde,k (e.4)
where:
E_EVAP_LOSS ; : o
CNV, 203 is conveyance water lost to evaporation at energy production site de, for technol-

ogy k, to produce energy commodity o, at time ¢; and
CN Vdi—,f VAP is evaporation at energy production site de for technology k.

Similarly, conveyance water lost to surface drainage further depends on drainage conveyance:

CNVE_EVAP_SW — (WE_ERG_S _ RCHRGE_CNV_G _ CNVE_EVAP_LOSS) . CNVE_DRNG (8.5)

de,k,0,t de,k,0,t de,k,0,t de,k,0,t de,k
where:
CN Vd]i—,f;/fp -5W is conveyance water lost to surface drainage at energy production site de, for tech-

nology k, to produce energy commodity o, at time f; and
CN V;;—,P RNG js drainage conveyance at energy production site de for technology k.

Finally, water returned to the river node is characterized by the fraction of water returned and the
return flow:

E_RNODE __ E_DIVRF E_LOSS_SW
RFRde,k,o,t - RAde,k,o CNVde,k,o,t (66)

where:

RF Rggfi\’ tOD E is the water returned to the river node from energy production site de, using technol-
ogy k, to produce energy commodity o, at time ¢; and

RAge—kD OI VRE is the return flow from energy production site de, for technology k, to produce energy

commodity o.
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5.2.4 Total water available at energy site

The surface water delivered to an energy site to produce a given energy commodity depends on
the total surface water withdrawn as well as the above outlined conveyance losses:

WE_DEL_S — WE_ERG_S _ RCHRGE_CNV_G _ CNVE_EVAP_LOSS _ CNVE_LOSS_SW (6.7)

de,k,0,t de,k,0,t de,k,0,t de,k,0,t de,k,0,t
where:
WdEE—E oEtL—S is the total surface water delivered to energy production site de, for technology k, to

produce energy commodity o, at time ¢.

The surface water actually available for the energy site is characterized by the application ef-
ticiency, including application efficiency gains:

APPEEFF.GN
E_DEL_ERG_S _ y\7E_DEL_S E_EFF e,
dek,o,t - Wde,k,o,t ’ Appde,o,k <1 + 100 > (6.8)
where:
ngf OEtL*ERG*S is the surface water actually available at energy production site de, for technology k,

to produce energy commodity o, at time ¢;

APPfjlf F is the application efficiency at energy production site de, for technology k, to produce
energy commodity o, at time ¢;

APP;&EIE F_CN s the gains to application efficiency for energy production site de, for technology k,

to produce energy commodity o.

Similarly the groundwater actually available to the energy site is characterized by:

APPE-EFF_GN
E_DEL_ERG_G __ y\7E_DEL_G E_EFF de,0.k
Wde,k,o,t - Wde,k,o,t ’ Appde,o,k (1 + 100 ) (6.9)
where:
ngf OEtL*ERG*G is the groundwater actually available at energy production site de, for technology k,
to produce energy commodity o, at time ¢; and
er—,? OEtL—G is the groundwater delivered to energy production site de, for technology k, to produce

energy commodity o, at time ¢.

5.2.5 Total groundwater recharge

Groundwater recharge can be characterized by the total surface and groundwater delivered as well
as application efficiency, including application efficiency gains:

AP PfiEII:FiGN
E_ERG_G _ (ywE_DEL_S E_DEL_G E_EFF e0,
RCHARGEde,k,o,t - (Wde,k,o,t - Wde,k,o/f ) <1 N <APPdelo,k <1 * 100> >> (e10)

where:
RCHARGE ggfftc—G is the groundwater recharge at energy production site de, for technology k, to
produce energy commodity o, at time ¢.
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Total groundwater recharge for an energy technology and associated commodity depends on
recharge from conveyance and recharge from energy site:

E_TOT_G E_CNV_G E_ERG_G
RCHARGE} 916 = RCHARGEE{NY-C + RCHARGE[ERG- (e11)
where:
RCHARGE {fe—zgz—c is the total groundwater recharge at energy production site de, for technology

k, to produce energy commodity o, at time ¢.

5.2.6 Return flows to WSM module

Given a link between energy production sites and nodes, (de,n) € NDELINK, and a link between
energy commodities and technologies (0, k) € KOLINK total return flows are characterized as:

M_RF __ E_RNODE
Wﬂ,E,f - Z Z Z RFRde,k,o,t (e12)
dec NDELINK k 0€KOLINK

And total groundwater recharge from energy production sites is:

E_DP E_TOT_G
Wyzr = ). ), ). RCHARG;)/- (e.13)
decNDELINK k 0€KOLINK
where:
W%E—IEF is total return flow for nodes 7 at time ¢; and Wijslip is the total groundwater recharge for

nodes n at time t.

5.2.7 Water demand

Water requirements at energy sites depend on requirements for energy production and the total
energy produced at the site:

E_DEL_ERG_S E_DEL_ERG_G __ E_REQ E
Wde,k,o,t + Wde,k,o,t - WATERde,k,o,t ’ PRDd@,k,O,t (814)
where:
WATEREe—fftQ: is the water required per unit of energy production at energy production site de,

using technology k, to produce energy commodity o, at time ¢; and
PRDr]iSe,k,o,t is the energy produced at energy production site de, using technology k, of energy
commodity type o, at time .
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5.2.8 Hydropower production

Given links between nodes and energy production sites, (n,de) € DENLINK, and between nodes
and reservoirs, (1n,r,) € NRLINK, hydropower production from reservoirs can be characterized:

1
E _ o4.4B . .1 . iypE_CHAR
PRBuernt = 1000000 A G D Hhicipy neDE%lLINK reNRLINK
W_TURB (e.15)
Wi + 1000000 /1 HW-RES 1 W RES _ prgBcHAR
60 . 60 . 24 . dtB 2 1t 2 rit—1 r,HTO
where:
PRDge’hy p,¢ 18 hydropower production at energy production site de ,using reservoir systems, at time

d? is the number of days in each month;
G is the gravitational constant (9.81%);

D is the density of water (998%) ;
H Pcifh;l;R is the production efficiency of the reservoir hydropower generation facility at energy
production site de;

WZY—TURB is river flow through the turbines in reservoir r at time ¢;

H:AQ—RES is the water level in reservoir r at time £; and

RESEHCT%AR is the tail water level for turbine discharge of reservoir r.

Similarly, hydropower production from rrun-of-the-river systems is charcterized by:

1
E _ B E_CHAR E_CHAR
PRDde,ror,t - 1000000 24 dt ’ dee,eror ’ dee,grhp

X )

n€DENLINK nd

de,t
6060 - 24 - dB

<WW_TURB_ROR % 1000000> (816)

where:

PRDfe,mr,t is hydropower production at energy production site de ,using run-of-the-river systems,
at time {;
H PijggAR is the production efficiency of the run-of-the-river hydropower generation facility at
energy production site de;

H Pfe—;rg;R is the electricity generated per unit of water at energy production site de; and
W;X;TURB—ROR is river flow through the turbines of the run-of-the-river hydropower generation

facility at energy production site de at time t.

5.2.9 Biofuel usage

Given links between nodes and energy production sites, (n,de) € DENLINK, and between
agricultural production sites and notes, (da,n) € NDALINK, energy production from biofuels is
characterized:

E _ A_YLD  pA_BIO
ZPRDe,biof,t - Z Z Z Blodu,bcr Eda,bcr (e'17)
t ber ne DENLINK dae NDALINK
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where:
PRDEbi of,+ is the energy production at energy production site de from biofuels at time ¢;

Bl Ozﬁi{}D is the yield of biofuel crops (bcr) from agricultural production site da; and

EQI—ECIVO is the biofuel crop production at agricultural production site da.

5.2.10 Energy usage

Energy usage for water supply to energy sties depends on surface water availability and use and
groundwater availability and use:

ENERGYE_USE :WTRE_CHAR . WTRE_CHAR . WE_ERG_S+

de,0,k,0,t de,0,k,0,SWER de,0,k,0,SWEF de,0,k,0,t
E_GPMP E_CHAR E_ERG_G (e.18)
Lg,o,k,o,t ) WTRde,o,k,o,GWEP ’ Wde,o,k,o,t
§EGDELINK
where:
EN ERGYfe—Eka ; is the energy usage for water supply to energy production site de, using energy

commodity o, for technology k, to produce energy commodity o, at time ¢;

WTRE;SE??WE r is the energy requirement per unit of surface water supply at energy production

site de, using energy commodity o, for technology k, to produce energy commodity o;

WTREES?;%{WE r is the fraction of surface water pumped at energy production site de, using energy

commodity o, for technology k, to produce energy commodity o;

LgE;C,;CIZAfP is the energy requirement per unit of groundwater at groundwater aquifer g, using

energy commodity o, for technology k, to produce energy commodity o, at time t (given link
(de,g) € GDELINK); and

WTR:?E,S%;%WE r is the fraction of groundwater pumped at energy production site de, using energy
commodity o, for technology k, to produce energy commodity o.

Total energy use in the sector depends on energy use at each site (given links (de,n) € NDELINK),
(k,0) € OKLINK, and (0,k) € KOLINK):

M_DIV _ E_USE E_LOSS
En,E,k,o,t o Z Z Z ENERGYd@,o,k,o,t ’ (1 + Edg,o,k,o ) (619)
de€ NDELINK k€ OKLINK 0€KOLINK
where:
E%Z:If fj‘; is the energy withdrawn at node n, for the energy sector E, from technology k, to produce

energy commodity o, at time ¢; and
E ge—,g’k"zs is the energy lost at energy production site de, using energy commodity o, for technology k,
to produce energy commodity o, at time .

5.2.11 Energy balance

Given a link between energy markets and energy production sites, ((de, m) € MDELINK), total
energy produced must equal the sum of energy withdrawn for each sector and the energy trade
balance:

PRDL o = Y. Y EERIV 4+ TBALE (e.20)

n,s,k,o0,t m,k,o0,t
dee MDELINK n€MNLINK s
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where:
E fﬁlovt is the energy withdrawn at node #, for sector s, for technology k, used to produce energy
commodity o, at time ¢; and

TBALELk’O,t is the energy trade balance in energy market m, for technology k, used to produce

energy commodity o, at time ¢ (given link between energy markets and nodes (1, m) € MNLINK).

5.2.12 Energy production costs

Production costs depend on energy produced and the cost per unit:

E_PRD E E_PROD
Cde_ = 22 2 (PRDde,k,o,t "Cdekot ) (e:21)
k t 0€KOLINK
where:
C g—P RD is the production cost at energy production site de; and

vge—f’ ﬁ?D is the cost per unit of energy production at energy production site de, using technology k,

to produce energy commodity o, at time .

