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Summary

This study explores the feasibility and conceptual design of an Aquifer Storage and Recovery
(ASR) or Aquifer Storage Transfer and Recovery (ASTR) system for a pilot project in Nga Bay,
Hau Giang Province, Vietham - within the Mekong Delta (MD). The goal is to ensure freshwater
availability during periods of surface water salinity while providing a framework for broader
implementation. The pilot aims to demonstrate a functional infiltration and recovery system,
address potential operational risks like clogging, and optimize design based on local subsurface
and environmental conditions.

Initial assessments confirm that the selected aquifer is suitable for infiltration and recovery, with
favorable subsurface characteristics and water quality. Analytical and numerical modeling show
that infiltration and recovery are technically feasible under current site conditions. ASR is
identified as the preferred approach due to its higher efficiency and simpler operation compared
to ASTR. Gravity-based infiltration is recommended as the most practical method, avoiding the
complexities of pressurized injection.

The pilot will provide insights into system performance, including recovery efficiency and
operational risks, which will inform the potential for upscaling. Future applications will require
further site-specific investigations, particularly in areas with challenging conditions like higher
salinity. The study concludes that ASR systems, when appropriately designed and monitored,
offer a viable solution for improving freshwater resilience in the MD and similar regions.
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1. Introduction

This study is part of the Partners for Water project ASR application for Domestic Fresh Water
Supply in the Vietnamese Mekong Delta, which has the objective to install an ASR system in the
Hau Giang province with the technical and financial support from the local water company
Hawasuco and the other consortium members. The project aims to operate and monitor the ASR
system during the project duration, demonstrate its success, disseminate results and engage
stakeholders for scaling up and carry out bankability and cost-benefit analysis. The goal of the
ASR system is to ensure freshwater availability during periods of surface water salinity.

1.1. Objectives

The objective of this study is to identify the main technical characteristics of the infiltration and
extraction system, such as the type of system - either ASR or ASTR - infiltration rate, and
recovery efficiency, that will be installed as a pilot in the Hawasuco Nga Bay premisses in Hau
Giang.

The specific objectives are to quantitatively understand under which ASR/ASTR scenarios it is: 1)
feasible to install a system given the objectives of the pilot study, and 2) which conceptual design
is optimal given the current knowledge of the subsurface and the boundary and environmental
conditions (water availability, infrastructure, water quality).

To understand the optimal conceptual design, we first identified the pilot purposes, which are:

e Successfully develop and demonstrate a functioning infiltration system in the local context
based on the proof-of-concept,

e Showcase the capacity of ASR to provide sufficient freshwater in times of shortage,

e Address local and federal authorities in bringing about a legal framework within which ASR
is applicable,

e Create a coalition within the interested stakeholders towards a clear upscaling path,

And more specifically from a technical perspective:

e Demonstrate the feasibility of infiltrating water in the subsurface either by gravity or
pressure, and recover it later,

e Quantify the infiltration capacity and build knowledge on the chemical reactions and their
relationship with operational risks (like clogging),

¢ Quantify the recovered water and assess the potential of an ASR or ASTR system to bridge
periods of surface water salinity,

e Feedback the developed knowledge to the tools used for the assessment, so that they can
be adapted for upscaling purposes.

In general terms, the aspects to consider when defining a conceptual design of an ASR or ASTR
system are the hydrogeology of the area, water availability, water quality of the ambient
groundwater and of the water to be infiltrated, and the infrastructure available. This will support
decisions related to the infiltration rate, infiltration- and extraction scheme, required pre-
treatment of the source water, and well configuration.
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1.2. Site description

There are two existing wells within the site: G1, G2 (wells from Hawasuco). These wells are used
only for emergency situations when surface water cannot be used. Figure 1 shows the main
elements of the site and the potential locations for infiltration wells.

o] Hawasucofffemisses

Neighbouring %mpany premisses

At the site, surface water extracted from the nearby Cai Con canal connected to the Hau River is
treated. Treatment includes flocculation, sedimentation, sand filtration and chlorination. It is
envisaged to infiltrate treated but not disinfected water in the ASR or ASTR system, in that way
risks related to the formation of chlorinated compounds in the aquifer are minimized. The water
extracted from the ASR system will be fed back into the existing treatment facilities before
distribution.

The current production at the Nga Bay site (i.e., volume of treated surface water) is 5,000
m3/day, while the maximum design capacity is 8-9.000m3/d. According to calculations from
Hawasuco, considering the prices of treating additional surface water, a maximum of 90m3/h
would be available for infiltration.

Regarding the hydrogeology of the area, the borelogs of G1 and G2 indicate a multilayer system
with several aquifers and aquitards. Aquifer and aquitard naming follow those outlined in
Minderhoud et al., (2017), as shown in Figure 2 which shows a conceptualised geohydrological
view of the MD. The target aquifer is qp1l, located approximately between 170 and 190m below
sea level. It is a confined aquifer composed of medium and coarse sand and the layers overlying
and underlying the aquifer are composed of clay and silt. Up to the moment of writing, there were
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no pump tests available for any of these wells, and therefore no information on hydraulic
properties.

In terms of regional groundwater flow patterns, given the flat topography of the MD, we consider
regional flow to be negligible, therefore we consider that there will only be local gradients present
from the nearby extraction wells. These local gradients are not known as there is no information
on the pumping regime of the wells in the vicinity of the site. The only known information is that
those wells have a low capacity (170m3/d) and extract from gp1.
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Figure 2 3D aquifer/aquitard model of the MD as cross sections for Nga Bay (Gunnink et al., 2021) - hashed
lines represent aquitards.

