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SHORT SUMMARY

Creating profound economic benefits and
ensuring environmental sustainability

Innovative solutions are vital to tackle challenges to water security
and climate resilience. This book presents 28 real-life examples of
Managed Aquifer Recharge (MAR) from around the world, where, at
village to state level, people have collaborated to improve quantity
and quality of water supplies and buffer them against drought and
emergencies. The diverse cases inspire an improved understanding

of groundwater systems and showcase their capability to store
additional water to meet critical human needs for water and food, and
to purify water relying on passive treatment.

The case studies give irrefutable evidence that water resources
can be sustained, groundwater storage increased,
environmental flows in streams enhanced, and
seawater intrusion prevented, while passively
“treating” water to improve its quality with
natural processes. These MAR schemes,
often in operation over many years, have
demonstrated a level of success that has
gained public support. The lessons learned
deserve to be shared widely, given the
prevalence of the problems solved.

28 Managed Aquifer
Recharge case studies
reveal

50%

reduction in costs

compared with
conventional

alternatives

MAR has been proven to produce a wealth of
benefits from integrated management of a wide
range of conventional and un-conventional water
resources, paving the way for global adoption to achieve sustainable
development goals for water.

that the defences of peace must be constructed”

P “Since wars begin in the minds of men and
INESEN U n e s Co women it is in the minds of men and women
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PREFACE

Preface

Groundwater is the earth’s foundational water resource that supplies streams and wells,
and hence drinking water and food for the majority of people on the planet. It buffers
water supplies during drought and climate change and can give the purest safest natural
drinking water. However, as a hidden resource its effective management needs vision and
understanding, and particularly its connections with all forms of surface water. Enhancing
groundwater recharge will become an increasingly valuable adjunct to approach
groundwater extraction in order to continue to have durable supplies. Thousands of
examples of managing aquifer recharge can be found but few are documented in such a
way to give a clear picture of the sustainability and economics of such supplies. Hence this
book was produced as a significant product of a chain of activity that goes back 20 years.

The start of the Millennium was a time of bold vision and renewed urgency to address
perennial grand challenges, including in water supply, food and pollution through innovative
integrated responses. The International Association of Hydrogeologists established
a Commission on Managing Aquifer Recharge to explore promising emerging water
management techniques with soundly based science, and inform planners, implementers
and regulators so that projects to enhance recharge would be sustainable and have real
impact on those challenges. The UNESCO Intergovernmental Hydrological Programme
in one of its many initiatives, hosted a meeting of leaders of global organisations in Paris
25-26 April 2002 on “Management of Aquifer Recharge”. Out of that meeting was born the
shared strategic intent to coordinate progress on this topic through the IAH Commission
on Managing Aquifer Recharge. This has remained a focus of activity and collaboration
ever since, including through a series of working groups to advance knowledge and its
dissemination on technical, governance, economic and sustainability aspects of MAR.

Case studies provide a compressed and practical form of learning, not only about what
has been done at local level, but how and why in the context of the pre-existing situation,
and the consequences of the intervention. This book showcases 28 diverse exemplary
MAR schemes from around the world documented by those directly involved with
implementation to give readers insight. The volunteers who provided these case studies
enabled a consistent assessment of sustainability and economic benefits.

UNESCO and IAH are pleased to have initiated this production, with support also from the
Groundwater Solutions Initiative for Policy and Practice (GRIPP), as a milestone contribution
to IHP-VIII: Water Security: Responses to Local, Regional, and Global Challenges.