Electricity transmission costs depend on the quantity of electricity transmitted and the distance
from energy production site to market:

E_TRNS __ E_TRANS E_TRANS E
Cde,t - Z ptde ’ Etde,m ’ DISTde,m,t (822)
meDEMLINK

where:
C g—tTRN 5 is the transmission cost of electricity produced at energy production site de at time ¢;

ptge—;RAN % is the price of electricity transmission (in Muwhy from energy production site de;

E_TRANS
etde,m

DIS Tf&m,t is the electricity transmitted from energy production site de, to energy market m, (in

Muwh) at time ¢.

is the distance (in m) from energy production site de to energy market m; and

Water supply costs depend on costs of surface and groundwater pumping, capacity expansion, and
other costs:

E_WTR_SUP __ E_CHAR E_CHAR i E_ERG_S
Cde - Z Z Z <WTRdE,k,0,SWGR ’ <1 - WTRde,o,k,o,SWEF) Wde,k,o,t
keOKLINK t 0€KOLINK

+ Pfe,k,o,t . WTRE_CHAR . WTRE_CHAR + WTRE_CHAR WE_ERG_S

de,0,k,0,SWER de,0,k,0,SWEF dek,0,SONC ~ "Vdek,o,t (e.23)
E E_GPMP E_CHAR :
+ Pde,k,o,t( Z Lg,o,k,o,t ) ’ WTRde,o,k,o,GWEF
gEDEGLINK

E_CHAR X E_ERG_G E_PMXP_S E_PMXP_G
+ WTRde,k,o,GONC Wde,k,o,t ) + Cde + Cde

where: C ggwmj up

is water supply cost at energy production site de;

WTR%%/E?%GR is the fixed cost of water delivery by gravity to at energy production site de, for
technology k, to produce energy commodity o;

WTR;;%/{;{ éORNC is other non-energy costs of conveying surface water at energy production site de,
for technology k, to produce energy commodity o;

Pfe,klo,t is the energy price at energy production site de, for energy commodity o, produced using
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technology k, at time t;
WTRge—f, O/SISNC is other non-energy costs of conveying groundwater at energy production site de,
for technology k, to produce energy commodity o;

CE-PMXP_S s the cost of expanding surface water pumping at energy production site de; and

C EEP MXP_Gis the cost of expanding groundwater pumping at energy production site de.

The cost of expanding surface pumping is calculated:

E_PMXP_S _ E_CHAR E_CHAR \WTRECHAR
Ce =) ) WTR o spac - WTR D Spac) oo, SPEC (e.24)
k 0cKOLINK

where:

WTR%’%&E&C and WTREE,%E?IFBC are parameters of surface water pumping expansion at energy
production site de, for technology k, to produce energy commodity o; and

WTREE%S?;{GC is surface water pumping capacity growth at energy production site de, for technol-
ogy k, to produce energy commodity o.

Similarly, the cost of expanding groundwater pumping is calculated:

E_PMXP G __ E_CHAR E_CHAR \WTRECHAR -
Ca =Y. Y. WTRgp Ghac (WTRG L Chae) o (e:25)
k 0€KOLINK

where:

WTRg;ifé{fAC and WTREE,ISESﬁBC are parameters of groundwater pumping expansion at energy
production site de, for technology k, to produce energy commodity o; and

WTREEiféII;GC is groundwater pumping capacity growth at energy production site de, for technol-
ogy k, to produce energy commodity o.

5.2.13 Application and conveyance efficiency

The cost of improving water application efficiency depends on the cost of technology adoption and
the quantity of water saved:

E_APP_EFF _ E_IREF E_DEL_ERG_S E_DEL_ERG_G
Cde - p 5Tk <Vde,k,o <; (Wde,k,o,t + Wde,k,o,t >)
o€
E_EFF_GN (e.26)
E_EFF de k,0
’ APPde,k,o ’ 100 )

where:
C EE—AP P-EFF is the cost of improving water application efficiency at energy production site de; and
er—]ngF is the cost of technology adoption per unit of water at energy production site de, for

technology k, used to produce energy commodity o.

The costs of expanding production capacity (Cf{;EXP Ky are:

E_EXPK __ E_EXP E_POT_EXP\ Bde,k,0t-EXP
Cde - Z Z ade,k,o (PRODde,k,o )ﬁ (e'27)
k 0€KOLINK
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where:

age—,ffp and Bde, k, 05" are the parameters of the power production capacity expansion function
at energy production site de, for technology k, used to produce energy commodity o; and
PROD%}: OOT—EXP is the expansion gain at energy production site de, for technology k, used to

produce energy commodity o.

5.2.14 Net benefits

Net benefits of energy production (B%::P RD) are calculated:
M_PRD E E E E_DIV_A
Bn,E = Z < Z Z Z (P de ot  DISTgo s + P de,agr Enjc,o,t - )
decNDELINK \ k t 0€KOLINK

E_PRD _ ~E_TRNS _ ~E_WTR_SUP _ ~E_PMXP_S _ ~E_PMXP_G _ ~E_APP_EFF

B Cde Cde Cde Cde Cde Cde (8.28)
E_CNV_EFF _ ~E_EXPK

- Cde Cde )

where:
Pfe, agr 18 the price of energy used in agriculture from energy production site de; and

wkot s the energy diverted for agriculture at node 7, of energy commodity o, produced by
technology k, at time .

5.2.15 Constraints

Water through turbine (W-""%P) from reservoir r at time t cannot be more than water flowing
downstream:
E_TURB W_F
Wr,t_ S 2 Wn,n_d,t (e'29)
reNRLINK nd
Water through run-of-the-river turbine (er_? URB_ROR) at energy production site de at time ¢ cannot
be more than water flowing downstream:
E_TURB_ROR W_F
Lo Wi S Y W (e:30)
de NDELINK nd
Energy production cannot be greater than the capacity:
E B E_POT E_POT_EXP
PRDg, o < 24-dy - (PRODy7y " + PROD 7 7 -"77) (e.31)
Energy distribution cannot be greater than production:
) DISTy, ;< egrequ,; + egpopu, (e32)

de

where:
egreq%ﬁ is the upper bound of per capita energy demand at market m and time ¢; and
egpoph is the upper bound of the population getting electricity from market m at time ¢.
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Finally, the following conditions should be fulfilled since water pumping is considered to oc-
cur either using electricity or diesel pumps:

FESP
de okot (e.33)
and
E GP _
de okot (e.34)
where:
fe—osf ,; is the fraction of surface water pumped using electricity or diesel (o) for producing energy

commodity o;
fe—f,f , ; is the fraction of groundwater pumped using electricity or diesel (0) for producing energy
commodity o.

5.3 Industry and municipality module

5.3.1 Water balance at industrial and municipal sites

The detailed water balance for an illustrative industrial production site is depicted in Figure
14. Similar to the energy module, municipal/industrial sites can draw water from groundwater
and surface water sources. Some of that water is lost to evaporation and some is consumed in
production or consumption processes. The remaining water returns through drainage to the surface
water system or to groundwater through recharge. The water balance is presented in the equations
that follow.
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Figure 14: Water balance in an illustrative industrial production site

5.3.2 Linking to WSM module

The surface water abstracted for industrial and municipal use must be equal to the sum of the
surface water available at each industry site and the surface water available at each municipal site:

DIV _ [ IND S [ MUN._S .
Wl = ), Wi + Y. Wi t (i1)
dieNDILINK dmeNDMLINK

where:

WnI—IDtI Y is the surface water abstracted for industrial and municipal use from node 7 in time ¢;

Wéi—f ND_5 s the surface water abstracted at industry site di in time t (given the link between indus-
trial production sites and nodes (di,n) € NDILINK); and
Wéi—f/IUN—S is the surface water abstracted at industry site dm in time t (given the link between

industrial production sites and nodes (dm, n) € NDMLINK).

Similarly, groundwater abstracted for industrial and municipal use must be equal to the sum
of the groundwater available at each industry site and the groundwater available at each municipal

site:

I GWP _ [_IND_G [_MUN_G .
Woir = Z Wdi,t + Z de,t (i2)
dic NDILINK dmeNDMLINK
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where:
Wi—IGtWP is the groundwater abstracted for industrial and municipal use from node 7 in time ¢;

W;i—f ND_G is the groundwater abstracted at industry site di in time t; and

WI_MUN_G

e is the groundwater abstracted at industry site dm in time ¢.

5.3.3 Conveyance losses

We consider the following characterization of conveyance losses for both the industrial and munici-
pal sectors. For notational simplicity, we let IND, MUN € 7 to allow for these calculations in each
sector. Conveyance water lost to groundwater for industrial sites depends on total surface water
withdrawn and conveyance efficiency, including efficiency gains:

I_CNV_y_GN
ICNVy G _ wWiyS (4  pICNVy dn .

RCHRG, = Wy <1 Eg, (1 + T )) (i.3)
where:
RCH RG;;C;NV‘”‘G is the conveyance water lost to groundwater at industry site or municipality dz
in time g;
Eé‘CNV‘” is the conveyance efficiency at industry site or municipality d7; and
E;;CNV‘"‘GN is the conveyance efficiency improvement (in percentage) at industry site or munici-
pality dn.

Conveyance water lost to evaporation depends on the total water withdraw, the water lost to
groundwater, and the evaporation fraction:

I.CNV_ 5. G I_EVAP_y

[_EVAP_LOSS_1 __ ;iA/W_1]_S .
CNV,. = (det — RCHRG, ; ) - CNV,, (i4)

where:
CN V;ﬁVAP‘LOSS‘” is the conveyance water lost to evaporation at industry site or municipality dy

and time j ; and
CN VdI,;E " s the conveyance evaporation loss fraction at industry site or municipality d7.

Total conveyance water lost to surface drainage at an industrial site or municipality depends
on groundwater and evaporation loss as well as the fraction of water lost to surface drainage:

I_LOSS_SW_n __ si\W_11_S I_.CNV_y_G I_EVAP_LOSS_y I_LDRNG_y .
CNV, i = (de — RCHRG, ; —CNV,, ) -CNV,, (i.5)
where:
CN le’; %OSS*SW*” is the conveyance water lost to surface drainage at industry site or municipality
dn and time t; and
CN V;,;DRNG*U is the conveyance lost to surface drainage fraction at industry site or municipality d7.

Finally, water returned to the river node from conveyance depends on the fraction of water
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returned and the return flow:

I_RNODE_yy _ 7, 41_DIVRF_y 1_LOSS_SW_n .
RERG, = RA;, -CNV,, (i.6)
Wherle:RNODE
RFRy, T is water returned to the river node from conveyance at industry site or municipality

dy in time t; and
I_DIVRF_y
RA dn

dn.

is the fraction of return flow returned to the river node at industry site or municipality

5.3.4 Water reuse after wastewater treatment

Surface water delivered for industry site or municipality dy depends on the total surface water
withdrawn and conveyance groundwater, evaporation, and surface drainage loss:

I_n_S

_ I_CNV_y_G
= W,,"-* — RCHRG

dn,t

[_EVAP_L IL W
_ CNVLEVAPLOSS 5 _ -\ 1LOSS_SW_y

I_DEL_5_S
W, dn,t dn,t

f i.7)

Surface water actually available depends on the water delivered and reused as well as application
efficiency, including efficiency gains:

I_EFF_y_GN
APPd,7 )

100

I_DEL_n_ACT_S
W DA —

I_DEL_5_S
dn =W

it (i.8)

Iy I_EFF_n
+RUSE,,) - APP, (1 +

where:
W;;DEL‘"‘ACT‘S is surface water actually available at industry site or municipality dy and time ¢;
RUSE, ; is reused water at industry site or municipality d7 and time ¢;

APP;};EFFJ7 is application efficiency at industry site or municipality dy; and

APPdg —" is application efficiency at industry site or municipality dy.
Similarly, groundwater actually available can be calculated:

I_EFF_y_GN
WI_DEL_W_G . Appdr]

I_n_G I_EFF_n .
it = W' APP). <1+ o ) i.9)

where:
WI-DEL1G

iy is groundwater actually available at industry site or municipality dz in time ¢.