In terms of water quality, it was found that the risk of contamination or clogging is limited with
aquifer gpi1 — however due to seasonal effects continued monitoring of extracted surface water is
required.

Refer to project report 3 (Water quality assessment and recommended monitoring for ASR pilot
location Nga Bay) for a more detailed description of infrastructure and water quality from both
surface and borehole sources.

1.3. Regional subsurface characteristics

According to a pre-feasibility study (Deltares report, Eslami and King 2023) that used regional
subsurface models (Minderhoud et al., 2017; Pham et al., 2019, Gunnink et al., 2021), the Nga
Bay site offered good potential for the implementation of an ASR or ASTR system. Figure 3 shows
subsurface properties and the resulting suitability for aquifer gp-1 based on regional data.
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Figure 3 Data and result from the pre-feasibility study that highlight the suitability of aquifer gp-1 for the
implementation of ASR/ASTR in the Hau Giang Province. A = Aquifer thickness. B = Top depth (below
surface). C = Vertically averaged salinity as TDS (g/l). D = Overall suitability for ASR/ASTR.
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2. Questions relating to the conceptual design

A number of questions were posed based on internal discussions with experts as well as
correspondence with partners. These questions guided the analysis to understand the relative
efficacy of different conceptual designs for the ASR or ASTR system.

The questions were answered through a combination of numerical or analytical modelling and
practical considerations that are explained in section 3. Here a short summary is given of the
parameters and variables that need to be analysed to answer the questions. These were used to
define the modelling scenarios that are presented in section 0. Answers to questions are given in
section 4 .

1. Is it possible to infiltrate surface water into the selected aquifer if only quantity aspects
are considered? And how much (injection rate)?
The injection rate is determined by several aspects: aquifer properties, well capacity,
space in the subsurface, and water availability. To identify the injection rates to be
considered in the model, we took into account the maximum quantity of water that would
be available for infiltration and the capacity of the wells that are already operational in the
site. Then we used these potential infiltration rate to assess if there would be any
overpressure that could either make the aquitards burst or create an overhead above
surface requiring a pressurized injection. The rate coming out of these assessments was
used to set up the modelling scenarios, which are elaborated on in the following text.

2. What would be an optimal ASR/ASTR system and infiltration/extraction scheme in this
aquifer to bridge the foreseen periods of saltwater intrusion?
To answer this question, we looked at the volumes of water that Hawasuco produces
during the months when saltwater intrusion could occur, and we considered those as the
volumes needed to bridge the foreseen periods of saltwater intrusion. These volumes were
compared with the volumes of water that could be recovered from the system for different
system set-ups (ASR vs ASTR). The different system set-ups were captured in different
model scenarios. Additionally, given that there are uncertainties regarding the pumping
regime of surrounding wells (are they actually pumping? And how many months per year?)
and uncertainties about the hydraulic properties of the aquifer, we set-up several scenarios
to cover these uncertainties.

3. What will the recovery efficiency be considering a threshold of 200mg/l TDS for the

recovered water for the different conceptual designs? What is the volume of water with a
concentration below 200mg/I TDS that will be recovered per year?
The Recovery Efficiency (RE) is understood as the volume of the infiltrated water of a given
quality that can be recovered divided by the total volume of water infiltrated. The RE will
vary with the environmental conditions and the infiltration/recovery schemes. Therefore,
we used the scenarios defined to answer question 2, to assess the RE of different system
set-ups (ASR vs ASTR) under different conditions (pumping regime of surrounding wells,
infiltration/recovery schemes). See section 0 for further explanation.
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4. What is more efficient and beneficial for the pilot purposes, to recover the water from the
injection well (ASR) or from a different well (ASTR)?
To answer this question, we used the previously defined and assessed RE for both options.
We also considered whether a regional or local groundwater flow gradient would affect the
system, which was in part investigated by question 3, whereby the effects of nearby wells
pumping were modelled. One advantage of ASTR systems is that the aquifer can function
as a filter to improve water quality. In this case this is not relevant as the water being
infiltrated is treated water and there is no need to use the capacity of the aquifer as filter.
Another aspect considered to answer this question were the risks related to operation of
the wells and clogging.

5. If ASTR is selected, what will be the optimal distance between the injection and recovery
well?
The optimal distance depends not only on aquifer characteristics but also on environmental
conditions, infiltration/recovery scheme, and rates. For this, we considered one set
distance in the scenarios and made inferences from there, changing the potential local
gradient.

6. What is more efficient and beneficial for the pilot purposes, to infiltrate the water by gravity
or to inject with pressure?
This is a technical question but also a strategic question. Therefore, we first looked at the
feasibility of both options (gravity and pressurized injection) by calculating the
overpressure created by gravity infiltration of the potential infiltration rate, and assessed
what would be overpressure that he maximum available discharge would be set. We
compared those values with the pressure that could cause the burst of the clay and silt
overlying the aquifer. Once this was known, we discussed with the partners what would
be the most strategic decision to achieve the pilot purposes.
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3. Methods

In this section we use the results of the numerical model, and where relevant, analytical solutions,
to help answer each of the five questions. As a result, in the following we describe those methods
in order.

