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Summary

ASR-Coastal is a Subsurface Water Solution (SWS) that has been developed in the past
decade. It was extensively tested in the Subsol project. The practical concept includes
multiple partially penetrating wells (MPPWSs), which are used to store and recover fresh
groundwater in brackish-saline, confined aquifers and to increase the vertical control on
the infiltrated freshwater. Compared to conventional ASR, the use of MPPWs reduces
freshwater losses resulting from buoyancy forces on the relatively light infiltrated
freshwater.

The pilots in Nootdorp and Westland have proven that ASR-Coastal is a suitable SWS to
reduce problems related to water quality or availability for horticulturalists with a seasonal
variability of freshwater demand. Both systems contributed to the development of a reliable
system for subsurface storage of freshwater in coastal areas with a brackish-saline
subsurface. The installation in Westland has proven that ASR-Coastal can be combined
with other systems, like reverse osmosis, to further improve freshwater management in
coastal areas.

This Technological and Economical guide serves as a starting point for end users of
freshwater (with a strong interest in a self-reliant freshwater supply), engineering
companies and installers, technology providers, consultants, and water managers
interested in the development of ASR-Coastal at other coastal sites with temporary water
shortages and a brackish-saline subsurface. Through a feasibility study of the water
balance and the geohydrology at a specific site, the supporting ASR-Coastal Tool
proposes a design and an operational scheme, and estimates the costs involved for
installation and implementation.
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1 Introduction

Subsurface Water Solutio n (SWS): ASR -Coastal

Within the Subsol project, a set of practical concepts called Subsurface Water Solutions
(SWSs) has been developed in the past decade. These SWSs aim at providing a
sustainable freshwater supply from coastal aquifers.

ASR-Coastal is one of these SWS concepts, and is the subject of this Technological and
Economical guide. It is a tool that improves freshwater management in coastal areas by
using multiple partially penetrating wells (MPPW). This technique reduces freshwater
losses resulting from buoyancy forces on the light infiltrated freshwater by preferably
infiltrating freshwater through the deepest well screens in times of surplus and recovering
it again through the shallower well screens in times of demand (Figure 1-1).

Injection Recovery

Figure 1-1 Cross-section of the subsurface where ASR-Coastal is applied in a brackish aquifer. Without the
implementation of ASR-Coastal, a conventional ASR-system would result in an early recovery of brackish
groundwater through the lower well screens as a result of buoyancy forces on the infiltrated freshwater.

Objective s
This Technological and Economical guide strives to:

1 Provide future adopters with a broad view of the ASR-Coastal implementation and
its site-specific nature by portraying the original pilot set-up and the latest improved
versions of ASR-Coastal.

|~



Sub

1 Assist and guide future adopters in assessing the potential of realizing an ASR-
Coastal set-up by providing a checklist of required activities and data.

1 Increase and facilitate the market uptake of the ASR-Coastal concept for a
sustainable freshwater resource management in coastal areas.

This guide is written for end users of freshwater (with a strong interest in a self-reliant
freshwater supply), engineering companies and installers, technology providers, and
consultants. These target users ideally have freshwater sources available but are dealing
with temporary freshwater shortages in which the demand of freshwater does not meet the
supply, and are situated in coastal areas with brackish-saline aquifers.

This guide facilitates identification of available options for the implementation of ASR-
Coastal, understanding of its key characteristics (from a technical, environmental and
economic viability point of view), and communication with policy makers and regulators to
identify and address regulatory issues and potential barriers.

The guide covers detailed background information and compiles the experiences and
knowledge gained from existing ASR-Coastal systems (Chapter 2). This is primarily based
on the practical experiences gained throughout the implementation of ASR-Coastal at the
reference field sites in Nootdorp and Westland, The Netherlands, where ASR-Coastal has
been successfully in operation since 2012 to supply horticulture farmers with freshwater.
Groundwater flow modelling has been carried out parallel to fieldwork, to improve the
understanding of ASR-Coastal, to forecast future behaviour, and to analyse several
scenarios. The results from groundwater flow modelling are also included in this guide to
present future implications of the ASR-Coastal concept. Furthermore, the main obstacles,
the reactions of the end users, and the perception of the ASR-Coastal concept in practice
are covered in this guide.