Return flow from industrial site or municipality after application depends on total water availability
(surface, ground, and reuse) and application efficiency including efficiency gains:

RTN;;Z‘S :(W;,;?EL—"‘S + RUS Eé;ﬂ + W;#—G)

I_EFF_n_GN (1.10)
APP

I_EFF_ n dn

-1 1—APP -1
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where:
RTN;;I;S is the return flow from industry site or municipality dn and time .

5.3.5 Water reuse after wastewater treatment

Total water reused is calculated from the return flow from industrial site or municipality after
application and the fraction of reuse water:

158 I_FRC_y

Iy .
RUSE; , = RTN,, ;= - RUSE, , (i.11)
where:
RUS EéftRC‘” is the fraction of reuse water at industry site or municipality d and time t.

5.3.6 Return flow back to WSM module

The return flow from industrial or municipal site in million cubic meters (W%TFF ) depends on the
return flow from each site:

M_RF I_RNODE_IND I_IND_S
Wi = ), (RFRg 70 4 RTN;, ™)
dieNDILINK i12)
[_RNODE_MUN [_MUN_S :
+ 3 (RERg POV 4+ RTNG ™)
dmeNDMLINK

Similarly, total groundwater recharge (Wr]lw[—tD P) is calculated as the sum of groundwater recharge
from each industrial and municipal site:

Wy’ = Y RCHRGGFNV-WP-4+ %" RCHRG-NV-MUN-G (i.13)
dieNDILINK dmeNDMLINK

5.3.7 Water demand

The industrial water requirement depends on the water requirement per unit of production as well
as total production:

WATER[PMP-NP = WATER 3 MP-RE9 .y~ INDJ7ROP-FOT (i.14)
p

where: WATE Rél—./? MD_IND js the industrial water requirement based on potential production at site
di and time ¢;

WATE RézItND—REQ is the water required per unit of industrial production at site di and time t and
[N D!-PROD_POT

ditp is the potential industrial production of good p, at industrial site di, at time ¢.

Municipal water demand depends on the water requirement per person and the population
of the municipality:

WATERLDMP-MUN — WATEREMINREQ . popl (i.15)
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where:

WATE Ré;ﬂD tMD -MUN s the municipal water requirement based on population at municipality d
and time ¢;

WATER;;%UN—REQ is the water required per person (m°/person) at municipality dm and time #;
and

POPémlt is the population of municipality dm at time .

The reduction ratio in industrial production maintains the water constraint condition, taking
into account the water demands and the sum of actual surface water and groundwater delivered.
This is calculated:

WITDEL_IND_ACT_S + WI'_DEL_IND_ACT_G
INDI_PROD_RED_RATIO_WTR _ dit di,t (116)

dl,t WATERtIi;tDMD_IND

Similarly, the reduction ratio in the municipal water requirement is calculated:

WI_DEL_MUN_ACT_S + WI_DEL_MUN_ACT_G
MUNI_PROD_RED_RATIO_WTR T dmgt dm,t
dm,t -

(i.17)

I_DMD_MUN
WATERLD:

where:

IN Délff ROD_RED_RATIO_WTR j5 the reduction ratio in industrial production at industrial site di at

time f; and
I_PROD_RED_RATIO_WTR

MUN, dm

dm at time ¢t.

is the reduction ratio in the municipal requirement at municipality

5.3.8 Energy usage

Energy usage for water supply to industrial sites depends on the energy requirements for each
type of water (surface, ground, reuse, and waste) the fraction of water pumped or treated, and the
amount of each type of water used:

I_ENG_CHAR_ny __ I_ERG_CHAR_y I_ERG_CHAR_y In_S
ENERGqu,k,o,t _WTRdn,k,o,SWER ’ WTRdiy,k,o,SWEP ’ Wd;y,t

+ ( Z LEGPMP> . WTRI_ERG_CHAR_U ) WI_17_G

g/k,0,t dn,k,0, GWEF dn,t
¢€DyGLINK (i.18)
I_ERG_CHAR_y Ly
+WTR cowuer - RUSES,
I_ERG_CHAR_y I_ERG_CHAR _y Iy_S
+WTRG owwrr —  WIRG cowwrr - RTNg,
where:
EN ERGY;ﬁ{Zf*CHARJ is the energy usage for water supply at industry site or municipality dy,
using energy commodity o, produced by technology k, at time ¢;

I_ERG_CHAR_y . . . . . .
WTR ;o swER 18 the energy required to deliver a unit of surface water at industry site or

municipality dy, using energy commodity o, produced by technology k;
WTREII;E,{IZC,;S‘VC\?,I;?R‘" is the fraction of surface water pumped at industry site or municipality d7 ,using

energy commodity o, produced by technology k;
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L;ﬁPtMP is the energy required to pump on unite of groundwater at site g, using energy commodity

o, produced by technology k, at time ¢ (given the link between groundwater aquifers and industrial

production sites or municipalities (g, d7) € DyGLINK);
WTR-ERG-CHAR_
dn,k,o,GWEF
energy commodity o, produced by technology k;
WTR-ERG_CHAR
dn,k,0o, WUER
pality dn using energy commodity o, produced by technology k;
WTR/-ERG_CHAR_
dn,k,o, WWTR
pality di using energy commodity o, produced by technology k;
WTREIi;?EkROGV‘v%‘?{R‘” is the fraction of waste water pumped industry site or municipality d7 using

energy commodity o, produced by technology k.

7 is the fraction of groundwater pumped at industry site or municipality d7, using
is the energy required to deliver a unit of reuse water to industry site or munici-

7 is the energy required to deliver a unit of waste water at industry site or munici-

Energy usage at industrial sites depends on the energy required per unit of industrial production
as well as total production:

I_USE_PROD_IND __ I_IND_REQ I_IND_PROD :
ENERGY 7.7, = ENERGY 7, ) ACT (i.19)
p

where:

ENE RGY;;,?/OS,E—P ROD_IND js non-water energy usage at industrial site di, using energy commodity
0, produced by technology k, at time t;

ENE RGY;;&”?—REQ is energy required per unit of industrial production at industrial site di, using
energy commodity o, produced by technology k, at time ¢;

AC T;Ztl,l;]] D_PROD jq actual production of good p, at industrial site di, at time ¢.

And energy usage for municipalities depends on the energy requirement per capita and the
population supported:

[_USE_PROD_MUN __ I_MUN_REQ I_POP_WITH_ERG .
ENERGY},5E, = ENERGYMIN-REQ AT NS (i.20)
where:
ENE RGY;#{SOE;P ROD_MUN js non-water energy usage for municipality di, using energy commodity

0, produced by technology k, at time ¢;
ENE RGY;%{\;&I,?’—REQ is energy required per capita for municipality dm, using energy commodity o,
produced by technology k, at time ¢;

AC T;;ip to P_WITH_ERG s actual population supported at municipality dm at time ¢.

5.3.9 Energy demand

Industrial energy requirement is calculated as:

I_DMD_IND __ I_IND_REQ ¢I_PROD_POT .. ) .
ERGiio = ENERGY ;7 oy “Jditp (Xdit,ps Ydit p) (i.21)
where:
ERGLIi;IkD %D -IND is the industrial energy requirement at industrial site di, using energy commodity

o, produced by technology k, at time ; and
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f ;Z.—f §OD P OT(xdi,t,p, Yaizp) is the production function for industrial production for good p, at indus-

trial site di, at time ¢, and x,; s , and yg;;,, are the factors of production.

The municipal energy requirement is calculated similarly:

[_LDMD_MUN _ [_MUN_REQ [_POP :
ERG o = ENERGY,, " o -INDg. (i.22)
where:
I_DMD_MUN - .. . .. . . .
ERG, w0 is the municipal energy requirement for municipality dm, using energy commodity

o, produced by technology k, at time t; and

IN Dé;f tOP is the total population of municipality dm at time ¢.

The reduction ratio in industrial production maintains the energy constraint condition, taking into
account the energy demands and the sum of energy usage for water supply and non-water energy
usage at the industrial site. This is calculated:

INDI_PROD_RED_RATIO_ERG _

di t
Y oy ENERGY{SF-WIRIND o ENERGY j>E-PROP-IND (i.23)
I_DMD_IND
k 0€KOLINK ERGixor -

Similarly, the reduction ratio in the municipal water requirement is calculated:

MUNI_PROD_RED_RATIO_ERG _

dm,t
[_USE_WTR_MUN [_USE_PROD_MUN :
Y ENERGY, ) + ENERGY;, > (i.24)
[_DMD_MUN

k 0€KOLINK ERG o~
where:
IN Dghff ROD_RED_RATIO_ERG js the reduction ration in industrial production at industrial site di at
time f; and
MUN é;lp tROD -RED_RATIO_ERG i5 the reduction ratio for municipality dm at time ¢.

5.3.10 Energy balance

Given the links between industrial production sties and nodes (di,n) € NDILINK and between
municipal sites and nodes (dm,n) € NDMLINK, total energy demand in the industrial and
municipal sectors depends on the energy use and energy loss at each industrial or municipal site:

M_DIV _ [_USE_WTR_IND [_USE_PROD_IND
En,lik,o,t o Z ((ENERGYdi,k,o,t + ENERGYdi,k,o,t )
dieNDILINK
I_LOSS_IND [_USE_WTR_MUN .
S(I+Eg =)+ ), ((ENERGYg o7 (i.25)
dmeNDMLINK
I_USE_PROD_MUN I_LOSS_MUN

+ENERGY i) - (T4 B )
where:
E‘Iilf’ﬁgs S-IND s energy loss at industrial site di, using energy commodity o, produced by technology
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k; and

E {fll—égs S-MUN s energy loss at municipal site dm, using energy commodity o, produced by technol-

ogy k.