3.1. Numerical modelling

To quantitatively assess the different options for the conceptual design, numerical models were
used. More specifically the modelling was undertaken using a parallel implementation of
MODFLOW/SEAWAT with iMOD-WQ (Verkaik et al., 2021). This groundwater flow and salt
transport modelling code accounts for variable-density groundwater flow induced by differences
in groundwater salinity, a prerequisite for groundwater modelling in delta settings with saline,
brackish and fresh groundwater, such as encountered in the MD.

3.2. Model development and available data

As input for the model, we used available data from a MD-wide modelling initiative within the Rise
and Fall program of the Dutch Research Council NWO (e.g., Minderhoud et al., 2017; Pham et
al., 2019). Initial 3D groundwater salinity distribution was obtained from Gunnink et al. (2021).
Additional input data included the locations and pumping rates of local extraction wells, as
collected during site visits. The model area and local extraction wells are shown in Figure 4.

8 km

o]
=
=

Figure 4 Model domain and local wells within Nga Bay. Red dots = licensed extraction areas in gp23. Black
= licensed extraction areas within gp1.
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Despite the local scale of the ASR/ASTR systems (i.e., 10’s of metres), the available regional
models were clipped to a much larger 8x8 km domain for two reasons: 1) to ensure that boundary
effects do not affect results, and 2) to effectively model potential regional gradient effects from
distal extraction sites.

The regional model was subsequently updated using local data. This included hydraulic
conductivities from available pump tests and local salinity measurements for gp-1, which was
found to be less saline than indicated in the regional model (from ~2g/I to 0.4g/l). A cross-section
of updated salinities near the proposed ASR/ASTR site is shown in Figure 5.
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Figure 5 Updated salinity (as TDS g/l) shown as a cross section around the proposed ASR/ASTR system.
Proposed infiltration and extraction sites within gp-1 are shown in black lines.

Updated transmissivity parameters are outlined in Table 1, initial values are not shown because
they are smoothly varying and heterogeneous within the model domain - refer to Minderhoud et
al., 2017; Pham et al., 2019 and Gunnink et al. (2021) for initial, unchanged values.

Table 1 Update transmissivity values based on collected field data.

UPDATED TRANSMISSIVITIES (M2/D) AQUIFER

1180 qp-3
1035 qp-23
223 qp-1
349 n22
462 ni2
139 ni3
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Given the coarse resolution of available regional models, modelling on a local scale (i.e., where
resolution at metre scales is required), two processing steps were undertaken. First, the regional
data were smoothed using a rolling average filter. This was done to remove observable
“blockiness” in model results, whereby high velocities were observed at adjoining 1x1km model
cells. An example of this process is shown for horizontal hydraulic conductivities observed in
aquifer gp-1 in Figure 6.

Siis6 106X = 1e+03, dy = -1e+03, layer = 23 layer = 23
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Figure 6 Data smoothing the regional, 1x1 km model.

Secondly, the smoothed data were regridded to a finer resolution. A 1x1 m resolution was required
for accuracy around the wells, however the model domain was 8x8 km - therefore a structured
grid at this resolution was not feasible because of computational restrictions. As a result, all data
were regridded using a telescopic grid that was centred around the wells. Starting at 1x1 m
resolution at the wells, the grid expanded out by a factor of 1.05 to a maximum cellsize of 100 m
close to model boundaries. The result was a 229x229x42 resolution model, which was found to
be computationally practical. This discretisation scheme is illustrated in Figure 7.
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Figure 7 The expanding telescopic regridding used to model finer detail at the wells while still honoring
hardware restrictions.

3.3.  Conceptual design scenarios

Several conceptual design subsets were created based on the relevant aspects to answer the
questions of section 2. This includes four potential designs covering both ASTR and one ASR
system. A full outline of model scenario parameters is in the appendix in table A1 - including
sensitivity analyses. For brevity, four main potential designs are described here as they provided
most of the answers to the questions in section 2. These were conceptualised as summarised in

Table 2. For all scenarios, the infiltration and extraction rate was kept constant as that was given
by the aquifer properties and water availability, as calculated in section 0. The rates were 35m3/h
and 60m3/h respectively. Infiltration and extraction months were also kept constant as they are
related to the seasonality of discharges and salinity in the region. Those were: infiltration months
between April-Oct, and extraction months between Nov-Jan. In the following text we will refer to
model names as given in the table below.

Table 2 Summary of numerical model scenarios.

e enabling delta life
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System type  Buffer infiltration period* Extractions from
licensed wells **

Model 1 ASTR Off Off

Model 2a ASTR Off On (only local G1 well)

Model 2b ASTR Off On (all nearby licensed
wells)

Model 3 ASTR On (2 years) Off

Model 4 ASR Off Off

*Buffer infiltration period: this is a period during which water is infiltrated to create a buffer of fresh water. During this
period, no abstraction takes place.

** It is unknown if these wells are pumping, when, and how much. Experts from the area said that they are only used
for emergencies. To account for these uncertainties, the extraction in licensed wells was changed to create different
potential scenarios.

In addition, all ASTR systems were designed to have a distance of 30m between the infiltration
and extraction wells. The distance of 30m was defined based on a calculation of the expected
radius of the hypothetical cylinder that would be created by the infiltrated water (without
accounting for mixing or drifting of the water). For this calculation we considered an infiltration
rate of 35m3/h for 6 months, an aquifer thickness of 42m, and a porosity of 30%, resulting in a
radius of 57m. To be sure that the extraction well would be within this radius, and also given the
dimensions of the site where the well would be installed, we chose a distance of 30m between
the infiltration and the extraction wells.

