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Preface

Managed Aquifer Recharge (MAR) and water banking are of increasing importance to
water resources management. MAR can be used to buffer against drought and changing or
variable climate, as well as provide water to meet growth in demand, by making use of
intermittent excess surface water supplies and recycled waters. Institutions that perform the
necessary permitting and monitoring are required so that a region’s groundwater quantity
and/or quality management can be furthered through MAR. While several jurisdictions have
frameworks in place, many do not. Lack of enabling policy and governance frameworks limits
the realization of MAR benefits.

Along with hydrologic and geologic considerations, economic and policy analyses are
essential to a complete analysis of MAR and water banking opportunities. Yet, the peer-
reviewed literature tends to focus more on the operational and physical aspects of MAR
programs. We determined that the journal Water provides an excellent opportunity to publish a
collection of papers on the policy, economic, and decision-making aspects of MAR and water
banking. Along with the journal’s announcement of an open call for papers, invitations were
issued to several presenters at the Eighth International Symposium on Managed Aquifer
Recharge (ISMARS), which was held in Beijing, China in October 2013.

We are pleased to present these 12 papers, all of which were subject to peer review by at
least two reviewers. They show the range of economic and policy considerations relevant to
the development and implementation of MAR programs. Several papers show novel
techniques that can be used to select MAR locations. The importance and economic viability
of MAR to semi-arid to arid environments is evident from the use of MAR in both developed
and developing regions. Papers demonstrate how MAR can be utilized to meet municipal and
agricultural water demands in water-scarce regions, as well as assist in the reuse of
wastewater. Some studies explain how stakeholder engagement, ranging from consideration
of alternatives to monitoring, and multi-disciplinary analyses to support decision-making are
of high value to development and implementation of MAR programs.

There is growing recognition of the importance of groundwater and aquifer health to
meeting future water needs, as well as the crucial role for strong institutional and governance
frameworks for water resources management. The approaches discussed in this collection of
papers, along with the complementary and necessary hydrologic and geologic analyses,
provide important inputs to water resource managers. We thank the authors for contributing to
increased understanding of MAR as a component of sound water management.

Sharon B. Megdal and Peter Dillon
Guest Editors
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Policy and Economics of Managed Aquifer Recharge and
Water Banking

Sharon B. Megdal and Peter Dillon

Abstract: Managed Aquifer Recharge (MAR) and water banking are of increasing importance to
water resources management. MAR can be used to buffer against drought and changing or variable
climate, as well as provide water to meet demand growth, by making use of excess surface water
supplies and recycled waters. Along with hydrologic and geologic considerations, economic and
policy analyses are essential to a complete analysis of MAR and water banking opportunities.
The papers included in this Special Issue fill a gap in the literature by revealing the range of
economic and policy considerations relevant to the development and implementation of MAR
programs. They illustrate novel techniques that can be used to select MAR locations and the
importance and economic viability of MAR in semi-arid to arid environments. The studies explain
how MAR can be utilized to meet municipal and agricultural water demands in water-scarce
regions, as well as assist in the reuse of wastewater. Some papers demonstrate how stakeholder
engagement, ranging from consideration of alternatives to monitoring, and multi-disciplinary
analyses to support decision-making are of high value to development and implementation of MAR
programs. The approaches discussed in this collection of papers, along with the complementary and
necessary hydrologic and geologic analyses, provide important inputs to water resource managers.

Reprinted from Water. Cite as: Megdal, S.B.; Dillon, P. Policy and Economics of Managed Aquifer
Recharge and Water Banking. Water 2015, 7, 592-598.

1. Introduction

There is growing recognition of the importance of groundwater and aquifer health to meeting
future water needs, as well as the crucial role for strong institutional and governance frameworks
for water resources management. Managed Aquifer Recharge (MAR) is defined as the “intentional
banking and treatment of waters in aquifers” [1]. The papers in this Special Issue of Water, entitled
Policy and Economics of Managed Aquifer Recharge and Water Banking, demonstrate that MAR,
which includes what is commonly referred to as water banking [2], is being utilized to buffer against
drought and changing or variable climate, as well as provide water to meet growth in demand, by
making use of intermittent excess surface water supplies and recycled waters. The papers, which
are broad in their coverage of geography and methodologies, have been assembled to highlight how
economic and policy considerations are being and/or can be incorporated into decision-making
regarding deployment of MAR programs. The information and analyses demonstrate the breadth
and complexity of issues that enter into MAR-related water resources management decision-making
and provide information on the usefulness of MAR programs to meeting water policy objectives.
We believe this is the largest collection of papers to date covering the economic and policy aspects
of MAR and water banking.




The papers in this Special Issue can be seen as falling into four groupings: Economic and
policy analyses for meeting water management objectives; Evaluation of MAR using alternative
methodologies; Utilization of MAR for wastewater reuse in arid regions; Approaches to stakeholder
engagement and monitoring. The following section summarizes the individual contributions
following this grouping. The papers should be consulted for the details and rich list of references.

2. Contributions

Robert Maliva’s paper, “Economics of Managed Aquifer Recharge,” [3] serves as a primer on
economic analysis, such as cost-benefit analysis including net present value methodology for
assessing the economic feasibility of MAR systems. Concerning costs, Maliva claims that for
drinking water supplies typical MAR costs are half the costs of brackish water desalination.
He postulates that the primary sources of uncertainty are associated with monetizing the benefits of
MAR. Hence the paper explains how the beneficial value of water stored or treated by MAR
systems can be evaluated using direct and indirect measures of willingness to pay. These include;
market price, alternative cost, marginal product value, damage cost avoided, contingent value
methods, defensive (insurance) value and environmental value of in-situ groundwater. Drawing on
the literature, Maliva also discusses the financing of MAR storage systems in relation to the
benefits that accrue to a broad range of beneficiaries beyond those who subsequently withdraw
banked water. Options for funding MAR projects will depend on the sector utilizing the stored
water as well as the financial means of the jurisdiction contemplating investing in a MAR system.

The paper by Megdal, Dillon and Seasholes, “Water Banks: Using Managed Aquifer Recharge
to Meet Water Policy Objectives,” [2] focuses on how Arizona in the United States of America has
deployed a large water banking program to store and recover water in anticipation of cutbacks in
surface water supplies due to climate variability (droughts). Arizona has been able to rely on a
strong legislatively-authorized and advanced groundwater storage and recovery program. A special
state agency, the Arizona Water Banking Authority was established to carry out the water banking
program, and has recharged 4 billion m® in 18 years. The Arizona Department of Water Resources,
another state agency, oversees regulatory compliance and accounting. The paper discusses both
water policy achievements and challenges and explores conditions under which a similar water
banking approach could be implemented in other areas. The authors assert that a functioning
groundwater entitlement system is a prerequisite for security of investment in water banking.
They also illustrate means by which existing water infrastructure may be integrated in water
banking to compensate for aquifers that are not as ideal as those used for water banking in Arizona.
This suggests considerable potential for application of water banking in Australia and elsewhere by
learning from and adapting Arizona’s innovative policies and institutions.

A series of four papers demonstrates advances in evaluating the economics and feasibility of
MAR systems. The paper, “The Economics of Groundwater Replenishment for Reliable Urban
Water Supply,” by Gao, Connor and Dillon [4] explores the potential for banking recycled water
through a MAR program in Perth, Australia to meet increased water demand in an area subject to a
drying climate. The authors explore a simplified case study using a Monte Carlo analysis with
embedded Markov model and optimization algorithm to show that using aquifers to store water can



help this urban community have “supply insurance” for drought conditions at considerably lower
cost than other water supply alternatives, such as seawater desalination. They are careful to point
out that actual costs savings and supply reliability will depend on aquifer conditions, including
freshwater storage depreciation rate, which affect the ability to recover water, and for which they
perform a sensitivity analysis. They demonstrate the economic efficiency of water banking with
recycled water in an aquifer used for urban water supply and since publication, a US$100M first
stage project for groundwater replenishment has been approved based on substantial investigations.

The paper, “Economic Assessment of Opportunities for Managed Aquifer Recharge Techniques
in Spain Using an Advanced Geographic Information System (GIS),” by Escalante, Gil, Fraile and
Serrano [5] addresses the whole of Spain. The authors report the results for their “DINA-MAR”
project in which they evaluate a large geographic area using 23 GIS layers of physiographic
features, which included geology, topography, land use, and water sources. They evaluate
characteristics of existing MAR sites to “train” a model then use the attributes of the GIS layers to
determine the potential for MAR. This part of their work concludes that there are significant MAR
storage opportunities in 13% of the ~500,000 km? area studied and that this additional storage
capacity is more than 2.5 times the total capacity of existing surface water dams in Spain.
Additionally, the paper used GIS analysis to estimate the expected capital costs per unit volume of
recovered water of the most appropriate type of MAR in each identified prospective zone. Again
the model was trained on economic information and attributes of existing MAR sites and the
resultant range of capital costs (Euro 0.08-0.58/m’/year) is expected to provide economic
information useful for decision-makers on implementing MAR for water supplies on the Iberian
Peninsula and Balearic Islands of Spain.

Moving to another part of the world, Niazi, Prasher, Adamowski and Gleeson in their paper,
“A System Dynamics Model to Conserve Arid Region Water Resources through Aquifer Storage
and Recovery in Conjunction with a Dam,” [6] rely on a systems dynamics approach to modeling.
They examine the potential in the Sirik region of Iran to use aquifer storage and recovery to
minimize evaporation losses and aquifer depletion while expanding agricultural activities and show
that ASR, in conjunction with water storage on an ephemeral river, provided benefits to farmers
and the groundwater system. Groundwater depletion declined and evaporation from the reservoir
was reduced. They conclude that a systems dynamics model, consisting of a stocks and flow model
of the conjunctive water system, coupled with a finite difference model of the groundwater system
and cost benefit analysis reveal the hydrologic and economic performance of alternative ASR
options. The analysis considers economic factors, the quantity of water available for environmental
flows, the quantity of water to be released from spillways, as well as social acceptability.
This information can assist decision-makers in identifying opportunities to utilize MAR in
conjunction with surface storage to conserve water resources and reduce groundwater depletion
particularly in arid and semi-arid regions facing uncertainty associated with climate change.

The fourth paper addressing alternative methodologies for evaluating MAR is “Assessing the
Feasibility of Managed Aquifer Recharge for Irrigation under Uncertainty,” by Arshad, Guillaume,
and Ross [7]. They perform a cost-benefit analysis to compare the economics of harvesting
occasional high surface water flows in either shallow surface storages (as is current practice in the



Namoi Valley, Australia) or in the underlying unconfined aquifer via either infiltration basins or
aquifer storage and recovery wells. In each case the stored water is used for irrigation of
commercial crops, such as cotton and faba bean. Although more than 35% of water in surface
storages is lost due to evaporation, there are high levels of uncertainty on infiltration rates in basins,
recoverability of stored water and financial variables used in analyses. They offer a methodology to
assess the financial feasibility of MAR under uncertainty, which provides thresholds for several
key variables (including infiltration rate and pumping cost) denoting cross-over points in break-even
analysis, where MAR and surface storage have equal financial returns. When applied to the Lower
Namoi catchment in the Murray-Darling Basin of south-eastern Australia this indicated that
infiltration basins can be more economic than surface storages where soils are permeable and
pumping costs are low. Recharge wells are considered uneconomic due to costs of water treatment
presumed to be required to maintain recharge rates. They conclude that their approach to modeling
under uncertainty can indicate where MAR is potentially more cost-effective than surface water
storage, and conversely where investment in geophysical and hydrogeological investigations may
not be warranted.

Two papers in the Special Issue address wastewater reuse in arid regions. “Managed Aquifer
Recharge (MAR) Economics for Wastewater Reuse in Low Population Wadi Communities,
Kingdom of Saudi Arabia,” by Missimer, Maliva, Haffour, Lieknes and Amy [8] compares alternative
approaches to providing remote villages with water for potable and irrigation uses. They compare
the costs of desalinated seawater with that of treated wastewater delivered via a MAR system.
Treated wastewater can be used directly for irrigation and indirectly, after soil aquifer treatment.
Implementation of a MAR reuse system enables avoidance of environmental, tourism and fishery
costs associated with discharge of wastewater to marine environments. The authors indicate that
avoiding these costs can more than offset the amortized cost of constructing the MAR system.
They also clarify the position of Islamic Law on reuse of treated wastewater and address the issue
of subsidizing village water supplies. Finding significant cost advantages associated with the MAR
systems, they conclude that MAR and the reuse system can provide wadi valleys with needed water.

The second paper in this grouping is “Impact Assessment and Multicriteria Decision Analysis of
Alternative Managed Aquifer Recharge Strategies Based on Treated Wastewater in Northern
Gaza,” by Rahman, Rusteberg, Uddin, Saada, Rabi and Sauter [9]. As suggested by the title, the
analysis considers multiple factors, such in its analysis of a MAR system to utilize treated wastewater
in the Northern Gaza Strip. They evaluate the impacts of three MAR reuse strategies developed in
consultation with decision-makers on groundwater resources, considering agricultural, environmental,
health, economic, and societal criteria. The authors find that MAR strategies improve scores in each
of the four aggregated criteria, with the largest MAR system evaluated being superior in each
category. A “do nothing” strategy has the worst outcomes and its net benefits decline with time
reflecting current over-exploitation of groundwater with declining levels and increasing salinity.
The authors tested several multicriteria methods and concluded that ranking of options was robust
and suggest that the multicriteria integrated approach may also be useful for evaluating other water
resources development projects.



The final four papers include a pair of papers on the San Pedro River in Arizona, USA, by the
same group of authors, along with two papers addressing MAR implementation in India. They all
emphasize stakeholder engagement in model formulation, selection of options and/or monitoring.

The paper, “Application of Hydrologic Tools and Monitoring to Support Managed Aquifer
Recharge Decision Making in the Upper San Pedro River, Arizona, USA,” by Lacher, Turner,
Gungle, Bushman and Richter [10], should be read in conjunction with “Development of a Shared
Vision for Groundwater Management to Protect and Sustain Baseflows of the Upper San Pedro
River, Arizona, USA,” by Richter, Gungle, Lacher, Turner and Bushman [11]. Together, these papers
describe how a consortium has approached addressing the depleted base flow conditions along the
Upper San Pedro River north of the U.S. border with Mexico. The Lacher ef al. paper reports on
how a groundwater model of the basin, prepared by the U.S. Geological Survey, served as the basis
for simulations and mapping of flow capture due to pumping and stream flow restoration
associated with managed aquifer recharge. The simulations showed the extent to which recharge
could compensate for stress on the water table due to pumping. Combining data from 15 years of
wet-dry mapping with simulation tools provided technical information useful to decision-makers
attempting to balance accommodating the growing water demands of the region with continuing
baseflows in the San Pedro River.

The paper by Richter et al. reports on the collaborative work of the Upper San Pedro Partnership
(Partnership) of diverse governmental and non-governmental entities. Over a period of many years,
the Partnership developed models and technical/simulation tools. The paper explains how the
analysis detailed in Lacher et al. [10] resulted in a paradigm shift, with the partners moving to a
“spatially-explicit optimization process”. Based on the optimization analysis, a group of collaborators
worked for several years to acquire the lands needed to accomplish strategic recharge near the
river. The authors suggest the steps necessary for developing a shared vision of sustainability for
integrated water management and provide a set of lessons learned from the experiences of this
long-standing collaboration.

The final two papers focus on India. “The Role of Transdisciplinary Approach and Community
Participation in Village Scale Groundwater Management: Insights from Gujarat and Rajasthan,
India,” written by Maheshwari and 23 co-authors [12], highlights the importance of effective
engagement with local communities. This paper reports on work in the States of Gujarat and
Rajasthan, India through the project Managed Aquifer Recharge through Village Level Intervention.
The project involved developing an approach for citizen and community participation so as to
improve groundwater management. Collection of hydrologic, agricultural and socioeconomic data
engaged local villages and school communities in groundwater monitoring, field trials, photovoice
workshops, and other educational and communication activities. Of particular importance is the
participation of trained volunteer farmers in regular groundwater monitoring, plotting and facilitated
interpretation of data in relation to seasonal recharge and pumping, and then explaining their
findings in community meetings to provide a scientific foundation for groundwater management.
After providing details for each of the two communities of focus, the authors conclude that
transdisciplinary approaches can enable communities and their farmers to work with research and
other partners to develop groundwater management solutions that are holistic and sustainable.



Finally, “Policy Preferences about Managed Aquifer Recharge for Securing Sustainable Water
Supply to Chennai City, India,” by Brunner, Starkl, Sakthivel, Elango, Amirthalingam, Pratap,
Thirunavukkarasu and Parimalarenganayaki [13] analyzes water supply policy options and preferences
for Chennai City, India. The authors elicit stakeholder preferences from about 25 stakeholder
groups regarding MAR through infiltration ponds as a means of addressing groundwater depletion.
The authors discuss the lack of legal framework for managed aquifer recharge in the periphery of
Chennai, as well as the absence of a common vision. Their research indicates that there is stakeholder
support for establishing an authority that would be responsible for licensing groundwater withdrawals
and implementing and overseeing a MAR program.

3. Conclusions

This collection of papers demonstrates the wide-ranging opportunities for implementing
Managed Aquifer Recharge programs. Taken together, the analyses of these 12 papers underscore
the importance of enabling institutional and legal frameworks, careful economic and financial
analysis, multi-disciplinary approaches that incorporate the necessary geophysical and hydrological
information, and stakeholder/community engagement in program implementation and success.
The variety of locations, water use situations, and environmental settings indicate the importance,
robustness and attractiveness of MAR as an element of sustainable water management. It is
intended that disseminating knowledge of MAR and water banking from policy and economic
perspectives from a geographically broad range of experiences will help achieve consideration of
their full potential alongside traditional options and their adoption, wherever superior.
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Economics of Managed Aquifer Recharge
Robert G. Maliva

Abstract: Managed aquifer recharge (MAR) technologies can provide a variety of water resources
management benefits by increasing the volume of stored water and improving water quality
through natural aquifer treatment processes. Implementation of MAR is often hampered by the
absence of a clear economic case for the investment to construct and operate the systems.
Economic feasibility can be evaluated using cost benefit analysis (CBA), with the challenge of
monetizing benefits. The value of water stored or treated by MAR systems can be evaluated by
direct and indirect measures of willingness to pay including market price, alternative cost, value
marginal product, damage cost avoided, and contingent value methods. CBAs need to incorporate
potential risks and uncertainties, such as failure to meet performance objectives. MAR projects
involving high value uses, such as potable supply, tend to be economically feasible provided that
local hydrogeologic conditions are favorable. They need to have low construction and operational
costs for lesser value uses, such as some irrigation. Such systems should therefore be financed by
project beneficiaries, but dichotomies may exist between beneficiaries and payers. Hence, MAR
projects in developing countries may be economically viable, but external support is often required
because of limited local financial resources.

Reprinted from Water. Cite as: Maliva, R.G. Economics of Managed Aquifer Recharge. Water
2014, 6, 1257-1279.

1. Introduction

Managed aquifer recharge (MAR) is defined as “intentional banking and treatment of waters in
aquifers” [1]. The term MAR was introduced as an alternative to “artificial recharge”, which has
the connotation that the use of the water was in some way unnatural [1]. MAR includes a great
diversity of technologies to store and treat water including aquifer storage and recovery (ASR),
infiltration basins, salinity barriers, soil-aquifer treatment, and riverbank filtration. The water resources
management benefits of MAR are compelling. However, the question arises as to why MAR has
not yet been implemented to an even greater degree. The answer often lies in that decision makers,
such as water utility managers, water management agency officials, and political leaders, have not
been provided an equally compelling, sound economic case for investment in the technologies.

Investments in infrastructure, whether for water or other purposes, need to be justified in terms
of the benefits of the project equaling or exceeding the construction and operational costs. The costs
of the projects should also be less than the costs of alternative projects that provide the same
benefits. Cost—benefit analysis (CBA) can be used to evaluate MAR projects, where their costs and
benefits can be accurately quantified in monetary terms. However, economic analyses of water
projects are often hampered by the difficulty of accurately quantifying the value of water, which
can vary greatly depending upon circumstances. Todd [2] in a pioneering paper noted with respect
to the economics of groundwater recharge that “It is clear the analysis of the benefits of artificial
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recharging is dependent on what value can be assigned to a unit volume of water” and “in assessing
the benefits of artificial recharge, consideration must be given to the importance of water to the
total economy, to the value of water for various uses, as well as to the direct and intangible benefits
that may accrue.”

Water and wastewater projects are not necessarily evaluated solely based on their profitability to
the system owner and operator. Water and wastewater utilities often have mandates to provide
specified levels of services irrespective of the profitability of each individual system component.
Water has social and environmental values as a necessity of life. Hence, water is often provided to
poor communities even if the revenues generated do not cover costs. Governmental projects are
also often funded all or in part by general revenues (rather than entirely from revenues from the
sale of water) with the goal of achieving societal benefits. MAR projects may thus be economically
evaluated by comparison to non-managed scenarios [3] or other water management or treatment
options to achieve the same goals [4,5]. The feasibility of MAR projects also depends upon
financial feasibility [6], which addresses whether funding is available for a project and how a
project will be paid for. In developing countries, MAR projects are available that may be
economically feasible (i.e., their benefits exceed costs) and could materially improve the quality of
lives of the people, but financial resources are not available. Water projects often have to compete
for limited financial resources against other types of projects (e.g., health, transportation) that also
provide societal benefits.

The procedures for analyzing the economic benefits of groundwater presented by Bergstrom et al. [7]
and the National Research Council [8] provide a basic framework for evaluating the economics of
MAR systems. The first step in the evaluation is an analysis of the changes in groundwater quality
and quantity resulting from the implementation of a MAR project. The change is evaluated relative
to a reference state, which would normally be current conditions. The changes in groundwater
services resulting from the change in groundwater quantity and quality is next evaluated. Finally,
the economic value of the change in groundwater services is evaluated.

Water has been recognized to be an economic good, but its price is seldom set by a free market.
Water also has social and environmental values that are difficult to quantify in monetary terms.
Indeed, some people object to the very notion that economics should enter into decisions concerning
water supply. The value of water also varies greatly depending on local circumstances. As water is
critical for life, water can be priceless during extreme shortages. In some water-scarce developing
countries, there are often large social costs associated with both physically obtaining the daily
water supply and health impacts associated with poor water quality. On the contrary, during
periods of abundant supply, the market value of water can be very low, and in the case of flooding
it is a liability (i.e., has a negative net value).
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2. MAR System Types and Benefits

MAR includes a wide variety of processes by which water is intentionally added into an aquifer
or induced to flow into and through an aquifer for treatment purposes. MAR, as defined by Dillon [1],
includes two main end-member types of technologies: (1) methods that are used primarily to
increase the volume of water stored in aquifers; and (2) methods that are used primarily for water
or wastewater treatment. MAR systems with a water storage goal include ASR, aquifer recharge
using wells and infiltration basins, and river channel modifications to enhanced aquifer recharge
(e.g., check dams). MAR using wells, including specifically aquifer storage and recovery (ASR),
was reviewed by Huisman and Olsthoorn [9], Pyne [10], and Maliva and Missimer [11]. Surface
spreading methods were reviewed by Huisman and Olsthoorn [9], Oaksford [12] and Roscoe Moss
Company [13]. The benefit of storage-type systems is the net increase in the volume of water
stored in the aquifer. The increased storage results in an increase in the volume of water available
for later beneficial use (abstraction benefits). Additional potential benefits result from the water
being in place in the aquifer (in-situ benefits). In-situ benefits include reduced groundwater
pumping costs, and avoidance of the need to replace or deepen production wells, restoration or
maintenance of environmental (e.g., spring) flows, avoidance of land subsidence, and prevention of
saline-water intrusion [2,8].

MAR systems with a storage goal are primarily constructed in hydrological and engineering
settings where there are at least periodic shortages of water and times when excess water is
available that could be used to recharge aquifers. MAR is used in arid and semiarid lands, for example,
to capture surface water that is episodically available during uncommon rainfall events. MAR is
also employed in areas with humid climates, such as South Florida and parts of India, where there
is a pronounced seasonality in rainfall. The systems are usually installed either where excess water
is available (e.g., in-channel and off-channel infiltration systems in ephemeral streams and ASR
systems at water treatment facilities) or where the water is used.

MAR systems with a primary treatment goal have been termed “aquifer recharge and recovery”
(ARR) and include soil-aquifer-treatment (SAT) and aquifer storage transfer and recovery (ASTR).
SAT is a high-rate land application system that involves the spreading of partially-treated domestic
wastewater on the soil surface to provide natural treatment as the water infiltrates into the soil and
flows through underlying aquifers. The vadose (unsaturated) zone is used as a natural filter to remove
or reduce the concentrations of suspended solids, biodegradable organic matter, nutrients, metals,
and pathogenic microorganisms, by a variety of filtration, sorption and biologically mediated
reactions [14—18]. Additional filtration and removal of contaminants occurs as the water travels
through the aquifer. ASTR involves the injection of water into an aquifer using wells and its
recovery with separate production wells as a means of improving stored water quality by providing
additional residence time and to take advantage of the filtration and other treatment processes
provided by the aquifer [19]. The essential, defining feature of ASTR is the intentional use of water
flow through an aquifer as a treatment method.

MAR systems vary greatly in their scale and thus how they should be evaluated by CBA.
Large-scale systems owned and operated by water utilities or water management districts or
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agencies usually have well-defined costs and benefits, although there may be uncertainty in the
quantification of benefits (e.g., monetary value of stored water in the absence of a free market).
MAR also includes small-scale systems implemented in developing countries whose benefits, such
as a reduction in labor, disease, and mortality due to the availability of a more convenient, reliable,
and safer water supply, are difficult to express in monetary terms, but nonetheless have great value.

3. Cost-Benefit Analysis

According to the basic rule of benefit maximization, in which increasing the total value of
scarce resources is assumed to be desirable, actions (such as the construction of MAR systems)
should be undertaken if their total benefits exceed total costs [20]. Cost—benefit analysis (CBA) is
addressed in microeconomic textbooks and some dedicated books (e.g., [21,22]). Environmental
CBA is a specific area of investigation (e.g., [23-26]), which includes issues of water quality
and supply.

The underlying goal of CBA is allocative efficiency. Policies should be adopted or investments
made only if they provide net positive benefits. The policy or investment that yields the greatest net
benefits should be selected. A limitation of CBA is that goals other than economic efficiency
(e.g., equity and national security) may be of relevance to the policy [22]. CBAs are not performed
in a moral vacuum and the social desirability of a particular set of costs and benefits may be a
consideration [25]. However, even if decisions are not made solely on the basis of CBA, decisions
should at least be informed by CBA such that it is at least an input into the decision-making
process [25].

CBAs are commonly performed using the net present value (NPV) method, which considers
both the initial investment in the project and benefits and costs expected to be achieved or incurred
over the life of the project. Future benefits and costs are discounted at an appropriate rate. The
basic NPV equation is

NPV = —Co + YBi/(1 + 1) - Y.Ci/(1 + 1)} (1)

where Co is the initial (capital) costs in year 0; Bi and Ci are the benefits and costs in year “I” and
“r” is the discount rate.

Cost-effectiveness analysis (least cost analysis) and lifecycle costs analysis consider only the
costs to achieve a pre-set objective or criterion. Different options are considered that provide the
same benefit or set of benefits. Cost-effectiveness analysis is suitable where valid and reliable
estimation of benefits is not feasible [27]. It may be used to evaluate options to achieve a
well-defined water supply or environmental goal. For example, if the decision is made to supply a
given amount of potable water to a community as a social objective, then cost-effectiveness
analysis could be used to evaluate different supply options. A limitation of cost-effectiveness
analysis is that an entire list of projects could be ranked without any assurance that any of them are
actually worth doing [25].