5.3.11 Actual industry production and municipal population supported

The actual industrial production depends on the greatest production constraint (water or energy)
and the potential industrial production. This is calculated for each technology k:

I_IND_PROD I_PROD_RED_RATIO_WTR I_PROD_RED_RATIO_ERG
ACTI-IND- INDI-PROD_RED_RATIOWIR Ny pl-PROD_RED_RATIO_

= min( dit

dit,p di,t .
I_PROD_POT .. . , (i.26)
“Jdit,p (xdz,t,p/ ydz,t,p)
The actual population with access to energy from energy commodity o is calculated:
[_POP_WITH_ERG __ [_RED_RATIO_ERG I .
ACTy,, = MUN, - POP, (i.27)

5.3.12 Industry and municipality production costs

Water supply costs depend on the fixed cost of water delivery by gravity, the energy costs of surface
water conveyance and groundwater pumping, the costs of expanding pumping capacity, and other
costs:

I_WTR_SUP_y _ I_C_WTR_GRAVITY y B I_ERG_CHAR_y 158
Cd;y - Zt: <F XDdr] ) (1 Z WTRd;y,k,o,SWEF > ) qu,t
0

E [_LERG_CHAR_j
2 T (T Pha ) WIRGEG
k 0€KOLINK ecDyDELNK

I_ERG_CHAR_j; I_ERG_CHAR_y L3S
WITRG oswer T WTRG Lo sone >'Wd17,t

E E
Z Z (( 2 P de,k,o,t> ’ < Z Lg,o,t>
k 0€KOLINK ecDyDELINK g€DnGLINK

I_ERG_CHAR_j I_ERG_CHAR_j 1y.G I_PMXP_j_S
WITRy coower - T WTRG o Gone > Wa ) TCay

(i.28)

I_PMXP_ 5 G

+Cyp

where:
Cé %WTR*SUP*” is the water supply cost at industry site or municipality dy;

FX D;;?C‘WTR‘GRAVITY‘” is the fixed cost of water delivery by gravity at industry site or municipality

dn;
Pfe,k,o,t is the energy price at site de, for energy commodity o, produced using technology k, at
time t (given the link between industry site or municipality dy and energy production sites

(de,dn) € DyDELINK);
WTRLERG CHAR j o 0. ts of . , ter at industrv sit .
dnkogoNC  is other non-energy costs of conveying surface water at industry site or munici-

pality dy;
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I_ERG_CHAR_j

144 TRdﬂ,k,D,GONC

pality dy;
I_PMXP_y_S

C, .

and

Cé%pMXP‘”‘G is the cost of expanding groundwater pumping for industry site or municipality d7.

is other non-energy costs of conveying groundwater at industry site or munici-

is the cost of expanding surface water pumping for industry site or municipality dy;

The cost of expanding surface water pumping is calculated:

[_PMXP_y_S _ [_ERG_CHAR_j I_ERG_CHAR_j\ WTR "R CHAR .
Cay = WTRG, ospac - (WTR o spee ) e (i.29)
k 0€KOLINK
where:
I_ERG_CHAR I_ERG_CHAR . .
WTR 10, SPAC “I'and WTR d1k0,SPBC ' are parameters for expansion of surface water capacity

at industry site or municipality d7;, for energy commodity o, produced using technology k; and
WTRLIika;% chcA R1'is surface water pumping capacity growth at industry site or municipality dy,

for energy commodity o, produced using technology k.

Similarly, the cost of expanding groundwater pumping is calculated:

I_ERG_CHAR_y

L_PMXP_y_G I_ERG_CHAR_y I_ERG_CHAR yjy WTRL-ERG-CH :
Cay =Y. Y WTRiocpac (WTR; oapee ) e (1.30)
% 0cKOLINK

where: C chia -
[_ERG_CHAR_y I_ERG_CHAR_y

WTRG, oGrac — and WTRy, o cppe

at industry site or municipality d7, for energy commodity o, produced using technology k; and

WTR;ﬁ;%gg? R s groundwater pumping capacity growth at industry site or municipality d7,

for energy commodity o, produced using technology k.

are parameters for expansion of groundwater capacity

The cost of improving water application efficiency depends on the cost of technology adoption and
the quantity of water saved:

I_EFF_5_GN
APP

I_.CNV_EFF_y _ +,I_ CNEF_jy I DEL .S\ Il CNV_y dy .
Cd,7 = Vi . (de ) - Egy . 100 (i.31)

where:

CI-CNV_EFE_
dn

dn; and

V;;CNEF‘” is the cost of technology adoption (per unit of water) for industry site or municipality d7.

" is the cost of improving water application efficiency for industry site or municipality

Water treatment costs depend on the quantity of treated water. This is calculated for surface
water:

I_WTR_TREAT_5_S __ [_TRT_y_S v\, l1_S .
Cay = ;(Vd,7 W) (i.32)
and for groundwater:
[_WTR_TREAT j_G __ [_TRT_§_G 115G .
Cay =Y ( fy W) (i.33)

t
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where:
C;%WTR‘TREAT‘”‘S is the cost of surface water treatment at industry site or municipality di;

VdI‘TRT‘”‘S is the treatment cost per unit of surface water at industry site or municipality dy;

C;WTR‘TREAT‘”‘G is the cost of groundwater treatment at industry site or municipality d7; and

7
VdIJTRT‘W‘G is the treatment cost per unit of groundwater at industry site or municipality d7.

Wastewater treatment cost for reuse depends on the quantity of water reused:

Cé%WWTR_RUSE_TREAT_r] _ ;(V;;RUSE_WWTR_TRTJ] . RUS Efi%t]t) (1.34)
where:
C’;%WWTR‘RUSE‘TREAT‘U is the cost of wastewater treatment for reuse at industry site or municipality
dn; and
V;’;RUSE‘WWTR‘TRT‘W is the wastewater treatment cost per unit of water reused at industry site or
municipality d7.

Similarly, wastewater treatment cost for return flow depends on the treatment costs and the
return flow, not counting reuse water:

I_WWTR_TREAT_
C =Y

I_WWTR_TRT_y
dn V. ’

I_n_S I .
fy (RTN,'~ — RUSE;")) (i.35)

t

wh
c-

7
VdI ;WWTR‘TRT‘W is the wastewater treatment cost per unit of water at industry site or municipality d7.

ere:
WWTR_TREAT I i< the cost of wastewater treatment at industry site or municipality dy; and

Other production costs are calculated based on total production for the industrial sector:

I_OTR_PROD_IND I_OTR_PROD_IND I_IND_PROD :
ClfOTR-PRODIND — § 7y (v OTRPRODIND . ACT{ND-PROD) (i.36)
tp

where:
CL.OTR_PROD_IND

di
I_OTR_PROD_IND
di,p

time t.

is other production cost at industrial site di; and
is other production cost per unit of production of good p, at industrial site di, at

This is calculated similarly for municipalities:

CCIllTOTR_PROD_MUN — Z(V;]%OTR_PROD_MUN . Popém,t) (137)
t

where:
C é;OTR—P ROD_MUN 5 other production cost for municipality dn; and
POP] . is the population in municipality dm at time f.

Given the above calculations, total production costs for industrial sites or municipalities (Cé;iTOT*”)
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are calculated:

I_TOT_n o I_WTR_SUP_y I_APP_EFF_y I_CNV_EFF_n I_WTR_TREAT_n_S
Car =Cy, +Cyy +Cyy +Cyy
I WTR_TREAT G I WWTR_RUSE_TREAT I WWTR_TREAT .
+C; R —HeE T+C - =1 (i.38)
7 7 7
I OTR_PROD
+Cqy - 1

5.3.13 Net benefits

The net benefits (BY-"%P) in this module depend on the total production value of industry as well
as industrial and municipal costs:

M_PRD _ I I_IND_PROD
Bn,l - Z Z Z Rdi,t,pACTdi,t,p
dieNDILINK t p
Wi I I [_TOT_IND
o _TOT_ .
+ Y / A-(WPL)WPL — Y Ck (1.39)
dmeNDMLINK 0 dieNDILINK
_ Cl_TOT_MUN
dm
dmeNDMLINK
where:
RL. , is the price of good p, at industrial site i, at time ¢;

WTém is the water tariff for municipality dm; and
A - (WP} )*is the demand curve for water for municipality dm, with A being a constant, WP}~ the
price of water, and « the price elasticity of demand.

5.3.14 Constraints

Surface and groundwater supply can occur using electricity pumps or diesel pumps:

InS _ I_ERG_CHAR_y r/11_S .
Wt = Y, X WTRy, o swer— Way (1.40)
k 0eKOLINK
Iy G _ERG_CHAR_y 511G .
Wi =3 Y. WTR . ewer W (i.41)
k 0eKOLINK

Water treatment can occur using electricity or diesel pumps:

IS _ I_ERG_CHAR 158 .
RTN,'= =3 Y} TRyiowwrr  RTNg, (i.42)
k 0€KOLINK

5.4 Agriculture module

5.4.1 Water balance

The water balance at irrigation nodes includes conveyance, effective consumption, deep percolation
and return flow relationships (Figure 15). Surface water withdrawn for irrigation needs is partially
lost during conveyance. This conveyance loss is composed of non-productive evaporation losses,
seepage to groundwater aquifers, and flow to the drainage system. Crop water demand can be
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met using surface water, pumping of groundwater, or through reuse of drainage water. Crops also
consume water from precipitation. Finally, the water balance must account for the fact that only
some of the water delivered to the field level is effectively used by crops, with the remaining water
being lost through deep percolation back into groundwater. Return flows (drainage waters) are
also split between the river, non-productive evaporation loss, and flows into other depressions
located at the ends of irrigation canals. The equations below describe this water balance.

Effecti ti
ective consumption Effective rainfall

[EFF&%_'EAIN_DA]

Evaporative losses
during conveyance I

[CNV;‘G‘EVAP‘LOSS]

Upstream {
dheee) Convdyance loss
) [RCHARGA.GVV-6]
reservoir '

node n

M_GWP
[Wg,ﬂ,t

\

I‘\-, "\‘_\\H-
[c NV;&O{\S_SW] ., GROUNDWATER
\ AQUIFER g
\
\ Water reuse
Downstream l'\'-\ ][RFR;@I:EUSE
; 1 v
river/ _ [RF RZ;ANODE [uuy .» Evaporation
reservoir =
* DRAINAGE WATER loss

node n/

v
Return Flow
\
| [Wzﬂiﬁ’?

Figure 15: Water balance in an illustrative agricultural site

Total effective rainfall at a particular node is the sum of effective rainfall of all associated agricultural
nodes’:

A_RAIN_DA _ A_RAIN
EFF; = ), EFF} (£.1)
n€DANLINK
where:
EFF ;ZQRAI N-D4 is the total effective rainfall at agriculture production site da at time ¢; and

EF F,f;RAI N is the effective rainfall at node 7 at time f (given the link between nodes and agriculture
production sites (n,da) € DANLINK).

Similarly, potential evapotranspiration (PETZ-P*) is calculated:

PET;:P*= Y PET) (f2)
neDANLINK

7For effective rainfall calculation, see equations Af.la-Af.1e in the Appendix.
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where:
PET}", is the potential evapotranspiration within the catchment at time ¢.

5.4.2 Linking to WSM module

Surface water abstracted for agriculture is calculated as:

W_DIV __ A_AGG_S
Woar = 2 Wi (£3)
dacNDALINK
where:
WZV AI? IV is water withdrawn for agriculture use from node # at time ¢; and
WﬁftAGG*S is the surface water abstracted for agriculture production site da at time ¢ (given the link

between agriculture production sites and nodes (da, n) € NDALINK).

Similarly groundwater abstracted for agriculture is calculated:

W_GWP __ A_AGG_G
Wozi =Y, Wi (f.4)
daeNDALINK

where:

WZV Act;wp is groundwater pumping for agriculture use from groundwater aquifer g at time ¢; and

Wﬁ—tAGG—G is the groundwater abstracted for agriculture production site da at time ¢t (given the link

between agriculture production sites and nodes (da, g) € GDALINK).

5.4.3 Conveyance losses

Conveyance water lost to groundwater depends on the total water withdrawn and the conveyance
efficiency, including efficiency gains:

FACNV_GN

RCHARG[NV-0 = w4665 (1 - (E;Q—CNV : (1 + ))) (£5)
where:
RCH ARG{;‘H—JCN Y- is the conveyance water lost to groundwater at agriculture production site da at
time ¢;
E;—CN V' is the conveyance efficiency at agriculture production site da; and
EQI—CN V-GN is the conveyance efficiency improvement over the original at agriculture production
site da.

Conveyance water lost to evaporation depends on the total water withdraw, the water lost to
groundwater, and the evaporation fraction:

A_EVAP_LOSS _ (1\7A_AGG_S A_CNV_G A_EVAP
CNV,5 = (Wi — RCHARG )-CNV,, (f.6)
where:
A_EVAP_LOSS : : : P
CNV,; is the conveyance water lost to evaporation at agriculture production site da at
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time f; and
CN Vfé—E VAP is the conveyance evaporation loss fraction at agriculture production site da.