This information is synthesized to create implementation guidelines of the ASR-Coastal
concept. A process scheme of the required activities that constitute a preliminary feasibility
study for implementation of ASR-Coastal at a specific location is included in Chapter 3. A
data checklist and a feasibility scheme are presented in Chapters 4 and 5, respectively,
and guide the future adopter towards a first design of the ASR-Coastal set-up for his
specific site (Chapter 6). A risk assessment scheme and an economic analysis scheme
are included in Chapter 7 and 8 to assess environmental risks and the costs of installation
and operation of the ASR-Coastal concept, respectively. The general permitting and
compliance processes are presented in Chapter 9. Lastly, the conclusions and take-away
messages from this Technological and Economical guide are summarized in Chapter 10.
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A Microsoft Excel tool to be used in parallel with this Technological and Economical guide
has been developed. This tool can be used to obtain a first design, and the operational
and economical parameters that are necessary along the process of realizing an ASR-
Coastal system. An overview of how this tool should be used in parallel with the
Technological and Economical guide is provided in Chapter 3. The simplicity of the tool
makes it ideal to use for a preliminary feasibility study and contains some default
information to fill in potential data gaps.
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2 Background of  ASR -Coastal

Aquifer storage and recovery (ASR) is an efficient technique to bridge the seasonal
mismatch between freshwater surplus and demand, and has been successfully applied in
freshwater management for years. The conventional ASR setup consists of a single,
vertical, fully penetrating well that infiltrates freshwater into an aquifer and, after storage,
recovers it again through the same well. However, this set-up generally fails in confined
coastal aquifers with brackish or saline groundwater due to dispersive and diffusive mixing
between infiltrated freshwater and ambient groundwater (Ward et al., 2009), and especially
due to buoyancy forces on the infiltrated freshwater (Zuurbier, 2012). As a solution to the
mixing problem, Pyne (2005) suggested to infiltrate an extra volume of water to act as a
buffer. However, this does not overcome the buoyancy forces on the infiltrated freshwater.
With the development of multiple partially penetrating wells (MPPWSs) (Zuurbier et al.,
2014), an alternative and improved version of ASR became available for saline, confined
aquifers which can, to a certain extent, counteract freshwater losses by buoyancy.

In the ASR-Coastal set-up, several MPPWs are installed at different depths within a
brackish confined aquifer (Figure 1-1). The deeper well screens of the MPPW-ASR system
are preferably used for freshwater infiltration in times of surplus (winter), thereby
generating a freshwater body surrounded by ambient saline groundwater. Mainly during
the storage phase of ASR, the light freshwater body will tend to move upwards due to the
density difference between infiltrated freshwater (low density) and ambient brackish
groundwater (high density). ASR-Coastal allows to respond to this issue by recovering the
infiltrated freshwater through shallower well screens in times of demand (in summer or
during periods of drought). The freshwater body is thus actively managed to increase the
applicability of ASR and the potential recovery of freshwater.

In November 2011, an ASR-Coastal system was installed in a confined coastal aquifer in
Nootdorp, located in the coastal province of Zuid-Holland in the west of the Netherlands
(Figure 2-1). Nootdorp is situated in a deep polder with brackish seepage to the surface
waters (de Louw et al., 2010) as a result of the local surface level having an elevation of
3.8 meters below sea level (m BSL). Chloride concentrations in the target aquifer are
typically around 1,000 mg/L (Figure 2-1). Despite the scarcity of freshwater in the
subsurface, the area is dominated by greenhouse horticulture with a typical high water
demand and high quality standards concerning salinity. Rainwater from greenhouse roofs
is therefore used as the main irrigation water source in this region.
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Figure 2-1 Regional piezometric head contours (TNO, 1995) and chloride concentrations (Oude Essink et al.,
2010) in the centre of the ASR target aquifer, with location of the Nootdorp ASR field trial (black triangle). Blank
areas indicate zones where the target aquifer is connected to a deeper aquifer.