Dr Alice Aureli Prof David K. Kreamer
Chief, Groundwater Systems and President, International Association
Human Settlements Section of Hydrogeologists (IAH)
UNESCO-Division of Water Sciences Department of Geoscience,
Intergovernmental Hydrological University of Nevada, Las Vegas

Programme (IHP)
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Organisations that jointly initiated this book

UNESCO Intergovernmental Hydrological
Programme

UNESCO IHP recognizes the importance of managed aquifer
recharge as a means of buffering against climate change and
drought. Groundwater is vital and in the 8th IHP phase (2014-
2021) Theme (2) “Groundwater in a changing environment”,
contains a Focal Area “Addressing strategies for management of
aquifer recharge”. UNESCO IHP has been active in developing and applying methods to
assess impacts of MAR on water availability and quality, social and economic resilience and
local ecosystems. Evaluating sustainability and the costs and benefits of MAR are important
components. This book is one of the outcomes of the collaborative work between UNESCO,
IAH and GRIPP. More information on UNESCO IHP’s activities is given at the IHP web site:
https://en.unesco.org/themes/water-security/hydrology

International Association of Hydrogeologists
Commission on Managing Aquifer Recharge

Established by IAH in 2001 with encouragement from

UNESCO to coordinate international effort, the MAR

Commission aims that MAR is used to expand and secure
water supplies and improve water quality in ways that are appropriate, environmentally
sustainable, technically viable, economical, and socially desirable. This is achieved by:
increasing awareness of MAR,; disseminating results of research and practical experience;
facilitating international exchange of information; informing policy development;
and facilitating joint projects of international value. This collaborative book is a fitting
example. The IAH-MAR web sites in English, Spanish and Chinese contain more free
resources, an introduction to working groups and communities of practice, an email list
open to all, and information on upcoming symposia on MAR: https://recharge.iah.org/;
http://www.dina-mar.es/; http://china-mar.ujn.edu.cn/index1.htm

G R I P P Groundwater Solutions Initiative for Policy and
o8 Practice

# GROUNDWATER SOLUTIONS
kbl 2 Established in 2016, GRIPP is a global initiative of more

POLICY AND PRACTICE

than 30 partners, including UNESCO IHP, IAH and IGRAC.
Coordinated by the International Water Management Institute (IWMI), it aims to support
sustainable groundwater management for livelihoods, food security, climate resilience
and economic growth through creating long-term partnerships, sharing and scaling up
transferable solutions, filling in knowledge gaps, and advocating for policy focus and
investment in groundwater. It builds, inter alia, on the Global Groundwater Governance
Project and the expertise of GRIPP partners in co-developing informed solutions in
developing countries in collaboration with local, national, regional and global players. MAR
is one of a number of core “solutions” promoted by GRIPP. For more information, see
the GRIPP web site: http://gripp.iwmi.org


https://en.unesco.org/themes/water-security/hydrology
https://recharge.iah.org/
http://www.dina-mar.es/
http://china-mar.ujn.edu.cn/index1.htm
http://gripp.iwmi.org
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Executive Summary

Population growth, urbanization, and climate change will increase and intensify the
demand for water and the need to buffer against variability in its availability. At the
same time, surface water storage reliability will decrease, while the need to protect the
quality of water resources and water-dependent ecosystems will increase in importance.
Groundwater systems around the world presently supply 30% of household water needs
and 40% of irrigation and are better buffered than surface water. However, already around
25% of groundwater use is unsustainable and groundwater use is growing at 5% each
year. There is a clear need to identify innovative and integrated solutions to tackle these
intertwined challenges to water security and climate resilience.

This book offers hope. It puts on a pedestal 28 real-life examples where, at village to state
level, people have collaborated concertedly to manage their water resources to improve
quantity and quality of supplies, while buffering against drought and emergencies. The
cases show that precedent is no prerequisite, and are offered to help inspire leaders,
and assure followers that people at ground level who develop an understanding of their
groundwater can adapt and design workable solutions to sustainably meet their needs.

The common thread for these case studies, managed aquifer recharge (MAR), follows
the basic principle of intentionally replenishing aquifers to stabilize water storage and
improve water quality. This can be done in a myriad of ways that respect other uses
of water or harness otherwise wasted water. The enthusiasm for MAR schemes and
their popularity and success are enhanced by significant auxiliary benefits such as in
protecting against seawater intrusion, improving environmental flows, banking water for
drought relief and purifying water through natural processes.