Total conveyance water lost site to surface drainage at an agricultural site depends on groundwater
and evaporation loss as well as the fraction of water lost to surface drainage:

CNVA_LOSS_SW — (WA_AGG_S _ RCHARG;‘;_ENV_G _ CNVA_EVAP_LOSS) . CNVdAa_DRNG (f7)

da,t da,t da,t
where:
CN Vég_tLoss_sw is the conveyance water lost to surface drainage at agriculture production site da at
time t; and

CN Vd‘z*D RNG is the conveyance lost to surface drainage fraction at agriculture production site da.

Relatedly, water reused from the return flow depends on the fraction of reuse as well as the
conveyance water lost to surface drainage:

A_RUSE _ 15 AA_DRU A_LOSS_SW
RFR; = RA}; -CNV, 5 (£.8)
where:
RF R;‘Efus}s is the water reused from return flow at agriculture production site da at time t; and

RA;‘ED RU is the fraction of water reuse at agriculture production site da.

Finally, water returned to the river node depends on the fraction of water returned and the
return flow:

A_RNODE __ p sA_DIVRF A_LOSS_SW A_RUSE
RFR; = RA; (CNV,; — RFR}77) (£.9)
where:
RF Rfa—fN OPE is the water returned to the river node at agriculture production site da at time t; and

RA“?{;D IVRE is the fraction of water returned at agriculture production site da.

5.4.4 Total water available at irrigation site

The surface water delivered to an irrigation site depends on the surface water withdrawn, water
reuse, and all conveyance losses:

WA_DEL_S :WA_AGG_S + RFRQJ_FUSE o RCHRG;;Z_tCNV_G o CNVA_EVAP_LOSS

da,t da,t da,t
' ’ ' (£.10)
A_LOSS_SW
—CNV,,7
where:
W;;—tD ELS is the total surface water delivered to agricultural production site da at time ¢.

And the surface water actually available to crops depends on the irrigation efficiency, includ-
ing efficiency gains:

dat dat (£.11)

A_EFF_GN
WA-DEL CRPS.S _ (WA DEL.S [RRAEFF (1 4 IRRY ™"~
N da 100
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where:
A_DEL_CRPS_S

Wda,t

I RR;{“—EP Fis irrigation efficiency at agriculture production site da; and

RRA-EFF_GN

is the surface water available for crops at agriculture production site da at time t;

is irrigation efficiency gain at agriculture production site da.

Similarly, the groundwater actually available to crops also depends on irrigation efficiency, includ-
ing efficiency gains:

A_DEL_CRPS_G A_DEL_G A_EFF IRRS-FFECN
Wiag 7 = Wagp 7 IRRG (1 + %) (£.12)
where:
WﬁftDEL_CRpS_G is the groundwater available for crops at agriculture production site da at time ¢.

5.4.5 Total groundwater recharge

Groundwater recharge from irrigation depends on the surface and groundwater delivered as well
as irrigation efficiency, including efficiency gains:

A_EFF_GN
RCHARGAIRRG _ (WADELS | A AGG Gy (1 _ ( [RRAEFF. (1 IRRG 7 (13
dat - ( da,t + da,t ) da + 100 (£.13)

where:
RCH ARtha—tI KRG is the groundwater recharge from irrigation at agriculture production site da at
time £.

Total groundwater recharge is the sum of recharge from conveyance and from irrigation:

A_TOT_G A_CNV_G A_IRR_G
RCHARG-TT-C = RCHARG#-NV-C + RCHARG/-IR- (£.14)

where:

RCH ARth?a—tT OT_C is the total groundwater recharge at agriculture production site da at time ¢.

5.4.6 Return flows to WSM module

Return flow from irrigation is calculated:

M_RF _ A_RNODE
Wyzy = ),  RFRj; (£.15)
dae NDALINK
where:
Wéwg]fF is the return flow from irrigation (in million m?) at node n and time ¢.

Groundwater recharge from irrigation is calculated:

M_DF A_TOT_G
WYzl = ),  RCHARG;+"'- (f.16)
dacNDALINK
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where:

W,iwg? Fis the groundwater recharge from irrigation (in million m®) at node 7 and time .

5.4.7 Irrigation water demand

We calculate irrigation water demand for each from using the crop coefficient, potential evapotran-
spiration, and taking into account effective rainfall:

A_DMD_MM __ A_M_COEFF A_DA A_RAIN_DA
Wi = CRP;, PETy " — EFF; (£.17)
where:

A_DMD_MM I p . . . .
Wi is the irrigation water demand (in mm) for crop c, at agriculture production site da,
at time t; and
C RPﬁ—C]\f—COEP F is the monthly crop coefficient for crop c, at agriculture production site da, at time t.

Then the total irrigation demand at each agriculture production site is calculated:

A_DMD_SUM __ A_DMD_MM
Wdll,t - Wda,c,t (f18)
c
where:
Wj}l—tD MD_SUM js the total surface water irrigation demand (in million m®) for all crops at agriculture

production site da at time ¢.

5.4.8 Distribute water to crops

We calculate the total surface water distributed to all crops at each agricultural production site in
the following way:

A_DMD_SUM

A_EXIST_S __ " ‘dat A_IRR_EXIST_S
CWR:! - GT;L;INK AREA}! (£.19)
y

where:

C WR%—’EX IST-% is the total surface water irrigation distributed to crops on currently irrigated land
at agriculture production site da at time ¢; and

ARE A%_/;RR_EX I5T-5 s the total currently surface water irrigated land at agricultural production
site da during year y (given the link between months and years (y,t) € TYLINK).

We allow for expansion of irrigated land in the following way:

A_DMD_SUM_S

A_EXPAND_S _ ' ‘dat A_IRR_EXPAND_S
CWRY = 1000 Y, AREA}, (£.20)
yeTYLINK
where:
A_EXPAND_S - .. . L. . .
CWR;~ is the total surface water irrigation distributed to crops on potential expansion of

irrigated land at agriculture production site da at time t; and

ARE A;;;RR*E XPAND_S i5 the total potentially surface water irrigable land at agricultural production
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site da during year y (given the link between months and years (y,t) € TYLINK) .

We calculate the total groundwater distributed to all crops at each agricultural production site in an
identical way:

WA_DMD_S um

A_EXIST_ G __ " dat A_IRR_EXIST_G
CWRGFXITT-0 — eTyzL;INKAREA oy (f21)
y

where:

C WR%—’;EXI ST is the total groundwater irrigation distributed to crops on currently irrigated land
at agriculture production site da at time t; and

ARE A%T;RR—EXI TG js the total currently groundwater irrigated land at agricultural production
site da during year y (given the link between months and years (y,t) € TYLINK) .

We allow for expansion of irrigated land in the following way:

A_DMD_SUM_S

A_EXPAND_G _ ‘dat A_IRR_EXPAND_G
CWRY, = 1000 ) AREAG;, (£.22)
yETYLINK
where:
A_EXPAND_G ; e I . ,
CWR,~ is the total groundwater irrigation distributed to crops on potential expansion of

irrigated land at agriculture production site da at time t; and

ARE A%—;RR—EXP AND_G s the total potentially groundwater irrigable land at agricultural production

site da during year y (given the link between months and years (y,t) € TYLINK).

Then, the total surface water distributed to crops is calculated?:

A_DEL_CRPS_S A_EXIST_S A_EXPAND_S
Wias - - = CWRda_,t -+ CWRda_,t - (f.23)

and the total groundwater distributed to crops is calculated:

A_DEL_CRPS_G A_EXIST_G A_EXPAND_G
Wda}, - - = CWRda_,t -+ CWRda_,t - (f.24)

5.4.9 Agriculture production
Agriculture production from rainfed sites is calculated:

QA-RFD — Z(YLDACT;?@TOTAL—RF : AREA;“H—;F Dy (£.25)
Y

8This characterization of water demand aggregates crop production at each agricultural site and does not allow for
irrigation trade-offs between crops. Accordingly, the distribution of crops throughout the year at each agricultural site
and the total productive yield associated with that distribution are critical input to the model. For a characterization
of a more flexible model that does allow for within site irrigation trade-offs, see the distribution of water to specific
crops in Section A.4.3 and the calculation of water deficits in Section A.4.4 (rainfed) and Section A.4.5 (irrigated). These
specifications constrain the total rainfed and irrigated areas, allowing the distribution of water to vary flexibly within the
model; the specifications listed here allow the irrigated areas to vary but constrain the distribution of water to crops and
the cropping pattern at each agriculture production site.
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where:
QQ;RF D'is the agriculture production (in tons) of rainfed crops across all crops at agriculture pro-
duction site da;

YLDACT;;—; OTAL-RE is the actual yield (in 113) of rainfed crops at agriculture production site da in

year y; and
ARE Ai{fF D is the total area (in km?) used for rainfed agriculture at agriculture production site da

in year y.
Agriculture production from surface water irrigated sites is calculated:

QAJRILS :Z(YLDACTA_TOTAL_IRRS . AREAAJRR*EXIST*S

da da,y day
y (f.26)
A_TOTAL_EXP; A_IRR_EXPAND_S
+YLDACT,, - AREAG, )
where:
Qg‘aj RRS is the agriculture production (in tons) of surface water irrigated crops across all crops at

agriculture production site da;
YLDAC Tﬁ;f OTALIRR_S j5 the actual yield (in 113) of surface water irrigated crops on currently
irrigated land at agriculture production site da in year y; and

YLDAC TQ—TOTAL—EXP -5 is the actual yield (in ;{"ﬁ) of surface water irrigated crops on potentially
irrigable land at agriculture production site da in year y.

Similarly, agriculture production from groundwater irrigated sites is calculated:

QA_IRR_G — Z(YLDACTA_TOTAL_IRRG . AREAA_IRR_EXIST_G

da da,y day
y (f.27)
A_TOTAL_EXP, A_IRR_EXPAND_G
+YLDACT,,, ¢ - AREAG;, )
where:
Qﬁa—IRR—G is the agriculture production (in tons) of groundwater irrigated crops across all crops at

agriculture production site da;
YLDAC Tlﬁl—TOTAL—IRR—G is the actual yield (in {2%) of groundwater irrigated crops on currently

irrigated land at agriculture production site da in year y; and
YLDACT;;’*; OTAL_EXP_G i5 the actual yield (in Zoﬁ) of groundwater irrigated crops on potentially

irrigable land at agriculture production site da in year y. Then, total crop production from irrigated

sites (Q7-"RR) is calculated:
QAIRR _ AIRRS | (A_IRR G (£.28)

and total crop production from rainfed and irrigated sites (Q/ ) is calculated:
Q4 = QARFD 4 A IRR (£29)
Total benefits depend on total crop production and prices:

GR-PPN = Y Qf - CRST (£.30)
dae NDALINK
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where:
GR/-BEN is the total benefit at node n; and
CR‘?Q—P is the aggregated price across all crops produced at agriculture production site da.