A basic requirement of CBAs is that accurate costs and benefits values be used. However,
“appraisal optimism” is common, which is the tendency to exaggerate benefits and under-estimate
cost escalations [25]. Appraisal optimism can be either accidental or intentional. In the latter case,
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those with a vested interest in a project may under-estimate costs or over-estimate benefits to gain
support for a project, knowing that projects develop momentum for their continuation and thus
become difficult to later terminate. For example, false economic analyses were widely used to give
the perception that major water supply projects in the western United States made economic sense,
when in fact they could never be economically justified because the farmers (the primary
beneficiaries) could never afford the true cost of the delivered water [28].

The discount rate reflects time preference for benefits and costs, which varies between
individuals. Individuals typically value a benefit more today, than they would value receiving the
same benefit ten years from now. Discounting enables comparison of costs and benefits that occur
at different times.

In economics, the discount rate is equal to the interest rate in a perfect capital market with no
taxes or inflation [29]. Application of a discount factor reduces the importance of future costs and
inevitably means that what happens long distances into the future has very little impact on decisions
made today [30]. Discounting has been referred to as a “tyranny” that militates against the interests of
future generations [24] and thus appears to be inconsistent with rhetoric and spirit of “sustainable
development” as it violates the notion of intergenerational equity [25]. However, not discounting
(i.e., use of discount rate of zero) creates other problems in that the needs of generations very far
into future are given equal weighting, which would encourage excessive saving at the expense of
current needs [25]. Pearce et al. [25] present the arguments that a time-decreasing discount rate
may be the most appropriate solution.

There is considerable disagreement as to what discount rate is appropriate. Freeman [29]
suggested that a rate of 1%—4% is usually appropriate. Where the costs precede benefits, as is the
case for most water projects, those who favor such projects may argue for a low rate while those
who oppose them may argue for a high rate [23].

Not all costs and benefits of a MAR project are borne and accrued by the system owner.
For example, all groundwater users in a basin may benefit from increased water levels in an aquifer
resulting from a recharge program, whether or not they personally financially contribute to the
project. Similarly, where a project receives external funding, such as a governmental grant, the
system owner and participants may receive most or all the benefits of a system, while not having to
pay the full costs. The results of a CBA that include all costs and benefits may thus differ from the
results of a CBA that is limited only to the costs and benefits to the system owner. This dichotomy is
addressed under finance.

It is important to also distinguish between financial CBA, which measures only the direct
financial implications of a project, and social cost-benefit analysis, which measures the overall
welfare impact of a project [31]. Social benefits associated with water projects include benefits
associated with having a reliable, convenient, and safe source of water. Welfare impacts can also
be considered to include environmental benefits and costs. Valuation of welfare effects in monetary
terms brings with it problems and can lead to inappropriate interpretation of results due to the lack
of agreement on appropriate valuation methodologies and a lack of evidence to support the
underlying values of some variables used in the analysis [31].
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CBA has been used to evaluate MAR projects with an environmental restoration goal, such as
the proposed 6.06 Mm®/d (1.6 billon US gal/d) ASR system for the Comprehensive Everglades
Restoration Plan (CERP) in Florida (USA) [32,33]. Although explicit legal requirements to return
damaged ecosystems to baseline functioning may be desirable from an ecological perspective, from
an economic perspective it is important to know whether restoration costs generate environmental
benefits of equal or greater magnitude [34]. The challenge lies in providing a defensible monetary
evaluation of ecosystem services and, for water projects, how those services are affected by
variations in water supply. There is a school of thought that CBA, particularly as it is widely
applied, is not appropriate because it fails to adequate consider environmental costs and values
(i.e., externalities). It has been proposed that ecosystems, such as wetlands, have an existence value,
which can be derived simply from the satisfaction of knowing that some feature of the environment
continues to exist [24,35]. Ecosystems are also considered to have an intrinsic value, irrespective of
the utility or the desires of humans, which lies beyond the scope of CBA.

4. Costs of MAR Projects

The costs of MAR projects include both capital, operations and maintenance costs, and finance
costs (debt service). Capital costs are fixed, one-time expenses incurred during the design and
construction of the MAR system. Capital costs include, but are not limited to:

Land;

Testing costs, feasibility analyses;

Consulting services for the design, permitting, and supervision of the construction;
Construction costs (e.g., roads, piping, instrumentation, controls, and pretreatment systems); and

Regulatory testing requirements during construction and operational testing.

Operation and maintenance costs include the following:

Labor (system operation, regulatory requirements, administration);
Electricity;

Consulting services;

Regulatory testing requirements (e.g., water quality testing);
Maintenance costs (e.g., parts replacement, well and basin rehabilitation);
Pre-treatment costs (additional treatment prior to recharge);
Post-treatment costs (e.g., chlorination); and

Raw water costs.

Costs used in the CBA should be marginal not average costs. Sunk costs, which are costs that
would be incurred whether a project proceeds or not, should not be included in the CBA. Sunk costs
include items such as previously performed hydrogeological investigations, existing wells that are
no longer used, and existing intakes and piping. The marginal operational labor cost is zero if existing
plant staff can operate the system (i.e., there is no increase in total labor costs). Labor costs are included
in the CBA if additional staff (or contracted labor) are needed to operate and manage the system.
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CBAs should consider opportunity costs associated with land. Opportunity costs are the benefits
one could have received by taking an alternative action. In the case of land, it could be revenues
that could have been obtained if the property was sold or rented, or the value of goods and services
that would have been obtained if the land were put to an alternative use. MAR systems that utilize
wells have minimal surface footprints and, if carefully sited, do not preclude other land uses.
Therefore, the opportunity costs associated with MAR systems using wells may be negligible.

The cost of water stored in a potable water ASR system is the marginal cost to abstract and treat
the additional recharged water by a water treatment plant, rather than the average production cost
or the price charged to customers. Average water costs includes labor, depreciated capital costs,
and finances costs (i.e., sunk costs), which would be incurred whether or not the additional water
was treated. Local water utilities may obtain water from wholesaler on a take-or-pay basis, in which
case they pay for water not used during low demand periods. Hence, there may be a strong financial
incentive to store water during low demand periods as the utility is paying for it anyways [34]. In the
case of a take-or-pay contract situation, the cost of water would be considered a sunk cost if the
water would still be paid for if not used.

The storage space in an aquifer is another potential cost, which is rarely priced in accordance
with its scarcity value [36]. Inasmuch as MAR is in its initial stage of development in many areas,
there is a low demand for storage space, and it thus has minimal monetary value. However, if MAR
implementation locally increases and a scarcity of aquifer storage space with suitable hydrogeologic
conditions develops, then one can envision the cost of storage space becoming a significant component
of CBA.

5. Benefits of MAR Systems

Water has an economic value only when its supply is scarce relative to its demand. Scarce water
takes on value because many users compete for it [20]. The benefits of MAR systems are either
additional water being available in times of scarcity, improvement in water quality, or a combination
of both. Recharge of water can create a new freshwater resource, such as occurs in some ASR
systems in which freshwater is emplaced in a brackish aquifer. MAR can also provide benefits by
adding water to storage in an aquifer and thus stabilizing or increasing water levels. The total
economic value of the recharged water includes its abstraction value plus in-situ (non-use) values
derived from groundwater being in place.

Economic value is measured on the basis of substitutability, which can be expressed in terms of
willingness to pay (WTP) and willingness to accept compensation (WTA) [29]. WTP is the amount
someone would be willing to pay rather than do without a good or service. WTA is the minimum
amount of money someone would require to voluntarily forgo a good or service. WTP and WTA
may not be the same for a given good. Individuals tend to demand considerably greater monetary
compensation to give up things that they already possess than they are willing to pay to acquire the
same exact items. WTP is also constrained by a person’s income in that wealthy people can afford
and may thus be willing to pay more for a good or services than would poor people. The economic
value to society of a good or service is the aggregate of the WTP of all individuals.
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The economic value of water is not a fixed, inherent attribute of a good or service, but rather
depends upon time, circumstances, and individual preferences [8]. The scarcity value of water
changes with time, with its value increasing during times of decreased supply or increased demand.
An important benefit of groundwater, whether placed through natural or enhanced recharge, is as a
buffer against variation in surface water or other supplies [8]. Indeed, several studies have
demonstrated that the greatest economic benefit of groundwater lies in the stabilizing of water
supplies and avoidance of the economic impacts of shortages [37—41]. Surface freshwater flows
should be the first source of water used, because they may otherwise be lost if not used when
available. Fresh groundwater should optimally be reserved for strategic use in coping with water
scarcity. MAR can enhance the ability of groundwater to play a stabilisation role by increasing the
available supply of groundwater. Where global climate changes result in locally drier conditions, or
a more viable water supply, then water stored in MAR systems would have an even greater value in
the future, which needs to be considered in economic analyses.

A fundamental challenge with quantifying the economic benefits of water projects is that there
is seldom a free market with respect to water and observed prices do not exist or fail to reflect its
social value [42,43]. Often in both developed and developing countries, subsidization is common where
water users do not pay the full cost of the construction and operation of the systems through water
rates. Construction costs may have been paid for, at least in part, through general government revenues.

Water utilities are essentially monopolies and consequently price regulation is usually applied to
protect the public. Publically owned utilities are usually either under direct governmental control or
have an elected board. Privately owned utilities are commonly regulated by a governmental agency
that has the authority to approve or deny rate increases. For publically owned water utilities, rates
are typically determined to generate sufficient revenues to cover operation and maintenance
(O&M) expenses, debt service payments, and capital expenditures financed by rates (as opposed to
debt and governmental contributions and subsides). Pricing for privately owned utilities is
commonly based on a “cost of service” approach, whereby rates are set to generate sufficient
revenues to cover O&M expenses, depreciation, taxes (and tax equivalents) and an approved return
on base rate.

From an economic perspective, consumers of water should actually pay the marginal cost of
water (i.e., the cost to obtain additional supplies) rather than the average cost [44], which is seldom
the case. As is often the case for alternative water supply projects of water utilities, the marginal
revenues from the additional supplies are less than the marginal costs, and the system is paid for by
revenues from the sale of all water, both new alternative supplies and existing conventional supplies.

In developed countries, the price of water represents a small fraction of the household budgets
and is usually given little thought. Water is provided at a much lower cost than what the consumer
is willing to pay. The price that consumers pay for water can never exceed and seldom approaches
the price that they would be willing to pay rather than go without, so the economic benefits derived
from the use of water typically exceed the purchase price [20]. In economic terms, utility customers
enjoy a substantial consumer surplus in that the value of the water they receive (in turns of WTP)
exceeds the price that they pay for the water.
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As a result of the consumer surplus, municipal water demand functions show a low elasticity.
Rising prices over time may not significantly lower demands, particularly if real incomes are also
rising [42]. Some uses are of great necessity to consumers (e.g., potable use, cooking) and there are
no practical substitutes. At its limit, as supply approaches zero, the marginal value of water
approaches infinity [42]. For example, strategic storage ASR systems are in various stages of
development in some Middle Eastern countries that are highly dependent on desalination for the
water supply [11]. In the event of a catastrophic disruption of the desalination facilities, due to a
natural event, accident or war, millions of people could be without a water supply. The value of a
strategic water supply to meet potable demands in an extreme emergency is inestimable [2], even
though the probability of such an event is remote. There is thus a low probability that the strategic
storage ASR systems could provide enormous benefits. However, placing a meaningful monetary
value on the benefits of avoiding a very low probability catastrophic event is very difficult, because
there are no precedents.

Since water is rarely priced at a market-determined scarcity value, comprehensive evaluation of
MAR schemes require alternative nonmarket valuation methods [35,43,45]. Shadow pricing is
typically used in which values are assigned or observed prices are adjusted to correspond to prices
that would prevail in a competitive market. Shadow pricing is required, for example, to incorporate
environmental costs and benefits in CBA of water projects. Some of the common methods to
calculate or estimate the benefits of the water that might be supplied or treated by MAR projects
are summarized below (Table 1).

Table 1. Methods to monetize benefits of managed aquifer recharge (MAR) systems.

Method Description
Value of water determined by actual prices set by willing buyers and

Market prices . -
sellers in a competitive market.

. Value of water storage or treatment is determined from the cost of the
Alternative cost . . .
least expensive alternative that provides comparable benefits.

The value of water is quantified from the marginal productivity of water,
Value marginal product i.e., the extra value of output that can be obtained from additional
applications of water.

Survey-based methods to determine an individual’s willingness to pay or

Contingent value o . .
willingness to accept compensation for a good or service.

Value of water is inferred from market transactions (e.g., real estate sales)

Hedoni rty val
edonic property value that are linked to the value of water.

Value of a safe and reliable water supply can be estimated from

Defensive behavior ; .
expenditures to avoid exposure to unsafe water.

Value of water is estimated from damage costs avoided, such as health

Damage cost .
& impacts or drought damage.

MAR system value is estimated from costs avoided resulting from

In-situ groundwater value . . )
g groundwater being in place, such as pumping and land subsidence costs.
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5.1. Market Prices

Quantification of the value of water is most straightforward where water is sold in a free market.
Much has been written over the past two decades on the merits of free water markets as a means of
promoting efficient use of water through pricing mechanisms. The principal objections to an
entirely free water market system stems largely from the recognition that water is also a social
good and that water trading can have significant third party effects (i.e., externalities).

Market pricing systems result in water being allocated to where it results in the greatest net
economic returns. The value of water can be determined from direct observations of transactions
between willing buyers and sellers [45]. The spot market price under conditions at a given time is a
direct measure of WTP. The limitation of using market pricing to determine the value of water is
that there are few unfettered markets and that in the absence of a long-term time series of
observations, the method may be of limited value for long-term planning purposes [45].

There are very few instances where free market trading prices have been use to quantify the
benefits of MAR projects. One example is an evaluation of MAR in the Murrumbidgee region of
New South Wales, Australia, in which the value of water was determined using temporary water
trading prices (AU$450/ML) during a drought [46]. The spot market price for water will vary
depending upon climatic conditions. Stochastic modeling of rainfall, water scarcity, and thus value of
water, might be used to estimate potential future revenues from the sale of water over the operational
life of a MAR system.

5.2. Alternative Cost Method

The alternative cost method is based on the notion that the maximum WTP for a good or service
is not greater than the cost of providing that good or service through some other process or
technology. The gross benefit of a project is considered to be the cost of the next higher cost
alternative. The costs and benefits of MAR and other water projects would be considered relative
to other water management options that would achieve the same goals [4—6,45,47]. The alternative
cost method is similar to cost-effectiveness analysis in that it does not involve quantification of
benefits for each project, which are considered to be constant for all options.

MAR systems with a storage goal can be compared against other options in terms of the unit
cost of water recovered or delivered. Where the goal of the system is long-term storage, MAR
systems could also be evaluated against other options in terms of the cost per unit storage capacity,
with consideration given to recoverability. The alternative cost method is also appropriate for
evaluation of MAR projects with a primary water treatment goal. The cost of systems that take
advantage of natural vadose zone and aquifer treatment processes can be compared to the costs of
alternative engineered solutions that provide the same water quality improvements.

A basic problem with the use of the alternative cost method is that a more expensive alternative
can always be conceived, which would produce an inflated estimated project benefit [45].
The analysis should demonstrate that the alternative project might actually be built. It is misleading
to compare the cost of a MAR project against that of a much more expensive alternative that would
never be built. For example, a MAR project to be used for irrigation water supply would be
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substantially less expensive than a seawater desalination plant built for that same purpose.
However, this would be a misleading comparison as the latter would not likely be built, because of
the great expense of the desalinated water relative to the value of irrigated crops.

The alternative cost method is commonly used to evaluate water supply projects in which
additional water storage capacity or peak demand period water supply are required. For example,
potable water demand in South Florida is greatest during the winter and spring dry season, which
also coincides with the peak in tourism and seasonal resident population. Permitting of additional
fresh groundwater withdrawals is generally no longer possible. The widespread implementation of
ASR in Florida starting in the late 1990°s was driven by its being the least expensive option to meet
seasonal peak water demands [48]. ASR is a less expensive option than the next less expensive
option, which is the construction of brackish groundwater desalination capacity that would not be
needed (and would thus be idle) for a large part of the year.

5.3. Value Marginal Product and Residual Methods

The value marginal product (VMP) method considers the marginal change in the total value of
product with a change in input. The value of water is quantified from the marginal productivity of
water, which is the extra value of output that can be obtained from additional applications of
water [34,49]. With respect to irrigation, the value of water is the change in income with and
without an irrigation project, which is a function of increase in crop yield and crop prices.
The marginal productivity of water can be calculated from crop-water production functions, which
are empirical functions of crop yield versus irrigated water applications [43,45]. The function may
be either experimental or based on surveys of water users [45]. Production functions are often a
function of numerous variables including soil type, fertility, temperature, rainfall, irrigation
practices, crop type, and plant growth stage [20]. It can, therefore, be difficult to distill out the
specific contribution of irrigation. The increase in yields attributable to irrigation can be
alternatively estimated as the difference between irrigated and dryland farming, assuming all other
factors being equal. The VMP for irrigation should not be mistaken for water productivity, which is
usually defined as the total value of crops divided by the amount of water applied.

The residual method estimates the value of water as the remainder of net income after all other
relevant costs are accounted for. The cost of all non-water inputs are deducted from the estimated
total value of production. The residual method is most accurate where water constitutes a
significant fraction of the value of the output [45,47]. The residual method can result in large
potential errors where water is a relatively minor portion of the total value of the product [45].
The residual method tends to give higher estimated values than other methods and over estimates
the value of water if other variables are not included in the analysis [45], which is referred to as the
“omitted variable problem.” Before and after comparisons (irrigated versus non-irrigated land) may
ignore other variables that influence incomes [22]. There are also disagreements about whether or
not and how to consider owned resources (versus contractual resources) such as land, capital,
entrepreneurship, and management [45]. Land values can be obtained from rental and sales market.

Limited data are available on the marginal value of water in agriculture in general, and the
reported values show a very wide range. Colby [43] reported estimated values of water in
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agriculture of USD4 to USD236 per acre foot (USD0.003/m* to 0.19/m?) in the western United
States. Hussain et al. [50] compiled more recent estimates of the value of agricultural water and
documented that average values vary greatly across countries and regions, from as low as
USDO0.001/m? to 0.74/m?.

The VMP has also been used to estimate the value of water in industrial uses. However, water
costs are usually very often only a small fraction of total costs [42]. Water supply cost is thus a
secondary decision. As water supply and wastewater disposal costs increase, recycling of water
increases. However, scattered studies indicate that industrial water demand is quite inelastic [42].

VMP could be used to evaluate the environmental benefits of MAR, such as the restoration and
protection of groundwater-dependent ecosystems, in a manner analogous to valuing water for
irrigation use. The value of water would be related to the marginal increase in ecosystem services
provided by the additional water. The difficult and contentious issue is monetizing ecosystem
services. For example, the impacts of an aquifer recharge scheme on spring flows and wetland
hydration can be determined through monitoring and modeling. Assigning a monetary value to the
benefits of the increased spring flows and wetland hydration has a much greater uncertainty.

5.4. Contingent Value Methods

Contingent value methods (CVM), which are also referred to as expressed preference
approaches, are survey-based methods used to determine individuals” WTP or WTA for a good or
service. The methods involve asking people directly what they would be willing to pay contingent
on some hypothetical change in the future state of the world. With respect to environmental issues,
a description of conditions simulating a hypothetical market is presented, to which respondents are
asked to express their WTP or WTA for existing or potential conditions not registered in any
market [45]. A hypothetical application of the CVM to a MAR project is

“Your local water utility has completed an investigation of different options to address
the current annual water shortages during the summer dry season. The shortages result
in restrictions that curtail outdoors water uses, such as lawn and garden watering. The
results of the investigation indicate that a managed aquifer recharge system could be
constructed that would provide an additional 1 million m’ of water in the summer. The
additional water would reduce the need for water use restrictions to less than once in
every ten years. Would you be willing to pay an extra $2 per month on your water bill
to pay for the MAR system?”

The cost of the system could be expressed as a discrete choice or evaluated using an iterative
bidding process. In the former case, which is referred to as the dichotomous choice or referendum
method, a respondent is asked only whether or not they would be willing to pay a specified amount
in a specified manner as a “take it or leave it” decision. Iterative bidding processes involve starting
with an initial price and then adjusting it upwards or downwards to determine the maximum WTP.
For example, if a respondent indicated that they would be willing to pay an additional $2 per month
for the MAR system, then they might next be asked if they would be willing to pay $3 per month,
and so on, until they indicated no. Conversely, if the response to the initial price is no, then the
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price would be incrementally reduced until the respondent indicated yes. It has been documented
that the initial bid price used can impact survey results.

CVM are subject to a number of potential biases, which has been discussed at great length in the
economics literature and was reviewed with respect to CBA and the value of water and the
environment by Boardman ef al. [22], the National Research Council [8] and Young [45]. A basic
limitation of CVM is that people’s statements about their preferences may not reveal their true
preferences and actual behavior, because statement of a WTP does not involve an actual payment
obligation. Due to the hypothetical nature of the process, declared intentions may not be accurate
guides as to actual future behavior. The biases could either be unintentional or a strategic behavior.
As an example of the latter, someone in favor of a water project may intentionally give an
excessively high WTP in order to try to influence the survey results. Similarly, respondents may
give a low WTP for a project with the hope that in by doing so they may keep future water rates
lower. Strategic behavior may be detected as outliers. Sample bias and non-response biases occur
when the respondents do not represent all the stakeholders for a project. Interviewer and neutrality
biases occur when the respondent perceives that a particular response is preferred by the
interviewer or when the question is framed in a manner that is not neutral.

5.5. Hedonic Property Value Method

The hedonic property value method is a revealed preference method in which the valuation of
non-market goods and attributes is determined by observing market behavior. Expenditures for
market goods are linked to the value of nonmarket goods or attributes. The method assumes that an
increment in price due to an increase in one characteristic will equal a buyer’s WTP for the
characteristic as well as the seller’s marginal cost of producing that characteristic [45]. The hedonic
property value method requires market data and assumes that market participants are able to
recognize differences in characteristics. It is commonly based on real estate transactions.
A commonly given example is that the value of a living next to a lake can be determined by
comparing the sales price of homes with and without a lakefront.

With respect to water, the value of groundwater for irrigation use can be estimated from the
difference in price of a unit of land with and without a groundwater right or supply. The hedonic
property value method assumes that all other variables are equal. However, with respect to water
rights in the western United States, the value of water rights depends upon their security (seniority),
water quality, and location of use [43].

5.6. Defensive Behavior and Damage Cost Methods

The defensive behavior method is based on the WTP to avoid adverse environmental effects [45].
For example, the value of safe drinking water can be estimated from the amount of money that
people would pay to avoid exposure to contaminants, such as by purchasing bottled water. The premise
of the method is that a rational person will adopt defensive behavior as long as the value of the
damage avoided is greater than the cost of the defensive step.
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Benefits of MAR systems can be evaluated in terms of damage costs avoided. For example, the
benefits of bank filtration systems to provide safer drinking water in rural areas of developing
countries can be evaluated in terms of the costs of disease avoided. The costs of disease includes
health care expenditures, lost wages and labor (e.g., farmers not be able to tend their fields), and
human suffering and premature death. A challenge in evaluating the benefits of water supply and
sanitation systems is monetizing the value of a human life and the effects of sickness [31].
An approach taken to evaluate the latter is to use the product of days of work lost and local wages.
Similarly, a benefit of water supply projects may be a reduction in the labor required to obtain water,
which is a large burden on women and school-age children in areas of some developing countries.

The benefits of an MAR system for irrigation water supply can similarly be estimated from the
costs of crop damage during droughts that would be avoided as a result of the stored water. Such an
evaluation would require a statistical (probabilistic) analysis of drought frequency and intensity,
associated crop damage, and the economic value of lost crops.

5.7. In-Situ Values of Groundwater and MAR

In-situ values include a variety of benefits associated with additional groundwater being in place
in an aquifer (i.e., higher groundwater levels), as opposed to benefits associated with the
abstraction and use of groundwater. /n-situ benefits are the objectives of systems that involve
aquifer recharge without recovery. Reduction in pumping costs is an often cited example of an
in-situ value that would be a benefit of MAR. Higher groundwater levels result in less energy
required to pump water and thus cost savings. The economic value of an MAR system with respect
to pumping costs is a function of the change in water level, decrease in energy required to pump the
water, and the energy cost. Pumping cost benefits of an MAR project in a given year (Ct) are
estimated as [51]:

Ci=PLi Wr (2)

where P is the pumping cost per volume of water per unit of lift per year; Lt is the cumulative
average lift change per unit area (ft); and Wt is the amount of water pumped within the affected
area without recharge.

Reichard and Bredehoeft [52,53] performed an economic analysis of the Santa Clara Valley,
California, aquifer recharge system. The system uses infiltration basins to recharge a heavily used
alluvial aquifer system. A calibrated groundwater flow model was developed and used to calculate
the hydraulic effects of the on-going aquifer recharge system. The energy savings was calculated
from the modeled increase in heads, annual abstraction volumes, the energy requirements to lift an
1 acre-foot of water (1232 m?) 1 foot (0.3 M) using a 100% efficient pump, and an average pump
efficiency. The energy requirement for a 100% efficient pump is 1.02 KwH to lift 1 acre acre-ft one
foot, which is equivalent to 2.71 KwH to lift 1000 m*> of water 1 m. The benefits of reduced
subsidence per foot of drawdown avoided were calculated using an estimate of the economic
impacts of historic subsidence divided by the historic drawdown [52,53].
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6. Risk and Uncertainty in CBAs

Perhaps the most neglected aspect of the economics of MAR is addressing risk and uncertainity
in CBAs. Risk and uncertainty are often considered synonymous. However, the term “risk” implies
that there is some idea of the probability of various events [24,27]. Uncertainty implies that the
probability of future events is not known. Although there are without doubt risks and uncertainty
associated with the implementation of MAR, as evidenced by some failed or underperforming
systems, the existence of risk and uncertainty in projects is seldom acknowledged [11], much less
explicitly incorporated into CBAs.

The principle risk and uncertainty associated with MAR systems is that they may fail to meet
performance objectives. System performance depends local upon hydrogeologic conditions, which
may turn out to be unfavorable for achieving system goals. Adverse results include:

Recharge may not result in anticipated changes in aquifer water levels;
Anticipated additional water may not be available when needed (i.e., system has a poor
recovery efficiency;
e Unexpected water quality changes due to fluid-rock interactions (e.g., leaching of arsenic
into stored water);
Well performance problems (e.g., low well capacities, well or formation clogging);
Excessive infiltration basin clogging;
Water treatment goals are not achieved; and

Anticipated demand for water (and associated revenues) may not be realized.

For example, the USD150 million dollar Las Posas Basin ASR system in California is
considered a failure as it did not achieve water storage goals [54]. The recharge of an enormous
volume of water over operational life of the systems did not result in a corresponding increase in
aquifer water levels, and thus the water that was “banked” on paper could never be recovered [11].

Some adverse results may be remedied at an additional cost and thus the systems may still be
viable. Arsenic leaching and excessive well clogging may be avoided, for example, by pre-treating
the recharged water. The additional costs would result in projects having lesser NPVs, but still being
economically viable if the benefits are great enough. Some failed ASR systems provided eventual
(salvage) value when the wells were put to alternative uses. For example, the Bonita Springs
Utilities (Southwest Florida) potable water ASR system encountered hydrogeological conditions
that were unsuitable for ASR. A very high degree of aquifer heterogeneity resulted in excessive
migration and mixing of injected water and native groundwater [11]. The ASR well was subsequently
put to use as the most productive brackish water supply well for their desalination system.