All AS(T)R systems have a first-year infiltration scheme between July and October that was
chosen to reflect the first month we expect to start the infiltration in the pilot (July) and the
following months part of the rainy season. November to January are the months of the dry season.
For the following years, the infiltration period goes from April to October. All regimes assume an
injected salinity of 0.08 g/I TDS, which is the measured concentration in the treated surface water
in the premisses of Hawasuco that would be used for infiltration.

Model 1 represents the base case for ASTR, that is a simple model without external effects such
as nearby extraction sites. Models 2a and 2b include the addition of nearby extractions to quantify
the additive effects of a local head gradient. Model 3 adds a buffer period, whereby no extractions
take place until the third year. Finally, model 4 simulates the most probable ASR scenario in order
to quantify differences between proposed ASTR and ASR systems in general. Figure 8 illustrates
the conceptual design for Model 1.
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Local
extraction
well (G1)
. Extract 30m
Infiltrate

Figure 8 Conceptual design of Model 1, the base case, an infiltration and extraction well and placed 30m
apart with local extraction site shown.

3.4.  Analytical formulae for well capacity

The analytical formula to calculate the maximum well infiltration capacity (Qin) for a steady state
discharge in a confined aquifer between two impermeable layers, is based on De Glee (1930). It
considers aquifer transmissivity, water level depth, and well diameter to determine the maximum
rate at which water can be safely infiltrated into the aquifer without causing overpressure, and is
given by:

Equation 1
Qin = 21kD (hip — hp)
In (\/ ch)

Tput

Where:

k = aquifer permeability (m/d)

D = aquifer thickness (m)

¢ = resistance (d)

Iput=radius of well (m)

hin = infiltration pressure (m+ ground level)

ho = head in aquifer (m+ ground level)
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The values used were taken partly from the regional 3D model (k,c) (Gunnink et al., 2021) and
partly from the existing pumping wells (D, rput) and field measurements (h0):

k = 6m/d

D = 20m

c = 1000d
rput = 0.2m

hin = Om asl
hO = -12m asl
From this we can infer a maximum well infiltration capacity (Qin) of 50m3/h.

In addition to capacity, it is also necessary to understand the safe limits for infiltration pressure
and ensure the structural integrity of the aquifer. For we use the following (Olsthoorn, 1982):

Where:
Hin max = maximum infiltration pressure (m+ ground level)

z = Critical depth (172ml)

Considering that the top of the aquifer is at 172m below ground level, the maximum infiltration
pressure before clay burst is 34.4m above ground according to Olsthoorn (1982). An infiltration
rate of 90m3/h, which is the maximum infiltration rate available, would cause an overhead of 22m
bringing the water level 10m above surface. This is well below the calculated risk of clay burst
head of 34.4m above surface (Olsthoorn, 1982).

Nevertheless, a pumping test analysis carried out after most of the work for this report was done,
indicates that the hydraulic conductivity could be between 85 and 100m/d. This value is much
higher than the hydraulic conductivity used for the conceptual design analysis, which was based
on the interpolated 3D hydraulic properties for the regional model. Consequently, the new
calculated values for the maximum well infiltration capacity and overpressure caused by an
infiltration of 90m3/h are 708m3/h and 2m respectively. That indicates a more positive situation
than earlier described.

3.5. Recovery Efficiency

For quantifying Recovery Efficiency (RE) from the modelling results, the % of infiltrated water
that is recovered is calculated according to TDS differences between the initial groundwater and
the extracted groundwater using a reference case (i.e., the subsurface TDS distribution without
infiltration or extraction). This is given by:
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c—cCr
ca—cr
Where:
¢ = TDS extraction
cr = TDS reference

ca = TDS infiltrated water

The threshold of 200mg/l TDS was chosen to calculate RE because it is lower than the TDS of the
ambient groundwater (400mg/l) and higher than the infiltrated surface water TDS (80mg/I).
While the threshold of 200mg/l does not respond to any drinking water standard, it is a value
that allows the assessment of the difference in performance between different ASR/ASTR system
set-ups. Other thresholds related to drinking water standards were discarded for different
reasons. The drinking water standards from WHO indicate a threshold of 300mg/I TDS, which is
too similar to the background value in the ambient groundwater and therefore was not considered
a good tracer. The Vietnamese drinking water regulation (VN DW-QCVN 2018) indicate a
threshold of 1000mg/l TDS, which is higher than the ambient groundwater TDS and could not be
used as threshold.
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4. Results

Results are presented in order of the questions proposed in section 2.

4.1. Isitpossible to infiltrate surface water into the selected aquifer? And how
much (injection rate)?

There are four main considerations here: 1) water availability, 2) well capacity, 3) overpressure
and 4) hydraulic failure of overlying clay layers (or induced head that could cause bursting).

For well capacity, the analytical formula of De Glee (1930), resulted in a maximum well infiltration
capacity (Qin) of 708m3/h (assuming an hydraulic conductivity of 100m/d). This value is well
above the maximum infiltration rate of 90m3/h available for the pilot (as outlined in section 1.2).
In addition, the results when applying the analytical formula of Olsthoorn (1982), highlights that
risk associated with clay burst is effectively zero. As a result, we can infer from analytical solutions
that the infiltration capacity of aquifer qp-1 is sufficient for the pilot. The rate that could be
infiltrated is between 35 (based on expectation given the existing pumping wells) and 90m3/h
(based on the water availability).

4.2. What would be an optimal infiltration/extraction scheme in this aquifer
to bridge the foreseen periods of saltwater intrusion?