5.4.10 Energy usage

Energy requirement in agriculture depends on energy for pumping water, delivering water, the
distribution of water types used (surface, ground, reused), and the area of cropland:

A_AGG __ A_CHAR A_CHAR  jA7A_AGG_S A_CHAR | A_CHAR
Eda,k,o,t _IRRda,k,o,SWER IRRda,k,o,SWEF Wda,t +IRRda,k,o,RUER IRRda,k,o,RLIEF

. RERA_REUSE

4 LE_GPMP) . JRRA-CHAR  jwA_AGG

+< o vk g.k,0,t da,k,0, GWEF da,t (£.31)
8

+ Y (LG AR - AREALRFD + AREALTRRSW + AREAJIRRCW)
c

where:
Eifﬁc is the energy requirement in agriculture at production site da, using energy commodity o,
produced using technology k, at time t;

I RR;—JSE?V{;E r is the energy required to deliver a unit of surface water to agriculture at production
site da, using energy commodity o, produced using technology k;

I RR%—JSESEE ¢ is the fraction of surface water used at agriculture production site da, using energy
commodity o, produced using technology k;

I RR;—,,SfQLII{E r is the energy required to deliver a unit of reuse water to agriculture production site
da, using energy commodity o, produced using technology k;

I RR%—JSEQLII{EF is the fraction of reuse water used at agriculture production site da, using energy
commodity o, produced using technology k;

LgE,_o,Cl;ciI,\t/Ip is the energy required to pump one unit of groundwater (depends on depth) from ground-
water aquifer g, using energy commodity o, produced using technology k, at time ¢;

I RR;Q—/,SOP%VI\{,E ¢ is the fraction of groundwater used at agriculture production site da, using energy
commodity o, produced using technology k;

Lf;,;f}f ftD is the energy required per hectare of crops at agriculture production site da, using energy
commodity o, produced using technology k, at time ¢;

ARE A;a*fF P is the rainfed area at agriculture production site da for crop c;
ARE A;a—gRRSW is the surface water irrigated area at agriculture production site da for crop c;

ARE A?g—gRRGW is the groumdwater irrigated area at agriculture production site da for crop c.

Total energy withdrawn for the agricultural sector is calculated:

M_DIV _ A_AGG A_LOSS
En,A,k,o,t - Z (Edu,k,o,t ’ (1 + Eda,k,o )) (f'32)
daeNDALINK
where:
E%A,Dkﬂ/t is the energy withdrawn at node #, for the agricultural sector A, of energy commodity o,

produced using technology k, at time t; and
E;ﬂ,}fgss is energy loss in agriculture at agriculture production site da, using energy commodity o,

produced using technology k.
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5.4.11 Costs

Production costs depend on the price of energy, energy use, and other production costs such as
fertilizer, labor, capital, chemical production, seeds, etc.:

CE=TEE T (T (Rh Lise) +VA™) 03

¢ t 0€KOLINK dec DEDALINK

where:
CQ;P RP s production cost at agriculture production site da;

Pfe,k,o,t is the energy price at site de, for energy commodity o, produced using technology k, at
time f (given the link between energy production sites and agriculture production sites (da, de) €
DEDALINK); and

V;;—C‘EP RP is other production cost at agriculture production site da, for crop c, at time ¢.

Water supply costs depend on the costs of water delivery by gravity, cost of surface water con-
veyance, costs of reuse water, costs of groundwater pumping, costs of expanding pumping capacity,
and other costs:

C(z;;_SUP _ ; ;

A_CHAR A_CHARY _1A7A_AGG_S
(IRRdu,SWGR ’ (1 - IRRda,SWEF ) Wda,t
0€KOLINK

_|_ PdEe’k’O,t) . IRRA_CHAR . IRRA_CHAR _|_ IRRA_CHAR

( da,SWER da,SWEF da,SONC
dec DEDALINK

 WAAGG_

E A_CHAR A_CHAR
da,t Pde,k,o,t) -IRR; - -IRR;

da,RUER da,RUEF

N (
dee DEDALINK (f.34)

A_CHAR A_REUSE E
+ IRR}rone - RERG + < Y P, de,k,o,t)
dec DEDALINK

A_CHAR A_CHAR A_AGG_S
. ( Z E_GPMP) . IRRdaTGWEF + IRRduTGONC ’ Wdﬂjt - >
g€GDALINK

A_PXMP_S A_PXMP_G A_PXMP_R
+ Cda + Cda + Cdu

where:
Cg_sup is the water supply cost at agriculture production site da;

I RR%—gxéﬁ is the fixed cost of water delivered using gravity at agriculture production site da;

I RR%—ggﬁg is the other non-energy cost of conveying surface water at agriculture production site

da;
I RR%—ggﬁg is the other non-energy cost of conveying reuse water at agriculture production site da;

I RR%—ggﬁg is the other non-energy cost of conveying groundwater at agriculture production site

da;
CA_PXMP_S
d

CA_PX MP_G
d
A_PXMP_R

Cda

is the cost of expanding surface water pumping at agriculture production site da;
is the cost of expanding groundwater pumping at agriculture production site da; and
is the cost of expanding reuse water pumping at agriculture production site da.
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We further calculate the cost of expanding surface water pumping as:

A_PXMP_S _ A_CHAR A_CHAR \IRR{CHAR
Cla =Y. ) <I RRGyc0spac IRRG yapeg) aekosre (£.35)
k 0eKOLINK
where:
I RR%—,S?S%G is the increased surface water pumping capacity at agriculture production site da, for

energy commodity o, produced using technology k; and

I RR;—JSEQJIZC and | RR%—’,S;IS‘%%C are the parameters of non-linear regression function for the rela-
tionship between the costs and level of the surface water pumping capacity expansion at agriculture
production site da, for energy commodity o, produced using technology k.

Similarly, we calculate the cost of expanding groundwater pumping as:

A_PXMP_G __ A_CHAR A_CHAR \IRR{-FHAR
Cla = (I RRGi0,Grac(IRRG o Gpeg) o (£.36)
k 0eKOLINK
where:
I RR%—??S}}CG is the increased groundwater pumping capacity at agriculture production site da, for

energy commodity o, produced using technology k; and

I RRx?a_,kC,féI]}AC and [ RRfa_,kC,féﬁBc are the parameters of non-linear regression function for the rela-
tionship between the costs and level of the groundwater pumping capacity expansion at agriculture
production site da, for energy commodity o, produced using technology k.

Finally, we calculate the cost of expanding reuse water pumping as:

A_PXMP_R _ A_CHAR A_CHAR \IRRZ;CMAX
Cia =2 X (I RRGiko,rpac (IRRG o Rpeg) ™ herkric (£37)
k 0€KOLINK
where:
I RR%—,S?I?& ¢ is the increased reuse water pumping capacity at agriculture production site da, for

energy commodity o, produced using technology k; and

I RR%E?{?&C and I RR%—/,SE;EBC are the parameters of non-linear regression function for the rela-
tionship between the costs and level of the reuse water pumping capacity expansion at agriculture
production site da, for energy commodity o, produced using technology k.

The cost of improving water application efficiency depends on the cost of irrigation technology
adoption and the amount of water saved:

A_IRR_EFF __7A_IRR _ W_DEL_CRPS_S W_DEL_CRPS_GY \ . 170 pA_EFF
Cla =Via ( Y (Waas + Wi )> IRRY;
t

A_EFF_GN
IRRY;
100

(£.38)

where:

C;QJ RR_EFF is the cost of irrigation improvement at agriculture production site da; and

V;;—I RRis the cost of irrigation technology adoption per unit of water at agriculture production site
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da.

The cost of improving water conveyance efficiency depends on the cost of conveyance technology
adoption and the amount of water saved:

A_CNV_GN
Eda

A_CNV_EFF _ y;A_CNEF A_AGG_S A_CNV
Cda - Vda ’ <Z (Wda,t )) ’ Eda ’
t

where:
CACNV_EFF
da

A_CNEF
Vda

is the cost of conveyance efficiency improvement at agriculture production site da; and

is the cost of improving conveyance efficiency per unit of water agriculture production
site da.

5.4.12 Net benefits

We calculate the net benefit of the agricultural sector as:

M_PRD _ ~pA_BEN A_PRD | ~A_SUP |, ~A_PMXP_S | ~A_PMXP_G
Bn,A _GR” - Z (Cda + Cda + Cda + Cda
a€NDALINK (f.40)
A_PMXP_R | ~A_IFF_EFF | ~A_CNV_EFF
+ Cda + Cda + Cda
where:
BM:PRD is the production benefit from the agricultural sector at node 1; and

GR/-BEN is the total gross benefit at node .

5.4.13 Constraints

Surface water and reuse water pumping is constrained by the installed capacity:

A_AGG_S A_CHAR A_CHAR A_CHAR
Z Wda,t < Z Z ((IRRdu,k,o,SPCP + IRRda,k,o,SPCG + IRRda,k,o,RPCP

+ IRR TN ) 3600 - 24 12)

where: | RR;;‘LI—,(C??PRCP is surface water pumping capacity (’”73) at agriculture production site da,

using energy commodity o, produced using technology k;

I RRfa—ffng%G is surface water pumping capacity growth (m;) at agriculture production site da,

using energy commodity o, produced using technology k;

I RR%—,S?I?;{C p 1S reuse water pumping capacity (’%3) at agriculture production site da, using energy

commodity o, produced using technology k; and

I RR?EIS?I?IECG is reuse water pumping capacity growth ('%3) at agriculture production site da, using

energy commodity o, produced using technology k.
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Similarly, groundwater pumping is constrained by the installed capacity:

365

A_AGG_G A_CHAR A_CHAR

Zt Wigp = Zk KZOUK ((IRRda_,k,o,GPCP + IRR} o Gpeg) - 3600 - 24 12) (£.42)
S

where: | RR%—??S}}CP is groundwater pumping capacity (’”T%) at agriculture production site da,

using energy commodity o, produced using technology k; and

I RR%}S?S&G is groundwater pumping capacity growth (’%3) at agriculture production site da,

using energy commodity o, produced using technology k.

The upper bound of land for rainfed agriculture is defined as the land at each agriculture production

site currently used for rainfed agriculture (ARE Azl—yTOTAL—RF Dy

A_RFD_up A_TOTAL_RFD
AREA; = AREAS.] (£.43)

The land for existing surface water and groundwater irrigated agriculture is constrained by the

land at each agriculture production site currently irrigated (ARE A;?a—,yT OTALIRRY.

AREA;;!{;;”OTALJRR > AREA;‘;;RR*EXIST*S + AREA:;;;RR*EXIST’G (f44)

Similarly, the land for surface water and groundwater irrigation expansion is constrained by the
potentially irrigable land at each agriculture production site (AREA/-"OTENTAIL_IRR),

day
AREA;_];’OTENTIAL_IRR Z AREA:?&_’;RR_EXPAND_S 4 AREA‘?L;;RR_EXPAND_G (f45)

Finally, the area used for a%riculture at any production site is constrained by the total cultivable

land at that site (AREAfa—yT TAL_CULy

A_TOTAL_CUL A_TOTAL_RFD A_IRR_EXIST_S A_IRR_EXIST_G
AREAj) >AREAj;, + AREAL.! + AREAL.!