The 28 accounts of how the case studies evolved from concept to implementation, and
the experiences and impacts of those actions are reported first-hand by the implementers
and operators. Many projects are long-lived, illustrating their feasibility and competency.
Many have continued to evolve as needs or conditions changed. While they are all
exemplary cases of the state-of the art of MAR, each one has been evaluated for its
environmental and social sustainability using a basic qualitative technique specifically
developed for this book in order to further evaluate their strengths and sustainability.
Furthermore, the cases underwent a benefit-cost assessment, to understand their relative
economic benefits and their costs relative to alternative solutions.

Three of the nine sustainability indicators evaluated relate to factors beyond the control
of the project implementers reporting the cases. While they were clearly in place in
some cases, their shortcomings in a number of cases suggest that sustainability of
MAR, and the groundwater resource or drinking water supplies to which it contributes,
would be enhanced if groundwater allocation plans and groundwater quality protection
policies were implemented, and groundwater quality monitoring capabilities and public
consultation procedures were established. The finding that effective MAR projects exist
in places without supporting governance and scientific arrangements in place, suggests
that these are not prerequisites for MAR, but that investments in MAR would be more
secure if such measures were in place.

Where MAR schemes were implemented concurrently with demand management they
materially contributed to recovery of over-drafted aquifers. However, MAR alone could
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not reverse groundwater level declines but did help supplement local supplies. This
suggests huge opportunities for governments to transition over-exploited aquifers
to more sustainable groundwater supplies by applying MAR to complement demand
management for the benefit of local communities. It could be asked “why should
governments invest in MAR systems unless groundwater users agree to water sharing
plans leading to sustainable systems? Otherwise there is no assurance that MAR can
meet the objective of sustaining groundwater supplies in the long-term.” The same
argument inhibits private investment in MAR in such systems. In systems where demand
management is in place, public and private investments are used to expand water
supplies, and public investments to enhance water security.

The evolution of MAR has progressed in several cases as far as the formation of
government water banking and trading entities, in the context of water allocation plans.
These encourage private investment in MAR to guarantee that existing and future water
demands are met through the earning of entitlements by banking natural and/or highly
treated recycled water in aquifers.

Ten case studies use recycled water from sewage treatment plants, industrial wastewater,
treated urban stormwater or desalinated water as stable sources of water for MAR
to provide water for drinking or other uses. Evening out imbalances between supply
and demand using aquifers can greatly increase the efficiency of investment in water
recycling. Advances in treatment methods are improving the quality of recycled water
and reducing costs, creating new opportunities for MAR to enhance and secure water
supplies with water that would otherwise be wasted or pollute streams, aquifers and
estuaries. This is supported by groundwater protection policies to help protect human
health and the environment.

At present, there is only one nationwide rigorous risk-based MAR guideline for protecting
health and environment, the Australian Guidelines. These require investigations on the
quality of water to be recharged, and on groundwater quality and aquifer mineralogy
to determine an appropriate level of treatment for water to be recharged that takes
account of biogeochemical reactions occurring in aquifers when new water sources
are introduced. At one case study, such guidelines have enabled urban stormwater to
be injected to freshen a brackish aquifer to make it suitable for safe irrigation water
supplies. At several other sites, recharge with recycled waters is being used to inhibit
saline intrusion into coastal aquifers and thereby prolonging and sustaining freshwater
supplies.

One environmental sustainability indicator is the change in environmental flow that
protects downstream users and ecosystems identified in a catchment water management
plan. In some case studies in low- to middle-income countries, such as India, greatly
expanding investments in MAR using in-channel modification are focused on increasing
food security with limited regard for flow downstream. Catchment water management
plans either do not exist or fail to consider environmental flows, and this is particularly
important for downstream communities and ecosystems in years of below average
runoff. MAR investments when aligned with water management plans would maximize
beneficial impacts over the whole catchment. In several other cases a primary role of the
MAR intervention is to restore or enhance base flow for ecological conservation.

