Identiﬁcation of potential sites for aquifer storage and recovery (ASR)
in coastal areas using ASR performance estimation methods
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Abstract Performance of freshwater aquifer storage and
recovery (ASR) systems in brackish or saline aquifers is
negatively affected by lateral ﬂow, density effects, and/or
dispersive mixing, causing ambient groundwater to enter
ASR wells during recovery. Two recently published ASR
performance estimation methods are applied in a Dutch
coastal area, characterized by brackish-to-saline groundwater and locally high lateral-ﬂow velocities. ASR
performance of existing systems in the study area show
good agreement with the predicted performance using the
two methods, provided that local vertical anisotropy
ratios are limited (<3). Deviations between actual and
predicted ASR performance may originate from simpliﬁcations in the conceptual model and uncertainties in the
hydrogeological and hydrochemical input. As the estimation methods prove suitable to predict ASR performance,
feasibility maps are generated for different scales of ASR
to identify favorable ASR sites. Successful small-tomedium-scale ASR varies spatially in the study area,
emphasizing the relevance of reliable a priori spatial
mapping.
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Introduction
Aquifer storage and recovery (ASR) is deﬁned as “the
storage of water in a suitable aquifer through a well during
times when water is available, and the recovery of water
from the same well during times when it is needed” (Pyne
2005). It may be a successful technique for storage and
recovery of both potable and irrigation water (Dillon 2005;
Dillon, et al. 2006; Maliva et al. 2006; Pyne 2005; Vacher et
al. 2006). ASR may have many purposes, including supply
during peak demands, seasonal or diurnal storage, and
puriﬁcation. The fraction of the injected water that can be
recovered with a certain accepted quality is called the
recovery efﬁciency (RE), which is a performance indicator
of ASR. The RE can be reduced in coastal areas due to
density differences between the injected freshwater and
ambient brackish or saline groundwater. In such cases,
freshwater ﬂoats upwards through the aquifer (buoyancy
effect), while denser saline water is recovered by lower parts
of the well (Esmail and Kimbler 1967; Merritt 1986; Ward et
al. 2007). The loss of recoverable freshwater may be further
increased by lateral groundwater ﬂow, causing injected
freshwater to move outside the capture zone of the ASR
well, where it cannot be recovered (Bear and Jacobs 1965).
It is important to predict the ASR-performance before
large investments are made, considering all the relevant
factors. Ward et al. (2007, 2008, 2009) showed that not only
salinity, but also aquifer thickness, hydraulic conductivity,
hydraulic gradient, aquifer anisotropy, and hydrodynamic
dispersion need consideration. Furthermore, operational
parameters such as pumping rates, injection volume and
injection-, storage-, and recovery durations need to be
considered when potential ASR-performance is analyzed.
ASR performance estimation therefore traditionally requires
extensive and expensive data collection and advanced
numerical modeling to reduce uncertainties in important
aquifer parameters (Misut and Voss 2007; Pavelic et al.
2002; Pyne 2005; Ward et al. 2007, 2008, 2009). Ward et al.
(2009) and Bakker (2010) recently proposed two relatively
simple methods to predict ASR performance by a fully
penetrating well. Potential performance of ASR can be
predicted using these methods, without rigorous numerical
modeling, taking into account common hydrogeological
data and operational parameters. However, there is little ﬁeld
veriﬁcation and application of these theoretical performance
DOI 10.1007/s10040-013-1003-2

1374

estimation methods known to date in geologically varying
brackish and saline aquifers due to a scarcity of monitored
ASR systems.
The objective of this report is to assess the predicted ASR
performance by Ward et al. (2009) and Bakker (2010)
through comparison with the measured performance of
existing ASR sites in a coastal area. The applicability and
drawbacks of both methods are analyzed and maps are
generated of hydrologically potential ASR sites in the study
area. Maps of predicted spatial ASR performance provide
important information on the potential use of ASR as a
freshwater management strategy in the study area.