+ AREA?Q—;RR—EXPAND—S + AREA:;Z_;RR_EXPAND_G

(£.46)

5.5 Environmental module

5.5.1 Water balance

Water flow at a particular node n that is available for downstream flow is calculated as the sum of
all associated upstream water flows:

G_DS
FLOWS»S = Y wih, (g1)
nde NNDLINK

where:
F LOW,,lG/t—D % is the flow at node 7 and time t available for downstream flow;

Wﬂ—; ; is the flow from upstream at node N and time ¢ (given the link between nodes (1, nd) €
NNDLINK).
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5.5.2 Benefits

Ecosystem benefits (GROS SS,ES EN') depend on a set of parameters used to calculate the benefits as

well as the downstream flow:

G_PARMS G_PARMS
GROSSSEEN —ESSCPARMS (FLOWSPS)ESSuis ™ 4 ESSC PARMS (FLOWG;DS)ESS,eet ©2)
G_PARMS )
+E SSn,es,E
where:
G_PARMS G_PARMS G_PARMS G_PARMS G_PARMS .
ESSn,ES,A , ESSMS’B , ESSn,es,C , ESSn,es,D , and ESSn,es,E are parameters used in

ecosystem functions at node n for ecosystem service es.

The net benefits of ecosystem services (B fgﬁf[) ) depend on the gross benefit and the cost (ESS57z9%T):
By = )Y GROSS N =} ESSiaO% (8:3)
es t es

5.5.3 Constraints

Environment flows (ENVFLOWY,) are constrained according to:

FLOW;”® > ENVFLOWS, (g-4)

6 Application

This HEM was first applied to the Karnali and Mahakali River Basins (see Figure 16), which span
nearly 47,000 square kilometers in Western Nepal (for more complete details of this application
as well as the results, see Pakhtigian and Jeuland (2019a)). Like the rest of Nepal, the Karnali
and Mahakali River Basins are characterized by river resources that are vast in terms of potential-
particularly for hydropower generation-yet largely undisturbed.” Furthermore, the economy of
Western Nepal is dominated by agriculture, and Nepal’s unique and valuable natural ecosystems
have brought environmental conservation to the forefront of development planning among some
key stakeholders in water resource development (Pakhtigian et al., 2019). These characteristics
make Western Nepal an ideal context for the application of a HEM based on the WEEF nexus, which
seeks to capture the integration of water resource use across energy, agriculture, and environmental
sectors.

The Western Nepal application follows the structure of the model outlined above to optimize
water resource use across energy, agriculture, municipal, and environmental demands. While we
focus primarily on water use within Nepal, we acknowledge that transboundary considerations,
particularly in the Mahakali River Basin as the Mahakali River forms the boundary between Nepal
and India, enter into the model in two distinctive ways—-through downstream water requirements
and through energy export. These and other considerations are also explored more thorough in
sensitivity analyses (Pakhtigian and Jeuland, 2019a).

9The Karnali and Mahakali Rivers have an estimated hydropower generation potential of around 35,000 MW (Sharma
and Awal, 2013), yet installed capacity remains around 10 MW with no storage infrastructure existing across the basins.
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Figure 16: Map of the Karnali and Mahakali River Basins, Western Nepal.

The model structure is maintained by a set of nodes that are connected by flows links, which reflect
the hydrology, municipal demands, energy production, and agricultural production throughout
the system (see Figure 17). The model comprises 151 river nodes. Additionally, there are 55
energy production nodes, which identify existing, planned, or proposed run-of-the-river or storage
hydropower projects, and 37 agricultural production nodes, which identify existing, planned, or
under construction irrigation projects. Municipal surface water demands are satisfied at each of
the 151 river nodes, as are environmental flow constraints. The model is run using hydrology
that spans a period of 12 years, with different combinations of infrastructure. Specification of
production, biophysical, and economic relationships relies on a variety of data sources.
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Figure 17: Schematic of the node system used in the Western Nepal application.
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6.1 Data for model

The HEM is data intensive, as application-specific parameters are required to ensure that the model
accurately reflects operations in the river basins under consideration. Here, we briefly outline the
main data sources and tools used to parameterize the model; more details regarding each data
source are provided in Pakhtigian and Jeuland (2019a). The hydrological data inputs are generated
from a ArcSWAT model developed for the region and described in (Pandey et al., 2019). These data
include source flow generated at each of the river nodes as well as precipitation and evaporation.

The energy module, which in this application focuses exclusively on electricity generated via
hydropower, is parameterized using data from hydropower reports and, when available, project-
specific documentation. In particular, energy production sites were determined based on existing
licenses for projects above 1 MW granted by the Government of Nepal. The existence of a license
does not guarantee that a project exists, is under construction, or has financing; rather, projects are
separated into four categories: existing, under construction, planned, and proposed. Many of these
project sites and capacities are mentioned or detailed in government-commissioned reports such
as the Hydropower Development Plan, the Master Plan Study for Water Resource Development
of Upper Karnali and Mahakali River Basin, and the Nationwide Master Plan Study on Storage-
type Hydroelectric Power Development in Nepal. In addition, for projects under planning or
construction phases, project-specific documents outlining more specific dimensions of the project,
particularly reservoir characteristics for planned and proposed storage projects. Finally, reports
from the Nepal Electricity Authority provided details about electricity prices, costs, transmission,
and efficiency.

A combination of modeling and reports formed the basis for parameterization of the agricul-
ture module. The set of agriculture production sites was established based on existing agriculture
as well as existing, under construction, planned, or proposed irrigation infrastructure sites. These
lists were available in documents such as the Nepal Department of Irrigation’s Irrigation Master
Plan, the National Irrigation Database, and communications with personnel at the the Department
of Irrigation. The CROPWAT and CLIMWAT tools developed by the Food and Agricultural Or-
ganization (FAO) were used to calculate crop water requirements, evapotranspiration, and crop
coefficients. In addition the annual Statistical Information on Nepalese Agriculture and other
Ministry of Agriculture documents provided parameters regarding cropping patterns, crop prices
and costs, and irrigation practices.

Municipal water and energy demands were calculated based on information from Water User
Master Reports, national statistics, and data from a household-level survey (see Pakhtigian and
Jeuland (2019b) for a description of the household-level survey data). Finally, environmental flows
(e-flows) were calculated using an environmental flows calculator developed for Western Nepal.
These e-flows also capture cultural demands on river resources.

6.2 Model simplifications and deviations

Data availability and context-specific characteristics of Western Nepal require certain model simpli-
fications and deviations from the general model outlined in the previous section. In the next five
subsections, we clarify and explain these deviations.
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6.2.1 Hydrology core

Throughout the generalized model, both in the hydrology core and in other sector modules, water is
separated into two categories based on source-surface water and groundwater. In our application,
we model only surface water. The primary reason for this deviation is the lack of comprehensive
groundwater data for Western Nepal, making it infeasible to incorporate groundwater access,
demands, and use into the HEM application. There are two primary concerns associated with this
omission. First, there is evidence of some trade-offs in municipal water use between surface and
ground water which our model is unable to capture in this application. That is, households cannot
supplement decreases in surface water access with groundwater (or vice versa) due to the lack of
groundwater data. These trade-offs are likely concentrated in the Terai-the southern plain region—
suggesting that the lack of groundwater to supplement surface water access in the model would
provide a conservative estimate for overall productive benefits because the main trade-off region
exists downstream. Second, we are unable to account for expansion of groundwater irrigation.
While currently there are few large-scale groundwater irrigation schemes in the region, it is possible
that expansion of groundwater irrigation would provide a viable water source for farmers in the
Terai, and this is missing from our application.

Reservoir relationships, in our application used exclusively in conjunction with storage hydropower
projects, are also calculated as part of the core hydrology module. In the Western Nepal application,
we impose linear relationships between area and volume (and net head and volume) rather than
the polynomial relationships specified in the general model. Again, data limitations regarding
the exact site location of reservoirs, force this simplification. These linear relationships will also
provide a conservative estimate of reservoir volume, and, subsequently, energy generation.

6.2.2 Energy

The main simplification in the energy module relates to the specific energy context in Western Nepal.
Nepal has vast river resources and hydropower potential; with investments in storage infrastruc-
ture to regulate water availability, Nepal’s hydropower potential could meet domestic electricity
demands and form a basis of energy export trade with neighboring countries, particularly India.
Accordingly, in this application we focus on just one energy generating technology-hydropower—
and just one energy commodity—electricity. Given this technology, water requirements for energy
generation are tied directly to water availability at a river node (for an energy production site with
run-of-the-river infrastructure) or a reservoir node (for an energy production site with storage
infrastructure). Furthermore, demands for energy commodities as inputs to energy generation via
hydropower are minimal.

6.2.3 Industrial and Municipal

The Western Nepal application does not include industrial water demands. There is very limited
industrial production in Western Nepal and, while eco-tourism and environmental conservation
do provide one potential avenue of development in the region (Pakhtigian et al., 2019), recreational
and hospitality demands on water resources are captured within municipal water demands and
e-flow constraints. Thus, the context of this application is ill-suited to incorporate industrial water
demands as part of the model. Relatedly, wastewater treatment are uncommon throughout Western
Nepal, so this component is omitted from the application.
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For the municipal sector, we apply municipal water constraints rather than incorporating val-
ues associated with provision of water to meet municipal demands. Water resource stakeholders
at both national and local levels recognize the importance of surface water resources to meet
municipal water demands and often prioritize municipal access over water uses for productive
sectors like agriculture and energy if a proposed infrastructure project would incur such a trade-off
(Pakhtigian et al., 2019). Accordingly, we constrain diversions to ensure some level of surface water
access at each river node based on the population surrounding each river node and demands for
surface water in each geographically distinct portion of the region (i.e., the demands for surface
water to meet municipal needs are different in the mountains compared to the mid-hills or Terai).
With regard to municipal energy demands, while in our main specification we allow energy to flow
to markets where it is most beneficial from an economic perspective, we do calculate how much
of municipal energy demand in met in each specification and conduct sensitivity analyses which
constrain the distribution of energy across energy markets in alternative ways.

6.2.4 Agriculture

Within the agriculture model, our application follows closely to the equations specified in the section
above. Importantly, as the model allows cultivated areas (both rainfed and irrigated) to vary as it
solves, the cropping patterns, pricing, and cost data are aggregated to the agricultural production
site-year level. Furthermore, while there is likely variation within-district regarding crop prices,
agricultural costs, and other parameters within the agriculture module, district-level data was
the finest resolution available; thus, the model does not incorporate intra-district variation across
agricultural parameters. The main data limitations in agriculture include a lack of information on
energy demands in agriculture, particularly those related to water pumping for irrigation. Finally,
water reuse in agriculture in uncommon in Western Nepal, so water reuse is omitted from the
model.

6.2.5 Environmental

As with the municipal module, we incorporate the environmental sector as a system of constraints
rather than ascribing value to ecosystem-related water use. In particular, we incorporate a variety
of e-flow constraints that allow for different levels of diversions from the river. These e-flows are
calculated to maintain aquatic integrity in the rivers. Thus, the difference between model outcomes
in the presence and absence of the e-flow constraints provides insight into the economic value the
existence of aquatic ecosystems or maintenance of river flows for recreation, navigation, or other
purposes would need to afford to promote the binding of these e-flow constraints.

7 Discussion and Summary

Increasing competition for water resources among multiple economic and social sectors calls for effi-
cient allocation of water and intelligent trade-offs among sectors. These, in turn, require a planning
approach that incorporates development trajectories and portfolios of management and investment
solutions. To support such an integrated planning approach there is a need for tools that better
account for the complex social and physical dynamics underlying water systems. This report de-
scribed an HEM structure that is based around the concept of the Water-Energy-Environment-Food
(WEEF) Nexus. The specific structure of the HEM has been developed to describe the integrated
social-physical system with three core principles in mind: scalability, transferability, and modularity.
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The first two principles allow the model to be implemented in any catchment or river basin with
minimal changes. The third principle allows the model to be more effective in handling research
questions by turning “on” and “off” relevant modules based on the research question at hand.