The main source of risk associated with MAR systems stem from a natural groundwater system
being used whose hydraulic and geochemical properties can never be fully characterized.
The possiblity thus exists that unexpected adverse conditions may be encountered. The risks associated
with MAR systems can be reduced, but never entirely eliminated, through high-quality and
more-detailed aquifer characterization [11]. Post-audits of both successful and unsuccessful systems
can provide valuable lessons that can be a guide for future implementation of MAR [11].
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It would clearly be negligent to assume in any CBA that a 100% favorable result will be
obtained, when there is a real potential for poor results. Risk and uncertainty can be incorporated
into CBA through an expected value analysis, as reviewed by Boardman et al. [22]. The future is
characterized in terms of a number of distinct contingencies. To evaluate risks, one has to be able
to assign probabilities to the occurrence of each possible contingency. Modeling of risk and
uncertainty begins with a set of contingencies that are mutually exclusive and capture the full range
of likely variations in the costs and benefits of a project or policy.

For example, the net economic benefits of water storage systems vary with the amount of
rainfall (and thus demand for water) and the performance of the system (i.e., how much additional
water could be recovered when needed). Rainfall also effects natural recharge (thus aquifer water
levels and storage space) and the amount of water available for recharge. The average net benefits
can be calculated based on the probabilities of different rainfalls and probabilities of different
recovery volumes over the operational life of the system. The basic procedure is to identify all
potential contingencies and to assign a probability to each. The sum of probabilities for all of the
contingencies is equal to one. Probability of each contingency can be based on historic experience
(e.g., rainfall data) or subjective opinions of experts. The expected net benefits (ENB) are
calculated as:

ENB = YPi(Bi — Ci) (3)

[A3LLI N

where Pi = probability of contingency “i”; and Bi and Ci are the present value of the benefits and
costs of contingency “i”. Not considering risk and uncertainty biases CBAs by increasing
expected benefits.

Evaluation of expected net benefits is generally reasonable when there is a pooling of risk,
which will make the actual realized values and costs close to the expected values [22]. A limitation
of the net expected value method is that it does not capture relevant concerns about extreme negative
outcomes [24], particularly where risk is unpooled. Individuals and organizations are often averse to
bad outcomes. A low probability risk of a completely failed system may be unacceptable to a small
utility with limited resources. The ENB can be weighted to give higher weight to negative
outcomes, in the case of a risk-averse decision maker.

Risk analysis can be performed using Monte Carlos analysis, which involves the following main

steps [22]:

(1) Specification of probability distributions for all important uncertain quantitative assumptions;

(2) Execution of a trial by taking random values drawn from the distribution for each parameter
to arrive at a set of specific values for computing realized net benefits; and

(3) Repetition of the trial numerous times to produce a large number of realizations of net benefits.

The results of all the realizations are used to determine the probability distribution of net benefits.

Risk and uncertainty will also change as a project proceeds. Large MAR projects are implemented
in a phased manner. Data collected during an exploratory well program and pilot testing reduce risk
and uncertainty and should be used to re-evaluate project feasibility [11]. An updated CBA can
thus be performed before the decision is made to construct a full-scale system.
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7. Finance of MAR Projects

MAR projects are primarily funded in four main manners [2]:

e Revenues from the sale of water;

e Direct assessment (pump tax or assessment based on volume of groundwater used);
e Ad valorem tax on real property; and

e General tax revenues.

MAR projects in developing countries may also be funded by external sources, such as
international agencies and non-governmental organizations (NGOs). Water users, the primary
beneficiaries of projects, should ideally have responsibility for financing projects, through either
water rates, direct assessments or ad valorem taxes. Small-scale projects may be constructed
through self labor or some sort of cooperative structure. However, the beneficiaries of economically
feasible projects may not have financial resources for projects. Construction costs are up front,
while benefits occur in the future. The financial constraints are particularly acute in poor areas of
developing countries.

The finance of large water supply and storage projects is often controversial because of a
dichotomy between the primary beneficiaries of a project and parties that pay for a project.
The dichotomy may work in both directions. Projects are often subsidized in that the direct
beneficiaries do not fully pay for a project. Governmental and non-governmental agencies may
subsidize MAR projects to vary degrees through:

® Projects financed through general revenues or governmental borrowing;
e Grants or low or no interest loans for utilities; and
e Projects entirely funded and constructed by a governmental agency.

Government projects are often favored where concentrated benefits are received by an influential
target group and costs are shared in a diffuse manner by society as a whole [22]. Subsidies are
commonly justified in terms of secondary benefits. Agricultural projects, for example, support
agricultural communities, not just farmers. Subsidies could be justified to achieve societal goals,
such as equity (i.e., access of water to all) and food security. Subsidies are justified when the price
of a good does not fully reflect its value [45], but can have the adverse impact of encouraging use
in quantities greater than the economically efficient quantity.

On the other hand, the operation of a MAR system may provide broader societal and
environmental benefits, but the costs may be borne entirely by the system owner (e.g., local water
utility and customers). A project may be economically efficient in terms of its total benefits and
costs, but not feasible to the owner, because the owner will not receive sufficient personal benefits
to cover costs. In other words, there is not an adequate “business case” to justify the investment in
MAR. In this case, some sort of governmental subsidy or other means of financial support from
more (ideally all) beneficiaries may be justified.

The issue of finance is well illustrated by the Las Vegas, Nevada (USA) aquifer recharge
system, for which Donovan et al. [55] provided a cost-benefit analysis for non-municipal water
users. The Las Vegas aquifer system recharges an historically overdrafted alluvial aquifer with
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seasonally available excess treated surface (Colorado River) water, with the primary goals of
increasing available water resources, slowing or reducing the decline in water levels, and reducing
the rate of land subsidence. The recharge is performed using injection wells and water is abstracted
by municipal users and non-municipal water users using privately owned on-site wells.

The net benefits of the system to non-municipal users were calculated to be about USD700
per 1230 m?/year, which is largely from cost savings from deferment or elimination of the need to
rehabilitate and replace wells. Well rehabilitation would consist of deepening wells and/or lowering
pumps in response to a continuing decline of aquifer water levels that would otherwise occur
without the recharge. There are additional minor savings from reduced energy consumption.
Non-municipal users were receiving these benefits for free. The solution was to implement a
groundwater management program (GMP) in which non-municipal users are charged on either a
per well or permitted water use rate basis in order to support the system.

8. Discussion

Economic analysis of MAR systems are inherently project specific, depending upon the type of
system, performance objectives, local hydrological and physical conditions, planned uses of the
recovered and stored water, and alternative water supply and treatment options. General and
system-specific feasibility is dictated by their benefits, which is determined by the value of water.
ASR and other forms of MAR are usually economically feasible (i.e., have a positive NPV), where
water is used for municipal (potable) use in water scarce regions, provided that local hydrogeologic
conditions are favorable for achieving system performance goals.

Multiple approaches may be appropriate to evaluate the economics of MAR projects. Consider,
for example, a riverbank filtration (RBF) system to improve potable water quality in a developing
country. The economic viability of the project could be considered using cost-effectiveness, by
comparison of the costs of the RBF system with other options that would provide comparable water
quality benefits. Alternatively, a CBA could be performed in which the present value of the costs
of the systems is compared to the present value of the benefits provided. Expected benefits might
be a reduction in sickness and premature mortality that are the result of ingestion of or contact with
water-borne pathogens. Proposed systems should be economically viable using both approaches.

The actual costs of MAR systems in terms of total costs and cost per volume of recovered or
treated water are highly system-specific. In general, MAR systems provide the greatest benefits
where the water is put to a high value use and alternative, inexpensive options are not available.
Potable water ASR in South Florida provides a good example of some of the economic issues
associated with MAR for a high value use. ASR has been implemented primarily to meet peaks in
demand during the winter and spring dry season. The current costs for brackish groundwater
desalination (the least expensive alternative) are commonly now in the USD0.30/m* to 0.60/m?
range, which is based on full-time operation of the plants. The costs of desalinated water from
facilities constructed only to meet peaks in demand would be substantially greater than the above
estimates (approximately USDO0.70/m> to 1.50/m%), because the large annual depreciated construction
and fixed operational costs for a desalination system would be divided by a relatively small
seasonal production volume, resulting in higher unit costs. Desalination costs would also depend
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upon whether an existing plant is expanded or a new plant is constructed, and the size of the plant
and associated economy of scale.

There is a substantial economy of scale associated with wells. For example, doubling of the
capacity of wells typically involves significantly less than a doubling in the cost of the well,
wellhead, pump, and piping. The costs of regulatory compliance are also independent of well
capacity. On the benefit side, cost per unit volume is directly proportional to the volume of water
recovered, which is a function of system capacity, recovery efficiency, and demand (i.e., amount of
available water that is actually recovered). The annual cost for a 1 to 2 million gallons per day
(3788 to 7576 m3/d) ASR system that is recovered for 90 days per year is on the order of
USDO0.30/m? to 0.60/m* in South Florida. The cost of ASR to meet peaks in potable water demand,
therefore, can be 50% or less than the cost of brackish water desalination.

The economics of MAR for irrigation water supply are much more variable because of the wide
range of monetary values of water associated with this use. The value of water for irrigation
depends upon the crop type being grown, and is typically relatively low for cereal crops and greater
for fruits and vegetables. The value of water in agriculture also depends upon local market prices
for crops. A wide range of values has been presented for the value of water in agriculture with most
being no more than USD0.001/m> to 0.79/m> [50]. Hence, MAR systems for agricultural water
supply need to be low cost and passive (i.e., do not require large amounts of energy and human
intervention to operate). MAR methods most appropriate for irrigation water supply are systems
that recharge untreated water (stormwater and flood water) using infiltration basins and ponds, and
in-channel modifications (e.g., check dams).

Small-scale MAR systems for potable water supply are right-sized for some rural areas and
developing countries. For example, production of water from riverbank filtration systems
consisting of drilled or dug shallow wells located adjacent to a river can be a very cost-effective
means to improve water quality with concomitant health benefits. Riverbank filtration has been
demonstrated to be a less expensive option than conventional surface water intakes and filtration
systems where local hydrogeologic conditions are favorable. One small-scale MAR application in
India is the inexpensive retrofitting of existing tube wells to allow for aquifer recharge whenever
excess rain or canal water is available [56]. The main cost elements are construction of a
connecting channel to convey canal water and construction of a settling basin and filter tank [57].
A variety of other methods are employed in India to enhance recharge such as surface spreading
using percolation tanks (ponds) and check dams constructed across or near streams, and drainage
channels in order to impound runoff and retain it for a longer time to increase the opportunity time
for recharge [58].

Managed aquifer recharge of recycled or reclaimed water can be a valuable water resources
management tool as it may allow for more of this resource to be put to beneficial use and avoids
the costs and environmental impacts of its disposal. For example, the primary economic benefit of
a reclaimed water ASR system is Destin, Florida (USA), is that it is much less expensive there to
store excess reclaimed water underground during periods when supplies exceed demands than to
construct new disposal facilities due to limited land availability and regulatory and political
objections to an offshore outfall [59]. The ASR system also has the important benefit of increasing
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the reliability of the reclaimed water supply, which makes potential customers more willing to
commit to connecting to the reuse system. However, a widespread constraint on the implementation
of reclaimed water ASR is that the water is often provided to customers at a low (and in some
instances no) cost, so there is little financial incentive (benefits received) to invest in the systems,
particularly where a low-cost disposal option is available.

An important area for additional research is the collection and analysis of accurate data on the
economics of existing MAR systems. Data are needed on the construction and operational costs
and benefits of the various types of systems and in different geographic locations. The conceptual
framework exists for evaluation of the economics of MAR systems, but there is a paucity of hard
data to perform meaningful cost-benefit analyses. The paucity of actual data on the economics of
MAR systems, which demonstrates that their benefits exceed costs, is a continued impediment to
the further implementation of the technology.

9. Conclusions

The economic feasibility of MAR can be evaluated using conventional CBA in which the NPV
of system options are determined and compared against each other and other water storage and
treatment options. The CBA process should be rigorous and consider all marginal costs and
benefits, risks, and opportunity costs. The greatest uncertainty in CBA analysis of MAR relates to
monetizing benefits, which ties into the more basic question of the value of water. In the absence of
a free market-derived WTP price for water, shadow pricing is required to estimate project benefits,
such alternative cost and value marginal product methods. A major deficiency of past economic
analyses of MAR is the failure to consider risk, particularly the effect of possible system
under-performance in reducing system benefits.

CBA of MAR systems is highly dependent on site-specific conditions. In general, systems are
economically viable where the water is put to a high-value use, such as potable and some industrial
and irrigation water supplies. MAR system for lower value irrigation water supply (e.g., cereal
crops) should be low cost, passive systems. MAR systems should ideally be financed by the
primary project beneficiaries. As is the case for many water projects in general, MAR projects are
often subsidized when beneficiaries are unable or unwilling to pay the full costs. Finance of MAR
can be particularly challenging in rural areas of developing countries where financial resources are
limited and the construction costs have to be borne before benefits of the systems are realized.

Acknowledgments

The author thanks Scott Manahan, Andrew Ross, and three anonymous reviewers for their
thoughtful reviews.

Conflicts of Interest

The author declares no conflict of interest.



31

References

1. Dillon, P. Future management of aquifer recharge. Hydrogeol. J. 2005, 13, 313-316.

2. Todd, D.K. Economics of ground water recharge. J. Hydraul. Div.-ASCE 1965, 91, 249-270.
3.  Botzan, T.M.; Necula, A.l.; Marifio, M.A.; Basagaoglu, H. Benefit-cost model for an artificial

10.

11.

12.

13.

14.

15.

16.

recharge scenario in the San Jaoquin Valley, California. Water Resour. Manag. 1999, 13,
189-203.

Frankel, R.J. Economics of artificial recharge for municipal water supply. In Proceedings of
the Artificial Recharge and Management of Aquifers, Symposium of Haifa, Haifa, Israel,
19-26 March 1967; IAHS Press: Wallingford, UK, 1967; pp. 289-301.

Khan, S.; Mushtaq, S.; Hanjra, M.A.; Schaeffer, J. Estimating potential costs and gains from
an aquifer storage and recovery program in Australia. Agric. Water Manag. 2008, 95, 477—488.
Cowdin, S.W.; Peters, H.J. The Economics of Ground Water Recharge Projects. In Artificial
Recharge of Groundwater, Proceedings of the International Symposium on Artificial Recharge
of Groundwater, Anaheim, CA, USA, 23-27 August 1988; Johnson, A.L, Finlayson, D.J.,
Eds.; American Society of Civil Engineers: New York, NY, USA, 1989; pp. 14-22.
Bergstrom, J.C.; Boyle, K.J.; Job, C.A.; Kealy, M.J. Assessing the economic benefits for
ground water policy decisions. Water Resour. Bull. 1996, 32, 279-291.

National Research Council. Valuing Ground Water, Economic Concepts and Approaches;
National Academy Press: Washington, DC, USA, 1997.

Huisman, L.; Olsthoorn, T.N. Artificial Groundwater Recharge; Pitman Advanced Publishing:
Boston, MA, USA, 1983.

Pyne, R.D.G. Aquifer Storage Recovery: A Guide to Groundwater Recharge through Wells;
ASR Systems: Gainesville, FL, USA, 2005.

Maliva, R.G.; Missimer, T.M. Aquifer Storage and Recovery and Managed Aquifer Recharge
Using Wells: Planning, Hydrogeology, Design, and Operation; Schlumberger Corporation:
Sugar Land, TX, USA, 2010.

Oaksford, E.T. Artificial recharge: Methods, hydraulics, and monitoring. In Artificial
Recharge of Groundwater; Asano, T., Ed.; Butterworth Publishers: Stoneham, MA, USA,
1985; pp. 69-127.

Roscoe Moss Company. Handbook of Ground Water Development; Wiley: New York, NY,
USA, 1990.

Bouwer, H. Ground water recharge with sewage effluent. In Artificial Recharge of
Groundwater, Proceedings of the International Symposium on Artificial Recharge of
Groundwater, Anaheim, CA, USA, 23-27 August 1988; Johnson, A.I., Finlayson, D.J., Eds.;
American Society of Civil Engineers: New York, NY, USA, 1989; pp. 170-185.

Bouwer, H. Groundwater recharge with sewage effluent. Water Sci. Technol. 1991, 23,
2099-2108.

Pescod, M.E. Wastewater Treatment and Use in Agriculture; FAO Irrigation and Drainage
Paper 47; Food and Agriculture Organization of the United Nations: Rome, Italy, 1992.



32

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

Fox, P.; Houston, S.; Westerhoff, P. Soil Aquifer Treatment for Sustainable Water Supply,
American Water Works Association Research Foundation: Denver, CO, USA, 2001.

Fox, P.; Houston, S.; Westerhoff, P.; Drewes, J.E.; Nellor, M.; Yanko, W.; Baird, R.; Rincon, M.;
Arnold, R.; Lansey, K.; et al. Investigations of Soil-Aquifer Treatment for Sustainable Water
Reuse; National Center for Sustainable Water Supply: Tempe, AZ, USA, 2001.

Rinck-Pfeiffer, S.; Pitman, C.; Dillon, P. Stormwater ASR in practice and ASTR under
investigation in Salisbury, South Australia. In Recharge Systems for Protecting and
Enhancing Groundwater Resources, Proceedings of the 5th International Symposium on
Management of Aquifer Recharge, Berlin, Germany, 11-16 June 2005; UNESCO: Paris,
France; pp. 151-159.

Ward, F.A.; Michelsen, A. The economic value of water in agriculture: Concepts and policy
applications. Water Policy 2002, 4, 423—-466.

Layard, R.; Glaister, S. Cost-Benefit Analysis, 2nd ed.; Cambridge University Press:
Cambridge, UK, 1994,

Boardman, A.; Greenberg, D.; Vining, A.; Weimer, D. Cost-Benefit Analysis: Concepts and
Practice; Prentice Hall: Upper Saddle River, NJ, USA, 1996.

Hanley, N.; Spash, C.L. Cost-Benefit Analysis and the Environment, Edward Elgar:
Cheltenham, UK, 1993.

Turner, R.K.; Pearce, D.; Bateman, 1. Environmental Economics: An Elementary Introduction;
Johns Hopkins Press: Baltimore, MD, USA, 1993.

Pearce, D.; Atkinson, G.; Mourato, S. Cost-Benefit Analysis and the Environment: Recent
Developments; Organization for Economic Co-operation and Development: Paris, France, 2006.

Atkinson, G.; Mourato, S. Environmental Cost-Benefit Analysis. Annu. Rev. Environ. Resour.
2008, 33, 317-344.

Turner, K.; Geprgiou, S.; Clark, R.; Brouwer, R.; Burke, J. Economic Evaluation of Water
Resources in Agriculture: From the Sectoral to a Functional Perspective of Natural Resource
Management; FAO Water Report 27; Food and Agricultural Organization of the United Nations:
Rome, Italy, 2004.

Reisner, M. Cadillac Desert: The American West and Its Disappearing Water, 2nd ed.;
Penguin: New York, NY, USA, 1999.

Freeman, A.M., lll. The Measurement of Environmental and Resource Values; Resources for
the Future: Washington, DC, USA, 1993.

Kolstad, C.D. Environmental Economics; Oxford University Press: New York, NY, USA, 2000.

Hutton, G.; Haller, L.; Bartram, J. Global cost-benefit analysis of water supply and sanitation
interventions. J. Water Health 2007, 5, 481-502.

Milon, J.W.; Hodges, A W.; Rimal, A.; Kiker, C.F.; Casey, F. Public Preferences and
Economic Values for Restoration of the Everglades/South. Florida Ecosystem; University of
Florida, Food & Resource Economics Department, Florida Agricultural Experiment Station,
Institute of Food and Agricultural Sciences: Gainesville, FL, USA, 1999.

Mather Economics. Measuring the Economic Benefits of America’s Everglades Restoration;
Everglades Foundation: Palmetto Bay, FL, USA, 2010.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

33

Holl, K.D.; Howarth, R.B. Paying for restoration. Restor. Ecol. 2000, &, 260-267.

Turner, R.K.; van den Bergh, J.C.; Séderqvist, T.; Barendregt, A.; van der Straaten, J.; Maltby, E.;
van lerland, E.C. Ecological-economic analysis of wetlands: Scientific integration for
management and policy. Ecol. Econ. 2000, 35, 7-23.

National Research Council. Prospects for Managed Underground Storage of Recoverable
Water; National Academies Press: Washington, DC, USA, 2008.

Tsur, Y. The stabilization role of groundwater when surface water supplies are uncertain:
The implications for groundwater development. Water Resour. Res. 1990, 26, 811-818.
Purkey, D.R.; Thomas, G.A.; Fullerton, D.K.; Moench, M.; Axelrad, L. Feasibility Study
of a Maximal Program of Groundwater Banking; Natural Heritage Institute: San Francisco,
CA, USA, 1998.

Gemma, M.; Tsur, Y. The stabilization value of groundwater and conjunctive water
management under uncertainty. Appl. Econ. Perspect. Policy 2007, 29, 540-548.

Reichard, E.G.; Li, Z.; Hermans, C. Emergency use of groundwater as a backup supply:
Quantifying hydraulic impacts and economic benefits. Water Resour. Res. 2010, 46,
doi:10.1029/2009WR008208.

Reichard, E.G.; Raucher, R.S. Economics of conjunctive use of groundwater and surface
water. In Water: Science, Policy, and Management; Water Resources Monograph 16;
Lawford, R., Fort, D., Hartmann, H., Eden, S., Eds.; American Geophysical Union:
Washington, DC, USA, 2003; pp. 161-176.

Gibbons, D.C. The Economic Value of Water; Resources for the Future: Washington, DC, USA,
1986.

Colby, B.G. Estimating the value of water in alternative uses. Nat. Resour. J. 1989, 29, 511-527.
Winpenny, J. Managing Water as an Economic Resource; Rutledge: London, UK, 1994.
Young, R.A. Determining the Economic Value of Water Concepts and Methods; Resources for
the Future: Washington, DC, USA, 2005.

Harou, J.J.; Lund, J.R. Ending groundwater overdraft in hydrologic economics systems.
Hydrogeol. J. 2008, 16, 1039—1055.

Agudelo, J.I. The Economic Valuation of Water: Principles and Methods; Value of Water
Resources Report 5; IHE Delft: Delft, The Netherlands, 2001.

Maliva, R.G.; Missimer, T.M. Cost-benefit analyses of aquifer storage and recovery. In
Florida—The Reality beyond the Hype; Proceedings of the 2007 Florida Water Resources
Conference, Orlando, FL, USA, 15-18 April 2007.

Young, R.A. Measuring Economic Benefits for Water Investments and Policies; World Bank
Technical Paper No. 338; World Bank: Washington, DC, USA, 1996.

Hussain, I.; Turral, H.; Molden, D. Measuring and enhancing the value of agricultural water in
irrigated river basins. lrrig. Sci. 2007, 25, 263-282.

Supalla, R.J.; Comer, D.A. The economic value of ground water recharge for irrigation use.
Water Resour. Bull. 1982, 18, 679-686.

Reichard, E.G.; Bredehoeft, J.D. An engineering economic analysis of a program for artificial
recharge. Water Resour. Bull. 1984, 20, 929-939.



34

53.

54.

55.

56.

57.

58.

59.

Reichard, E.G.; Bredehoeft, J.D. Incorporating ground water modeling into cost-benefit
analyses or artificial recharge. In Proceedings of the NWWA Conference of Ground Water
Management, Orlando, FL, USA, 29-31 October 1984; pp. 343-355.

Blood, M.R.; Spagat, E. Las Posas Basin Aquifer Failure Illustrates Risks of Underground
Reservoirs; Associated Press: New York City, USA, 2013.

Donovan, D.J.; Katzer, T.; Brothers, K.; Cole, E.; Johnson, M. Cost-benefit analysis of
artificial recharge in Las Vegas Valley, Nevada. J. Water Resour. Plan. Manag. 2002, 128,
356-365.

Malik, R.S.; Jhorar, B.S.; Jhorar, R.K.; Streck, T.; Richter, J. Long-term successful operation
of existing brackish cavity wells for ASR to improve quality for irrigation by Indian farmers.
In Management of Aquifer Recharge for Sustainability; Dillon, P.J., Ed.; A.A. Balkema: Lisse,
The Netherlands, 2002; pp. 465—468.

Goyal, V.; Jhorar, B.S.; Malik, R.S.; Streck, T. Performance evaluation of aquifer storage
recovery wells for conjunctive water management as influenced by buffer storage volume and
storage time. Curr. Sci. 2008, 94, 465-472.

Sakthivadivel, R. The groundwater recharge movement in India. In The Agricultural Groundwater
Revolution: Opportunities and Threats to Development; Giordano, M., Villholth, K.G., Eds.;
CAB International: Wallingford, UK, 2007; pp.195-210.

Maliva, R.G.; Griswold, R.F.; Autrey, M.M. Prototype for a reclaimed water aquifer storage
recovery system benefits and operational experiences. Fla. Water Resour. J. 2013, 65, 54-59.



35

Water Banks: Using Managed Aquifer Recharge to Meet
Water Policy Objectives

Sharon B. Megdal, Peter Dillon and Kenneth Seasholes

Abstract: Innovation born of necessity to secure water for the U.S. state of Arizona has yielded a
model of water banking that serves as an international prototype for effective use of aquifers for
drought and emergency supplies. If understood and adapted to local hydrogeological and water
supply and demand conditions, this could provide a highly effective solution for water security
elsewhere. Arizona is a semi-arid state in the southwestern United States that has growing water
demands, significant groundwater overdraft, and surface water supplies with diminishing
reliability. In response, Arizona has developed an institutional and regulatory framework that has
allowed large-scale implementation of managed aquifer recharge in the state’s deep alluvial
groundwater basins. The most ambitious recharge activities involve the storage of Colorado River
water that is delivered through the Central Arizona Project (CAP). The CAP system delivers more
than 1850 million cubic meters (MCM) per year to Arizona’s two largest metropolitan areas,
Phoenix and Tucson, along with agricultural users and sovereign Native American Nations, but the
CAP supply has junior priority and is subject to reduction during declared shortages on the
Colorado River. In the mid-1980s the State of Arizona established a framework for water storage
and recovery; and in 1996 the Arizona Water Banking Authority was created to mitigate the
impacts of Colorado River shortages; to create water management benefits; and to allow interstate
storage. The Banking Authority has stored more than 4718 MCM of CAP water; including more
than 740 MCM for the neighboring state of Nevada. The Nevada storage was made possible
through a series of interrelated agreements involving regional water agencies and the federal
government. The stored water will be recovered within Arizona; allowing Nevada to divert an
equal amount of Colorado River water from Lake Mead; which is upstream of CAP’s point of
diversion. This paper describes water banking in Arizona from a policy perspective and identifies
reasons for its implementation. It goes on to explore conditions under which water banking could
successfully be applied to other parts of the world, specifically including Australia.

Reprinted from Water. Cite as: Megdal, S.B.; Dillon, P.; Seasholes, K. Water Banks: Using Managed
Aquifer Recharge to Meet Water Policy Objectives. Water 2014, 6, 1500-1514.