Study area
Westland-Oostland greenhouse area
The combined Westland and Oostland area in The
Netherlands (Fig. 1) is an intensive greenhouse horticultural area facing irrigation-water-related issues. The
salinity requirements of the irrigation water in this area
(generally measured using electrical conductivity, EC) are
exceptionally strict; drinking water is already too saline
for many of the crops and ﬂowers cultivated. Low salinity
allows greenhouse owners to reuse drained water from
artiﬁcial substrates multiple times, without reaching
critical sodium concentrations. Fresh irrigation water
supply is realized primarily by storing low EC rainwater
from greenhouse roofs in basins or tanks, complemented
by the use of surface water in periods of low salinity and
by desalination of brackish groundwater (Stuyfzand and
Raat 2010).

A mismatch in precipitation and water demand creates a
large winter freshwater surplus (Fig. 2), which is discharged
to sea, as only a small part can be stored in basins or tanks.
Surface water is generally unsuitable as a source of
freshwater during summer droughts, as they are fed by
brackish seepage water (de Louw et al. 2010). Fresh surface
water can be brought in from major rivers, but the inlets
suffer increasingly from salinization caused by seawater
intrusion during summer droughts, which is exacerbated by
sea-level rise (Barends et al. 1995; Kooi 2000; Kwadijk et al.
2010; Oude Essink et al. 2010; Post 2003; Schothorst 1977).
Summer droughts are predicted to become more intense and
prolonged, whereas wintertime precipitation is expected to
increase 3.5–7 % (Intergovernmental Panel on Climate
Change, IPCC 2007; van den Hurk et al. 2007). Freshwater
availability for irrigation during summer will likely be
reduced due to the changing temporal precipitation distribution in combination with a predicted rise in temperature. Up
to now, desalination by reverse osmosis is the only proven
technology to ensure freshwater supply. Major disadvantages of this technique are the high energy consumption, the
required maintenance, and especially the disposal of leftover
concentrate. Discharge of this concentrate to sewage systems
or surface waters is not allowed and a ban on its disposal in
deeper saline aquifers is being prepared.
A more sustainable use of the precipitation surplus
collected by greenhouse roofs will improve freshwater
availability in the area. ASR is a cost-effective, readily
applicable technique to store large water volumes, without
the need for large surface areas. In the study area, ASR has
been applied on a small scale since the 1980s in the upper,
relatively shallow aquifer (10–50 m below surface level,

Fig. 1 Locations of the Westland and Oostland greenhouse areas near The Hague and Rotterdam and hydraulic heads in Aquifer I from
the ‘Data and information system of the Dutch subsurface’ (TNO-NITG 2011). For the hydrogeological proﬁle, see Fig. 3. Studied ASR
systems are coded by no. 1–9
Hydrogeology Journal (2013) 21: 1373–1383

DOI 10.1007/s10040-013-1003-2

1375

Fig. 2 Mean gross monthly precipitation (1980–2010) near the
study area (weather station Rotterdam, Royal Netherlands Meteorological Institute), estimated monthly water demand of intensive
horticulture, and resulting estimate of available water for ASR
(Paalman et al. 2012)

mbsl; Fig. 3), which is the thinnest and least saline aquifer
found in the area.

Hydrogeological setting

Unconsolidated Pleistocene and Holocene ﬂuvial and
marine deposits are found in the upper ∼120 m of the study
area (Fig. 3, TNO-NITG 2011). These middle-to-late
Pleistocene clays, sands, and gravels were deposited by
former Rhine-Meuse ﬂuvial systems and during marine
transgressions (Busschers et al. 2005). The transition to
groundwater with chloride concentrations >1,000 mg/L is
found at a depth of only a few meters in Westland (Post
2003), and somewhat deeper in Oostland (−5 to −40 mbsl).
Regional groundwater ﬂow is controlled by the North Sea
in the west, the lower drainage level of the deep polders in
Oostland, and a large industrial groundwater extraction in
the middle areas which results in high ﬂow velocities in its
vicinity (Figs. 1 and 3). Aquifer I is also exploited for
brackish water to supply desalinated greenhouse irrigation
water; the concentrate is injected in Aquifers II and III
(Fig. 3).