To determine the optimal ASR system for the Nga Bay site, we need to describe three components
of the system as a whole: 1) the amount of water required to bridge a gap during a period of
salinity, 2) how much water is available for infiltration, and 3) how much of this infiltrated water
can be recovered by different ASR/ASTR schemes — which ultimately guides a decision on the
most optimal ASR/ASTR system. As a result, in the following we consider an optimal system
relative to the quantitative and practical aspects of the Nga Bay site itself.

For the first point, the current production at the Nga Bay site (i.e., volume of treated surface
water) is 5,000 m3/day, while the total demand for the supply area is approximately 15,000
m3/day (information provided by Hawasuco). This indicates that another plant is also supplying
water to meet the demand. In extreme dry years, the period during which surface water may
become saline, leading to a shortage, is estimated to last between 1 and 3 months. Assuming a
worst-case scenario of a 3-months shortage, approximately 450,000 m3 of groundwater would
be needed to substitute the Nga Bay site's production. It's important to note that overall demand
is likely to increase during severe droughts, making this an underestimation. However, due to the
lack of additional quantitative data, we will use averaged seasonal estimates - which should for
these cases provide a rough estimation.

Secondly, we need to understand how much water is available for infiltration. Theoretically, there
is always 90 m3/h of surface water available for these purposes. However, considering the actual
extraction rate of 60m3/h of G1 and G2, there is a chance that the maximum infiltration rate will
be 35m3/h (rule of thumb of 50% of the extraction well capacity). This value is much lower than
the value calculated with De Glee (1930), but it was used because it derives from actual pumping
rates from existing wells. Over a 6-month period, this would allow for the infiltration of
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approximately 150,000 m3. If instead, the 90m3/h is feasible for infiltration, about 390.000m3
could be infiltrated during these 6 months.

Thirdly, it is necessary to understand how much of the infiltrated water can be recovered.
Assuming a RE of 100%, and without considering a buffer period, groundwater could cover 30%
of the Nga Bay site's production during the shortage period, using just one well of the proposed
ASR system. With an extraction rate of 60 m3/h for three months, the total extracted volume
would not exceed approximately 130,000 m3 per year. If the shortage lasts only one month, the
site's production could be fully covered by recovering, during 3 months of extraction, previously
infiltrated water (assuming a RE of 100%).

In order to cover the water demand in years when the shortage period is 3 months, if the
infiltration rate is 35m?3/h, there should be a period of only infiltrating water and not extracting.
In this way, a reserve of fresh water can be created that will be a good buffer for longer dry
periods with saline surface water.

In the next section, RE is calculated and extracted volumes within drinking water thresholds for
Total Dissolved Solids (TDS), are derived.

In conclusion, the potential infiltration rate of 35m3/h for the Nga Bay site is sufficient to cover
between 30% (for periods of saline surface water of 3months) and 100% (for period of saline
surface water of 1 month) of the water demand during shortages, if RE is 100%.

4.3.  What will the recovery efficiency be considering a threshold of 200mg/I
TDS for the recovered water for the different conceptual designs? What is
the volume of water with a concentration below 200mg/I TDS that will be
recovered per year?
Modelling results showing the % of infiltrated water that is recovered for ASR and ASTR systems

are shown in Figure 9Fehler! Verweisquelle konnte nicht gefunden werden.. Volumes
extracted based on RE and known TDS thresholds are given in Figure 10.
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Figure 9 Percentage of infiltrated water recovered over time for all given scenarios. Models are described in
table 1 and Al (appendix).
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Based on the calculated RE for each model scenario (Figure 9) it follows that ASR is more efficient
than ASTR overall, even in the cases where a local gradient is present (Models 2a and 2b). It was
also observed through a sensitivity analysis that relatively minor model error would not affect
overall conclusions (see figure Al1, appendix).

To quantify extracted fresh water volumes, TDS thresholds were applied. The thresholds applied
were both 150 and 200mg/I. These two values were chosen to show the relevance of the chosen
threshold, as it has quite some influence in the calculated RE.

Yearly volume < 200mg/l
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Figure 10 Yearly volume of extracted water for the most plausible ASTR system (without a gradient) (model
1) and ASR system (model 4) assuming a TDS threshold of 200mg/I.

Modelling results indicate that yearly extracted water (at <200mg/l TDS) will rise to 130,000m3/yr
for the proposed ASR system after two years. The same is noted for the ASTR system, but this
will not be achieved until after three years. That is equivalent to a RE of 86% (129.600m3/y of
recovered water divided by 151.200m3/y of infiltrated water) for the ASR system in 2025, and a
RE of 60% for the ASTR system.

If the TDS threshold is set to a lower value (150mg/l) — the ASR system outperforms ASTR for
the first 7 years. RE from other model scenarios are given in the appendix (figures Al to Al1).

4.4. Whatis more efficient and beneficial for the pilot purposes, to recover the
water from the injection well (ASR) or from a different well (ASTR)?

Given the RE described in section 4.3., licensing limitations for ASTR systems in Nga Bay (site
discussion, Nga Bay 2023), as well as the assumed absence of a local gradient — the water will
be more efficiently and beneficially recovered from an ASR system.
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4.5. If ASTR is selected, what will be the optimal distance between the
injection and recovery well?