Another sustainability indicator, energy intensity for recharge and recovery of water (in
units of kilowatt hours per cubic meter of recovered water), revealed a strong contrast

17
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between case studies that depended on treatment and pumping requirements.
Operating and maintenance costs were evaluated for most cases but embodied energy
in engineered systems were mostly excluded as this information was rarely recorded.
Possibilities for greater use of renewable energy should be considered more routinely
for future projects.

An economic assessment was undertaken for all case studies, for which data were
available. This included common ways of evaluating costs and benefits of each project
and thereby to determine benefit to cost ratio (BCR). In most cases, levelised costs
were calculated. Levelised cost of a water supply project is defined as the constant level
of revenue necessary each year to recover all the capital, operating and maintenance
expenses over the life of the project divided by the annual volume of water supply
provided by the MAR scheme. Costs were calculated in local monetary units using a
standardized project life and discount rate. Costs were then converted to year 2016
values using a GDP deflator, and to US dollars. The standardization of levelised costs in
2016 US$ enables comparison of the cost of water from heterogeneous MAR projects,
and comparison of the benefits and costs of MAR projects with alternative solutions. The
volume-weighted mean levelised cost of three riverbank filtration schemes was US$0.10/
m?, of eleven schemes recharging natural water by infiltration or wells US$0.16/m? and
for six schemes recharging recycled water by infiltration or wells US$0.75/m?.

To assess the cost of three MAR case studies developed for drought and emergency
supplies, where volumes and years of use are highly variable, the method used for
costing was to divide the capital cost in US dollars by the daily amount recoverable from
storage. The cost ranged from US$730/m?/day to US$980/m?3/day.

In the absence of market prices, the value of benefits of MAR schemes were taken as the
avoided cost of the cheapest alternative supply or treatment, or net value of production
using recharged water (e.g. farm production). Resulting volume-weighted average
benefit-cost ratios (BCRs) for ten schemes using natural water and for four schemes
using recycled water both exceeded two. This excluded some bank filtration schemes
that had very high but unquantified BCRs, as alternatives were considered so expensive
or impractical that they had not been costed.

Water banking to increase security and resilience of water supplies has very significant
social and environmental benefits that are not accounted for in the benefit-cost analysis
above. Further analysis of these benefits would provide additional comparative evidence
to guide investment in MAR and water resources management policies that seek to
buffer against shortfalls by giving incentives for MAR and water banking.

The informationyielded from experience of the 28 diverse case studies provides irrefutable
evidence that MAR has helped communities overcome water challenges, prepare for the
future, increase safety of water supplies and enhance ecosystems. This has generally
been achieved at less than half the cost of conventional alternatives. These case studies
are a source of confidence and inspiration for individuals, communities, enterprises and
governments to investigate their groundwater systems and systematically and sustainably
implement MAR to harness a wealth of benefits from integrated management of a wide
range of water resources, with the subsurface providing a critical storage component.
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Chapter 1: Introduction

1.1. Background and rationale

Managed aquifer recharge describes a wide range _ _
of methods to store water in aquifers or to induce Managed aquifer recharge is the

recharge by river bank filtration to improve water purposeful recharge of water to
quality. In a changing climate and with increased aquifers for subsequent recovery
need for food and water by growing populations, | ©F environmental benefit. It is
increasing water storage will be necessary for secure | Nota method for waste disposal.
supplies. Aquifers have been traditional secure
water storages in semi-arid and arid areas. However, they have been heavily exploited
creating room for storing more water in the short term, but are not a viable option for
long-term storage unless additional extraction is prevented. More dams are an alternative,
but with longer residence times and higher evaporation rates, adding modular subsurface
storage to augment surface storage is a proven more efficient use of land and economic
resources.