1. Introduction

Since the 1990s, groundwater recharge has been a key policy and water management tool in
the state of Arizona and elsewhere in the United States of America (U.S.) [1,2]. In Arizona,
recharge is being used in a variety of ways, including soil aquifer treatment to improve water
quality, annual storage and recovery to satisfy regulations that require the use of surface water
supplies in place of groundwater, and long-term water banking for drought mitigation and future
use. In addition, a modest amount of water recharged remains in permanent storage and contributes
to Arizona’s management goal of reducing groundwater overdraft. The increasingly prominent role
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of managed aquifer recharge has been facilitated by favorable hydrogeology, the temporary
availability of surface water supplies, a well-established regulatory framework, and institutional
innovation, including the creation of the Arizona Water Banking Authority (AWBA).

This paper provides analysis of Arizona’s large-scale implementation of managed aquifer
recharge in the state’s deep alluvial groundwater basins, for both intrastate and interstate purposes.
The focus is on the sizable recharge activities involving the storage of Colorado River water
delivered through the Central Arizona Project (CAP) into the most populated regions of the state.
Much of that activity is associated with the AWBA, which is a pioneering example of policy and
institutional reform that has elements that could be adapted elsewhere in the world. This paper
considers some of those additional opportunities for water banking, including those under less
favorable conditions by making use of existing water distribution infrastructure to transfer water
between banking locations and water users. In addition to those physical attributes, a precursor for
water banking is a robust water entitlement system.

2. The Arizona Physical Setting

More than three-quarters of Arizona’s population lives in the central part and south-central part
of the state, with more than half of the state’s 6.5 million people living in the Phoenix metropolitan
area [3]. A sizable share of Arizona’s irrigated agriculture is also located in this semi-arid region,
which is characterized by low precipitation rates and surface water resources available in limited
areas [4]. However, groundwater is a relatively plentiful and widely dispersed resource. Natural
recharge rates are low, but storage volumes are large in the deep and productive alluvial aquifers of
the basin and range region. Post World War Il population growth and improved pumping
technology led to increased pumping of these deep aquifers. By the late 1970s, the issue of
overdraft reached a political crisis point, and resulted in fundamental changes in Arizona water
management [5]. Extensive new groundwater regulations were established, which in turn helped
ensure Federal funding for the Central Arizona Project (CAP).

2.1. Groundwater Regulation in Arizona

In 1980, the Arizona legislature passed the Groundwater Management Act (GMA), which
established an extensive regulatory regime, and created the Arizona Department of Water
Resources (ADWR) to administer it [6]. Water use is particularly intensively regulated in
Arizona’s Active Management Areas (AMAs), which are delineated on the basis of groundwater
basins. Figure 1 depicts Arizona’s five AMAs. Within these AMAs, groundwater rights were
created and quantified, long-term management goals were established, mandatory conservation
programs were implemented, and a moratorium on new irrigated agricultural land was imposed.
Use of water by the mining industry was made subject to conservation regulations but otherwise
not limited quantitatively [7,8].
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Figure 1. Map of Arizona showing the Active Management Areas (AMAs) and county
boundaries. Source: Water Resources Research Center, The University of Arizona [1].
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The existence of quantified rights and associated regulatory and administrative framework
created the necessary preconditions for a number of additional responsibilities and programs
overseen by ADWR, including the Underground Storage and Recovery Program, which has helped
put Colorado River water delivered through the Central Arizona Project water to use [1].

2.2. The Central Arizona Project

Adoption of the GMA, which included provisions requiring new municipal growth to depend on
renewable water supplies and not mined groundwater, helped ensure federal funding for the Central
Arizona Project. The CAP is a large-scale water importation project that lifts and transports
Colorado River water to the central and southern part of the state by means of pumps, canals,
tunnels and siphons. The 542 km (336 mile) CAP system is capable of delivering more than 1850
million cubic meters (MCM) per year of Arizona’s 3454 MCM (2.8 million acre-foot (MAF))
Colorado River entitlement to Arizona’s two largest metropolitan areas, Phoenix and Tucson, along
with agricultural users and sovereign Native American Nations. The CAP is governed by a
15-person elected board of directors, with representation from each of the three counties in the
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CAP service area. The CAP canal and county boundaries, although not county names, are depicted
on Figure 1.

The long-anticipated completion of the CAP altered Arizona’s water resource portfolio, but
political considerations at the federal level resulted in the CAP’s Colorado River water allocation
having junior priority on the Colorado River and thus is subject to significant reduction during
declared shortages. Despite drought conditions on the Colorado River that have extended into their
second decade, a Colorado River shortage has yet to be declared according to regulations
established by the Secretary of the U.S. Department of the Interior, the Master of the Colorado
River [9]. Furthermore, even though CAP deliveries began in 1985, the water supply was
substantially underutilized into the early 1990s. It had been anticipated that it would take many
decades for municipal and industrial demands to grow into the available supply. Agriculture was
expected to utilize the supply in the intervening time. That assumption proved erroneous, as the
cost of the CAP water was unfavorable relative to groundwater supplies for many agricultural
districts. Farmers in Central Arizona were not prohibited from using groundwater, provided such
use was consistent with the conservation and water rights provisions of the GMA.

The supply underutilization was a concern to the CAP because of its requirement to cover costs
and repay the federal government for a sizable share of the project’s $3.6 billion United States
Dollars (USD) construction costs. Less than full utilization of Arizona’s Colorado River
entitlement was also a political concern. Water unused by Arizona was available for use by the
rapidly growing neighboring state of California. Arizonans were concerned that the more
politically powerful California might become accustomed to using Arizona’s water to meet the
growing demands of Southern California’s, rather than Arizona’s, municipalities. The response
from Arizona’s water managers to problems of: (1) anticipated delivery cutbacks due to shortage
conditions on the Colorado River; and (2) lack of direct utilization of Arizona’s full Colorado River
entitlement upon completion of the Central Arizona Project in the early 1990s, was multi-faceted,
but rested heavily on the use of managed aquifer recharge to store Colorado River water for
future recovery.

2.3. Underground Storage and Recovery in Arizona

The statutory provisions authorizing aquifer storage and recovery were added to the GMA in
the mid-1980s and then further refined in 1994. Arizona law recognizes two primary types of
managed aquifer recharge—direct and in lieu. Direct recharge is called underground storage in the
statutes, with in-lieu recharge called groundwater savings. A permitting system governs the three
main components of the storage process: (1) the storage facility; (2) water storage; and (3) water
recovery [1,10].

2.3.1. Direct Recharge

The state recognizes a number of different direct recharge methods: spreading basins, injection
wells, vadose zone wells, trenches/infiltration galleys, and in-channel projects. There is an enormous
range in scale of current projects—from a 0.6 MCM/year (500 acre-foot per year (AF/year)) vadose
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zone well project in Chandler, Arizona, to the 185 MCM/year, (150,000 AF/year ), fully automated
Tonopah Desert project west of Phoenix, as pictured in Figure 2 and where infiltration rates exceed
one meter per day [11]. The largest projects utilize spreading basins that cover tens of hectares of
land. Construction typically involves removal of the upper layers of soil, basin shaping, distribution
works, and the installation of monitoring wells.

Figure 2. Tonopah Desert Recharge Project. Source: Central Arizona Project [11].

There are extensive permitting requirements for proposed recharge projects. For instance,
an evaluation of hydrologic feasibility will typically involve the use of numeric groundwater flow
models to determine the extent of expected groundwater mounding. Projects must also avoid
potential damage to surrounding property owners that can occur with rising water levels, and water
quality must also be considered.

Infiltration rates vary from site to site, and even among basins, but rates of one to two meters
per day are common. These high infiltration rates help keep typical annual evaporation losses to
less than five percent (5%), and provide a cost-effective means of storing water. Maintenance
includes periodic drying of basins, surface scraping and weed control.

2.3.2. In Lieu Recharge

The GMA’s quantification of groundwater pumping rights for agriculture in 1980 made it
possible for the second method, groundwater savings, that is, in lieu recharge (also generally
referred to as indirect recharge, and elsewhere is called conjunctive use). These irrigation rights
form the basis of a type of exchange in which CAP water or effluent is delivered to an agricultural
groundwater rightholder, and the party supplying the alternative supply is credited for the amount
of groundwater that would have otherwise been pumped. The credits earned through in lieu
recharge are legally identical to those earned through direct recharge. Irrigation districts and
individual rightholders participate in this program by obtaining a Groundwater Savings Facility
(GSF) permit from ADWR, and arranging partnerships with those seeking to earn recharge credits.
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The GSF permitting process rests heavily on the existence of quantified groundwater rights and the
prohibition on bringing new land into irrigation within Arizona’s Active Management Areas, as
well as financial arrangements regarding the price of the in lieu water to the irrigator.

2.3.3. Accounting

In addition to permitting a recharge project itself, those proposing to store water must obtain
a separate permit from ADWR, and must establish the legal right to source water. There are also
reporting requirements for deliveries and both water levels and water quality from monitor wells at
direct recharge facilities. This system of permits, monitoring, reporting and accounting helps
maintain the integrity of the process, which is necessary to assure users that the water they bank
can be withdrawn at a later date. To further ensure that only the volume of water added to the
aquifer is eligible for recovery, losses due to evaporation are calculated and excluded.

The storage credit system distinguishes between water stored for recovery in the same calendar
year and that left in storage for future recovery. Colorado River water left in storage beyond the
calendar year in which the water was stored at a recharge facility is typically subject to a one time
five percent “cut-to-the aquifer”, which is stored water that cannot be recovered. This is a small but
important contribution to aquifer storage.

2.3.4. Recovery

Under Arizona state law, the recharge program offers additional flexibility by allowing the
withdrawal of stored water to take place in a different area than where the water was recharged.
In this respect, Arizona’s regulatory system relies on a mass-balance approach; the extensive
recharge permitting and monitoring determines the volume of water contributing to the regional
aquifer system, and the regulatory accounting then authorizes an equivalent amount of pumping to
occur. The “recovered” water may be hydrologically distinct from the recharge activity, but it
retains the legal characteristic of the source water that was stored.

Over extended periods of time this hydrologic mismatch can be detrimental, but the regional
aquifer systems in the largest AMAs are relatively tolerant of pumping stresses. Moreover, from a
policy perspective, allowing this disconnect has facilitated the earlier and more extensive use of
renewable water resources than would have occurred with conventional treatment plants and
distribution systems. This same attribute has been a key underpinning of Arizona’s Assured Water
Supply program, which requires new housing developments to have a secure 100-year supply (which
can be groundwater) while also requiring use of renewable supplies (through aquifer recharge).

The underground storage and recovery program established the essential building blocks—the
regulatory infrastructure—for putting Arizona’s Colorado River entitlement to full use, but that
goal would require institutional innovation as well.

2.4. Arizona Water Banking Authority (AWBA)

The AWBA was established in 1996 to mitigate the impacts of Colorado River shortages, to
create water management benefits, and to allow interstate storage [12]. However, each of those was
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in service to a larger policy objective—ensuring the full use of the available CAP supply, and thus
Arizona’s entitlement to the Colorado River, which was viewed as being at some risk from the
neighboring states. Regulations enable California to utilize any Colorado River water not utilized
by Arizona, and Nevada was exploring federal action to redress its comparatively small allocation.
There was particular concern that the growing demands for water to support growth in these
neighboring states would result in an effort to utilize Arizona’s apportionment in the long-term. To
meet its objectives, the AWBA would have to store several hundred thousand acre feet per year of
CAP water that would have otherwise gone unused within Arizona. This task would require both
political support and money. The 1996 state legislation establishing the AWBA received broad
support [13].

2.4.1. Intrastate

The AWBA'’s role has grown over time, but its largest responsibility has been to improve
the reliability of municipal CAP supplies during periods of extended drought on the Colorado
River. The junior priority of the CAP supply leaves the supply susceptible to federally imposed
reductions, which are expected to be an increasingly frequent occurrence in the coming decades.
The cities in the Phoenix and Tucson metropolitan areas that depend on those supplies have been
acutely aware of the risk posed by Colorado River shortages, and they supported the AWBA’s goal
of firming (increasing the reliability) of their supplies by banking the temporarily available CAP
supply. Based on modeling of future Colorado River supplies and demands over a 100-year period,
the AWBA set numeric storage targets based on the volume of CAP delivery contracts in each
Active Management Area. Those firming targets totaled to more than 4493 MCM (3.643 MAF)
(Refer specifically to AWBA Annual Report 2012, Table 5, p. 21.) [14].

In addition to municipal supplies, the AWBA was later given responsibility to firm certain
CAP supplies allocated to American Indian tribes and to some western Arizona communities,
whose allocations were equivalent to those of the CAP. CAP supplies have been instrumental in the
settlement of contested surface water right claims by Native American Nations. Unsettled water
rights create uncertainty for both the tribes and the cities, so settlement was a high priority for
all parties.

To accomplish these ambitious goals, the AWBA was given access to several sources of
funding, including a tax assessed on all property owners in CAP’s three-county service area, a fee
on groundwater pumping, and legislative appropriations from the state’s general fund. Through
2012, the AWBA has expended some $197 million USD from these sources, and holds more than
3947 MCM (3.2 MAF) of long-term storage credits.

2.4.2. Interstate

The creation of the AWBA helped establish water banking as a major water management
strategy within Arizona, but it also allowed for an innovative interstate banking arrangement with
the neighboring state of Nevada. The overall program allows Arizona to use a portion of its
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Colorado River supply for the benefit of Nevada, but without altering the basic framework for how
Colorado River water is allocated (the so-called “Law of the River”) [15].

Interstate banking between Arizona and Nevada is governed by a series of agreements involving
the AWBA, CAP, the federal government and counterparties in Nevada. The storage in Arizona is
accomplished in the same manner as the AWBA’s other recharge, but the recovery of the stored
water is accompanied by an equal reduction in the diversion of Colorado River water into the CAP.
That reduced diversion allows Nevada to divert a like amount of water from its upstream diversion
point. Once again, it is the existence of an accounting system tied to quantified rights that permits
this kind of complex transboundary exchange to take place. The scope of Arizona’s interstate
agreement with Nevada has undergone a number of revisions, with the most recent change
reducing the likelihood that significant additional interstate banking will be undertaken. However,
the AWBA has stored more than 740 MCM (0.6 MAF) on behalf of Nevada, at a cost of more than
$109 million USD, and Nevada is also obligated to pay the cost associated with the eventual
recovery of that stored water.

Figure 3 shows the breakdown of CAP water deliveries over time in acre-feet per year. The blue
bar shows deliveries for AWBA storage, and the red shows deliveries for other recharge activities.
It demonstrates graphically the critical role Arizona’s storage and recovery statutes have played in
enabling utilization of Colorado River water delivered through the CAP.

Figure 3. CAP water deliveries by type over time. Source: Central Arizona Project [16].
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3. Policy Achievements

Arizona’s key policy objective—putting its entire allocation of Colorado River water to use—was
first achieved in the year 2000. That benchmark occurred in large measure because of managed
aquifer recharge, particularly the storage performed by the AWBA. By taking all of the otherwise
unused CAP water, the AWBA helped strengthen Arizona’s negotiation position among the
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Colorado River basin states, particularly with California. Arizona’s full utilization also contributed
to pressure applied to the federal government to confront long-standing disputes about River
accounting and management practices, including changes to the operation of the two largest
reservoirs on the Colorado River.

The AWBA has not yet fully achieved all of the storage necessary to satisfy all of its 100-year
in-state firming goals, but the overall progress is impressive. In aggregate, 3976 MCM (3.224
MAF) have been stored for intrastate purposes, compared to the target volume of 4493 MCM
(3.643 MAF). That 88.5% overall ratio does mask some variation among the goals due to the
differing funding sources available for storage. At 45%, the Tucson AMA’s firming goal is the
furthest from completion because of a comparatively unfavorable ratio of supplies requiring
firming to the revenue from local property taxes. While the firming goal is based on a percentage
of municipal and industrial water contracts, the revenue available is based on assessed property
valuation. Given the costs of recharge and the firming target, the revenues available over the
20-year authorization of the AWBA are not projected to be sufficient to meet the firming goal.

The AWBA is expected to continue to store CAP water for at least the next ten years. The most
recent ten-year projection indicates an additional 777 MCM (630,000 AF) of storage, and all of the
goals being satisfied, with the exception of the Tucson AMA. During that period the AWBA’s
largest revenue source—the property tax—is scheduled to end in 2017, and the annual availability
of CAP water for the AWBA has been diminishing as long-term CAP contractors have been using
a greater portion of their entitlements. In the face of climate change and other supply challenges on
the Colorado River, the sufficiency of the existing targets has been called into question, so an
upward revision of the targets, along with an extension of funding is under consideration. It should
be noted that the AWBA is not the only entity storing water at the several recharge facilities.
Therefore, the future status of operations at the recharge facilities used by the AWBA will depend
on the storage activities of others, such as holders of long-term contracts for CAP water.

The interstate banking arrangements with Nevada (upstream on the Colorado River) have also
been successful, though the benefits are a bit more difficult to quantify. The most frequently cited
benefit has been the cooperative spirit it has engendered between the two states, which is not a
trivial feat given the potential for conflict over the terms of the Law of the Colorado River. With a
much smaller allocation (370 MCM (0.3 MAF) for Nevada versus 3454 MCM (2.8 MAF) for
Arizona), an explosively growing population, and few water resource options, Nevada’s interests
had the potential to align with California’s in constraining Arizona’s Colorado River water use. By
storing some of Arizona’s water for Nevada’s future benefit, the interstate banking program
provided a pressure release at a critical point in the changing circumstances on the Colorado River.
The most recent modifications to the interstate banking agreements reduce the scale of what had
been originally contemplated, but that too is an indicator of the willingness of the parties to reach
accommodation as financial and water resource situations have changed.

4. Policy Challenges

The use of managed aquifer recharge has been an important and successful tool for advancing
several of Arizona’s long-term policy objectives. However, it is predicated on the future ability to
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recover (pump) the stored water in a manner that is hydrologically and economically feasible and is
also consistent with Arizona’s regulatory framework. While there had been several modest
planning and policy efforts that have attempted to address recovery of the AWBA’s stored water, it
has taken until 2014 for the parties to release a recovery plan setting out the numerous scenarios
and the framework for future recovery of stored water [17].

Recovery of the AWBA’s stored water will involve close coordination between the AWBA and
Central Arizona Project, along with state regulators and CAP customers who are willing and able
to receive a portion of their CAP order in the form of previously stored water (i.e., long-term
storage credits earned by the AWBA). There are a number of methods that can be utilized to make
these voluntary partnerships work, each of which relies on Arizona’s regulatory and accounting
system to track the credits and the associated pumping.

Concerns have also been expressed related to the long-term implications of Arizona’s underground
storage and recovery program. The program offers an important degree of flexibility, but some of
that flexibility could be in conflict with sound long-term water management. In particular, the
ability to recharge in one place and recover in another could exacerbate areas of localized overdraft.
Through the statutorily required Management Plan process, ADWR has recently developed draft
concepts that would vary the volume of stored water that is eligible to be recovered, depending on
the location of storage and recovery [18]. The status of those specific proposals is unclear at this
time, but the intent to examine the longer-term implications of the program is clear. In addition,
should surface water for groundwater savings projects no longer be available physically or priced
economically, irrigators have the legal right to return to groundwater pumping pursuant to the
GMA. This reversion to groundwater pumping has implications for groundwater tables and physical
availability of the stored water for recovery by the groundwater savings partners.

5. Possibilities for Water Banking Elsewhere

Experience in Arizona suggests that characteristics favoring water banking for water
security include:

e An awareness that augmentation of water resources may be necessary to address
groundwater depletion or future water imbalances of supply and demand, particularly those
related to climate variability;

e Availability of a source of water that enables intermittent or continuous recharge;

e Favorable hydrogeology—e.g., an extensive, transmissive aquifer with significant
storage capacity;

e A well-established regulatory and accounting framework that is adhered to by water users;

e Funding mechanisms to facilitate investment in water banking, water resources planning
and management, and monitoring;

e An institutional arrangement that links policy with investment.

While it is desirable for all of these elements to exist, water banking can also be undertaken in
places where hydrogeological conditions may be not nearly as favorable as in Arizona.
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In many places there is an awareness of groundwater depletion, which is a global problem that
has been accelerating [19]. However, water banking is not very common at present, with most
managed aquifer recharge currently oriented to short-term storage, which has an early return on
investment. Given the value placed on secure water supplies, it is possible to make better use of
aquifers through appropriate conjunctive use of surface and groundwater resources, and the long-
term banking of water in aquifers that are not exposed to evaporative losses [20].

In the last few decades research on managed aquifer recharge has also shown that water quality
improvements occur within the aquifer, and when combined with complementary engineered
treatments, as necessary, recovered water can be fit for a full range of uses [21,22]. This has the
potential to expand the use of recycled water and urban stormwater as sources for recharge.
This demonstrates that sources of water for recharge are more abundant than may be perceived
when intermittent excess flows in natural streams were considered the sole untapped resource.

Storing and recovering fresh water in brackish aquifers may offer an additional opportunity for
water banking. The generic suitability of brackish aquifers for recovery of stored fresh water using
aquifer storage and recovery (ASR), which involves recharge and recovery via the same well, has
been evaluated by Ward et al. [23]. Miotlinski et al. [24] have also demonstrated that if the
conditions are favorable, aquifer storage transfer and recovery (recharge and recovery via separate
wells) is possible in a brackish aquifer.

With the exception of hydrogeological conditions, the remaining factors for successful water
banking relate to regulation and management.

For those considering the value of water banking and envious of Arizona’s favorable
hydrogeology and land availability for spreading basins, it should be pointed out that these are
desirable, but not essential conditions. For example in the absence of an extensive transmissive
aquifer, water may be banked in localized aquifers via a network of smaller recharge facilities
connected to an existing water distribution system. In Australia, aside from Perth, few cities have
aquifers similar to those of Tucson or Phoenix, but if water can be recovered from local, less
transmissive and even brackish aquifers at drinking water quality, then the transmission and
distribution system can act as a means to transfer entitlements generated at one place to a user
located at another, as illustrated in Figure 4 [25].

Arizona also makes use of alternative forms of recharge, such as vadose zone recharge wells and
buried infiltration galleries, in urban areas where land for infiltration basins is not available. One of
the most advanced facilities is operated by the City of Scottsdale, which serves 87,000 active
accounts within a 480 square kilometer (185 square mile) service area [26]. Scottsdale employs
advanced reclaimed water treatment in conjunction with vadose zone injection and ASR wells [27].
ASR wells are used elsewhere in Arizona, and the method is equally suitable for confined aquifer
systems, but, because this requires pre-treatment of the water, this is a more costly and less utilized
approach [28,29].

In Australia, aquifer storage and recovery with urban storm water in a semi-arid area was found
to be about ten times more expensive than the best infiltration basins but still considerably cheaper
than seawater desalination [25]. Aquifer storage and recovery of recycled water was more expensive
than infiltration basins but had significantly lower unit costs than storm water ASR and may provide
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material supplies of water for urban areas needing to secure water supplies in confined aquifers, as
seen in Orange County, California [30]; Windhoek, Namibia [31]; and Perth, Australia [32].
However, a need for augmentation of water resources does not necessarily assure the existence of
funding for water banking. Market failures can arise from poorly defined water rights, institutional
fragmentation, incomplete accounting for the costs of evaporative losses from surface water
storage, pricing that fails to fully account for supply reliability, a mismatch between the benefits of
banking and those who bear the costs, and insufficient public or investor confidence to raise capital
for water banking.

Figure 4. (a) In Phoenix the extensive fresh aquifer acts as a means to transfer credit
from water recharged at one place to recovery at another, subject to water quality
constraints; (b) Where aquifers are brackish or not highly transmissive, water needs to
be recovered close to the point of recharge, and if this water is of suitable quality for
transmission through the existing distribution system, this can create a credit that is
transferable to other points on the system. Source: Dillon et al. [25].
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6. Water Rights or Entitlements as a Precursor to Water Banking

In Arizona, the well-developed system of rights to use Colorado River has been key to the
establishment of Arizona’s water banking program. This system of contractual rights, coupled with
a strong regulatory framework for water storage, has enabled successful operation to date of the
AWBA. Awareness of the need for separation of entitlements to land and water is a starting point
for reform in many parts of the world, including Australia, South Africa and now in at least one
state of India, Jammu and Kashmir. The concept of an entitlement is required. In Australia, for
example, an entity may hold an entitlement to water as a proportion or share of the total allocatable
resource (that is after allowing for environmental flows). Allocations are the volumetric currency
of the entitlement, and change if the allocatable resource changes. If the native groundwater system
is over-abstracted, storage is in decline. Successive determinations of the allocatable volume will
diminish and, in proportion, so will the allocations of all groundwater entitlements holders. In the
case of source waters for recharge an entitlement is also required. A framework for incorporating
managed aquifer recharge within this entitlement system is given by Ward and Dillon [33].
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In Australia, an entitlement system for storm water and treated sewage effluent is not yet in place
for most jurisdictions [34] but custodianship of storm water by municipal councils and of recycled
water by urban water utilities is acknowledged, and so far dispute has not arisen concerning
harvesting of these waters for recharge.

7. Conclusions: Tailoring Water Banking to Local Conditions

Different regions face different hydrological conditions and systems. Arizona has developed
an approach to water banking based on its aquifer and surface water supply conditions in the
context of its water infrastructure and regulatory framework. Currently, Australian water utilities
are tasked with providing for future drought supplies, but there is no policy framework that builds
incentives for investment in securing water supplies. During a recent drought, utilities in five cities
established seawater desalination plants, most of which have subsequently been mothballed.
The capital investment was massive and considerably greater than could have been achieved in
most cases with managed aquifer recharge. (An example is described in a companion paper by Gao
et al. [35].) So far there are no established funding mechanisms to facilitate investment in water
banking in Australia. The costs of water delivered by the desalination plants have been more than
15 times higher than the previous marginal costs of supply. This is now being paid for by water
utility customers through considerably higher water prices. It is timely, given that emergency
supplies are in place for the short to medium term, to consider seriously an institutional
arrangement that links policy with investment to ensure efficient achievement of water security
objectives. The Arizona Water Bank Authority provides a salutary, and at this stage quite unique,
example of institutional and policy reform, that combines an accounting framework and funding
mechanisms for supply augmentation to improve the reliability of water supplies in the future.
While motivations and potential for water banking will clearly vary across regions, it is hoped that
this paper will inspire broad interest in uptake of such advanced groundwater management approaches.
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The Economics of Groundwater Replenishment for Reliable
Urban Water Supply

Lei Gao, Jeffery D. Connor and Peter Dillon

Abstract: This paper explores the potential economic benefits of water banking in aquifers to meet
drought and emergency supplies for cities where the population is growing and changing climate
has reduced the availability of water. A simplified case study based on the city of Perth, Australia
was used to estimate the savings that could be achieved by water banking. Scenarios for investment
in seawater desalination plants and groundwater replenishment were considered over a 20 year
period of growing demand, using a Monte Carlo analysis that embedded the Markov model.
An optimisation algorithm identified the minimum cost solutions that met specified criteria for
supply reliability. The impact of depreciation of recharge credits was explored. The results revealed
savings of more than A$1B (~US$1B) or 37% to 33% of supply augmentation costs by including
water banking in aquifers for 95% and 99.5% reliability of supply respectively. When the
hypothetically assumed recharge credit depreciation rate was increased from 1% p.a. to 10% p.a.
savings were still 33% to 31% for the same reliabilities. These preliminary results show that water
banking in aquifers has potential to offer a highly attractive solution for efficiently increasing the
security of urban water supplies where aquifers are suitable.

Reprinted from Water. Cite as: Gao, L.; Connor, J.D.; Dillon, P. The Economics of Groundwater
Replenishment for Reliable Urban Water Supply. Water 2014, 6, 1662-1670.