Prior to installation of the ASR-Coastal system in Nootdorp, the end user collected
rainwater from the 2 ha roof of his orchid-nursery greenhouse and stored this freshwater in
large surface storage basins in times of surplus, for later use in times of demand.
Seasonal storage of freshwater is an effective strategy for regions with a seasonal pattern
in precipitation but a constant demand of freshwater. However, storage in surface basins
had several drawbacks, including its high costs (about 1 0/ m3®) and extensive spatial
needs, which were the main reasons for the end user to switch from a surface basin to
ASR-Coastal. In addition, surface storage can result in deterioration of the water quality.
However, irrigation water quality requirements are very strict, because freshwater must
have for example a chloride concentration <0.5 mmol/l (~18 mg/l Cl). This also means that
only a very limited contribution of ambient brackish water to infiltrated rainwater is allowed
upon recovery with the ASR system.

After characterization of the target aquifer and the native groundwater therein, a 34 m
deep borehole was drilled, in which four MPPWs were installed at different depth intervals
between 14 and 41 m below sea level (m BSL) throughout the confined target aquifer
(Figure 2-2). Each well was outfitted with a valve in the infiltration and recovery pipeline,
allowing manual adjustment of infiltration and recovery rates per individual MPPW-screen.
After successful installation, rainwater collected by the greenhouse roof was stored in a
400 m?3 rainwater storage tank, which could store 20 mm of rainfall, thereby enabling
freshwater intake in periods with peak precipitation and managing potential variation in the
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freshwater supply. Prior to infiltration, the roofwater was pre-treated by rapid and slow
sand filtration to prevent well clogging by suspended particles.

Infiltration of the treated freshwater, preferably through the deepest well screens, started
once a predefined level in the rainwater storage tank was reached and ceased when a set
minimum level was reached. A 3 m high standpipe was used to provide a constant
pressure for infiltration. Recovery of the stored freshwater, preferably through the
shallower well screens, started automatically in times of demand when the predefined
minimum level in a 90 m? irrigation water tank was reached, and stopped once the
predefined maximum level in this tank was reached (Figure 2-2 and Figure 2-3).

The resulting ASR operation was highly dynamic with frequent alternation of infiltration,
storage, and recovery stages, automated and electronically logged via a central control
unit with a programmable logical controller.
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Figure 2-2 Schematic overview of the ASR-Coastal set-up at Nootdorp. MW = monitoring well, CTD = electrical
conductivity, temperature, and pressure datalogger, R.S.F. = rapid sand filtration, S.S.F. = slow sand filtration
(Zuurbier et al., 2014).
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Figure 2-3 ASR-Coastal well field Nootdorp: infiltration well and monitoring equipment (A), monitoring wells (B)
and storage tanks (C: one for rainwater, others for water reuse) (Zuurbier et al., 2014).

Geophysical measurements were also conducted to construct profiles of electrical
conductivity of the subsurface. These procedures enable to analyse the distribution and
dynamics of the freshwater body during infiltration and recovery with the ASR-Coastal
system. In addition, a groundwater flow and transport model was constructed to determine
whether the model results are in line with real field data, to predict future performance, and
to assess the hydrological effects in the surroundings.

Since the start of the implementation of ASR-Coastal in Nootdorp in 2012, the system has
been in operation for 5-6 years. Based on the thorough documentation and interpretation
of the field operation, model simulations, and analyses during the ASR-cycles of these
years, it is concluded that:

1 The Nootdorp ASR-Coastal system functioned rather smoothly and was always
able to supply sufficient irrigation water to the local horticulturist. On average ~ 7
200 m3/yr was recovered after infiltration of ~14 000 m3/yr, resulting in a recovery
efficiency of 53.4%.

1 The required maintenance was limited and the recovered water quality was very

constant already after the first ASR-cycle, and mettheendus er 6 s demands

irrigation of his orchids.

1 With total costs of 0.61 euro/m?, the ASR-Coastal system provided a significantly
cheaper source of high-quality freshwater compared to alternatives.

1 The spatial footprint of ASR-Coastal is virtually nil compared to the surface basin
that was previously used by the end user.