Optimum distance and position depends largely on local gradient and the rate of growth of the
freshwater bubble. If we assume that nearby licensed qp1 wells, as shown in Figure 4, are used,
then the positioning of the proposed extraction and infiltration wells are suitably located - as
demonstrated in the modelling results shown in Figure 9. Here, it was observed that RE improves
with the introduction of a local gradient. However, these wells are currently unused, according to
internal communication from HAWASUCO, and therefore we assume that no gradient is present.

If we take results from the most plausible ASTR case - that is, with local extraction wells off -
(Model 1, Figure 11), it can be inferred that the freshwater bubble will grow ~80m after the first
infiltration period, to ~150m after another year of infiltration and extraction. As a result we can
conclude that a distance of 30m is suitable for all scenarios.
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— ~—
[« (=%
o o
068 = ] 063 =
500 Gl @ g 500 G1 g E
F=- -
400 ~80m 04 £ 400 tET
£ ~150m £
F0.2 - 0.2
300 4 300 4
75 m \/- 0.0 75 m \/ 00
590100 590'200 590'300 590'400 590'500 590100 590200 590300 590400 590500
X X

Figure 11 A = Freshwater bubble width of the ASTR (*most plausible”/Model 1) system after initial period of
infiltration. B = Freshwater bubble width after the first full cycle of extraction and infiltration.

4.6. What is more efficient and beneficial for the pilot purposes, to infiltrate
the water by gravity or to inject with pressure?

From the modelling scenarios it follows that gravity infiltration is a feasible option, as infiltrating
with a rate of 35m3/h or 90m3/h, would only cause a head rise of about 1 to 2 meters which sets
the head about 10 m below ground. Regarding the option to inject the water with pressure, we
can not conclude from this study if pressurizing would technically be feasible. A benefit of
considering the pressurized option is that it gives us a better understanding and insights on
alternative possible techniques and conditions to make them applicable for upscaling in Mekong.
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5. Guidelines for upscaling

This section provides a description of the main steps to follow to develop a conceptual design for
a new ASR system elsewhere. We added some specific aspects of the Mekong Delta in the steps
to make them more applicable to this delta, however, with some modifications, they can be
applied in other deltas in the world.

The main steps to come to the conceptual design of an ASR system are:
Define the objective of the ASR system

Defining the objective of the ASR system is a step that might seem very obvious but that needs
to be taken to avoid the design of systems that do not meet expectations or are erroneously
placed, designed, and operated. There are several objectives for an ASR system, just to mention
some: seasonal storage and recovery, long term storage, restore groundwater levels, reduce
subsidence, prevent salt water intrusion, temporary storage of treated water, soil aquifer
treatment, etc.

In the case of the Mekong Delta, bridging periods of saline surface water and therefore seasonal
storage and recovery, but also restore groundwater levels, reduce subsidence and prevent salt
water intrusion, are objectives that could be considered, either separate or being one of them the
primary objective and the other secondary objectives.

Assess water availability for recharge

The water to be used for recharge can come from different sources. To understand when and how
much water will be available for recharge, a careful analysis of the yearly, but also monthly, and
in some cases daily availability of water is required. It might be needed to assess the records of
several years to understand the variability of the water availability. Often the analysis is a water
balance to identify when there is an excess of water that can be used for the ASR system and
what is that volume.

In some cases, as in this specific case study, the water source is from a drinking water plant that
guarantees the supply of water for a certain number of inhabitants. In this case there is no daily,
monthly or yearly variability (besides trends), and the water for recharge can be secured for the
months of recharge if no unforeseen circumstances arise.

Another aspect related to the water availability for recharge is the quality of the water to be
recharged, and the variability of this quality in time. Water quality of the recharge water needs
to be analysed to assess three aspects:

e Environmental: recharge water will most probably be of a different quality than the water
in the aquifer. The quality might be poorer or might cause the mobilization of
contaminants. Moreover, it might surpass some thresholds related to infiltration
regulations. This assessment should indicate the potential for contamination and the
compliance with infiltration regulations.

e Operational: ASR wells might get clogged due to certain constituents of the recharge
water. This assessment should investigate the concentrations of these constituents and
compared them to literature values that indicate potential clogging.
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e Usage: the recharge water is also the water that will primarily be extracted for its use.
The analysis should indicate the compliance with the standards for the specific use that
will be given to that water.

Assess water demand

The ASR system will be designed to meet a certain water demand. This water demand might have
a seasonal, monthly or daily variability, and also maximum and minimum peaks. This information
is necessary to define what could be the boundaries of the demand that the ASR system should
meet. Additionally, the analysis of the demand, together with the storage requirements and the
recovery efficiency, are important input to decide the number of wells that should be installed
and the characteristics of those wells.

Characterize the hydrogeology

There are several aspects of the hydrogeology that are relevant for the conceptual design. This
step often takes the most effort to complete. If sufficient information is available, the
characterization can be conducted without substantial field investigation, but if relevant unknowns
appear, drilling and testing might be necessary. The main aspects of hydrogeology to address
are:

Stratigraphy: information on the stratigraphy including characteristics of the aquifers and
confining layers (extent, thickness, depth), and lithology is important. ASR systems normally
target a given aquifer within the system of aquifers and aquitards. Ideally the target layer is
confined to avoid phreatic effects and mixing with ambient water of other layers. Especially in
saline systems this is of great importance to reduce mixing and avoid the salinization of infiltrated
water.

Hydraulic properties of the target aquifer: the hydraulic conductivity of the target aquifer together
with the thickness of the aquifer and the potential leaking from over and underlying lithological
layers, determine the maximum infiltration and pumping rate of the ASR system.