However, challenges related to MAR, such as the need for investigations on aquifer
storage capacity and efficiency to enable siting and design of projects together with water
quality evaluation and environmental impact assessment, have been seen as barriers to
implementation. The need to manage surface water and groundwater quantity and quality
requires cooperation amongst government agencies. The policy dimensions are simple for
short term storage, but water banking for drought relief requires agreed water sharing plans
and honoring of water entitlements, and community engagement for this may take time.
Social, economic and environmental success of MAR is assured by following best practice.
The case studies in this book, reveal that these challenges can be met and MAR can pay
great dividends. Projects are presented as factual summaries, not as a sales document
for one class of water management solutions. They vary in environmental and economic
performance according to local circumstances including governance arrangements.
Examples range from the rudimentary to highly sophisticated, and demonstrate the value
of fit-for-purpose MAR to local communities up to whole of state or basin scale. Section |
of this book synthesizes the learnings from the whole collection of case studies.

Section |l of this book presents 28 cases of successful MAR projects with arange of objectives
using diverse sources of water, recharge methods and aquifer types. All were subject to
a newly devised common environmental and social sustainability assessment. Where
practical the costs and benefits of MAR projects were also evaluated using established
economic frameworks. The document is intended to help water resources managers and
potential users of MAR to gain insight into examples of MAR that are both relevant to their
own situation and demonstrably sustainable and economic. The evolution of projects from
concept to realization, is conveyed in each case study to help readers become aware of
some of the processes for initiating successful projects. Precedent is not a prerequisite
for MAR, as proven by many of these case studies, however these early adopters stories
may give encouragement to not only adapt, but also to initiate new creative approaches
using MAR to achieve societal goals for resilient secure and safe water supplies, to support
people, agriculture, industry and environment.
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1.2. Objectives
In short, the objectives of this book are to:

Provide and showcase a set of exemplary long-term sustainable MAR schemes from
around the world, in a form that is accessible and useful for water suppliers, water
resources planners and managers, farming collectives, and environmental managers

Develop and apply a set of pioneering environmental and social sustainability indicators
that would be useful in a basic checklist for those planning, investing in or regulating new
MAR projects to help ensure sustainability in future.

Apply conventional economic assessment of the costs and benefits of MAR as many
case studies as practical to provide planners and proponents of new MAR projects an
indicator of likely costs of MAR projects and simple procedures to determine economic
viability.

1.3. Precis of Case Studies

Salient and distinguishing features of each of the 28 case studies are given here in the
same sequence as the case studies are presented in Section Il. This is intended to aid the
understanding of the following synthesis chapters in Section I. Obviously a much more
complete understanding can be gleaned by reading the case studies themselves. It is
expected that the characterization of case studies given in the next synthesis chapter
will help readers to identify those case studies that are most relevant to their reasons for
reading this book.

1. Ahmed - Khulna-Bangladesh. Pond water and roof rainwater is sand-filtered and
injected into a brackish aquifer to freshen it for village household water supplies.
Local women have formed a committee to maintain and manage each operation
and collect small fees to cover operation and basic maintenance, including manual
filter backwash. There is also a water users group. Water is recovered by hand
pump, retaining social interaction and minimizing waste. Water volumes are small,
unit costs including capital are high, but cheaper, using much less energy, and
more sustainable than the alternative, reverse osmosis.

2. Artimo - Turku-Finland. This is an exceptional case that has been founded on
thorough hydrogeological and water quality investigations to improve drinking
water security and quality for 300,000 people by pretreating river water brought from
100km away by coagulation filtration and then recharging an aquifer via infiltration
basins to buffer the water storage and provide additional water treatment before
recovery, chlorination and distribution. The system is extensively monitored and
managed to ensure compliance with environmental and health regulations.

3. Chavez - San Luis Rio Colorado-Mexico. \Water recycled to agriculture with soil
aquifer treatment replaced disposal to the riverbed which polluted the river and
groundwater. The Soil Aquifer Treatment system improves water quality making it
fit for use for irrigation, solving two problems at once-pollution and water supply. It
has operated for more than 10 years with maintenance to manage clogging.