1 The owner will keep using the system as his only source of irrigation water.

f
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Experiences at the Westland reference site

In 2012, an ASR-Coast al system was installed i -n
Gravenzande in the Westland region of the Netherlands (Figure 2-4). Due to brackish
seepage, the groundwater in the target aquifer for ASR is brackish-saline, with chloride
concentrations typically being around 4,000 mg/L (Figure 2-1). The area is dominated by
greenhouse horticulture with a characteristic high water demand and high quality
standards concerning salinity. Rainwater from greenhouse roofs is therefore used as the
main irrigation water source in this region.
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Figure 2-4 Regional piezometric head contours (TNO, 1995) and chloride concentrations (Oude Essink et al.,
2010) in the centre of the ASR target aquifer, with location of the Westland ASR field site (black square).

The end user collected rainwater from the 27 ha roof of his tomato-nursery greenhouse
and stored this freshwater in large surface storage basins in times of surplus, for later use
in times of demand, but experienced periods in which the water demand or required water
guality could not be met. He was already using a brackish water reverse osmosis (BWRO)
system for additional freshwater supply. This approach however leads to a net overdraft of
water (produced by desalination of brackish groundwater) from the aquifer, and therefore a
risk of salinization.

Two 37 m deep boreholes were drilled, in which three MPPWs were installed at different
depth intervals from 23 to 37 m below sea level (m BSL) throughout the confined target
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aquifer (Figure 2-5). Each well was outfitted with a valve in the infiltration and recovery
pipeline, allowing manual adjustment of infiltration and recovery rates per individual
MPPW-screen. Collected rainwater was stored in storage basins, enabling freshwater
intake in periods with peak precipitation and managing potential variation in the freshwater
supply. Prior to infiltration, the roofwater was pre-treated by rapid and slow sand filtration
to prevent well clogging by suspended particles. The ASR wells use a 3.2 m high
standpipe to provide infiltration pressure for a total infiltration rate of 40 m3/h. Recovery
can occur with a total rate of 50 m3h in times of demand. The resulting dynamic ASR
operation with frequent alternation of infiltration, storage, and recovery stages is
comparable to the dynamic operation at the Nootdorp site.
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Figure 2-5 Cross-section of the Westland ASR site schematizing the geology, ASR wells, ATES well, and the
typical hydrochemical composition of the native groundwater. Horizontal distances are not to scale (Zuurbier
and Stuyfzand, 2017).

In a later stage of the pilot at the Westland site, ASR-Coastal was complemented by a
Freshkeeper and reverse osmosis (0 A RRQ to maximize the recovery of infiltrated
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freshwater surpluses (Figure 2-6). Two separate RO-facilities were used. One was the
originalbr ac ki s h vB&WR@OrplanR @reafdydpresent at the site, abstracting water
from the whole aquifer thickness at the fringe of the 6 n efrgshwater body, thereby feeding
the BWRO with a mixture of water qualities. This BWRO-plant was designed to be fed by
40 m3/h of brackish groundwater and produce freshwater at an RO-recovery of 50%. An
additional RO-plant (ASRRO) was connected to the ASR-wells to desalinate mixed water
recovered from the deepest MPPW-screens below the freshwater bubble, similar to the
Freshkeeper set-up (D1.2 and D1.3). Both RO-systems produce supplementary high-
quality water and are used in combination with concentrate disposal in a deeper aquifer,
resulting in net mining of the 6 n efresgh groundwater system (Figure 2-6).

ralee ralre Hﬁh

| Jaynby

T J9jinby

Injection Storage Recovery

Figure 2-6 Concept of ASR-Coastal in Westland with multiple partially penetrating wells (MPPWSs) and the
Freshkeeper (ASRRO).

Also here, geophysical measurements were conducted to construct profiles of electrical
conductivity of the subsurface. These procedures enable to analyse the distribution and
dynamics of the freshwater body during infiltration and recovery with the ASR-Coastal
system. In addition, a groundwater flow and transport model was constructed to determine
whether the model results are in line with real field data, to predict future performance, and
to assess the hydrological effects in the surroundings.

Since the start of the implementation of ASR-Coastal in Westland in 2012, the system has
been in operation for 5-6 years. Based on the thorough documentation and interpretation
of the field operation, model simulations and analyses during the ASR-cycles of these
years, it is concluded that:

1 The Westland ASR-Coastal system functioned satisfactorily, but clearly suffered
from saltwater leakage via an older borehole, which reduced the recovery efficiency
from 40% to 22.5%.
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Per year, 7 500 to 16 000 m3 could be supplied, while 28 000 to 70 000 m3/yr was
infiltrated. The ASR-Coastal system was not able to meet the yearly demand of the
local horticulturist by itself.