ASR performance estimation
ASR performance has been measured at nine existing
ASR systems. First, the measured performance is compared to the predicted performance using two recently
presented ASR estimation methods. Next, a spatial ASR
feasibility analysis is performed and ASR feasibility maps
are generated.
Detailed ASR operational parameters have not been
recorded. General ASR operational parameters are estimated from the mean monthly precipitation record (1980–
2010) registered near the Westland-Oostland area and
from the estimated mean monthly water demand of the
local horticulture by Paalman et al. (2012). Total mean
yearly gross precipitation is 853 mm, while the mean
Hydrogeology Journal (2013) 21: 1373–1383

Fig. 3 Cross-section of the study area based on the REGIS II.1
hydrogeological model from the ‘Data and information system of
the Dutch subsurface’ (TNO-NITG 2011). Flow lines interpreted
from regional hydrological system analysis (Negenman et al. 1996).
Important factors for ASR performance are highlighted for example
ASR system in the Oostland area (not to scale). I, II and III are
aquifers. H is the aquifer thickness, K x is the average horizontal
conductivity, η is the effective porosity, ρi is the ambient
groundwater density and ρ0 is the injection water density. Q is the
pumping rate during ASR operation

yearly water demand is 679 mm. The estimated ASR
operational parameters and water availability and demand
(both in m3/m2/year) are presented in Table 1.

Performance of existing ASR systems, Oostland
The total injected and recovered volumes of nine systems
outﬁtted with water meters (for locations, see Fig. 1) were
inventoried at the end of the summer recovery period in
August 2011 (Table 2). The studied systems were at the
end of cycle 2, 4, 5, 6, or 9. The injected and recovered
volumes of multiple cycles are used to calculate the total
RE during the lifespan of each system. This total RE is
considered the minimum total RE for the ASR lifespan, as
it is unknown whether freshwater was recovered until a
maximum EC was reached, or whether recovery was
terminated because water demand was met. Based on the
maximum EC, the allowed mixing fraction is calculated.
The mixing fraction f (−) is deﬁned as the proportion of
injected water in the recovered water as a function of time
during recovery (Pavelic et al. 2002; Ward et al. 2007):
f ¼

C i −C ðt Þ
C i −C 0

ð1Þ

Table 1 General ASR operational parameters and mean water
availability and demand in the study area
Period

Duration (days)

General water availability
(+) or demand (−) (m3/m2)

Injection
Storage
Recovery
Idle

150
30
120
65

+ 0.2
0
– 0.12
0
DOI 10.1007/s10040-013-1003-2

1376
Table 2 Age, allowed mixing fraction, injected and recovered volumes/rates, and the total recovery efﬁciency (RE) of measured ASR
systems in the Oostland area
ASR system
(No., Fig. 1)
1
2
3
4
5
6
7
8
9

Age
(years)

Allowed mixing
fraction f
(−)

Yearly injection
volume
(×1000 m3)

6.0
8.8
4.0
1.9
5.7
4.0
4.4
5.8
4.8

0.56
0.72
0.79
0.83
0.66
0.77
0.41
0.51
0.87

28.3
35.3
46.0
22.4
44.4
24.6
16.9
86.7
47.5

where Ci is the concentration of the ambient groundwater,
C (t) is the concentration at time t in the recovery phase
and C0 is the concentration of the injection water. The
mixing factor varies per system due to differences in
background salinity of the aquifer and allowed maximum
salinity of the recovered water. If a relatively low mixing
ratio is allowed, measured ASR performance can be
higher than predicted.
The mean pumping rate for each system during
injection and recovery is based on the general durations
of the injection and recovery period (Table 1), the
registered injected and recovered volumes, and the age
of each system. In case a system was installed during an
injection period, injected volumes are distributed over
fewer months of operation.