4. Dashora - Rajasthan-India. In spite of billions of US$ of investment in recharge
structures in India, monitoring their hydraulic and economic performance has
been very sparse. These four check dams monitored by farmers have revealed
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the economic benefits for sustaining irrigation supplies, with benefit cost ratio
exceeding 4. They also reveal that periodic desilting needs to avoid subsurface
compaction. There is a finite capacity for expansion of check dams without
adversely affecting flows downstream, especially in dry years. Linking investment
in check dams with a community’s willingness to maintain them and to participate
in water budgeting would be an important step towards sustainable use, and to
set this in the context of whole of catchment watershed management, in order to
maximize and make fairer the regional benefits of these interventions.

De los Cobos - Geneva-Switzerland. This site has recharged the Genevese
trans-boundary aquifer shared by Switzerland and France for more than 40 years.
It gives robustness to water resources, and agreements have been flexible over
the years to accommodate all needs. Recharge capacity cannot be fully utilized
due to frequent high turbidity in source water in Arve River. Control systems
shut recharge when water quality is poor. Costs are significantly lower than the
alternative - enhanced treatment of surface water.

Elkayam - Shafdan-Israel. \Water recycling via infiltration of treated waste water
has occurred for more than 40 years and has expanded to 135Mm?®/yr using 110
Ha SAT ponds (average hydraulic loading of 120m/yr, infiltration rate ~1m/d ) for
recovery for irrigation 100km away delivered by third line to the Negev. This has
turned a waste into a resource, and a governance arrangement established with
monitoring (75 wells) and committees to evaluate results and plan next stages has
ensured supply of good quality irrigation water with acceptable and desirable
environmental impacts, and minimal energy use 0.62 KWh/m?* water to improve
water quality.

Fernandez Escalante - Castilla-Leén-Spain. Agreed access to a share of seasonal
excess surface water in Cega River has been negotiated by a consortium of farmers
who recharge this to the Los Arenales aquifer where it now contributes about 24%
of the water they extract for horticultural irrigation. This has reversed a decline
in groundwater levels, stabilized production and employment, and enhanced the
environment through wetland preservation. They use infiltration basins, canals and
pits to infiltrate water to the aquifer. Very low energy use is needed. Negotiations
for an expansion of MAR are being resisted due to competition with other uses of
river water.

Grischek — Hosterwitz-Germany. A riverbank filtration system has been operating
successfully for more than 100 years to supply drinking water to Dresden. This
provides a very low energy natural treatment for water, supplemented with
infiltration basins as part of post-treatment. Sections of the water plant adjacent
Elbe Rivera were submerged during occasional floods, and although there is
evidence that water quality is well protected, ultrafiltration has been trialled as
a supplementary treatment. This worked most efficiently drawing bank filtrate
rather than water directly from the river. Trials of unclogging of infiltration basins
have been undertaken on this site and experimentation is proceeding. Measures
to protect the river and groundwater catchment are needed so that reliance can
continue on these low cost and low energy natural treatment systems.
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9.

Higginson - Perth-Australia. [t took 12 years from the time of concept
development to government approval and investment in aquifer injection of
advanced treated recycled water into the aquifers used for drinking water supplies
for Perth. The nature of the risks and the potential for political or social division and
the importance of having an effective solution demanded time for the execution
of investigations and conduct of a 3-year trial. This allowed very significant and
focused data acquisition, rigorous evaluation of results, establishment of process
controls and operational experience, and time for dissemination and digestion of
information, regulatory consent and public approval. Like the trial, the operating
project has transparent reporting to the public of any incidents and enjoys
overwhelming confidence of the residents of Perth. Its rigorous risk management
plan demonstrates state of the art of management of potable reuse via aquifers.

10.Hutchinson - Orange County-USA. Established in 1936 in response to severe

11

overdraft and saline intrusion into coastal aquifers, Orange County Water District
protected the groundwater basin by harvesting water from the Santa Ana River
and recharging it via infiltration basins. The annual infiltration from this source is
148 Mm?3/yr, which together with natural recharge of 123 Mm3/yr and about 100 Mm?/
yr from other MAR balances the 370 Mm?/yr extraction. Considerable research and
investigations have improved infiltration rates and demonstrated water quality
protection. These works are supported by a replenishment assessment that
OCWD charges all groundwater users. This MAR option is demonstrably cheaper
and more energy efficient than alternatives.