Yearly cleaning of the infiltration floater boxes and ASR wells was required at the
start-up of the system after long periods without infiltration.

Despite these additional obstructions, the total costs of recovered freshwater were
acceptable (0.85 euro/m3).

The net overabstraction of freshwater (produced by desalination of brackish
groundwater) from the groundwater system could be mitigated to a large extent.
The owner will keep using the system as additional fresh water supply and as a
compensation for the use of BWRO (agreement with provincial water authority),
together with aboveground rainwater storage and brackish water reverse osmosis.
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3 Process scheme

In this chapter, a general overview of steps to follow for implementation of the ASR-
Coastal concept at a specific location is provided, from problem definition to realization.
Each of these steps is covered in detail in the following chapters.

The process can be sub-divided into the evaluation of two parts: feasibility assessment
and design phase. The former involves the problem definition (water demand not met by
water supply), the collection of data and the geo-hydrological feasibility study. The latter,
the design phase, is an iterative process by which the set-up design is optimized iteratively
based on the economic study and on the risk assessment

Figure 3-1 provides an overview of the process steps. This overview integrates the titles of
the worksheets in the ASR-Coastal Tool that should be used alongside this Technological
and Economical guide (4. Water balance§ @. Geohydrologyd &. Design§ @a. CAPEX§
and d@b. OPEXQ. The user is recommended to follow these process steps and to use the
corresponding worksheets of the ASR-Coastal Tool, after reading the README-
worksheet. When all worksheets of the ASR-Coastal Tool are filled in correctly, an
overview of the most relevant input and output is given in worksheet ®. Overview input &
outputd

=
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Figure 3-1 Process scheme of the ASR-Coastal implementation. The left side of the figure compiles the
necessary steps to reach a decision regarding the implementation of the ASR-Coastal concept. The right part of
the figure indicates for which steps the ASR-Coastal Tool is required alongside this Technological and
Economical guide.
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4 Data checklist

The data checklist (Figure 4-1) compiles the material and information required in order to
reach a well-funded decision on realising the ASR-Coastal concept at a specific site. The
list covers data required along the whole process (Figure 3-1), which should be reviewed
to ensure the information is available before starting with the process of realisation.
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Figure 4-1 Data checklist prior to realisation of the ASR-Coastal concept.
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5 Feasibility assessment

The feasibility assessment (Figure 5-1; added in Appendix 1 in A3 format) serves as a
quick scan to determine the suitability of the subsurface and the water balance at a
specific site for implementation of ASR-Coastal. From here, the reader can start to use the
ASR-Coastal Tool alongside this Technological and Economical guide. Works h e e t
Wat er Balanced and 02. -i6bydhe yserrtooaksesg thefeasiklity.
When both the water balance and the geohydrology at a specific location are suitable for
the implementation of the ASR-Coastal concept, an initial design is proposed with relevant
operational parameters in works h e e Designd ..

During the feasibility study, the following conditions have to be checked:

- a(seasonal) mismatch between supply and demand;

- sufficient freshwater surplus to cover (a relevant part of) the shortcoming volume in
times of shortage, i.e. the target storage volume (TSV);

- limited background lateral groundwater flow (< 10 m/y);

- the presence of a confined granular aquifer without intervening clay layers (00.5 m
thick), overlain by a confining aquitard of > 3 m in thickness (or >1000 day of
vertical flow resistance, if known).

- the possibility to install at least two and at most three MPPWs within the confined
aquifer, at a minimal vertical distance of 4 m below the groundwater level, with
vertical spacing of 1 m from another MPPW, and with vertical spacing of 1 m from
an aquitard. One MPPW filter can have a length ranging from 3 m to 10 m.

- If there are more suitable aquifers, the aquifer with the least effect of buoyancy is
preferred for installation of the ASR-Coastal system. This is often the shallowest
aquifer.
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Figure 5-1 Feasibility scheme for ASR-Coastal implementation, forming the blue-print of the ASR-Coastal Tool.
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