1. Introduction

Growing population is increasing demand for water in many cities. In some arid and semiarid
regions, climate change is projected to lead to reduced inflows to surface water reservoirs that have
traditionally been the main sources of city water supply [1-4]. Municipal water utilities typically
face requirements to ensure that customer water demand is satisfied with a prescribed reliability.
For example, Water Corporation, the utility serving Perth, Australia has an objective of ensuring
that the annual probability of a complete sprinkler ban is less than 0.5%, or a 1 in 200 year
occurrence [5].

Declining, more variable surface water supply and growing demand means that many urban
water utilities are contemplating or have already made additional investments in less rain
dependent supply sources. For example, Australia’s thirty largest utilities invested $30 billion in
new municipal water infrastructure between 2006 and 2012 [6]. Choosing from a range of possible
water supply sources, timings and scales to meet supply reliability criteria cost effectively is
challenging. Many supply options are long-lived capital assets and they often involve scale
economies favouring large increments of investment. However, unknown future inflows and thus
unknown supply reliability from existing surface water reservoirs mean that if the future turns out
wetter than anticipated, large capital investments can be underutilised and the full capital plus
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operating cost of small amounts of water supplied to ensure demand is met reliably may be very
large [7].

This paper evaluates the economics of aquifer injection and banking of climate independent
supplies to enable increased use of groundwater during drought when there is a low surface water
supply. Another approach to balancing demand and supply pursued in places such as Arizona
involves influencing household conservation ethics for example through landscaping changes that
lead to reduced water demand [8]. Conceptually, this water banking strategy would be cost
effective because investment can be reduced through a rainfall-independent infrastructure that
meets peak demand in drought, but is otherwise left idle. An additional reason to consider storage
underground to meet demand during droughts is that evaporative losses from dammed reservoirs
can be large in arid and semiarid settings. In contrast in some aquifers, particularly fresh aquifers,
there may be potential to store water with little loss [9].

2. Case Study Area

The case study described is based on Perth, Western Australia where demand for water has
outstripped conventional supplies [10], and surface water inflows to reservoirs are diminishing due
to a changing climate. Perth has a population of 1.8 million with 2008 annual consumption of
public supply water of 280 Mm?*/year [11]. Its population is expected to grow to nearly 2.5 million
by 2030. The utility providing public water expects demand to grow to between 380 (base case)
and 425 Mm?/year (worst case) by 2030, with actual demand depending on climate driven outdoor
consumption growth, success of conservation measures, yard sizes in new housing development
and actual population growth [11].

Water is currently provided from three major sources, surface water storages in the hills located
to the east of the metropolitan area, regional aquifers located below the metropolitan area, and
seawater desalination plants. An important characteristic of the existing surface water supply is that
it is highly variable. Perth has experienced a steep change in climate leading to systematically
lower inflows in the past 35 years than the mean of the previous 100 years.

While there have recently been new supply investments, additional investments are still required
over the coming decades, and an adaptive plan for these investments over the next ten years has
been developed by the Water Corporation [12]. Much of the focus for future investment in regional
water plans is on two sources of rain independent supplies: seawater desalination and water
recycling plants. The Water Corporation has developed an innovative strategy of replenishing
confined aquifers with recycled water that has been treated to a very high standard [13] to address
an agreed regulatory framework [14]. The utility would then withdraw more groundwater in times
of drought. This would increase aquifer net recharge and net extraction in some years but would
not increase cumulative net withdrawal of groundwater. Groundwater replenishment has been
trialed and proven feasible at small scale (1.5 Mm?®/year) and it is likely it can be upscaled to large
facilities with much lower unit costs.

This analysis investigates the cost effectiveness of groundwater replenishment as a potential future
supply. The present analysis is built on readily available data and is a generalised approximation of
Water Corporation’s Perth water supply sources and their potential uses, at annual time scale and
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aggregated at metropolitan area scale. Still we are able to demonstrate significant potential to meet
a supply reliability constraint for Perth with less infrastructure investment and at considerably less
cost, when replenishing groundwater and increasing withdrawals in drought is part of the supply
solution. The paper concludes with a discussion of the relevance of these results for aquifers with
different rates of storage loss.

3. Methodology

Demand for water in the Perth metropolitan area in 2030 is projected to exceed the recent
portfolio of supply (a mix of groundwater, surface water, and seawater desalination), as shown in
Figure la. If managed aquifer recharge is used to create sufficient groundwater credit this can be
drawn on in dry years to secure the required supply, as shown in Figure la,b as an additional
volume to the original groundwater entitlement. Groundwater recharge accumulates through the
operation of the installed recharge capacity. The net recharge credit may be discounted annually to
allow for losses of recharged water or fresh native groundwater as a consequence of the recharge
operation over the losses that would have occurred without it. For example any increase in
discharge of groundwater to the ocean due to increased hydraulic gradient attributable to recharge,
which would be evaluated for specific recharge proposals, would be included in this depreciation
term. In any year, this net recharge credit is diminished by the amount of additional withdrawals to
meet water supply shortages over the pre-recharge entitlement.

Modelling was done to simulate two strategies to meet the growth in water demand 2011-2030
and to assess their water supply reliability. Consistent with Water Corporation planning documents
we assume that one strategy involves new investments in desalination and in water recycling
and water banking. In both treatments groundwater extraction levels in Perth for public water
supply are restricted in line with current government regulation. In the without aquifer banking
scenario the annual allocated groundwater extraction (120 Mm®/year) is assumed to be constant
across years and supply to meet shortfall is dominated by desalination. In the with aquifer banking
scenario any installed recharge capacity is used to replenish groundwater and gain accumulated
recharge credits to allow additional extraction, when needed, over and above the pre-existing
allocated groundwater extraction.
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Figure 1. An example of a portfolio of water supply and corresponding recharge credit:
(a) the varying water supply portfolio to meet demand each year (taken from one
Monte Carlo simulation; and (b) recharge credit accumulates based on operation of the
installed recharge capacity. The net recharge credit available for extraction is the
difference between accumulated recharge allowing for depreciation (losses) and
accumulated withdrawals to meet water supply shortages.
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A Monte Carlo analysis was used to account for variations in the annual amount of surface
water available and this depended on inflows in the current and previous years and storage
operation rules. In contrast, recycled water and desalinised water can be expected to be available
for supply at levels up to plant capacity on a relatively constant basis. Though this is a slight
simplification given that plants can experience operational problems or oil spills into ocean water
can render a plant unusable for public water supply, these probabilities were considered to be
sufficiently small to ignore.

Analysis is a two-step process. The first step is to determine the probability of supply meeting or
exceeding demand, for a wide range of possible combinations of levels in investment in
desalination and water recycling for groundwater replenishment. The supply, demand comparison
algorithm accounted for stochastically varying surface water supply and the dynamics of aquifer
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water injection, withdrawal, losses and available recharge credits in the with aquifer banking
scenario. For each possible combination of investment in desalination and recycling over a period of
20 years, 10,000 Monte Carlo realisations of surface water availability were run to calculate the
percentage of the years that demand exceeds supply.

This process of calculating supply reliability is repeated for the “with-" and the “without aquifer
banking” scenario. The results along with estimates of the capital and operating cost associated
with a set of possible desalination and water recycling investments produce a set of cost and
reliability estimates. These are input into an optimisation that solves for the cost minimising
combination of investments that meets specified reliability criterion.

4. Case Study Detail

This analysis is built on readily available data and includes no detail of how Water Corporation
and Perth water supply is currently configured and operated. As such, the study should be considered
a somewhat stylised demonstration of the significant potential to meet a supply reliability with less
infrastructure investment and at less cost, when banking is part of a supply solution.

Estimates of current water supply, and projected 2030 demand were extracted from Water
Corporation and State Government reports that are readily available. The Water Corporation [14]
estimates 2030 yields from currently existing supply will be 260 Mm?® in its “base case” planning
scenario. It estimates 2030 demand for this scenario at 380 Mm? for the 2030 base case. Thus, there
is a “gap” of an average of 120 Mm? that will have to be filled with new supply investment to meet
projected 2030 base case scenario demand.

The stochastic nature of surface water supply was modelled using information from Water
Corporation annual reports characterising how much water was actually supplied from surface
water storages from 1996 to 2011 [15]. A key feature of stochastic surface water supply that
requires consideration in meaningful planning to reliably meet demand is how supply variability
can involve multiple year sequences of relatively dry, normal or wet inflow. The length and
duration of dry, normal or wet inflow year sequences are key parameters determining the reliability
of surface water supply reliability. This is represented by a Markov process [16] and assumes the
climate regime of each year switches between three states: high, medium and low supply.
We model evolution of these state variables as a discrete Markov chain process where one type of
supply year is followed by one of the three possible states based on random probability draws.
The probabilities of one state following another are defined with a matrix of transition probabilities
for each state variable switching to another state. Note that the Markov chain was used to describe
the volume of water supplied by reservoirs in successive years, not the volume of inflow to
those reservoirs.

Actual observations of volumes of Perth water supplied from reservoirs from 1996 to 2011 were
used to define several levels of supply states and the transition probability matrix between states.
Ideally, Markov transition models are based on hydrology and storage operating process models
backed by long hydrology time series and future improvement of this study could include such
modeling. Still the Markov process approach does provide an opportunity to provide evaluation of
reliability and cost effectiveness implications of long dry runs.
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Reliability of supply was evaluated with all possible combinations of discrete increments of
investment in desalination in 25 Mm® increments up to 150 Mm? of capacity above what now
exists and discrete increments 10 Mm? capacity to recycle water up to 80 Mm®. We assume that the
capital cost per Mm® level of investment in desalination ccd is $20 million; the capital cost per
Mm?® level of investment in recycling capability ccr is $15 million; and the operating costs per
Mm? level of investment in desalination and recycling capability are $0.8 and $0.6 million,
respectively based on the Science Matters report [17]. While it is true that in some circumstances
recharge and withdrawal of water can be much less expensive than desalination. For our case study
it is only slightly less expensive because in Perth the recharge water is highly treated prior to
aquifer injection. Note that detailed modelling of cost per unit desalination is beyond the scope of
this study and only flat estimation of cost is used here. We also model three levels of banked
aquifer storage credit loss rate: 1%, 5% and 10% per annum. This represents a range of aquifer
loss rates from typical small losses seen in slow moving large regional aquifers to much larger
loss rates.

5. Results and Discussion

Results are shown below from simulations with- and without aquifer banking at two reliability
criteria levels (95% and 99.5%) and for three annual rates of aquifer recharge credit loss. The minimum
costs, optimal choices of Mm?®/yr capacity of desalination (Dopt) and water recycling and aquifer
replenishment (R,,.) and estimated reliabilities (a) derived from 10,000 simulations for each

scenario are summarised in Table 1.

Table 1. Minimum costs, optimal choices, and reliabilities under different model
scenarios and reliability requirements.

Scenario Cost (ASM) Optimal Investment Choices (Mm?®/yr) a
Reliability > 95%
With aquifer banking
Loss rate = 1% 1970 Dopt = 25, Rype = 50 96.51%
Loss rate = 5% 2040 Dopt = 25, Rype = 60 96.77%
Loss rate = 10% 2110 Doyt = 25, Rype = 60 95.22%
Without aquifer banking
3150 Dype = 125 100%
Reliability = 99.5%
With aquifer banking
Loss rate = 1% 2110 Dopt = 25, Rype = 60 99.82%
Loss rate = 5% 2170 Dopt = 25, Rppe = 70 99.90%
Loss rate = 10% 2170 Dope = 25, Rppe = 70 99.57%
Without aquifer banking
3150 Dype = 125 100%

The results show that highly reliable water supply to meet Perth 2030 urban demand is possible
with or without groundwater banking. However, the level of infrastructure investment required and
hence cost to achieve a given reliability can be much reduced when aquifer banking is possible.



59

Both 95% and 99.5% supply reliability can be achieved with between 20 and 30 Mm® less new
water supply infrastructure capacity and at all aquifer loss rates considered. Aquifer banking
appears to be a particularly attractive strategy especially when losses from banked storage are low.
Estimated savings through water banking over strategies without water banking for a 1% aquifer
loss rate, over the 20 year horizon exceed A$1 billion or 37% to 33% of total supply augmentation
costs at 95% and 99.5% supply reliability criteria respectively. When the hypothetical recharge
credit depreciation rate was increased from 1% p.a. to 10% p.a. savings declined but were still 33%
to 31% for the same reliabilities.

Figure 2 presents the trade-offs between cost and reliability (represented by the optimal pareto
fronts) for with- and without aquifer banking scenarios and different rates of banked aquifer storage
loss. With lower loss rates, the cost effectiveness advantage of ASR is greater, than with higher loss
rates. To provide a certain security level of urban water supply, the aquifer banking scenarios
outperform the without banking scenario in terms of cost for any given level of reliability.

Figure 2. Optimal pareto fronts of different model scenarios for with- and without
water banking and showing the effect of rates of storage depreciation between 1% and
10% per annum.
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6. Conclusions

A simplified case study based on Perth, Australia shows that an increasing demand for water can
be met at the required reliability with less supply infrastructure and at less cost when it is possible
to replenish the local aquifer and build a credit that can be drawn on in drought. This is because
without such banking, “supply insurance” must be provided for droughts through infrastructure
investments that are only infrequently used to achieve the required high reliability of supply at
significantly higher average costs of supply. Hence it is demonstrated here that water banking in
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aquifers in order to provide drought and emergency supplies or “strategic storage” can provide a
relatively low-cost insurance for cities with suitable aquifers. The economic analysis shows that
aquifer banking provides greatest cost saving where there is little loss of the aquifer banked water.
In aquifers with greater loss rates of stored water, the economics are still attractive compared with
solutions that exclude water banking. It should also be noted that there are abstraction constraints
that can limit the use of banked water in poor years depending on abstraction capacity. Finally, this
study can be considered to be a qualitative demonstration of the potential benefit of groundwater
banking; additional detailed analyses would be required to estimate benefits for an actual
operational model.
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Economic Assessment of Opportunities for Managed Aquifer
Recharge Techniques in Spain Using an Advanced
Geographic Information System (GIS)

Enrique Fernindez Escalante, Rodrigo Calero Gil, Maria A. San Miguel Fraile
and Fernando Sdnchez Serrano

Abstract: This paper investigates the economic aspects of Managed Aquifer Recharge (MAR)
techniques considered in the DINA-MAR (Depth Investigation of New Areas for Managed Aquifer
Recharge in Spain) project. This project firstly identified the areas with potential for MAR for the
whole of the Iberian Peninsula and Balearic Islands of Spain using characteristics derived from 23
GIS layers of physiographic features, spanning geology, topography, land use, water sources and
including existing MAR sites. The work involved evaluations for 24 different types (techniques) of
MAR projects, over this whole area accounting for the physiographic features that favor each
technique. The scores for each feature for each type of technique were set based on practical
considerations and scores were accumulated for each location. A weighting was assigned to each
feature by “training” the integrated score for each technique across all the features with the existing
MAR sites overlay, so that opportunities for each technique could be more reliably predicted. It
was found that there were opportunities for MAR for 16% of the area evaluated and that the
additional storage capacity of aquifers in these areas was more than 2.5 times the total storage
capacity of all existing surface water dams in Spain. The second part of this work, which is
considered internationally unique, was to use this GIS methodology to evaluate the economics of
the various MAR techniques across the region. This involved determining an economic index
related to key physiographic features and applying this as an additional GIS overlay. Again this
was trained by use of economic information for each of the existing MAR sites for which economic
data and supply or storage volume were available. Two simpler methods were also used for
comparison. Finally, the mean costs of MAR facilities and construction projects were determined
based on the origin of the water. Maps of potential sites for Managed Aquifer Recharge (or “MAR
zones”) in the Iberian Peninsula and Balearic Islands of Spain and the results of the previous
economic studies developed at the beginning of the project were used as the foundation for the
economic analysis. Based on these data, a new specific mapping of the total expected costs for all
“MAR zones” (€/m?) was proposed based on the techniques that were considered most appropriate
for each Spanish study case. Capital costs ranged from Euro 0.08-0.58 per m*/year. Overall, this
study investigates the opportunity and economic feasibility of implementing new MAR projects
and provides support to decision makers in Spain. The novel mapping provides valuable guidance
for the future development of Managed Aquifer Recharge projects for water managers
and practitioners.

Reprinted from Water. Cite as: Escalante, E.F.; Gil, R.C.; Fraile, M.A.S.M.; Serrano, F.S. Economic
Assessment of Opportunities for Managed Aquifer Recharge Techniques in Spain Using an
Advanced Geographic Information System (GIS). Water 2014, 6, 2021-2040.
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1. Introduction

This study analyzes the economic aspects in the DINA-MAR project related to the price of
Managed Aquifer Recharge (MAR) water. These aspects range from simple ratios to advanced
proposals based on GIS. This analysis was conducted to study the feasibility of implementing new
building works and to provide support to decision makers in Spain. DINA-MAR (Depth
Investigation of New Areas for Managed Aquifer Recharge in Spain) is a project financed by the
Tragsa Group with the aim of determining the most suitable areas for MAR and how to implement
MAR activities within Spain.

The use of GIS for determining opportunities for MAR is broadly mentioned in hydrogeological
literature. Some other approaches have been consulted, especially in papers or reports from Portugal, India,
Australia and Italy, which provide a different GIS mapping approach than the one displayed in this article.

A regional scale study was performed by Dudding et al., 2006, [1], for the Melbourne region for
ASR potential as well as for depth aquifers.

An explanation of the main features in relation to opportunities for water banking is exposed in
Hostetler, 2007 [2], although the aggregated features differs from specific opportunities for MAR.

Some papers from India on GIS approaches have been consulted, as for instance the analysis
from Kallalia ez al., 2007 [3] (pp. 111-119), for potential wastewater aquifer recharge sites, which
assesses mapping MAR opportunities.

A GIS based expert system for selecting recharge methods is reported by Masciopinto et al., 1991 [4]
(pp. 331-342). No reference could be found on the previous use of GIS for costing of MAR projects.

The study by Pedrero et al., 2011 [5] (pp. 105-116), describes a GIS-based multi-criteria
analysis for site selection of aquifer recharge with reclaimed water. Another regional scale study
was performed by Smith & Pollock, 2010 [6], who evaluated the artificial recharge potential for a
superficial aquifer by means of GIS in the Perth region.

Three different lines of action have been accomplished and presented in the paper to analyze the
economics of MAR.

First, the investment ratios of construction costs to storage volume and the mean life of the
existing MAR projects with various techniques were evaluated and compared to dam and irrigation
pond costs. Numerous examples were collected for statistical analysis.

Second, an advanced GIS methodology determined the “MAR zones” in Spain. After the
identification of these zones, the most ideal devices were identified according to the inventory of 24
categories that were proposed in the project [7] (pp. 303-318).

Third, the origin of the water sources in the above two methods was considered. Water resources
originating from either fluvial or sewage waters were then compared. Both of these water sources
were budgeted.

The fluvial water is provided by a diversion structure in a river to an adequate aquifer for
underground storage. Different premises have been considered according to the available flow, ease
of application, suitability studies, feasibility studies and cost including exploitation and maintenance
expenses. The sewage water option injects reclaimed water into deep boreholes and wells that are
generally located near a sewage treatment plant. Economic studies have considered water flow,
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tertiary treatment, desalination, method of recharge to aquifers, construction costs, conservation
costs, study costs and project costs.

Using the maps of potential sites or “MAR areas” for MAR in the Iberian Peninsula and
Balearic Islands of Spain and the results of economic studies as the starting point of this study, we
proposed a new specific mapping of the total expected costs for all “MAR zones” (€/m’) that
depended on the most appropriate device for each case. This novel mapping provides guidelines that
are intended to be valuable for water managers and practitioners for future development of
Managed Aquifer Recharge projects.

2. Materials and Methods

The methodological approach consisted of a GIS study based on ARC/GIS and DINA-MAP
programs. This process determines the most appropriate areas in Spain to apply MAR techniques
with potential fluvial or waste waters.

The process is recursive because the method tests different algebraic map options on constructed
maps with up to 83 layers and GIS coverage. Various parameters such as permeable outcrop layers,
lithology, aquifers, water levels, fluvial riverbeds, water purifying plants, data collection stations
with flow-rate measurements, slopes, altitudes, and distance to the coasts have been loaded in the
system and taken into consideration (Table 1 and Figure 1).

To identify the MAR zones, 11 chloropeth maps of hydrographic basins were created. An
example of the results for one of the most prospective basins is shown in Figure 2. The entire map
series is available at DINA-MAR website [8].

This deductive process supported by algebra maps and analysis in GIS has two major drawbacks
in information processing: different projection systems and an incorrect boundary overlay of the
layers and thematic coverages used. An effort to unify the map was required.

Table 1. Relating “Managed Aquifer Recharge (MAR) zones” by hydrographic major
basins. Columns: basin name, the MAR zone area contained in the basin, the basin area,
the percentage of the basin covered by a MAR zone and the percentage of an individual

MAR of the total MAR area.
D Major basin MAR Zones Areas  Total Basin % MAR %
within Basin (km?)  Areas (km?)  Zones/Basin  Total
1 NORTH 1,953 53,781 3.6 2.9
2 DUERO 21,565 78,955 27.3 323
3 TAGUS 10,186 55,815 18.2 15.2
4 GUADIANA 5,184 60,125 8.6 7.7
5 GUADALQUIVIR 4,878 63,298 7.7 7.3
6 SOUTH 1,458 18,408 79 2.2
7 SEGURA 2,283 18,833 12.1 3.4
8 JUCAR 7,892 42,682 18.5 11.8
9 EBRO 8,686 85,936 10.1 13.0
10 PYRENEES 1,746 16,555 10.6 2.6
11 BALEARIC 1,023 5,038 20.3 1.5

Total 66,354 499,428 13.4 100




In total, 23 main layers were employed with the assigned original number as follows:

- Geology of Spain, scale 1:200 000. MMA, 2006;
- Control of nitrates in the groundwater network;
- Vulnerable areas to nitrates;

- Irrigated areas and source of water;

- Concentric polygons around rivers and reservoirs;
- Risk of flooding;

- Tilt cartography;

- Tagus-Segura aqueducts;

- Quality of water: conductivity;

- Mines into aquifers. MMA, 2006;

- Groundwater piezometric monitoring network;
- Forest mapping for Spain, scale 1:50 000);

- Hydrogeological units;

- Sewage treatment plants;

- Detailed urban areas;

- Marine intrusion control network;

- Altitude;

- Dry wetlands;

- Watersheds with water surplus;

- Distance from shore;

- Dune systems;

- Administrative boundaries;

- Current MAR sites.

Figure 1. Location map of the operative Managed Aquifer Recharge (MAR) sites in Spain.
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Figure 2. Example of the distribution of “MAR zones” in the Spanish Jucar basin.

LEGEND
GROUPED LITHOLOGIES
- Mudstone
- Detritic (Quaternary)
- Detritic (Tertiary)
- Volcanic
B veto- detritic
- Igneous

ELEMENTS
Wetlands

(3 Water masses

#"s_, Bigriver basin limit

~/\~~= Hydrography

Tagus-Segura aquedur

The main objective of this study was to identify a process producing similar results in existing
inventories. The “MAR zones” in Spain were defined after several trials. The procedure that best
represented these MAR activities in Spain was adopted (detailed explanation of this process in
DINA-MAR, 2010 [7]). The pixel size for map overlays was 1 km x 1 km.

To determine the ideal devices for each “MAR zone”, an inventory of 24 devices previously
proposed (Figure 3) was distributed and classified according to their characteristics and their most
suitable environments.



Figure 3. Inventory of feasible and applicable MAR devices, modified from Fernandez

& San Sebastian [9] (pp. 5-6).
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Numerous “if-then” conditions were designed into the system for each device or technique to

obtain a group of ranked results for each area according to the specific conditions (Table 3).
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A system of grades-weights was applied after studying each device individually; these values
are presented in the “weight” column in Table 2.

Table 2. Initial indicator to determine the suitability of MAR techniques according to
costing based on the ratio between the investment costs and the initial storage volume.
Mean costs taken from Tragsa Group projects performed for the Spanish Ministry of

Agriculture.
MAR facilities Number of p.rojects Mean investment cost ratio
costed of this type (€/m?)

Ponds 18 9.75

Dams 16 0.80

Surface MAR facilities (ponds, channels) 8 ponds/58 km channel 0.21

Deep boreholes 4 0.58

Medium-deep boreholes 25 0.36

After classifying the building projects performed by the Tragsa Group for the Spanish
Government according to the origin of the water, a new specific mapping was proposed for total
expected costs for all “MAR zones” (€/m?). This map depended on the most appropriate device for
each case and featured a series of alternatives sorted according to technical suitability and cost.

The final map viewer is called “HydroGeoportal DINA-MAR” and is available at DINA-MAR
“Visor cartografico” website [10].

3. Results and Discussion
3.1. Investment Ratios of Building Costs against Storage Volume

The initial indicator to determine the suitability of MAR techniques according to costs
was based on the ratio between the investment costs and the initial storage volume. The mean life
of the devices was evaluated and compared to the cost of dams and irrigation ponds that have a
25 year lifespan.

The examples considered in this study were buildings constructed by the Tragsa Group for the
Spanish Ministry of Agriculture for 18 irrigation ponds and 16 medium size dams versus the ratios
for MAR facilities in the Arenales Aquifer (four projects) for surface infiltration facilities and in
the Guadiana basin for 25 medium-depth infiltration boreholes.

Data for MAR deep boreholes was collected from Spanish water supply companies.

Mean Investment Ratios

Data sets were treated by statistical methods (eliminating the maximum and the minimum, etc.).
The resulting ratios are as described in Table 2.

According to these results, the MAR technique results are rather cheap for basic economic
indicators in comparison with other water management techniques.
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3.2. Advanced GIS Methodology Based on Linear Combination of Map Layer Attributes
3.2.1. Previous Legal Considerations

In Spain, the legal and technical framework is suited to integrate more MAR devices in water
management schemes, although several implementation issues remain: Currently, regulations
consider MAR as a spill, which is an obstacle to the development and the implementation of this
technique. Royal Decree 1620/2007 is too restrictive in terms of water quality whereas the
regulations in other countries are more permissive. The laws in these other countries consider the
sanitation aspects of MAR and do not regulate several effects such as the changes in sodium
concentration during deep injection.

3.2.2. Determining “MAR Zones” in Spain

The main aim of this project was to determine the most suitable areas for MAR in Spain
(excluding the Canary Islands on which desalination is the typical water management technique).
The calculation methodology is summarized in the previous section. A detailed description may be
found at DINA-MAR, 2010 [1] (pp. 215-216).

From the results, approximately 16% (67,000 km?) of the Spanish peninsular and Balearic
Islands territory is suitable for recharge management. The most ideal basins are the Duero and
Balearics basins, and the least ideal are the North and Guadalquivir basins.

The determined “MAR zones” or areas notably suitable to apply MAR activities are grouped by
hydrographic basins in Table 1.

3.2.3. Potential for the MAR Technique in Spain

Based on the premise defined by DINA-MAR that the future of water depends on the storage
capacity, the storage potential of currently unsaturated Spanish aquifers was compared to the
storage capacity of dams.

Based on the storage in dams in Spain in January 2005, which reached 53,198 hm?, and the
definition of the MAR zones, a GIS was used to compare the capacities based on the water level
depth, aquifer permeability and storage coefficients. Spanish subsoil (excluding the Canary Islands)
was found to have a storage capacity of, approximately, 2.0 hm*/km? in the MAR zones. Therefore,
approximately 260% of the stored volume in the dams could be stored in aquifers in safeguarding
the quality and utility of the water. Utilizing underground storage would also enable surface
occupation of the land.

Despite the uncertainty inherent in the calculations, these figures indicate the high potential for
MAR activities in Spain to provide new integrated water management schemes.