.Jadhav - Baramati-India. Recharge structures in ephemeral streams were first

constructedinaconcerted programin 1968 to combat declining groundwater levels,
drought and crop failure. This was a highly effective partnership of government,
community and NGOs, and the practice proliferated. In recent years attention has
turned to desilting of these recharge structures, to maintain their function. This is
regarded as effective, but lack of monitoring has prevented quantitative evaluation
of performance and there has been no evaluation of water quality impacts, nor any
catchment water management plans in place to maximize benefits of investments.

12.Jones — North London-UK. Trials commencing in the 1950s led to establishment of

a water banking scheme in North London in 1995. This has helped secure London’s
water supply using drinking water, when available, to replenish storage in the Chalk
and Basal Sand aquifers to support natural recovery following abstraction. This
can meet 6% of the city's supply in drought years, at a cost substantially less than
other alternative supply options by making efficient use of existing infrastructure.
Potential water quality concerns were evaluated, tests conducted, found to be well
managed, allowing significant expansion of the scheme over time. The regulatory
arrangements have been comprehensive, requiring demonstration of the absence of
significant hydro-environmental impact and setting out management rules. Thames
Water customers have been informed of the MAR system and its drought benefits.

13.Murray - Windhoek-Namibia. A system of injection wells to recharge a fractured

rock aquifer has recovered a depleted groundwater storage and is banking water
for future drought water supplies. Capacity is being expanded and the system
provides buffering storage that will reduce the costs of alternative water supplies if
eventually needed without the evaporative losses that surface storage would incur.
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Regulations have been put in place to protect the stored water from pollution by
preventing future urban development in the storage area. An agreement between
main institutions is in process that will assure continued effective operation of the
system.

14.Naumann - Salisbury-Australia. There are multi-dimensional benefits in urban
stormwater harvesting via aquifer storage and recovery in a brackish aquifer. A
local government body was able to conceive the benefits of reduced flooding,
improved urban amenity, enhanced ecological heath of streams and coastal
waters, expanded opportunities for recreation and reversal of urban heating
effects under increased urbanization. The combination of benefits gave significant
benefit cost ratios, exceeding those for water supply substitutes and increased
security of supply alone. This gave confidence for investment, and for local
government commencing an innovative wholly owned subsidiary ‘Salisbury Water’
to build capabilities and implement projects. This has a risk management plan for
stormwater to non-potable supplies that is internationally unique. It has expanded
to a network of sites connected to a distribution system for non-potable supplies.

15.Pavelic - Uttar Pradesh-India. This is a pilot study that shows promise for large
scale floodwater harvesting during the monsoon season via village ponds to help
offset decline in groundwater levels and secure irrigation supplies. The task would
be easier to accomplish if there were water resources management plans in place
to restore groundwater storages, secure irrigation supplies, and mitigate flooding.
There would also need to be plans in place to protect groundwater resources
used for drinking water supplies, helping with siting recharge operations and
giving appropriate treatment where needed to protect public health. Finally there
needs to be a process for village level ownership and participation in planning
and implementation of such schemes to ensure there is capability to maintain
and sustain these systems. Modelling suggests that if scaled up there would be
considerable potential benefit for such a system to increase water security, food
production and at very large scale, to also mitigate floods.

16.Picot - Colbeaux -Normandy-France. Soil aquifer treatmentis used as a polishing
step before discharge of secondary treated effluent to sea in an area where shellfish
are commercially grown and in an estuary known for tourism. There is a monitoring
plan to assess nutrients and micro-pollutants in the discharge from the sewage
plant and in groundwater near the intermittently operated infiltration basins, and
this has been agreed with national and local regulators and representatives of local
government and the shellfish industry. This involves public annual reporting and
reporting of any exceptions beyond the standards. The recharge operation also
deters saline intrusion.