More specifically, our HEM Nexus framework depicts interactions between five specific sectors
or modules. The first core module, which contains the model objective function, is the water
system. It is based on the typical node-link structure of most similar HEMs. This module also
includes surface and groundwater interlinkages as appropriate. This objective function aims for
maximization of benefits across sectors and uses given both physical and social water and en-
ergy system relationships and constraints. Three other modules that are linked to this core are
principally human production systems; these represent the energy, municipal and industrial, and
agricultural production systems, organized around the representation of the water system core. A
titth module describes the broader ecosystem or environment; this component provides a variety of
market and nonmarket goods and services (ecosystem services) to the other systems and is also the
recipient of “externalities” from these systems. These externalities, beyond certain levels, may lead
to a reduction in the ability of ecosystem to provide services to other systems and to the broader
environment.

This model forms an important component for a Decision Support System (DSS). It must be
linked to a database of parameters for use in the model equations. Following the model param-
eterization, users can explore efficient water allocations and specify scenarios or changes to the
system that would affect those efficient solutions. Given the inherent complexity in integrated
water resources systems, such scenario analyses can help provide more reliable, or data-driven,
understanding of the potential costs and benefits of policy and investment changes across multiple
sectors that are linked to a water resources system. They can also illuminate critical policy trade-offs
and their implications for users or interests in different locations.

As an optimization model, the HEM Nexus tool is well-adapted to identifying solutions that
most efficiently allocate water and other resources, which is especially useful for planning purposes
at the basin level. As with all similar models, these work from a standardized and simplified
representation of very complex system that is developed to be both sufficiently realistic and com-
putationally tractable. Such models are sometimes criticized for the assumptions inherent in their
structure. Optimization frameworks in particular may not be well-suited to understanding real
world outcomes because the institutions governing allocations rarely come close to resembling
an omniscient social planner or a well-functioning water market. In addition, the model is not
meant to be used for operational purposes, which typically require greater spatial and temporal
resolution. Finally, the HEM Nexus described here is new, and needs to be applied to a variety of
problems and contexts to improve its usability and relevance to real world situations, and to better
streamline the nature of its data requirements.
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A Potential Future Extensions

Extensions to the contained modules are included as potential expansions of the model subject
to appropriate data availability.

A.1 Water Module

A.1.1 Two-way surface and groundwater flows

For any particular node, there cannot be both seepage into groundwater (from the river) and
seepage out of groundwater (into the river) in the same month.

WS W-eve =0 (Aw.1)
In the water module, the physical limitations of the aquifer are accounted for by the inclusion of a

maximum groundwater level constraint (Equation w.10). Thus, the actual pumping head can be
specified as:

Zot = AQE;&%‘?R — GWPT + ghdog, (Aw.2)
where:
AQEJ\%}’SR is the height at the top of groundwater aquifer g;

Gngx—D 10 is the head of groundwater aquifer g at time ¢; and
ghdogv,t is the pump draw-down of groundwater aquifer g at time .

Groundwater seepage into surface river flow depends on the water volume in the groundwa-
ter aquifer and the transitivity coefficient (¢q )

HW_GWA +HW:GWA
i gt ) (Aw.3)

W_GWS __ W_YGWO0 4, W_GWAO
WI-CYS = 0.01 - gguG) Al < :

Aquifer recharge through river flows are considered through linear relationship between the
amount of the recharge and river flow:

W_GWC _ W_RGW W_F
Wd,t - Z <rn,t Z Wnu,n,t> (AW4)
¢ENGLINK nueNNULINK
where:
rW-REW is the share of river flow to charge a groundwater aquifer ¢ at node 7 and time t (given the

link between groundwater aquifers and nodes (g,7) € NGLINK).

A.2 Energy Module

A.21 Endogenous quantity adjustments

Given time-varying price data, energy supply in market m depends on the price of energy com-
modity o:

E_SUupr E_END ; pE_MBE-END
Lmja,t = “mjo,t (Pm,_o,t )ﬁm'o’t (Ael)
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where:

E_END

o and 551—5?1 D are the parameters of the exponential regression function; and

Pnh;,—o’?f is the price for energy commodity o at market m.

Energy prices for commodity o used at production site de and in its related regional energy market
are the same:
PL.= Y PN (Ae.2)

m,o,t
meMELINK

A.3 Industrial/Municipal Module

A.3.1 Leontief production

The relationship between value added by industrial sector and uses of water and energy resources
is considered to be a Leontief production process:

vAL WIUSE
5 < < & X ?l’lfISEO> (Aila)
VA Y Wd{t
1.0y I_PRD
VA[Iﬁ Zt Za( d{o Ld;,o,k,t ) 1
— 0 < 1071 PRD (Ai1b)
VAdf Zt Zo( di,o Ld?,o,k,t )

where:
VAéi and V_Aéi are actual and baseline industrial value added at industrial site di;

Wéi—tu‘SE and Wéi—ils E0 are actual and baseline water uses at industrial site di at time t;

Lé;ﬁi/? and Efﬁgﬁ? are actual and baseline energy uses at industrial site di, using energy commodity
0, produced by technology k, at time ¢; and

f éi—? is a weight factor used to make electricity and diesel use units comparable.

This production function is based on an assumption of no substitution between water and energy
resources in industrial production but allows substitution between electricity and diesel.

A.4 Agriculture Module

A.4.1 Calculating effective rainfall

In the event that data on effective rainfall is unavailable, it can be calculated. To calculate effective
rainfall, run the following loop over every node n:

EFFRAIN =0 if PPTY <10 (Af.1a)
EFF/RAIN = 0.2 (PPT}Y, — 10) if 10 < PPT;% < 20 (Af.1b)
EFF/RAN =2 40,6 (PPT)% —20) if 20 < PPT)% < 70 (Af.1c)
EFF/RAN =32 +0.7- (PPT)% — 70) if 70 < PPT) < 80 (Af.1d)
EFF/;RAN =39+ 0.8 - (PPT,% — 70) if PPT,% > 80 (Af.1e)

68



A.4.2 Endogenous quantity adjustments

The total amount of the crop produced in the basin depends on crop prices:

Y QUCRP = g A-AGD (pA)BE"e (A£.2)
da

where:

aA-AGD and BA-ACD are the coefficients of the agricultural commodity demand function that relate

crop price to the produced amount.

A.4.3 Distribute water to crops

We define Wﬁl—tSUM—P in the following way as a placeholder for the product of water stress, area,
and crop price:

A_SUM_P _ A_WS_COEFF A_IRRSW A_P
Wi =) (CRP; - AREA;~ -CR{-Y) (A£.3)
C
where:
A_WS_COEFF ; . . L . .
CRP; -, is the water stress coefficient for agriculture production site da, crop c, at time ¢;
and

CR#-P is the crop price.

RA?AVB?VOL?S

doct ) (in million m3 ) is calculated:

Then the surface water available for each crop (C

A_P

A_AVB_VOL_S __ A_DEL_CRPS_S A_WS_COEFF A_IRRSW CRC B

CRda,c,t - Wda,t ’ (CRPda,c,t ’ AREAda,C ’ WASUMP) (Af-4)
da,t

C RAfAVB,VOL?G

diet ) (in million m?) is calculated:

Similarly, the groundwater available for each crop (

da,c,t da,t da,c,t da,c WA?SUM,P

CRA-AVB_VOL.G _ \\A_DEL_CRPS G | (CRPAWSCOEFF . AREAA-IRRSW CRE-" > (A£.5)
da,t

We convert these to surface water available in mm:

CRA_AVB_VOL_S

A_AVB_MM_S __ da,c,t
CRda,c,t = AREAA_IRRSW -1000 (A£.6)

And groundwater available to each crop in mm:

CRA?AVB?VOL?G

A_AVB_MM G __ da,c,t
CRye = AREAAIRRGW - 1000 (A£.7)

da,c
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A.4.4 Rainfed crops: Calculate deficit

The stage deficit for rainfed crops (D%—/ft) depends on the effective rainfall, water available through

irrigation, the crop coefficient, and the potential evapotranspiration. Here, only crops with a
positive crop coefficient, those exhibiting water demand, are included in the calculation. The stage
deficit is calculated:

da,t

A_RAIN_DA
Djty =1~ ( AEAP/IPCOEFF A DA) (A£.8)
CRPda,_c,t_ ’ PETda,_t
The maximum stage deficit (DMAX{‘;—’CR) is, in turn, estimated based on monthly stage deficits:
DMAXj, & = max(Dg. ) (A£.9)

Next, we calculate seasonal relative yield for rainfed crops (YLDS%—,EEL—R), which depends on

effective rainfall, the seasonal crop coefficient, and potential evapotranspiration:

Zt EFFA*RAIN*DA

YLDS;-REL-R — o A£10
dac y,(CRPA SCOEFF  ppTA DA) ( )
where:
C RP;;TCS,—COEF F is the seasonal crop coefficient at agriculture production site da specific to crop c.
The minimum relative yield for rainfed crops (YLDRE L;?H*MI N-R) is calculated:
YLDREL;;M™N-R = min(1 — DMAXZ R, YLDS{-F*-F) (Af.11)

Finally, the actual yields (YLDACTL%CR) depend on relative and potential yields:

YLDACT;-* = YLDREL;MN-R. RED{-F-"*P (Af.12)

da,c

where: RF D;ﬁl—f -YID is the potential rainfed yield of crop c at agriculture production site da.

A.4.5 Irrigated crops: Calculate deficit

In calculating the stage deficit for irrigated crops, we recognize two different water sources for
irrigation—surface water and ground water. As the deficit is calculated the same way for both
sources, we let S, G € v. Then the stage deficit for irrigated crops (Dﬁzfcl,?v)f where v indicates either
surface or groundwater, depends on effective rainfall, water available for each crop, the monthly
crop coefficient, and potential evapotranspiration. As with rainfed crops, only crops with a positive
crop coefficient, those exhibiting water demand, are included in the calculation. The stage deficit is
calculated:

da,t da,ct
A_M_COEFF A_DA
CRPda,c,t PETda,t

DA_I_V — 1 o

da,c,t

EFFAiRAIN*DA + CRAiAVB*MMJ/
( ) (A£.13)
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The maximum deficit among stages for irrigated crops (DMAijg—V) is, in turn, estimated based
on monthly stage deficits:
DMAX#-1-V = mtax(DA—I—”) (Af.14)

da,c da,c,t

Next, we calculate seasonal relative yield for irrigated crops (YLDSZ—?E L-1v), which depends on

effective rainfall, available irrigation, the seasonal crop coefficient, and potential evapotranspiration:

Zt (EFFA_RAIN_DA + CRA_AVB_MM_V)

YLDSA-RELLv _ da,t da,c,t (Af.15)
da,c Zt(CRP(g,_S_COEFF . PET[QZ}DA)
The minimum relative yield for irrigated crops (YLDREL/-MN-1-) s calculated:
YLDREL{-M™N-1Y = min(1 — DMAX/--, YLDS - X1 (Af.16)

Finally, the actual yields for irrigated crops (YLDAC Tdi*c]*”) depend on relative and potential
yields:

YLDACT,--" = YLDREL;; ™™=V . IRR-T-YEP (A£.17)
where:
I RR?E,? YLD js the potential irrigated yield of crop c at agriculture production site da.
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