3.2.4. Search Criteria Used to Associate Devices with Each “MAR Zone”

With the physical elements well defined and the specifications of the 24 inventoried AR
techniques known (Figure 3), determining the most suitable technique was performed by a
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grades/weights system as the main association criteria. This system was designed and automated in
such a way that each device receives a weight according to its suitability. This score is adjusted to
the physical characteristics and other indicators with GIS support.

The established grades are the distribution of permeabilities, lithologies, nitrate contaminations,
irrigable areas, irrigation origin, proximity to forests, purifying plants (with treatment types), dams
(with associated capacities), wetlands, rivers (with average associated flows), distance to the coast,
major aqueducts, slope, height, flood risk, water level, water quality, meteorological stations with
sufficient rainfall or streamflow and urban areas. The weights range between zero (inadequate) and
three (highly favorable).

By establishing a relational structure between physical factors and indicators with GIS support
for MAR devices, an association matrix that supplies the HydroGeoportal DINA-MAR (Table 3)
was designed and automated.

The weight columns appear to be subjective based on the suitability of each device. Because of
the important role that the devices hold in the final ranking, additional criteria are adopted to
minimize the subjectivity and are presented as ranges (Table 3, column 3). The ranges have been
defined by the breakdown of each “layer” in different classes, generally distinguishing the different
major types and establishing relevant groups to work with a reduced number of types. For example,
the “water origin” layer distinguishes five types: surface water, groundwater, irrigation returns,
water from treatment plants and water from desalination plants.

The weights (Table 3, column 4) appear in hierarchy according to their suitability and fit to the
physical characteristics and remaining indicators. The weight assigned to each case and code
directly intervenes in the process of SIG calculation because the database is associated with the
calculation engine; then, an individual score is assigned to each polygon. For example, the
calculation method to score device D1 (infiltration pond) is as follows. First, the fields D1, D2...,
D24 are included in the layer in which all layers have been previously crossed to calculate the score
for each device in these fields. The crosses table is then connected to the different facilities leader
board, starting with the permeability, and D1 is calculated. Successive “joins” must be performed
for each of the topics, and the formula of ranges-weights is applied to obtain a final value.

This process automatically calculates a score for each of the 24 techniques and the highest score
determines the most appropriate technique.

The result is a large-scale map ranking the most to the least recommended devices (Figure 4).

The results of these calculations are expressed in the “Favorable Device” map (Figure 4).

This system has enabled several highly ideal MAR zones to be identified. For example, up to
11 MAR devices could be concentrated in the Lower Guadalhorce aquifer (Malaga) when water is
withdrawn from the river and a wastewater treatment plant (Figure 5).



Table 3. Relating physical factors and indicators (based on GIS support) for different MAR devices.
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Figure 4. Map of MAR areas and the most appropriate MAR devices. The “HydroGeoportal
DINA-MAR?” [10] package also provides additional options for each zone.
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3.3. Economic Studies for MAR Activities Implementation Based on the Origin of the Water and Its

Incorporation into “Hydrogeoportal” Map Viewer

An economic study was developed based on the investment ratio or the cost of the device in
relation to the recovered water. The ratios for superficial MAR devices are approximately 1/5 of
the ratio of the dams, whereas the ratio for ASR is similar to the dams ratio.

The referred study provides two alternatives for decision-making according to the origin of the
sources of water, either of fluvial origin or sewage waters.

Table 4 shows the estimation process of the cost intervals. Column 3 differentiates six types
according to either the origin of the water or the context in which each device is intended to be
implemented. The five distinct classes are as follows: devices in river areas (wells, ponds and
canals), dams and dikes in either surface or underground alluvial terrain, urban sustainable drainage
systems, drilled wells less than 50 m deep and deep boreholes (deeper than 50 m).

The first alternative diverts running water from a river, channeling the water to an adequate
aquifer (underground storage). This technique has several advantages including minimal
occupation of the surface, less evaporation, preserved water quality, and the relatively low costs for
the storage. For example, from the first row, using a river as a source of intake has a potential cost
per action (investment ratio) of close to € 0.20/m? for an 8 km conduction pipe and the artificial
recharge is performed using channels, infiltration ponds and wells. The cost for each activity is
estimated to be close to 1.2 M€. Exploitation and maintenance costs have been estimated at € 0.01
m?/year (real data taken from budgets of building projects performed by the company that the
authors work for, in DINA-MAR, 2010 [7]).

The other considered alternative is the direct injection of reclaimed water during managed
aquifer recharge (files 5 and 6) using deep injection boreholes and wells. These injection sites are
generally located in the vicinity of sewage treatment plants. The water must be tertiary treated,
osmotized and inserted into the aquifers. The flow availability is more regular than in the previous
alternative. This study considered flows between 50 and 80 I/s to be recharged through 50 m depth
wells. Flows exceeding 100 1/s require boreholes approximately 500 m in depth (average values).
This technique does not require special water surpluses and can be used for numerous purposes
such as irrigation, combating marine intrusion, environmental practices, and industrial supply.
The unit cost of investment is € 0.23/m® (50 m) and € 0.58/m> (500 m) (tertiary treatment was not
considered). An average estimated cost for a 50 m building project is 172,500 €, and 580,000 € is
estimated for a borehole 500 m depth plus additional MAR facilities. The estimated costs of
conservation per year are € 0.13/m® (50 m) and € 0.15/m? (500 m).

The premises considered were the variability of the available flow (100 to 1000 1/s) and the
possibility of applying this technique in approximately 16% of the Spanish territory (excluding the
Canary Islands). This investigation also considered that the projects must be subject to concessions
and require detailed suitability and feasibility studies.

The standards for water quality are ambitious in Spain; therefore, the costs may be lower for
countries with less rigorous regulations.



Table 4. The averaged economic index prior to connection with inventoried devices and “MAR zones” in the “HydroGeoportal DINA-

MAR?” iso-costs layer. The top numbers are specified in Figure 2 (inventory). 1/0 indicates applies/not applies.
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Using the maps of potential “MAR Zones” for Managed Aquifer Recharge in Spain Iberian
Peninsula and Balearic Islands (in [8]) as the starting point, a new specific mapping is proposed
using the total expected costs for each zone (€/m®) that depended on the most appropriate device
for each case. The result is a novel map (Figure 6).

Figure 6. (a) Choroplethic map of “iso-costs” for the best MAR facilities in each
“MAR Zone” for Spanish Peninsula and Balearic Islands; (b) Detailed view for the East of
Madrid province (square in Figure 6a). These results are available at DINA-MAR [8].

"1SO-COSTS" MAP FOR MAR FACILITIES IN SPAIN
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Classes:

- €0.08 /m’. Urban (SUDS) /forestry runoff capture;

- €0.10 /m® Surface devices from river origin;

- €0.20 /m®> MAR from buried dikes in rivers;

- €0.23 /m*® Wells and boreholes with an injection capacity below 50 I/s;
- €0.58 /m® Boreholes with an injection capacity exceeding 50 I/s.
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This novel mapping provides valuable guidance for future development of MAR projects.
Water managers and practitioners are anticipated to be able to utilize these innovative results.

4. Conclusions and Comments

Results show that 16% of the 500,000 km? area studied using GIS has potential for MAR using
a range of techniques adapted to the local situation. In these arcas MAR is rather cheap in
comparison to surface water storage techniques. The net savings in capital costs if MAR was
practiced instead of dams is about 75% for superficial facilities (ponds and channels), about 50%
for medium deep wells and 27% for deep boreholes.

Detailed calculations are necessary to support the results and justify future actions. Calculations
may be inaccurate, and the resulting figures may cause water managers to consider opportunity
costs prior to decision making.

Regarding legality, reviewing current legislation would be desirable (despite the associated
difficulty of this goal) because often regulations “fall behind” technological advances.
Additionally, the new charges and expenses caused by the economic crisis, some of which may take
the form of higher taxes in some communities, have reduced the interest of private investors to
undertake MAR projects.

The further understanding of the economics of MAR and an evaluation of the environmental and
social effects are necessary. Additionally, the involvement of industry (e.g., agro-industries,
desalination agents, waste water treatment agents, and golf courses) in MAR is crucial.

The work presented here could be applied in other countries with appropriate modifications.
One aspect to consider in calculations of the “MAR zones” is that the terrain of other countries
could vary from the conditions in Spain. The terrain type determines the surface runoff (e.g.,
plains, plateaus, and moors) and the groundwater flow. Additionally, applying and understanding
MAR techniques in heavily deforested areas is desirable according to the results in Figures 2 and 4.

New designs may encompass as many “low cost” devices (example in Figure 7) as possible
according to necessities.

Figure 7. Example of a “very low cost” domestic MAR device in Madrid.
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A System Dynamics Model to Conserve Arid Region Water
Resources through Aquifer Storage and Recovery in
Conjunction with a Dam

Amir Niazi, Shiv O. Prasher, Jan Adamowski and Tom Gleeson

Abstract: Groundwater depletion poses a significant threat in arid and semi-arid areas where rivers
are usually ephemeral and groundwater is the major source of water. The present study investigated
whether an effective water resources management strategy, capable of minimizing evaporative
water losses and groundwater depletion while providing water for expanded agricultural activities,
can be achieved through aquifer storage and recovery (ASR) implemented in conjunction with
water storage in an ephemeral river. A regional development modeling framework, including both
ASR and a dam design developed through system dynamics modeling, was validated using a case
study for the Sirik region of Iran. The system dynamics model of groundwater flow and the
comprehensive system dynamics model developed in this study showed that ASR was a beneficial
strategy for the region’s farmers and the groundwater system, since the rate of groundwater
depletion declined significantly (from 14.5 meters per 40 years to three meters over the same
period). Furthermore, evaporation from the reservoir decreased by 50 million cubic meters over the
simulation period. It was concluded that the proposed system dynamics model is an effective tool
in helping to conserve water resources and reduce depletion in arid regions and semi-arid areas.

Reprinted from Water. Cite as: Niazi, A.; Prasher, S.O.; Adamowski, J.; Gleeson, T. A System
Dynamics Model to Conserve Arid Region Water Resources through Aquifer Storage and Recovery
in Conjunction with a Dam. Water 2014, 6, 2300-2321.

1. Introduction

Groundwater extraction has enabled significant social development and economic growth,
enhanced food security and alleviated drought in many of the world’s farming regions [1].
However, if groundwater abstraction exceeds groundwater recharge or decreased baseflow, persistent
groundwater depletion or overexploitation problems can occur [2,3]. Groundwater depletion is a
significant threat in arid and semi-arid areas, where rivers are usually ephemeral and groundwater
is the primary source of water. Consequently, in many arid countries, dams are built on ephemeral
rivers to provide farmers with an expanded and reliable source of water. However, the major
disadvantages of dams in arid regions are the high evaporation loss from reservoirs and water
quality degradation.

An alternative to constructing dams is recharge enhancement [4], a technique used to increase
groundwater availability. One well-known recharge enhancement technique is the engineered
system of aquifer storage and recovery (ASR), whereby surface water is moved to aquifers via
injection wells and serves to bolster groundwater resources. This water can later be recovered for
reuse by conventional pumping. The technique was first implemented in 1957 to inject potable
water into saline aquifers [5,6].
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Given increasing water demand, stresses on supply and wet versus dry season water imbalances,
managed aquifer recharge (MAR) techniques, including ASR, are likely to become an important
component of water projects in arid and semiarid regions [7]. Aquifers offer significant
opportunities for underground water storage, reducing the need of high-cost surface reservoirs and
storage tanks. Applying MAR techniques can also act to restore a depleted aquifer’s functionality [8].
Moreover, MAR can improve agricultural water security, thus improving the livelihood of farmers
and providing economic, social and environmental benefits.

In terms of economic benefits, MAR has direct, as well as indirect financial benefits. The costs
involved in MAR projects depend on several variables, including location, land prices, method of
recharge, geological conditions, design of the entire holistic system, construction costs and initial
water quality [9,10]. For two such projects in Australia, the costs of recharge per million liters were
625 USD and 2,000 USD [5,11]. In addition, MAR increases agricultural productivity, which, in
turn, improves farmers’ livelihood and provides direct benefits, not only at the economic level, but
also at the social and cultural levels. A cost benefit analysis developed for a case study in
southwest Iran found a 1:1.32 ratio of project investments to agricultural profits, with an estimated
payback period of three years [12].

In basins approaching full development of water resources, optimal beneficial use can be
achieved by conjunctive use, which involves coordinated and planned operation of both surface
water and groundwater development. The concept of conjunctive use of surface water and
groundwater is based on surface reservoir impounding stream-flow, which is then transferred at an
optimum rate to groundwater storage. Surface storage in reservoirs behind dams supplies most of
the annual water requirements, while groundwater storage can be retained primarily for cyclic
storage to cover years of subnormal precipitation [13].

There are some successful examples of conjunctive water resources management around the
world, such as the elaborate institutional arrangements for conjunctive use and groundwater
management in southern California that have been in place since the 1950s [14]. Kern Water Bank
(KWB) in California is another successful example. The KWB stores excess water supplies that are
available when rainfall or runoff is plentiful by recharging that water through shallow ponds into an
aquifer. The stored water is then recovered in times of need by pumping it out with wells [15]. In
some cases, treated sewage effluent has been used as the source of water. For example, sewage
reclaimed water from an advanced treatment facility is recharged in the wells of the hydraulic
barrier constructed to protect the Los Angeles coastal aquifer from seawater intrusion in southern
California. Similarly, in the Dan region in Israel, treated sewage effluent from the metropolitan
area of Tel Aviv is recharged in sand dunes and then subsequently pumped for various uses [16].

The objective of this study was to determine if ASR, in conjunction with water storage on an
ephemeral river, can be an effective water resource management strategy, minimizing evaporative
water losses and groundwater depletion rates, while providing water for expanded agricultural
activities. The provided framework, based on system dynamics modeling, consists of a dam, recharge
wells, extraction wells and water conveyance units, which can be considered as a “Comprehensive
Conjunctive Use System” [13]. A modeling framework based on system dynamics modeling was
applied to a regional development plan, including both ASR and a dam, and validated through a case
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study undertaken in the Sirik region of Iran. Given its semi-arid climate and lack of regular surface
water, the agricultural production in the Sirik region is heavily dependent on groundwater.
Unsustainable groundwater extractions, leading to a declining groundwater table, have threatened
both agriculture and local ecosystems. This has led to proposals to build the Merk dam, which
would increase the water supply and thereby allow more farms to be irrigated. The effects on
groundwater levels of four different ASR schemes were modeled, and in order to assess their respective
financial, social and environmental feasibility, each scheme was subjected to a cost/benefit analysis.
This analysis considered economic factors, the quantity of water available for environmental flows,
the quantity of water to be released from spillways, as well as the social acceptability.

2. System Dynamics Modeling in ASR Using a Surface Water Reservoir

Sustainable water resources management requires a decision-support approach that accounts for
dynamic connections between social and ecological systems, integrates stakeholder deliberation
with scientific analysis, incorporates diverse stakeholders’ knowledge and fosters relationships among
stakeholders that can accommodate changing information and changing social and environmental
conditions [17]. A system dynamics modeling (SDM) approach has the unique ability to model
participatory and stakeholder analysis in water resources and ecological studies [17-21].

Within the few scientific publications that address the application of a system dynamics approach
to groundwater issues, groundwater systems are either oversimplified or considered solely as a
reservoir. Moreover, in these studies, modeling practices differ substantially from those employed
in conventional mathematical groundwater modeling [21-24]. Although such oversimplification
(e.g., ignoring the spatial variability of groundwater systems) decreases model runtime, it also
decreases model accuracy [24].

Modeling a reservoir’s functions and linking it to an aquifer system while considering various
socio-economic factors would constitute a comprehensive and integrated modeling approach.
However, at present, there is no comprehensive integrated modeling software that can be used in
addressing water resource management problems. On the other hand, system dynamics modeling
software packages are flexible and integrated modeling tools, which can be applied to any problem,
including participatory modeling and economic analysis. Conventional models, such as MIKE-BASIN
(developed by DHI, which is an extension of ArcGIS for integrated water resources management
and planning), WEAP (Water Evaluation And Planning system, which is a Windows based
decision support system for integrated water resources management and policy analysis) and
OASIS (a software program that simulates the routing of water through a water resources system),
are all limited to water resources applications [25]. In the proposed groundwater modeling
approach described in this paper, a modified spatial system dynamics (MSSD) approach was
combined with reservoir function modeling.

Typically, a SDM (system dynamics model) project comprises the following stages: problem
definition, system conceptualization, model formulation, model evaluation/testing, policy analysis
and implementation [20,26-29]. It is therefore important to determine all system components and
their mutual relationships in advance. Table 1 portrays the basic elements that can be found in all
system dynamics models and describes each system component.
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Table 1. Basic components of system dynamics models.

Symbol Name Definition

/ Arrow Shows a directional relationship between two variables.

Rate (or flow variable), also called a flow variable, represents

change per unit time of a state variable; the cloud mark at the

0 Rate end or the beginning of the rate represents a sink or a source,
raie respectively. These cloud marks can be replaced by a level, in

which case, the rate will cause subtraction or accumulation at

each time step.

Also called accumulation, stock or state, it represents
Level Level or Stock .
accumulation.
Auxiliary variable Auxiliary variable  Supporting variables that are constant.

System Dynamics Model Conceptualization and Formulation

The system dynamics model in this study was developed using VENSIM [30] software. The
model consists of two key segments, the reservoir model and the groundwater model. The ASR
was modeled as a connection between these two segments. By taking into account the relevant
components of the surface reservoir, the surface water reservoir segment of the model was the first
to be built (Figure 1). This segment included a single level (reservoir), representing the volume of
water in the reservoir at each time increment:

Reservoir = Inflow + Precipitation — Environmental needs — Outflow — Evaporation — Spillway discharge (1)

Precipitation and inflow are the model’s two inputs. Precipitation represents the amount of water
directly contributed to the reservoir by precipitation and is a function of the monthly precipitation
rate and the expanse of water the reservoir represents. This rate was calculated by multiplying
monthly precipitation by the reservoir’s surface area. Inflow is the river’s discharge into the reservoir.
The inflow was calculated based on historical hydrological data for the river, imported through the
“get Excel” data function in VENSIM.



88

Figure 1. System dynamics model of the surface water reservoir segment.
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Evaporation, Environmental needs, outflow and spillway discharge represent the model’s
outputs. Evaporation, the volume of water evaporated from the reservoir surface at each time step,
is a function of monthly evaporation and the reservoir’s surface area. This volume was calculated
by multiplying monthly evaporation by the reservoir’s surface area. Monthly evaporation was
derived from historical evaporation data for the study area and was introduced to the model by
using the “get Excel” data function. At each time step, the reservoir surface area was taken from a
volume-stage-area chart for the reservoir. Environmental needs and outflow were derived based on
the allocated environmental needs and the irrigation water demand, respectively. Spillway
discharge represents the excess water at each time step that exits the reservoir. Spillway discharge
is a function of evaporation, precipitation, inflow, environmental needs, outflow, reservoir and the
maximum (Max) capacity of the reservoir:

If (Inflow — Evaporation — Outflow + Precipitation + Reservoir) > Max capacity, then Spillway > 0)

2

If (Inflow — Evaporation — Outflow + Precipitation + Reservoir) < Max capacity, then Spillway = 0)

The groundwater modeling portion of the model was developed according to the spatial system
dynamics (SSD) concept of a grid-based interaction of spatially-distributed system dynamics
modules [28]. The SSD methodology has been used extensively in ecological modeling [31,32] and
combines the powers of temporal and spatial analysis, achieved through systems dynamics and
geographic information systems (GIS), respectively. This system was later used to model
groundwater flow through compartmental spatial system dynamics (CSSD) [24]. Such a framework
was intended to address issues related to groundwater and surface reservoir management.

The “stuck” head of water within the system dynamics model’s groundwater modeling segment
is presented in Figure 2 and represents the head of water in each cell in the discretized aquifer
domain. Each cell has flow toward four adjacent cells, located to its north, south, east or west. The
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head of water is a function of water flow from or toward the cell, water extraction from the cell,
along with direct evapotranspiration and percolation. The water flow is calculated based on
Darcy’s law. The head of water in the aquifer domain must be calculated based on the “subscript”
function in VENSIM. The volume of water having entered or exited from the level is transformed
into the head of water by dividing it by the area of the cell and the storage coefficient of the aquifer
media. As square-shaped cells are used in this framework to simplify the modeling exercise, the
cell area was the square of one side of the cell.

Figure 2. System dynamics model of the groundwater-modeling segment. Representing
the active or inactive cells in the modeling domain, “active” is an auxiliary variable,
which can also serve to define aquifer boundary conditions; S represents aquifer
specific yield; Dx represents the length of one side of the cell; and K is the hydraulic
conductivity of each cell in the aquifer.
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There were seven rates in this segment: water flow to south, water flow to east, water flow from
the north, water flow from the west, percolation, evapotranspiration and groundwater extraction.
Water flow toward or from adjacent cells were calculated in the first four rates of the last
statement, and the three remaining rates account for the boundary flow from the top of the aquifer.
Technically, water flow is calculated in two rates: water flow to the south and water flow to the
east. Water flow from the west and water flow from the north are water flow to the east and water
flow to the south of the previous cell. Based on Darcy’s law, water flow is a function of the media’s
hydraulic conductivity, the head of the water in two adjacent cells and the length of the cell.

The occurrence of direct evapotranspiration from groundwater is a function of ground elevation,
head of water and the region’s monthly evapotranspiration rate. If the head of water reaches within
a certain distance of the ground surface, direct evapotranspiration can occur. This distance varies
according to the aquifer media. Groundwater extraction and percolation are introduced to the
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model according to their monthly rates and pattern in the aquifer domain. In the groundwater
modeling approach presented in this paper, the mass conservation concept was applied in each cell
of the discretized aquifer (Figure 3).

Figure 3. Aquifer discretization and groundwater modeling paradigm in the system
dynamics model.
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The change in storage in cell a is equal to the sum of the flow into ¢ minus the sum of flow out
of a to adjacent cells:

dsy

dt = Qap + Qac + Qaa + Qqe + Qus 3)
Where,
dstA is the change in storage through time in cell @ (L*-T);

Qap Qaer Qaar Que  is the flow into a from b, ¢, d and e, respectively, (L*-T™"); and
Qus is the sum of boundary flows to cell a (L3-T™).

All flows are positive for flow into a and negative for flow out. Boundary flows are flow terms
entering or leaving cell @, such as evaporation, evapotranspiration, natural recharge, artificial
recharge and groundwater extraction. Ground water flow between two cells, Qap, can be described
using Darcy’s law:

Q =(Ta+Tb)_Ax.(ha_hb)= (Ta+Tb)
b 2 Ax 2

“(hg = hp) “4)
where,

hg is the head of water in cell a (L);

hy, is the head of water in cell b (L);

T, is the transmissivity of cell @ (L2-T™!);

T, is the transmissivity of cell b (L>-T"); and
Ax is the discrete distance used in the model (L).
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By substituting Equation (4) and analogous terms for cells b, ¢ and d, Equation (3) can be

written as:
dsa (Ta + Tb) (Ta + Tc) (Ta + Td) (Ta + Te)
T (e = hy) o (g = b))+ (g = h) + S (e k) 4 Qs (5)

Using a finite time step approximation for storage change, adding superscript notation to specify
time and converting to matrix form for all possible generic ground water cells, Equation (4) can be
rewritten to solve for storage in aquifer cell 7 at time 7 + 1 as a function of storage and head values
at time ¢:

4
it =i+ A z(ofj) +Qis (6)
j=1

where,

Qf; i the flow in or out of cell i from four adjacent cells (L*-T™");
Qs is the boundary flow (L*-T");

st is the storage of cell i at time ¢ (L3-T™");

SH*1 s the storage of cell i at time ¢+ 1 (L*-T™"); and

At is the simulation time step (T).

This is a forward difference explicit solution for calculating groundwater heads in one time step
from head values at the previous time step. Aquifer storage (S:) is related to aquifer head using the
relationship between storage and head in an unconfined aquifer:

S; = (hi = Zpeq) - Ax?- S, ™)
where,

Sy is the specific yield of the aquifer ;

Zpea 18 the bedrock elevation (L).

Because the forward difference explicit formulation calculates the future state based on the
present state, the system of equations can be unstable if the time step is too long relative to the
spatial scale and the rate of the movement of water between cells. Therefore, a small time step
(such as 0.8 days, as was used in this study) must be used to prevent such a problem.

Having developed a surface water reservoir model and a groundwater model in the system
dynamics environment, an ASR segment was added. This can be turned on/off automatically, as
needed, in order to quantify the impacts of using ASR for the recharge or extraction of water from
the aquifer. In the combined model, as illustrated in Figure 4, the left segment of the system
represents the relevant components of the reservoir, while those on the right model groundwater in
the aquifer based on the principles explained above.

The connection between the reservoir and the groundwater system is the groundwater recharge
rate (GWR), fixed by the rate of water injection determined by the ASR approach. This rate is
dependent on the availability of water in the reservoir, the pipeline capacity and the volume of
rechargeable water in the groundwater system. As the purpose of the wells is to replenish depleted
water, not to raise the water table above its original level, the rechargeable volume is based on the
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difference between the historical initial level and the actual level of the groundwater table in the
cells containing ASR wells.

Figure 4. System dynamics model components.
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3. Study Area

3.1. Local Setting

The Sirik region, situated between 26°22' N and 26°43' N lat. and between 57°4' and 57°46' E
long., houses an aquifer occupying 65 km? on the southern edge of Hormuzgan Province, Iran. The
Sirik region is semi-arid with mild winters (T = 22.3°C) and hot summers (T = 34.1°C). Average
humidity ranges from 32.9% in the spring to a maximum of 71.9% in the winter. Mean annual
temperature and precipitation are 28.2 °C and 190 mm, respectively, with the most rainfall
occurring between October and December. The region has a population of approximately 11,667
people (2010), most of whom are engaged in agricultural production. The total amount of farmed
land currently stands at ~1000 ha, with a mixture of vegetables, palm trees and citrus plantations.
These crops were used in the modeling of the dam’s water resources and were selected based on
their acceptance by farmers, as well as their production values. Agriculture is the main source of
groundwater extraction, with total pumping amounting to 7.2 x 10°® m*-y~!. This pumping caused
an average decline in groundwater levels of roughly 7 m between 2000 and 2010. It is also
important to note that the region’s “river” is dry for most part of the year and only experiences flow
during flash flood events. Flora and fauna, especially in the southern parts of the region, are more
dependent on groundwater discharge than surface water availability. This strong dependency of
plants on groundwater is mostly attributable to the fact that in the southern portion of the region, in
the absence of surface water, groundwater is near the ground level and thereby available to plants.

The model developed in this study was for the Merk River watershed in the Sirik region;
the dam, and the aquifer boundary locations are shown in Figure 5. This watershed drains 745
square kilometers, and the maximum elevation of the watershed is 1950 m above sea level
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(MASL), while the minimum elevation is 50 MASL. Daily discharge of the Merk River at the
Garaik hydrometric station has been measured from 2006 to 2010. The location of the hydrometric
station is also shown in Figure 5. Since the measurement’s time span was not sufficient for
modeling the reservoir, the monthly time series of discharge was constructed for 40 years
(1970-2010) by multivariate statistical analysis from nearby hydrometric stations. These analyses
and data were derived from the feasibility study of the dam [33]. Subsequently, this monthly time
series was used as the input flow to the reservoir model; the time series is shown in Figure 6.