Gradients: regional gradients and local gradients caused by surrounding wells, influence the
movement of the infiltrated water. It is important to identify these gradients to assess potential
displacement of the infiltrated water and the potential for additional mixing effects.

Water quality of the target aquifer: if the water quality is poor and mixing occurs, the infiltrated
water might not be usable when extracted. In case of a saline aquifer, besides salinization of the
infiltrated water, buoyancy effects might displace the infiltrated water.

Groundwater level: the depth of the water table and piezometric levels might change after
infiltration of the recharge water. The new levels should be acceptable for the area (for example
not to close to the surface to avoid flooding) and should not cause an overpressure in the aquifer
causing bursting of clay layers to occur.

Proximity of potential contamination sources: these need to be identify to asses potential
contamination of the infiltrated water.
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Assess infrastructure

Often there are already wells in the selected site. A first decision is then if an existing well can be
converted into an ASR well, or if a new well should be installed. The decision will depend on many
factors, among them the design of the existing well (are the filters set in the target aquifer?), the
condition of it (the well might be dirty and clogged), or the use that is currently given to that well
(the well might not be available for infiltration as it is constantly needed for abstraction). While
the regeneration and retrofitting of existing wells might be interesting for testing purposes and if
positive, as ASR wells, new developed wells are designed to meet specific ASR objectives.

Conduct analytical and/or numerical modelling

Numerical groundwater flow modelling is often a very useful tool to conduct several analysis such
as:

e Assess the recovery efficiency of the ASR system under different scenarios (climate, use
of surrounding wells, infiltration and pumping regimes, etc)

e Assess the effect of uncertainty on the performance of the system. When relevant
information such as local or regional gradients, or hydraulic conductivity are not known,
the model can be used to perform a sensitivity analysis and assess how these uncertainties
can influence the recovery efficiency of the system

e Assess the number of wells needed to cover the demand

Additionally, other models such as reactive transport models can be useful to simulate potential
geochemical reactions and the transport of solutes during the infiltration and abstraction phase.
They also provide useful results to determine the benefits of an ASTR system instead of an ASR
one.

The modelling exercise described in this document demonstrates the importance of understanding
the aspects that influence relevant decisions such as infiltration and extraction rates,
infiltration/extraction schemes, ASR vs ASTR and, in case of ASTR, distance between wells.
Conducting such a modelling exercise for each new site, is time consuming and requires expert
modelling knowledge, yet, the recommendation is to consider it as part of the tools used for the
conceptual design. A step that could precede the modelling exercise is the use of analytical
equations to have a first estimation of the radius of influence of the ASR well and the maximum
infiltration rate. The analytical equations to be used can include De Glee (1930) and Olsthoorn
(1982) but could also be adapted from Bloemendal and Hartog (2018) and Tang and van der Zee
(2021) if dispersion needs to be included.

In any case, in order to understand upscaling potential in the region, site investigations are
recommended to understand subsurface conditions at potential upscaling areas. If subsurface
conditions are potentially challenging (for example higher salinity), numerical models could be
parameterised with both data from monitoring the pilot, as well as acquired subsurface
information. The resulting information could help to understand upscaling potential at new sites,
as well as provide recommendations for well designs.
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6. Conclusions

1. Is it possible to infiltrate surface water into the selected aquifer? And how much (injection
rate)?

Infiltrating surface water into the selected aquifer is possible with an estimated infiltration rate of
35-90m3/h, which are considered a realistic average value based on water availability and well
capacity. Analytical formulae suggest the aquifer can support the infiltration capacity required for
the pilot, which was corroborated by the model results.

2. What would be an optimal ASR/ASTR system and infiltration/extraction scheme in this
aquifer to bridge the foreseen periods of saltwater intrusion?

An optimal ASR/ASTR system and infiltration/extraction scheme would depend on various factors,
including the volume needed to bridge periods of saltwater intrusion and environmental
conditions. However, taking into account current production at Nga Bay site an estimated one-
month bridging gap, about one ASR well, with 100% RE, would be required with given infiltration
and extraction rates.

3. What will the recovery efficiency be considering a threshold of 200mg/l TDS for the
recovered water for the different conceptual designs? What is the volume of water with a
concentration below 200mg/I TDS that will be recovered per year?

The recovery efficiency (RE) for the different conceptual designs, considering a threshold of
200mg/l TDS, varies over time. Within one year, an ASR system could recover approximately
130,000m3/year of water with a TDS of less than 200mg/I, equivalent to a RE of 86%. For an
ASTR system, similar volumes could be extracted but may take until 2026 to reach this level.

4. What is more efficient and beneficial for the pilot purposes, to recover the water from the
injection well (ASR) or from a different well (ASTR)?

An ASR system is more efficient, as it demonstrates a higher recovery efficiency and is less
complex to operate given the assumed absence of a strong local gradient. Even in the modelled
scenarios that included a local gradient (2a and 2b), an ASR system had a better RE over time.

5. If ASTR is selected, what will be the optimal distance between the injection and recovery
well?

If ASTR were selected, the optimal distance between the injection and recovery well would be
relatively close, given that without a local gradient, a shorter distance is preferable.

6. Whatis more efficient and beneficial for the pilot purposes, to infiltrate the water by gravity
or to inject with pressure?

The study could not conclude on what is more beneficial for the pilot. From the model results it
follows that infiltration by gravity is definitely feasible. From a strategic perspective, pressurized
injection offers more options for research.