17.Powers-Central Platte River-USA. Intentional diversions from Central Platte River
to irrigation canals in the non-irrigation season are used to increase groundwater
storage and consequently secure irrigation supplies as well as enhance baseflows
in the hydraulically-connected river during the dry season to support endangered
bird species. A sophisticated nested arrangement between state government,
local government and canal operators assures all irrigators of their water rights
while also meeting environmental obligations. Costs of the recharge operations
are borne by the property owners through local government entities.
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18.Pyne - Hilton Head Island-USA. Saline intrusion into a drinking water supply

aquifer on an island has led to a deeper brackish Floridan aquifer being used for
brackish water desalination supplemented by pipeline supplies from the mainland.
As further shallow wells have become salinized, additional mainland piped water
has been purchased in winter when cost was low and pipeline capacity available,
andinjected into the deeper brackish aquifer for recovery from the same well during
peak demand in the following summer. After hydrogeological investigations, one
year of supply was initially injected into the aquifer to provide a fresh-water buffer
zone before regular annual cycles of injection and recovery. Only disinfection is
required on recovery. This has provided an economical system to increase and
secure water supply without needing to build a desalination plant or duplicate
the pipe connection to the mainland to treat and supply water at its peak rate.
Aquifer storage recovery (ASR) has been demonstrated over 5 years to be a highly
efficient and robust preferred option and is being expanded as further shallow
wells salinize.

19.Rossetto — Serchio River-ltaly. An established riverbank filtration scheme was

expanded to now supply 300,000 people following hydrogeological investigations,
water quality evaluation and modelling. This gave assurance that the upgraded
system, which included a weir to increase groundwater storage, would have
acceptable drawdown and that abstracted water would meet drinking water
quality requirements. Minimum baseflow requirements were met through reservoir
releases. A risk management plan was developed to ensure protection of drinking
water supplies. This was developed with the assistance of real time field monitoring
with a photospectrometer.

20.Sandhu - Haridwar-India. This site has expanded over more than 50 years to
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demonstrate the value of river bank filtration along the Ganges River to provide
very low cost resilient naturally-treated drinking supplies. This was recognized in
2006 when the Department of Drinking Water of the Government of Uttarakhand
issued a government order encouraging RBF to be considered by water supply
organizations working in that state. The measured and sustained 4 log removal of
pathogenic bacteria and >2.5 log removal of turbidity without use of additional
costs or energy is highly valued where it is practiced. Further demonstration
projects are warranted in many states and countries and would see an enormous
increase in appreciation and use of river bank filtration for water supplies in cities
built on or near alluvial aquifers.

.Seasholes — Arizona-USA Arizona is the first jurisdiction known to have created

an institution, a water bank, whose sole responsibility has been to recharge
intermittent excess surface water to aquifers where it is stored to increase the
security of future water supplies. Arizona is an arid state with a growing population
and historical legacy of falling groundwater storages. The state has extensive highly
transmissive unconfined aquifers containing high quality water, deep water tables
and permeable soils. It also has an entitlement to take water from the Colorado
River and an ability to distribute this through the Central Arizona Project canal.
Water banking via managed aquifer recharge has been made possible at a large
scale to meet broad water management objectives through a strong regulatory
framework, together with public funding and innovative public institutions, such as
the Arizona Water Bank.
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22.Shamrukh - Asyut-Egypt. A bank filtration scheme operated for 14 years as a
drinking water supply for a city on the River Nile, and is now a backup supply in
case of failure of a new surface water treatment plant. The RBF system gave higher
quality supplies than either surface water or native groundwater and had a lower
capital and operating cost and lower energy intensity, needing no treatment apart
from disinfection required as a risk mitigating measure. It is an attractive option for
drinking water supplies where alluvial aquifers are suitable and local groundwater
is protected from pollution and over-abstraction.

23.Shivakoti - Kumamoto-Japan. This unique MAR project is a payment for
ecosystem services scheme (PES) whereby the municipality of Kumomoto on
Kyushu, Japan and private companies that rely on groundwater, pay a collective
of more than 400 farmers up-gradient to use their rice fields as infiltration basins
for up to 3 months each year. They purchase sufficient