Figure 5. Location of the dam’s watershed, watershed boundary, aquifer boundary and
the Garaik hydrometric station.
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Figure 6. Time series of discharge at Garaik hydrometric station.
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3.2. Hydrogeology of the Aquifer

The primary aquifer in this region is an unconfined and unconsolidated aquifer consisting of
quaternary valley terrace deposits and river alluvial deposits (Figure 7a). The piezometric map of
the region suggests that there is seepage from the northern sandstone to the aquifer. The bedrock is
mostly middle Miocene marl with inter-bedded siltstone and sandstone. In the south, the aquifer is
bounded by low permeable mudstone.

Figure 7. (a) Northeast to southwest cross-section of the Merk aquifer; (b) location of
wells where pumping tests were conducted and the geological cross-section.
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Aquifer hydraulic properties were derived from six pumping tests using the AQTESOLV

program with the Neuman method [34]. Figure 7b shows the location of these wells, while Table 2

provides their hydraulic properties and depths. This data was used in the modeling process and

adjusted during the calibration process.
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Table 2. Hydraulic conductivity and specific storage of different regions of the aquifer.

Well name Well depth (m) Hydraulic conductivity (m*s™) Specific yield
Wi 50 8.4x107 0.05
w2 40 8.7x107 0.06
W3 70 1.1x10°° 0.08
W4 70 1.3x10°° 0.011
W5 60 56x10°° 0.011
W6 90 4.7x10° 0.014

Based on the different soil types and land uses, three recharge zones were assigned in the plain
(Figure 8a). Most recharge is due to seepage from sandstone to the aquifer, with some recharge
from riverbeds and precipitation. The preliminary estimation of recharge was based on an
estimation of water balance components and then adjusted during the model calibration.

Since 2000, 10 observation wells have been installed and water elevation recorded on a monthly

basis. This data served in calibrating and validating the groundwater model.

Figure 8. (a) Different recharge zones in the aquifer; (b) elevation-area-volume graph
of Merk dam reservoir before and after sedimentation.
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3.3. Dam/Reservoir Characteristics

As proposed and if constructed, the Merk dam would be an earth-filled dam with a clay core.
The normal elevation would be 91 m above mean sea level (AMSL), and the capacity of the reservoir
after maximum sedimentation would be 40 x 10° m®. The source of water to fill the reservoir would
be the Merk River. The river’s mean annual stream flow is 25.9 x 10° m?. An elevation-area-
volume chart of this dam (Figure 8b) was used to estimate the rate of evaporation from the
reservoir in the system dynamics model developed in our study. This information was derived from
a feasibility study report on the Merk dam approved by the Iranian Ministry of Energy [33]. The
water supplied from the dam would be conveyed through a pipeline to agricultural areas.
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According to dam design reports, the mean irrigation demand of the dam’s command areas would be
8013 m*-ha !y !, oscillating between 2860 and 12,710 m’-ha 'y !. Figure 9a presents a schematic
view of the dam, aquifer and agricultural lands [33].

Figure 9. (a) Schematic view of the proposed system, consisting of the dam,
agricultural areas within the aquifer boundaries and a pipeline to convey water from the
dam to agricultural areas; (b) discretization of the aquifer system and its side views.
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Under Iranian governmental regulations [33], a certain percentage of a river’s average natural
flow must be allowed to remain flowing throughout the river course. This percentage is 10% during
the wet seasons and 30% during the dry seasons. Consequently, this amount of water was
considered the minimum environmental requirement of the river in the model.

4. Methodology

A conceptual model of the region’s groundwater flow was initially developed, then translated to
computational form through the use of MODFLOW [35] software. The conceptual model was
developed based on information presented in the section “Hydrogeology of the Aquifer”. The aquifer
was discretized to 45 x 35 cells, with each cell representing an area of 350 m x 350 m (Figure 9b).

The model was calibrated and run using hydrogeological data and aquifer characteristics (Table 2)
collected from 2000 to 2005 by regional hydrological experts. The model was then validated using
similarly obtained data for the period of 2006 to 2010 using the RMSE performance index. Once
the groundwater flow had been modeled using MODFLOW, the information gained was used to
build a system dynamics model of the aquifer (Figure 2).

The system dynamics groundwater model was subsequently evaluated against the MODFLOW
results. In the next stage, four different ASR implementation scenarios were developed and tested
using the comprehensive system dynamics model. The system dynamics model as mentioned
formerly has the ability to model concurrently the dam, groundwater system and ASR. Lastly, an
economic analysis was undertaken to evaluate each of the different scenarios.
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4.1. Scenarios

To assess the best approach to optimize the expanse of land to be converted to new farmland
while maintaining appropriate environmental flows from the dam, as well as manageable spillway
flows, along with a sustainable groundwater balance, four scenarios were evaluated using the
system dynamics model. In all scenarios, the government’s goal of adding 1000 ha of new
agricultural land was respected. These lands will be referred to as “additional command areas”
from now on. In order to gauge its potential economic impact, two different dam heights, resulting
in initial reservoir volumes of 20 x 10° m? or 40 x 10® m?, were compared in Scenarios 220, 240, 320,
340, 420 and 440, respectively. In the baseline scenario, 1, only the taller dam/larger reservoir option
was modeled, and this scenario was represented as 140.

Scenario 1: baseline scenario, in which the dam’s effects on the water table are modeled as the
dam’s implementation is currently proposed (without any inclusion of an ASR approach). Water
trapped in the reservoir flows to farmers’ fields (old and new) through a constructed irrigation network.

Scenario 2: 40 new injection wells are constructed throughout the region, from which reservoir
water is pumped under high pressure into the aquifer. Farmers continue to make use of their existing
boreholes for extraction, while also using the injection wells as pumps during recovery periods.

Scenario 3: 40 new high-pressure injection wells are constructed while existing boreholes are shut
down, forcing farmers to rely upon the stored water from the new sites. In this scenario, the existing
agricultural lands, which were irrigated by farmers’ wells, will be rehabilitated. The rehabilitation
of the existing lands will add some costs into the project, but on the other hand, will increase the
irrigation efficiency and productivity of the farms that will result in more benefit for the project.

Scenario 4: no new high-pressure injection wells are constructed; rather, water from the reservoir
flows via gravity into existing borehole wells spread-out across the current 1000 ha of agricultural land.
All additional new land is watered directly from the reservoir through a constructed irrigation network.

4.2. Economic Analysis

For economic analysis, a cost/benefit of investment approach was applied, where the net present
value of an investment was calculated by using a discount rate and a series of future payments
(negative values) and incomes (positive values). Incomes were based on net economic gains of
agricultural activities, valued at 3,556 USD ha'-y™!, based on average prices of cultivated crops in
the region [33]. The cost components of the economic analysis are listed in Table 3.

Table 3. Potential costs involved in the aquifer storage and recovery (ASR) project in Sirik, Iran.

Economic Components Value Unit
Irrigation network 6,500 USD ha™!
Installation of each injection well 50,000 USD per well
Building dam with 40 x 10° m® reservoir 22,239,000 USD
Building dam with 20 x 10° m® reservoir 9,850,000 USD
Modifying an existing well 15,000 USD

Dam lifetime 50 Years

Cost of operation and maintenance of dam 2 % of building cost per year
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Table 3. Cont.

Economic Components Value Unit
Cost of operation and maintenance of irrigation network 5 % of building cost per year
Construction duration 2 Years
Education of farmers towards using ASR in scenario 4 200,000 USD
Interest rate 7 Percent
Engineering services 8 % of construction cost
Averaged agricultural gains 3,556 USD ha™!
5. Results

5.1. Results of Aquifer Model Implemented with MODFLOW

Modelmate software and UCODE were used to calibrate MODFLOW. Recharge, hydraulic
conductivity and specific yield were introduced as parameters to Modelmate. The model results
were then compared with the head measurement in 10 observation wells across the aquifer.
The calibration coefficient was 0.92 in the calibration stage (Figure 10a). For wvalidation,
correlation coefficients (R?) reached 0.90. The root mean square error (RMSE) at the end of
calibration and evaluation of the model was around one meter (Figure 11b). The results show that
the conceptual groundwater model is capable of capturing the major processes in the groundwater
system in the aquifer.

Figure 10. (a) Simulated water table vs. observed water table for the calibration period.
(b) Simulated water table vs. observed water table for the validation period.
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5.2. Comparison of VENSIM/MODFLOW Results

In this stage, all calibrated data were transferred to the VENSIM software, and this model was
run without considering the effect of the dam and ASR system on the aquifer for a period of 10
years to examine whether the groundwater model component of the system dynamics model had
the ability to model the groundwater system effectively. Results showed an R* = 0.95 between the
MODFLOW and VENSIM models and an RMSE < I m (Figure 11). In Figure 12, the results of the
simulation of Scenario 1 and 4 at maximum reservoir capacity are presented.
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Figure 11. Correlation between MODFLOW results and VENSIM results.

50 ‘

y=0.947x +0.393
R2=0.985

45

Modeled head with Vensim
m
&

20 25 30 35 40 45 50
Modeled head with modflow (m)

Figure 12. Models results for Scenarios 1 and 4: (a) accumulative evaporation;
(b) average water table of the aquifer: and (¢) water storage in the reservoir.
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5.3. System Dynamics and Economic Analysis Results

The results of the modeling with system dynamics and economic analysis are shown in Table 4.
All scenarios had the same amount of inflow, as this was generated by the floodwaters captured by
the reservoir (Table 4). Water lost to evaporation (10° m®) varied greatly amongst the scenarios,
with 205.1 lost under the “business as usual” scenario (140), 100.1 and 156.9 under Scenarios 220
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and 240, 71.7 and 118.2 under Scenarios 320 and 340 and 98.6 and 153.5 under Scenarios 420 and 44o.
Environmental flow (10° m®) from the dam varied, from 153.4 under Scenario lso, to 130.7 and
144.5 under Scenarios 220 and 240, 117.0 and 130.3 under Scenarios 320 and 340 and 129.9 and
143.6 under Scenarios 420 and 430. Spillway flow from the dam (10° m?) also varied, from a high of
423.6 under Scenario 140, to 342.0 and 227.3 under Scenarios 220 and 240, 290.9 and 186.0 under
Scenarios 320 and 340 and 340.5 and 222.7 under Scenarios 420 and 44o.

The average drawdown of the water table varied from a high of 14.5 m under Scenario 140, to
5.4 m and 3.2 m under Scenarios 220 and 240, 2.4 m and 0.9 m under Scenarios 320 and 340 and 5.3 m
and 3.0 m under Scenarios 420 and 440. The total costs of implementation varied, from a low of
$37,296,000 under Scenario 140 (the basic cost of the dam and irrigation network), to $41,258,000
and $40,112,000 under Scenarios 220 and 240 (the costs of the dam, irrigation network, 40 new
injection wells, as well as the price of pumped water), $55,983,000 and $51,082,000 for Scenarios
320 and 340 (the cost of the dam, irrigation network, 40 new injection wells, as well as the price of
pumped water) and, finally, $41,597,000 and $37,407,000 for Scenarios 420 and 440 (the cost of the
dam, irrigation network and modifications to existing boreholes).

Table 4. Water supply and economic analysis of scenarios after 40 years of simulation.
Note that for Scenarios 2, 3 and 4, each scenario compared two dam heights resulting in
initial reservoir volumes of 20 x 10® m® or 40 x 10° m®.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Initial reservoir volume (10° m%) 40 20 40 20 40 20 40
Inflow (10° m®) 1,036.5 1,036.5 1,036.5 1,036.5 1,036.5 1,036.5 1,036.5
Environmental flow (10° m) 153.4 130.7 144.5 117.0 130.3 129.9 143.6
Agriculture (10° m®) 313.4 251.7 284.9 373.4 464.1 249.9 282.7
Command area (additional) (ha) 1,000.0 1,000.0 1,000.0 1,000.0 1,000.0 1,000.0 1,000.0
Improved command area (ha) 0.0 0.0 0.0 1,000.0 1,000.0 0.0 0.0
Existing area (no change) (ha) 1,000.0 1,000.0 1,000.0 0.0 0.0 1,000.0 1,000.0
Evaporation (10° m®) 205.1 100.1 156.9 71.7 118.2 98.6 153.5
Spillway (10° m®) 423.6 342.0 2273 290.9 186.0 340.5 222.7
Unregulated water (10° m®) 577.0 472.7 371.8 407.8 316.2 470.4 366.2
Pumping (10° m®) 0.0 67.9 34.6 265.77 175.1 69.7 36.9
Injection (10° m®) 0.0 215.6 227.7 227.7 151.7 2212 238.9
Average water Start (m) 39.9 39.9 39.9 39.9 39.9 39.9 39.9
table’s elevation End (m) 25.4 34.6 36.8 37.6 39.1 34.6 37.0
Average drawdown (m) 14.5 54 32 24 0.9 53 3.0
Normal elevation of dam (m) 91 85 91 85 91 85 91
Benefit (USD) 49,075,000 49,075,000 49,075,000 56,436,000 56,437,000 49,075,000 49,075,000
Cost (USD) 37,296,000 41,258,000 40,112,000 55,983,000 51,083,000 41,597,000 37,407,000
B/C 1.32 1.19 1.22 1.01 1.10 1.18 1.31
B-C (USD) 11,779,000 7,817,000 8,964,000 454,000 5,354,000 7,478,000 11,669,000
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6. Discussion
6.1. Consequences of “Business as Usual”

From a water management perspective, the proposed standard reservoir and dam system planned
for the Sirik region is poorly thought out, given the significant quantity of water lost to evaporation
(about 25% more than any other scenario). Furthermore, continued extraction of groundwater with
no plan to replenish the aquifer would lead to a water table level drawdown of 14.5 m over the next
40 years, a case that would not only greatly increase the difficulty and cost of pumping water for
agriculture and endangering people’s livelihoods, but also threaten local wildlife that depend on
shallow groundwater levels in the southwest portion of the Sirik region. It is thus suggested that a
new paradigm of groundwater management be adopted in the region that makes use of ASR to
prevent losses through evaporation and slows the rate of groundwater drawdown.

6.2. Scenario Selection Based on Cost/Benefit Analysis

To decide the most appropriate scenario for the development of Sirik, we rely on a variety of
criteria to determine which scenario provides the best return on investment. The first is the
cost/benefit analysis, which takes into account the total costs (C) of a scenario, weighed against the
expected financial benefits (B) from expanded agricultural production in the region. The two
scenarios that provide the greatest return on investment are Scenario 140 and Scenario 440; however,
return on investment is not the only criterion for acceptability. Scenario 340 provides the greatest
reduction in drawdown over 40 years, at 0.9 m, compared to 3.0 m for Scenario 440 or 3.2 m for
Scenario 240. However, scenario 340’s slower rate of drawdown comes at an additional cost of
$13,650,000, while only allowing 84.5% of the originally planned environmental flow. Lastly, the
need for farmers to shut down their own wells and to rely solely on newly installed high-pressure
injection wells poses problems of social acceptability.

Though Scenario 440 has higher rates of evaporation than Scenario 340 and a similar rate of
evaporation as Scenario 240, it remains the most cost-effective scenario, providing for a manageable
quantity of spillway flow (that when unmanaged can lead to flooding damage), as well as the
highest proportion of the original environmental flow (93.57%). As the southern ecosystem that
sustains the region’s native flora and fauna depends on a shallow groundwater table, it is justifiable
to transfer some water from environmental flow into the aquifer in order to maintain upwelling
and springs.

Scenario 3 has more benefits and costs than the other scenarios. As it was formerly explained, in
this scenario, the irrigation system in existing farmlands should be rehabilitated, so that there
would be a cost associated with the rehabilitation that will be added to the base cost of the project.
On the other hand, the modified system will elevate crop production, and as a result, benefits would
also increase. However, the cost of the project in this scenario outweighs the benefit; thus, the
benefit over the cost of this scenario is less than for the other scenarios.
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6.3. Social Acceptability and Sustainability

Scenario 44 is the most socially acceptable and sustainable of the solutions, allowing farmers to
keep their own wells on their land and for them to be improved at no cost to the farmer. Unlike
Scenarios 240 and 340, Scenario 440 does not require the installation of complex high-pressure
injection and pumping stations, which require technical upkeep and repairs, but instead makes use
of improved boreholes on existing plots. Technical and managerial training programs for farmers
would be promoted, in order to provide users with the skills to maintain their own systems and
manage water use. Through choosing to work through existing social networks and demonstrating
willingness to engage, the project could gain local support from the farmers. This type of public
engagement and empowerment is a central tenet of the new paradigm of integrated water resources
management and sets the groundwork for farmer-led groundwater management.

6.4. Uncertainty Due to Climate Variability and Climate Change

Although the models benefited from 40 years of historical hydro-climatological time series data,
climate variability and climate change results in uncertainties concerning the modeling results of all
scenarios. Regarding climate variability, different combinations of wet and dry hydro-climatological
input parameters of the model (inflow, recharge, evaporation, efc.) will affect the results of each
scenario. Nevertheless, since the model input parameters are the same in all scenarios, the variation
between scenarios will remain relatively similar to the current study, so the deviation would not be
substantial. On the other hand, climate change could have a major impact on the results, since it is
believed that the input parameters of the model will no longer remain stationary in the future. It is
predicted that climate change will cause more severe extreme events (floods and droughts) in this
region [36]. In this situation, conjunctive use should be more beneficial than conventional water
management schemes. Conjunctive use (Scenarios 2, 3 and 4) under severe drought conditions is
more advantageous than merely relying on surface water.

This study introduced a new modeling tool, which also opens a new avenue to assess
uncertainties due to climate variability and climate change in future studies. In order to address
uncertainty in future studies, different sets of climate variables (precipitation and temperature)
should be derived from downscaled climate change models, and then, this climate data can be used
in hydrologic models to estimate discharge in the watershed. The output from the hydrological
model can subsequently be used as an input to the SD model to build a set of results. The probability
distribution function can then be derived from the results of the SD model to assess the uncertainty
associated with climate change.

7. Conclusions

The objective of this study was to examine if ASR, in conjunction with water storage on an
ephemeral river, could be an effective water resource management strategy that would minimize
both water lost to evaporation and the rate of groundwater depletion, while providing water for
expanded agricultural activities. It was determined that this approach can significantly improve the
sustainability of groundwater supplies. It must be emphasized that the future development of the
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Sirik region must include a water management approach of groundwater storage and recovery.
In so doing, significant gains can be achieved at a minimal cost. By modeling groundwater flow and
whole system dynamics, ASR was shown to be an applicable and beneficial strategy for the well-being
of farmers and the region’s groundwater system. Without the inclusion of ASR, the region will face
grave consequences due to unsustainable exploitation of groundwater. However, through a combination
of central technical planning, ASR strategies and farmer engagement and education, the current
proposal has the potential to help direct the future development of the region in a sustainable manner.

The system dynamics modeling framework developed and implemented in this study was shown
to be very effective. Not only groundwater, but a surface water reservoir was modeled in a single
program. This modeling approach can be expanded and used in different areas where a
combination of groundwater and surface water are considered as sources of a water supply system.
Interconnection technologies, such as ASR, can also be addressed in this modeling approach,
something not easily accomplished in other modeling frameworks. Although the groundwater
modeling portion of the model was developed for an unconfined aquifer, it is relatively simple,
using the same mathematical concepts, to develop such a model for a confined aquifer.

Another advantage of such a modeling approach is that groundwater and surface water
reservoirs are completely linked to each other and in each time step; each model is updated with the
output of the other model. This mutual relationship enables one to solve the problem with greater
accuracy and fewer simplifying assumptions.
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Assessing the Feasibility of Managed Aquifer Recharge for
Irrigation under Uncertainty

Muhammad Arshad, Joseph H.A. Guillaume and Andrew Ross

Abstract: Additional storage of water is a potential option to meet future water supply goals. Financial
comparisons are needed to improve decision making about whether to store water in surface reservoirs
or below ground, using managed aquifer recharge (MAR). In some places, the results of cost-benefit
analysis show that MAR is financially superior to surface storage. However, uncertainty often exists as
to whether MAR systems will remain operationally effective and profitable in the future, because the
profitability of MAR is dependent on many uncertain technical and financial variables. This paper
introduces a method to assess the financial feasibility of MAR under uncertainty. We assess such
uncertainties by identification of cross-over points in break-even analysis. Cross-over points are the
thresholds where MAR and surface storage have equal financial returns. Such thresholds can be
interpreted as a set of minimum requirements beyond which an investment in MAR may no longer be
worthwhile. Checking that these thresholds are satisfied can improve confidence in decision making.
Our suggested approach can also be used to identify areas that may not be suitable for MAR, thereby
avoiding expensive hydrogeological and geophysical investigations.

Reprinted from Water. Cite as: Arshad, M.; Guillaume, J.H.A.; Ross, A. Assessing the Feasibility of
Managed Aquifer Recharge for Irrigation under Uncertainty. Water 2014, 6, 2748-2769.

1. Introduction

Water demand continues to grow in order to maintain food security and drinking water supplies,
while supplies remain limited from conventional sources. Future water security is threatened in
many places, as most suitable locations for large surface storages have already been used [1] and
ground water is often being withdrawn at unsustainable rates [2—4]. Among other options of water
supply augmentation, such as water recycling, desalination efc., storing more water underground
appears to be a potential solution to achieve future water supply goals. For many water stressed
areas, water security and reliability do not necessarily depend on the absolute amount of
precipitation, but on the fraction of water that is efficiently retained as storage for future use [5].

Water shortages can be eased by storing surplus water underground during wet periods for later
use during dry periods. Managed aquifer recharge (MAR) has been used successfully in several
countries for the storage and treatment of water [6-9]. Storage of surplus water in aquifers can help
minimize evaporative losses and help irrigators to adjust to surface water variability during
droughts, provided that MAR is technically feasible and cost effective. The feasibility of MAR and
its comparative cost to other alternatives depend on a number of technical and financial factors,
such as infiltration, injection and recovery rates, which are dependent on local hydrogeology [10].

A few studies indicate that MAR can achieve more financial value than surface storage and other
alternatives [11,12]. However, uncertainty often exists whether it is more cost effective to store
water above ground in surface reservoirs or below ground using managed aquifer recharge [13].
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Cost-benefit analysis (CBA) provides a comparison of benefits and costs resulting from a
proposed policy or investment [14]. Previous studies undertaking CBA of MAR have assumed
hydrogeological factors, such as infiltration, injection and recovery rates, to be known [11,12,15].
Overlooking such uncertainties can result in lower than expected operational efficiency and
irrigation returns from MAR [16,17]. For example, future returns from MAR may be affected by
increases in groundwater pumping cost or reductions in infiltration rates.

An increase in the turbidity of source water due to hydrological variability can significantly
increase the cost of infiltration basin maintenance, adding to the cost of water quality treatment for
aquifer storage and recovery (ASR) systems. Maliva [16], in this special issue, highlights that assessing
such uncertainty is perhaps the most neglected aspect in the economics of MAR.

The primary focus of this paper is to systematically search for conditions under which the
requirements for MAR may not be met and failure might occur. Playing such a devil’s advocate
role has been shown to improve decision making compared to an exclusively expert-driven
approach [18]. The approach used identifies thresholds above which MAR is financially better than
surface storage and below which it is not. These thresholds (or cross-over points) describe
corresponding values of variables at which the net present value (NPV) from MAR and surface
storage become equal. All dollar amounts reported in this study are in Australian dollars. An example
of a cross-over point for pumping cost is shown in Figure 1, where basin infiltration (red line) and
surface storage (green line) options are compared; and where basin infiltration is initially (dashed
vertical line) more profitable than surface storage. A cross-over point between the two compared
options is possible when the cost of pumping increases from the best guess value of 35 $/megalitres
(ML) to 53.63 $/ML. This increase in the pumping cost will decrease benefits (NPV) from basin
infiltration, such that they become equal to the benefits (NPV) obtained from surface storage.
However, aquifer storage and recovery (ASR) always result in an inferior NPV regardless of the
pumping cost. There is no cross-over point between ASR and the other alternatives.

Figure 1. Illustration of identifying cross-over points for pumping cost when comparing
basin infiltration, aquifer storage and recovery (ASR) and surface storage of irrigation water.
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At the cross-over point, the decision maker is indifferent to choosing a single option from the
two, because their financial returns are equal. In our method, we use computational techniques to
identify the cross-over points as values of uncertain variables where the NPV of MAR is exactly
equal to the NPV of surface storage of irrigation water. The approach is demonstrated through a
case study in a highly developed irrigation region of the lower Namoi catchment in New South
Wales, Australia, where irrigation water restrictions motivate the need to consider options to
supplement future irrigation supplies, such as MAR.

The suggested approach of identifying cross-over points is beneficial in three ways;

i It can determine minimum hydrogeological and cost requirements under which MAR can
be worthwhile;
il. It can improve confidence in decision making for MAR investment, by enabling the

assessment of conditions that are unfavourable to MAR compared to surface water storage;

iil. It can substantially lower the cost of geophysical and hydrogeological investigations by
targeting only areas that satisfy the minimum requirements, as MAR investigations and
trials are shown to be time and resource expensive.

The next section provides an overview of the literature on the feasibility of MAR with a focus
on the technical, financial and uncertainty considerations. Section 3 (“Methods™) describes the
model and tool used to explore cross-over points. In Section 4, an illustrative study in the lower
Namoi catchment evaluates the irrigation-related costs and benefits of storing flood water in aquifers
compared to surface storages. The analysis of cross-over points in Section 5 provides a discussion of
how cross-over points are reached when only a single variable changes, as well as when many
variables interact.

2. Related Work: Feasibility of Managed Aquifer Recharge

Assessing the feasibility of MAR requires the integration of many types of data and information
from many disciplines (Figure 2). Although carrying out a comprehensive feasibility assessment is
essential, the first step in establishing an MAR scheme requires assessing the feasibility of
technical and financial factors, to provide a basis for other investigations to proceed.

An overview of the basic requirements and feasibility guidelines for managed aquifer recharge
(MAR) is available in [10] and GHD and AGT [19].
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Figure 2. A framework for the feasibility of managed aquifer recharge: adapted from
GHD and AGT [19], Dillon et al. [10] and Rawluk et al. [20].

2.1. Technical Considerations

Key technical requirements for MAR include hydrogeological assessment of the target aquifer,
the availability of surplus surface water and the means to convey it underground. Relevant
hydrogeological factors include aquifer storage size, permeability, infiltration, injection and
recovery rates and connections with other aquifers [21,22]. High infiltration rates lower the cost of
underground storage; for example, a basin infiltration system with high infiltration rates will
require a smaller pond area and can be cheaper to construct and maintain than a pond with low
infiltration rates.

There are two main types of MAR methods: basin infiltration and aquifer storage and recovery
(ASR), each favourable to different hydrogeological conditions. Basin infiltration is suitable to recharge
shallow unconfined aquifers with minimal or no treatment of the recharge water. The methods
include deep, large diameter isolated wells, infiltration ponds, infiltration galleries, induced bank
filtration, leaky and recharge dams and redirecting floodwaters over the wider landscape to
supplement areal recharge [7,9]. Some basin infiltration methods require large surface areas and
permeable soils to be effective [21,23].

ASR involves the injection and recovery of water using wells; this has the advantage of
targeting a desired aquifer for recharge. Thus, zones of saline water or clay layers can be bypassed.
However, ASR systems are costly because of the need for bore well construction and water treatment
prior to recharging, and if clogging occurs, they are costly to repair. Passive borehole recharge
(under gravity) requires limited mechanical assistance, but the infiltration rate is relatively low.
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Water injection using pumps can greatly improve the rate of aquifer recharge [24,25]; however, the
pumps require constant maintenance and are costly to run. The risk of clogging of the surface or
well with fine sediments is common to both MAR methods. Solutions to this issue include
stabilization of recharge water through settling ponds and treatment of water before recharge.