In conclusion, an ASR system is preferred for the pilot, with a gravity infiltration as the method
of introducing water into the aquifer. Monitoring of the pilot will provide further data to refine the
system and guide upscaling potential. Upscaling the ASR pilot study requires a clear
understanding of the system's purpose, the local subsurface conditions, and uncertainties
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affecting the system's performance. With this in mind, site investigations should also be carried
out to assess subsurface conditions in new areas, particularly where challenges like higher salinity
exist. The information gained from the pilot's monitoring period will be invaluable for
parameterizing models for future sites and making well-informed decisions about upscaling.
Additionally, practical aspects like infrastructure, water quality, availability, and licensing should
be reviewed to support a possible expansion.
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8. Appendix

Table A1. Parameters of all numerical model scenarios.

Sla Sib Slc Sid Sle Sif S2 (buffer zone) S3a S3b S4 ASR R1
(most (Hk/Hv (Hk/Hv (solver (higher (porosity (change (change most Referenc
plausible sensitivit sensitivit sensitivit dispersivi ) local local plausible e case
) y1) y2) y1) ty) gradient gradient case

1) 3)

Injection 35m3/h 35m3/h 35m3/h 35m3/h 35m3/h 35m3/h 35m3/h 35m3/h 35m3/h 35m3/h Off

Extractio 60m3/h 60m3/h 60m3/h 60m3/h 60m3/h 60m3/h 60m3/h 60m3/h 60m3/h 60m3/h Off

n (G2)

1st year Yes: July Yes: July Yes: July Yes: July Yes: July - Yes: July Yes: July - Oct Yes: July Yes: July Yes: July Off

injection - Oct - Oct - Oct - Oct Oct - Oct - Oct - Oct - Oct

regime

change

Injection April- April- April- April- April- April- April-October April- April- April- Off

months October October October October October October October October October

(after 1st

year if

different)

Extractio Nov-Jan Nov-Jan Nov-Jan Nov-Jan Nov-Jan Nov-Jan Nov-Jan Nov-Jan Nov-Jan Nov-Jan Off

n months

ASTR Yes Yes Yes Yes Yes (30m) Yes Yes (30m) Yes Yes NO Off

(distance (30m) (30m) (30m) (30m) (30m) (30m) (30m)

from

extractio

n)

Transient Yes (1st Yes (1st Yes (1st Yes (1st Yes (1st Yes (1st Yes (1st SP SS, then | Yes (1st Yes (1st Yes (1st Yes (1st
SPSS, SPSS, SP SS, SPSS, SPSS, SPSS, transient) SP SS, SPSS, SPSS, SP SS,
then then then then then then then then then then
transient transient transient transient transient) transient transient transient transient transient
) ) ) ) ) ) ) ) )

Hk/Hv Unchang Hk/Hv * Hk/Hv * Unchang Unchange Unchang Unchanged Unchang Unchang Unchang Unchang
ed 2 0.5 ed d ed ed ed ed ed

Injection No No No No No No Yes (April-October No No No No

buffer infiltration, then

(regime) rest Nov to April,

again April-
October
infiltration, then
extraction-Nov-
Jan)

External No No No No No No No Yes (G1 Yes (G1 No No

wells on 60m3/h) 60m3/h)

(rates)

Solver No No No Yes (AFD) | No No No No No No No

change

Dispersivi | Unchang Unchang Unchang Unchang AL=0.1 Unchang Unchanged Unchang Unchang Unchang Unchang

ty (AL) ed ed ed ed ed ed ed ed ed

Porosity Unchang Unchang Unchang Unchang Unchange 0.2 | Unchanged Unchang Unchang Unchang Unchang
ed ed ed ed d ed ed ed ed
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Figure Al. Scenario S2 from table A1. Recovery efficiency over time for ASTR with buffer period.
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Figure A2. Scenario S3a from table A1. Recovery efficiency over time for ASTR with local gradient,
assuming licensed pumping rates are used.
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Figure A3. Scenario S3b from table Al. Recovery efficiency over time for ASTR with local gradient,
assuming only nearest local pump is extracting at licensed rates.
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Figure A4. Scenario Sla from table Al. Extracted TDS (g/I) over time for ASTR “"most plausible”
case/Model 1.
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Figure A5. Scenario S2 from table Al. Extracted TDS (g/!) over time for ASTR within initial buffer
period.
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Figure A6. Scenario S3a from table Al. Extracted TDS (g/l) over time for ASTR with local gradient,
assuming licensed pumping rates are used.
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Figure A7. Scenario S3b from table Al. Extracted TDS (g/I) over time for ASTR with local gradient,
assuming only nearest local pump is extracting at licensed rates.
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Figure A8. Scenario S4 from table Al. Extracted TDS over time for the ASR system.

Deltares (A veEi &

@ enabling deltalife

DWRPIS 33


http://www.vei.nl/

Report No 4: Conceptual design of the well Aquifer Storage and Recovery system for the Nga Bay
pilot site

=8 Distance
— 0_m
- 5m

—6 1 —— 25_m
— 50_m

200 m
.__8 -
-10 |
- e——
—-12 A e

‘Apr Jul  Oct Jan Apr Jul  Oct jan  Apr
2024 2025
Time

Figure A9. Scenario Sla from table Al. Heads for as a function of distance from the well over
time.
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Figure A10. Scenario S4 from table Al. Heads for as a function of distance from the well over
time.
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Figure A11. Sensitivity analysis focusing on the modelling recovery efficiency for the ASTR system.
Refer to table A1 for parameters.
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