2.2. Financial Considerations

When the focus is on estimating the total economic benefits of recharge to a region instead of an
individual, the benefits of aquifer storage become complex, as this needs to include public good,
socio-economic and environmental benefits to a region, which are more difficult to assess and
quantify. Maliva [16] in this special issue provides a greater review of the methods and techniques
for assessing total benefits from MAR. With a known target volume of storage and recovery, it is
easier to quantify the financial benefits, since the goal is the recovery of the stored water, and the
volumes recovered accrue to an identifiable person or water utility for a particular use. The financial
feasibility of MAR can then be studied in comparison to other water supply and storage alternatives,
including surface storage.

The local situation dictates the costs of MAR options, and large variations may occur between
localities [10]. For a fair comparison, it is essential to analyse the benefits and costs of MAR and
surface storage in the same location, because the comparison of benefits and costs is complicated
by the wide range of biophysical, socio-economic and regulatory conditions in which MAR occurs.
There is little published analysis of the economic and financial benefits of MAR. From the few
published studies, Ross and Arshad [26] compiled and reported the benefits and costs of surface
storage and MAR at multiple locations, showing that the costs and returns of MAR options
vary substantially.

2.3. Uncertainty Considerations

A number of methods have been used to address uncertainty in cost-benefit analysis. Sensitivity
analysis simulates the impact of changes in financial behaviour, such as the change in NPV of an
investment due to a change in an input variable, and identifies variables that are of greater concern [27].
Probabilistic analysis provides the combined effect of variables’ variability on the financial
behaviour [17]. Possibility theory assumes that all values within a certain range are possible, with
the exact value being treated as unknown [27].

We focus on cross-over points as one possible means of addressing uncertainty in the cost-benefit
analysis of MAR. Identification of cross-over points relies solely on the relationship between
variables, such that it requires minimal understanding of the uncertainty of variables. The idea of a
cross-over point is sufficiently simple that it has a number of widely used variations; it is also
known as a break-even point or switch-over point. However, the term break-even in economics
specifically applies to the volume of sales at which profit is zero as revenues cover total cost and is
therefore used as a tool to calculate the margin of safety of a single investment [28], rather than
comparing alternatives. The concept of a cross-over point is fairly simple with only one or two
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variables, but the complexity increases in the analysis and interpretation of results as the number of
input variables increases [29].

3. Methods

The analyses in this paper are carried out in two steps; in the first step, financial analysis
compares the net present value of farm benefits to identify the best among the considered options.
In the second step, the break-even analysis of cross-over points is carried out; this involves finding
values of variables that will provide exactly the same financial returns from the two compared
options. The variables were chosen based on an examination of literature concerning the financial
feasibility of MAR. Identifying cross-over points allows the user to understand the minimum
conditions required for success and allows measures to be taken to ensure they do not occur.

Financial analysis evaluates whether investment in MAR is worthwhile. Analyses of cross-over
points help understand the circumstances when MAR is worthwhile. At the most basic level, MAR
is worthwhile when net irrigation returns of MAR exceed those of alternatives. In our example,
benefits are determined by the agricultural value of the additional water provided, by saving it from
non-productive evaporation. This has been referred to as a “vapour shift” [30] from non-productive
evaporation to agriculturally-valuable crop transpiration. Costs are composed of additional
pumping to recover recharged water and MAR method-specific capital and ongoing costs of
implementation during the life of the project.

To enable the break-even analysis, the financial analysis is programmed as a function in R [31].
As a general purpose statistical programming language, R offers a suite of optimization methods,
as well as providing tools for visualization and the means to include a user interface. To identify
cross-over points of single variables, other variables are set to fixed values, and the R function
uniroot [32] is used to identify the value of the variable where the difference in NPV between the
two compared options is zero (i.e., ANPV(®) = 0), meaning that the two options have equal NPV.
To identify cross-over points involving many variables, we use optimization to identify a cross-
over point (i.e., a point @ where ANPV(®) = 0) that is closest to the best guess, in the sense of
minimizing the maximum of the distances for each variable, expressed in relative terms using user-
defined bounds (maxi|®i-Obest,i|/|Obound,i-Obesti|). This is one possible criterion for selecting cross-over
points of concern. Other criteria, including probabilistic ones, would be possible and would usually raise
different cross-over points for discussion. The code for the analysis is available online [33]. The
cross-over points generated are assessed by comparing them to maximum and minimum values of
variables that a decision maker thinks might be possible due to physical, climate or policy change
over the analysis period. The resulting judgment of a cross-over point is not perfect and is based on
the best available knowledge of the decision maker for each variable.

4. The Study Area: Lower Namoi

In many parts of Australia, overdraft of aquifers is resulting in falling groundwater levels in the
shallow, unconfined systems and decreasing groundwater pressures in the deep confined and
semi-confined systems [34]. In response to the groundwater overdraft, the New South Wales (NSW)
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government has reduced current groundwater entitlements in its stressed aquifer systems [35].
For the lower Namoi catchment, a highly developed cotton irrigation district in NSW, this cutback
translates to a reduction of 21 gigalitres (GL)/year in groundwater entitlements for irrigation by
2015 and beyond. Groundwater in the Namoi River catchment supports an irrigation industry worth
in excess of $380 million per annum [36]. All irrigation water is stored and routed from surface
storages before application to the field. On-farm water storages within the lower Namoi range from
conventional single-cell to advanced multi-cell farm dams. The typical Namoi valley farm holds
enough water in storage to complete one full year of irrigation. Conservative estimates suggest that
the total capacity of on-farm storages in the cotton industry could be on the order of 3150 gigalitres
(GL). Evaporative losses from these surface storages are significant. On average, from surface
water storages, evaporative losses range from 1200 to 1800 mm/year [37], which constitute 35% to
50% losses from surface water storage volumes.

To tackle the problem of reduced allocation and evaporative losses, improving water use
efficiency at the farm level is an obvious option. This will include installing drip irrigation systems,
lining water courses and further improving the design of surface storages to minimize evaporative
and seepage losses. Improving water use efficiency needs to be a stepwise approach. Another potential
option to reduce evaporative losses is to store water underground in aquifers using managed aquifer
recharge. Recently, several studies have highlighted the potential of a regional-scale MAR project
in the lower Namoi. Arshad et al. [38] indicated that a significant volume of water could be
available from large floods for MAR while still satisfying environmental flow and ecological
requirements. Similarly, Rawluk et al. [20] showed a high level of social acceptability for an MAR
project in the study area.

4.1. The Analytical Framework for Financial Analysis

The study undertakes an analysis to estimate irrigation-related costs and benefits for a typical
irrigation farm in the lower Namoi. The analysis considers a cotton irrigation farm, which has three
different scenarios for the storage of flood water: surface storage in farm dams, aquifer storage
using basin infiltration and ASR using existing wells. All of the surface water allocations,
including flood water, is stored in farm dams before application to the fields. Owing to limited
water availability, less than 20% of the available land is irrigated, and irrigated land in each year is
variable. Irrigated cotton Bt (Bacillus thuringiensis) and faba bean (Vicia faba L) are the sustainable
summer and winter rotations that provide the highest net income per megalitre (ML) of irrigation
water applied [39]. It is assumed in the analysis that all required irrigation infrastructure, such as
surface storage and the irrigation water delivery network, are already built for the entire irrigation
land, as this is a common practice in the study area. The annual irrigation water allocation from all
sources for an average cotton farm in the lower Namoi is approximately 1350 ML. However, in
this analysis, we only consider and report irrigation costs and returns of 200 ML of flood water,
which is only 25% of recent statutory flood water allocations in the study area. The analysis
assumes 40% evaporative losses, taking into account current estimates in the study area [37].

Storage and recovery of water underground will require new infrastructure and additional costs,
as reported in Section 4.3. Farm economic data, such as the variable cost of farm inputs, cotton
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prices and gross margins from irrigated and dryland, are adopted from Powell and Scott [39].
The analysis only considers farm-related costs and revenue and does not monetize any
socio-economic or environmental cost or revenue that may occur as a result of a change in the
water storage option.

4.2. Infiltration and Injection Rates That Can be Possible in Lower Namoi

Infiltration and injection rates can highly affect the usefulness of any aquifer recharge and
storage facility. Bouwer [40] provides typical infiltration rates for surface infiltration systems in the
range from 0.3 to 3 m per day (m/day) with relatively clean and low turbidity river water.
For systems that are operated year-round, long-term infiltration rates vary from 30 m/year to
500 m/year, depending on soil type, water quality and climate. In the lower Namoi, the infiltration
rate of 0.2 m/day is considered to be likely achieved in many locations.

ASR can achieve injection rates from 0.5 to 8 megalitres per day (ML/day) per borehole
(1 megalitre = 1000 cubic meter = 0.8107 acre foot). In the absence of accurate well injection rates
based on field monitoring, Pyne [41] observed that injection rates increased with increasing aquifer
transmissivities. For the lower Namoi, Williams et al. [42] reported that the alluvial aquifers that
are primarily tapped for irrigation extraction are associated with the semi-confined Gunnedah and
Cubbaroo formations and have transmissivities in the range of 1000-2000 square meters per day
(m? day™'). The yields from bores tapping these aquifers vary up to 250 litres per second in the
Gunnedah Formation at depths of 60-90 m and in the deep Cubbaroo Formation at depths of
80—120 m. The shallow Narrabri Formation has transmissivities less than 250 m? day . For this study,
an assumed injection rate of 25 L per second (2.2 ML/day) is considered likely for an ASR well.

4.3. Estimation of Costs and Benefits

Cost estimates of aquifer recharge are scarce and can vary considerably with location.
Itemized costs for this study were estimated by combining current market rates of earthworks,
services and materials for water infrastructure projects in Australia and were adjusted to the local
situation in the lower Namoi. Cost estimates were also compared with published data and technical
reports of Khan et al. [12], Dillon et al. [10] and Pyne [13].

Capital costs of basin infiltration were estimated by assuming an infiltration rate of 0.2 m/day
and calculating the required land area to achieve 2 ML of recharge per day. The target volume of
harvested flood water of 200 ML would, on average, appear in four or more events in a flood year.
An infiltration pond with a surface area of 1 ha and an infiltration rate of 0.2 m/day would recharge
50 ML of floodwater in a single cycle of 25 days. The size of the basin here has therefore been
designed to operate only for 100 days, in 4 cycles of 25 days each, allowing rest and maintenance.
The analysis assumed 40% evaporative losses from surface storage and a 5% MAR loss rate.
The MAR loss rate is the percent of water lost during aquifer recharge and recovery from basin
infiltration and ASR and can be expressed as:

MAR loss rate = (1 —

groundwater volume recovered ) N
Initial water volume used for storage
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In the base case, surface storage of flood water, the costs considered are the cost of harvesting
200 ML of flood water and the cost of farm dam annual maintenance. The capital cost of basin
infiltration includes the cost of earth works and pipes. Ongoing costs include operation and
maintenance of water harvesting and recovery and the cost of basin annual maintenance.
An existing bore is assumed to be available for recovery after basin infiltration or for injection and
recovery in ASR. The capital cost of an ASR facility on existing farms with a bore primarily includes
installing a coagulation and filtration pre-treatment facility. Ongoing operation and maintenance
costs for ASR include well maintenance, flood water harvesting, water treatment and water
recovery. The analysis assumed a 30-year lifespan for surface storage and basin infiltration and
20 years for ASR, with a 7% uniform discount rate for all options. All capital cost estimates are
exclusive of land value. Table 1 summarizes the levelised costs of 200 ML of flood water with
each water storage option. Levelised costs are annual unit costs obtained by amortising capital cost
components over their expected working life, adding the annual operation, maintenance and
management cost and dividing by the annual volume of supply, as defined in Dillon ef al. [10].

Table 1. Levelised costs ($/ML) of surface storage and MAR methods in lower Namoi.
Adapted from Dillon and Arshad [43]. ASR, aquifer storage and recovery; ML, megalitre.

Surface Basin ASR using existing
Cost component . .

storage infiltration well

Annual cost of capital items ($/ML) 0.0 322 26.0
A 1 t of ti int

nnual cost of operation, maintenance 225 90.5 718
and management ($/ML)

Total annual cost ($/ML) 22.5 122.7 247.7

Note: Totals may not match due to rounding.

With the additional water saved through MAR, farmers in our example have the choice to
irrigate additional land with cotton, faba bean or some combination of the two crops that yields the
highest returns. Value brought by the MAR water under each option is estimated from the useable
volume of flood water, after evaporative and recovery losses, times the gross margin per ML of
mixed cropping of cotton and faba bean on equal land areas. On average, for a typical lower Namoi
irrigation farm, the average gross margins for cotton and faba bean are estimated as 310 $/ML and
435 $/ML, respectively. It is assumed that cotton and faba bean are planted on the same land area,
as they are summer and winter crops, respectively. Allocating the water accordingly yields an
average gross margin of 342.3 $/ML and a net margin of 230 $/ML after subtracting overhead
costs. In the analysis, we assume that additional irrigation with the saved water is not going to
increase the overhead cost, as the farm size is large enough (1200 ha) and irrigated land cropped
each year is variable depending on water availability. In this analysis, we use gross margins as the
irrigation returns, which is the total revenue minus the variable cost of production. Table 2 presents
the value of crop that can be grown with the useable volume in each case.
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Table 2. Irrigation benefits: value of the crop under each water storage option.
Adapted from Powell and Scott [39] and Arshad et al. [44].

. Surface Basin ASR using
Project component . . . g
storage infiltration existing well
Initial volume taken from flooding river ML 200 200 200
Useable volume (after losses) (ML) 120 190 190
Gross value of crop ($/ML) 3423 3423 342.3
Irrigation benefits: value of the crop that
can be grown with the useable volume in each case ($) 41,070.6 65,028.4 65,028.4

(available water times gross margins $/ML)

Note: Totals may not match due to rounding.
4.4. Results of Financial Cost-Benefit Analysis

A long-term trajectory of the difference of the discounted benefits and discounted costs of the
three water storage options is expressed in Figure 3 as net present value using the fixed data in
Table 2.

Figure 3. Net present value (NPV) of surface storage, basin infiltration and aquifer
storage and recovery options.
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The results show that MAR using the basin infiltration method will yield 11% more value than
surface storage of irrigation water. ASR using existing wells appears to be uneconomical, with
64% less value than surface storage, mainly due to the high capital and water treatment costs
required for an ASR system.

The cost and additional value of basin infiltration is highly dependent on the infiltration rates; as
infiltration rates increase, the capital costs decrease, and the value of saved water increases.
Conversely, as infiltration rates decrease, the capital cost increases, and the additional value of
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basin infiltration decreases. With a reduction in the infiltration rates, a cross-over point is reached,
where the additional value brought by basin infiltration becomes zero and its NPV is exactly equal
to that of surface storage. The following section expands the analysis to explore cross-over points
of infiltration rates and other variables.

5. Identification of Cross-Over Points in a Single Variable

In single variable analysis, the aim is to identify how far a single variable needs to change to
reach a cross-over point for the two compared options. A cross-over point may not always exist;
there might be situations where the cross-over point falls outside the minimum or maximum limits
considered for the analysis or when the change in the cost or benefit is in the same direction. Such
a situation is noted with the use of the acronym, NA, for not applicable, in the tables and following
text. A cross-over point for basin infiltration and surface storage occurs when their NPVs are equal;
and similarly, for ASR and surface storage, as well as basin infiltration and ASR. Figure 1 showed
the cross-over point for pumping cost. Figure 4 illustrates cross-over points for basin capital cost.

Figure 4. NPV for varying basin capital cost in three water storage scenarios, showing
cross-over points at intersections between lines.
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A cross-over point between basin infiltration and surface storage is possible when the basin
capital cost increases from 363 $/ML to 466.69 $/ML. That increase in the capital cost will equate
to the NPV of the two compared options. Similarly, a cross-over point between basin infiltration
and ASR is possible when the basin capital cost increases from 363 $/ML to 1085.55 $/ML.
No cross-over point is identified between surface storage and ASR (it is NA). The increase in the
basin capital cost may result from increases in the price of services and materials or the need to
construct a larger pond due to a reduction in infiltration rates. Rather than drawing these curves for
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every variable, the values of the cross-over points are reported in Table 3 and discussed in the
following text.

Table 3 lists cross-over points for 14 variables when each is varied separately. These cross-over
points represent the minimum requirements for MAR to be preferred to surface water storage,
assuming that the values of other variables listed in the table remain fixed. For example basin
infiltration is financially better than surface storage when pumping cost does not exceed 53.63 $/ML
or the surface evaporation rate does not fall below 34%, and so on. The variables selected are the
most important when undertaking a financial comparison of surface storage with the two MAR
options. In the following section, we discuss the basis of how these cross-over points may be
reached in reality for each single variable.

Table 3. Single variable cross-over points in three scenarios.

Cross-Over Point

Best Guess
No. Variable (Unit) Surface Storage Surface Storage  Basin Infiltration
(Modelled)
and Basin Infiltration and ASR and ASR
Value
1 Pumping cost ($/ML) 35 53.63 NA NA
2 Surface evaporation rate (%) 40 34 74 NA
3 Basin capital cost ($/ML) 363 466.69 NA 1,085.55
4 Basin infiltration rate (m/day) 0.2 0.16 NA 0.07
5 Basin maintenance rate (% of capital cost) 10 15 NA NA
6 MAR loss rate (% of target storage volume) 5 11 NA NA
7 ASR water treatment cost ($/ML) 150 NA 13.25 NA
8 ASR maintenance rate (% of capital cost) 0.07 NA NA NA
9 Price of cotton ($/bale) 538 475.64 1,155.22 NA
10 Price of faba bean ($/tonne) 348 229.52 NA NA
11 Discount rate (%) 7 13 NA NA
12 Lifespan of surface storage (Year) 30 48.16 5.57 NA
13 Lifespan of basin infiltration (Year) 30 23.51 NA 6.69
14 Lifespan ASR (Year) 20 NA NA NA

5.1. Discussion of Single Variables
5.1.1. Pumping Costs and Surface Evaporation Rates

A cross-over point between surface storage and basin infiltration is possible when pumping
costs increase by 53% to become 53.63 $/ML; an increase in the cost of pumping will cause an
increase in the cost of agricultural production and a decrease in farm benefits (NPV) from basin
infiltration. A cross-over point between basin infiltration and ASR is NA, because the rate of
increase in pumping cost applies to both aquifer storage options. Similarly, there is no cross-over
point between surface storage and ASR, as the lowest possible pumping cost considered in the
analysis (6.25 $/ML) will not make ASR financially superior or equal to surface storage.

Low surface evaporation rates will make surface storage financially superior to MAR, as less
water will be lost from surface storage, making more water available and resulting in larger
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benefits. A cross-over point between surface storage and basin infiltration is possible when
evaporation rates decrease by 15%, from 40%, to become 34%. For evaporation rates, a cross-over
point between surface storage and ASR is possible when evaporation rates increase to 74%,
whereas the cross-over point between basin infiltration and ASR is NA.

5.1.2. Basin Capital Cost, Basin Infiltration Rate and Basin Maintenance Rate

An increase in basin capital cost will increase the overall cost and lower the benefits with a
concomitant decrease in NPV. For the basin capital cost, a cross-over point between surface
storage and basin infiltration is possible when the capital cost of basin infiltration increases from
363 $/ML to 466.69 $/ML.

A decrease in the infiltration rates will recharge less water per unit area of infiltration basin,
requiring a large infiltrating pond area with larger capital cost, or with decreased infiltration rates,
less water will infiltrate and be stored underground. A cross-over point between surface storage and
basin infiltration is possible when infiltration rates drop from 0.2 m/day to 0.16 m/day. Similarly, a
cross-over point between basin infiltration and ASR is achieved when infiltration rates drop from
0.2 m/day to 0.07 m/day. An increase in the basin maintenance rates will increase the overall cost
of basin infiltration, reducing NPV in comparison to the compared options. A cross-over point
between surface storage and basin infiltration is possible when basin maintenance rates increase
from 10% to become 15%. The three considered variables do not apply when comparing surface
storage and ASR, such that the corresponding cross-over points are NA.

5.1.3. MAR Loss Rate

Increasing the MAR loss rate makes MAR financially less attractive, because it reduces the
volume of water recovered and the resulting benefits, though some pumping cost is saved, as less
water is recovered with an increase in the MAR loss rate. In other words, a higher MAR loss rate
represents a lower recoverability and, therefore, lower useful storage [22,45]. For benefits to be
realized, the volume of water that is not recovered from storage must be less than evaporation
losses. This applies to both MAR methods when compared to surface storage. A cross-over point
between basin infiltration and surface storage is possible when the MAR loss rate reaches 11%.
A cross-over point between basin infiltration and ASR is NA.

5.1.4. ASR Water Treatment Cost and ASR Maintenance Rates

A cross-over point for ASR maintenance rate is not possible when ASR is compared with
surface storage and basin infiltration. Even its cheapest possible value, when considered alone,
does not achieve an NPV equal or superior to basin infiltration and surface storage. The ASR water
treatment cost only has a cross-over point if the treatment cost decreases by 91% to 13.25 $/ML.
Increases in both variables increase the cost of ASR and, hence, (further) diminish its advantage over
the other options.
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5.1.5. Price of Cotton and Faba Bean

A decrease in the price of cotton and faba bean will influence the benefits of all three water
storage options and lower NPVs for each case. A cross-over point for the price of cotton and the
price of faba bean between surface storage and basin infiltration is possible when the price of
cotton drops from $538 per bale to $475.64 per bale, and the price of faba bean drops from $348
per tonne to $229.52 per tonne, which are 11% and 34% drops from the best guess values,
respectively. A cross-over point for the cotton and faba bean price is possible between surface
storage and ASR when the price of cotton rises to $1,155.22 per bale, an increase of 114%.
No cross-over point between surface storage and ASR is possible with the highest price considered
possible for faba beans.

5.1.6. Discount Rate and Project Lifespan

An increase in the discount rate tends to increase the levelised cost of the two MAR options, in
particular through the basin capital cost and the capital cost of establishing an ASR treatment
facility. This will result in lower NPVs from the two MAR options. A cross-over point between
surface storage and basin infiltration is possible at a discount rate of 13%, while there is no
cross-over point between surface storage and ASR. Because ASR is already more expensive than
surface storage, a higher discount rate will make ASR even more expensive, while the lowest
considered discount rate of 1% will not be able to raise the NPV of ASR to be equal or superior to
surface storage. Similarly, a lower discount rate will make basin infiltration more favourable than
ASR, 50 no cross-over point is possible.

Lowering the lifespan of an option increases its levelised cost, such that the NPV of that
particular option is lowered. A cross-over point between surface storage and basin infiltration is
possible when the lifespan of surface storage increase from 30 years to 48.16 years or the lifespan
of the basin infiltration drops from 30 years to become 23.51 years. Similarly, a cross-over point
between surface storage and ASR exists when the lifespan of surface storage drops to 5.57 years.
A cross-over point between basin infiltration and ASR is possible when the lifespan of the basin
infiltration drops to 6.69 years. No cross-over point for the lifespan of ASR is possible when
compared with basin infiltration and with surface storage options.

5.2. Changes in Cross-Over Points Due to Interactions between Variables

The values at which cross-over points occur are affected by the values of other variables, so it is
important to consider interactions between variables. Every variable that either increases or
decreases changes the financial advantage of MAR in comparison to surface storage. We describe
the advantage of MAR in terms of change in the position (value) of cross-over points with respect
to the best guess. The interaction of two variables can bring a cross-over point closer or further to
the best guess. Two variables can interact in a way that they can increase, decrease or balance the
effect of each other on the resulting advantage of MAR, depending on whether changes in the
variable increase or decrease the financial advantage of MAR.
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A cross-over point that moves away from the best guess value indicates increasing financial
advantage for MAR. Conversely, when it moves closer to the best guess, the financial advantage
decreases. The movement of a cross-over point closer to the best guess reveals situations where the
benefits of MAR are reduced and could ultimately have equal benefits to surface storage when the
cross-over point coincides with the best guess value.

Figures 5 and 6 illustrate with examples where the advantage of MAR over surface storage
changes due to the interaction of variables. This is expressed through changes in the cross-over
point of the MAR loss rate.

Given that increased costs reduce the relative benefit of MAR, when costs increase, the cross-over
point for the MAR loss rate moves closer to the best guess value (Figure 5). Similarly, lower prices
of crops decrease the benefit of MAR, and the cross-over point moves closer to the best guess
(middle bar in Figure 6). When costs and prices both increase, the cross-over point can move closer
or further from the best guess, depending on the level of change in costs and prices (bottom bar in
Figure 6).

Figure 5. Plot of the MAR loss rate when costs increase. An example of a cross-over
point moving toward the best guess.
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Figure 6. Plot of the MAR lose rate when costs and prices change. An example of the
cross-over point changing position when costs and prices both increase.
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5.3. Assessing the Risk of Attaining Cross-Over Points

Uncertainty in the financial assessment of MAR can be assessed by evaluating whether the
scenarios described by the cross-over points identified are likely to be experienced in reality. If this
occurs, then MAR may not be financially attractive. Alternatively, other measures may need to be
taken to avoid situations leading to the cross-over point. Note that initial financial analysis suggests
that basin infiltration is a favourable investment. As mentioned in the Introduction, the aim of this
analysis is therefore to play the devil’s advocate, that is to systematically search for reasons that
requirements may not be met and that failure might occur.

While cross-over points could be assessed probabilistically, a simple approach is to say that a
cross-over point is of greater concern if it is closer to the best guess value. This implies that
investment in the MAR infrastructure is at greater risk of not making additional profits than surface
storage because the return from MAR becomes closer to that of surface storage. On the other hand,
the value of a cross-over point may fall outside the bounds (minimum and maximum limits) that
are considered to be of concern, in which case, the analysis suggests that the minimum
requirements will be met.

Following this approach, Table 4 shows the cross-over point of greatest concern when surface
storage and basin infiltration are compared. The point was identified by simultaneously varying all
of the variables and searching for a combination where each variable is closest to the best guess,
relative to bounds. The bounds were defined by the authors based on an understanding of the
factors influencing the variables, taking into account the expected variability, considering the lack
of complete the knowledge of hydrogeological variables and the actions that can be taken to
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manage these concerns. In interpreting the results, the combination of values is assessed, not just
each variable separately, and the reasons for the bounds selected are explained.

Table 4. Cross-over point of greatest concern with basin infiltration vs. surface storage,
using a subset of variables.

Minimum Maximum  Best Point of Greatest Change from

Variable
Bound Bound Guess Concern Best Guess
1 Pumping cost ($/ML) 6.25 225 35 37.22 222
2 Surface evaporation rate (%) 10 100 40 40 0
3 Basin capital cost ($/ML) 100 3,000 363 393.82 30.82
4 Basin infiltration rate (m/day) 0.01 2 0.2 0.2 0
5 Basin maintenance rate (% of capital cost) 1.0 40 10 10 0
6 MAR loss rate (% of target storage volume) 0 85 5 6 1
7 Price of cotton ($/bale) 50 1500 538 532.30 -5.70
8 Price of faba bean ($/tonne) 50 1400 348 344.52 —3.48
9 Discount rate (%) 1 50 7 8 -1
10 Lifespan of surface storage (Year) 2 50 30 30.23 0.23
11 Lifespan of basin infiltration (Year) 2 50 30 29.67 —-0.33

Table 4 shows that the values of cross-over points are very close to the best guess and, hence,
are of concern. The point of greatest concern describes a scenario of particularly unfavourable
conditions, namely when all of the variables interact and change simultaneously. The scenario of
greatest concern describes a situation where pumping costs have increased and t