Injection rate
(m /day)

Yearly recovery
volume
(×1000 m3)

(m /day)

(%)

188
235
307
150
296
164
113
578
317

17.1
29.2
23.4
10.2
26.4
14.8
9.2
54.4
30.0

143
243
195
85
220
123
77
453
250

61
83
51
45
59
60
55
63
63

3

M¼

RTV

ð2Þ

where K x is the average horizontal hydraulic conductivity
(L/T), I is the hydraulic gradient (−), ts is the duration of
storage (T), η is the porosity (−) and xi,u is the location of
the injected freshwater in the centre of the aquifer in the
upstream direction at the end of the injection period (L).
The dispersivity ratio (Rdisp) is deﬁned as:
Rdisp ¼

βL
xi;u
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ð3Þ

Total RE

K zα

ð4Þ

Q
K xI
−
2pHηxi;u
η

where K z is the average vertical hydraulic conductivity (L/
T), α is the density difference ratio (−), Q is the pumping
rate (L3/T) and H is the aquifer thickness (L).
The storage tilt ratio (RST) is deﬁned as:

ASR performance estimation methods

K x ⋅I⋅t s
¼
η⋅xi;u

3

where βL is the longitudinal dispersivity (L).
The mixed convection ratio (M) is deﬁned as:

RST ¼

Method of Ward et al. (2009)
Ward et al. (2009) proposed four dimensionless ratios for
the qualitative prediction of ASR performance: a technical
viability ratio, focusing on the lateral drift during storage,
a dispersivity ratio for the effect of dispersive mixing, a
mixed convection ratio to characterize the density effects
during injection and recovery, and a storage tilt ratio to
determine the signiﬁcance of density-driven ﬂow during
storage. All parameters equally contribute to the overall
indicator of ASR performance.
The technical viability ratio (RTV) is deﬁned as:

Recovery rate

K z aHt s
2
η xi;u

ð5Þ

The overall indicator RASR is deﬁned as:
RASR ¼ RTV þ Rdisp þ M þ RST

ð6Þ

The density difference ratio (!) is deﬁned as:
a¼

ρi −ρ0
ρ0

ð7Þ

where ρi is the concentration of the ambient groundwater (M/L3) and ρ0 is the density of the injected
water (M/L3). Based on modeling results, Ward et al.
(2009) concluded for one ASR-cycle that: (1) when
RASR is smaller than 0.1, the mixing ratio f is 1 at the
beginning of recovery and at least 0.8 after half of the
injected volume is recovered, and ∼0.4 at a RE of
100 %, (2) the interval 0.1<RASR <10 is a transitional
range in which the dimensionless ratios cannot predict
success or failure, and (3) undesirable sites/regimes are
marked by an RASR ≥10, meaning f is around 0 at the
start of recovery. This method provides a qualitative
prediction of the performance of the ﬁrst ASR cycle
only; the potential RE is not predicted.
DOI 10.1007/s10040-013-1003-2
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RTV, RST and Rdisp are calculated following Ward et
al. (2009). For calculation of M, Ward et al. (2009)
assumed equal pumping rates during the injection and
recovery phases. The recovery pumping rate is significantly smaller (33 %) than the injection rate for the
systems considered here. In this study therefore, xi,u is
calculated following Ward et al. (2009) using the
injection rate, while M is calculated using the recovery
rate. As a consequence, it is possible to obtain negative
values for RASR when the background groundwater
velocity exceeds the velocity caused by pumping during
recovery at xi,u. In such cases, counteraction of free
convection at the fringe of the freshwater body by pumping
is limited, density effects are dominant, and M is set to 10.

Method of Bakker (2010)
Bakker (2010) proposed a screening tool considering loss
of freshwater by buoyancy effects only. Using interfaces
and a new solution for radial Dupuit interface ﬂow, it was
shown that the RE (deﬁned as the part of the injected
water recovered until the toe of the freshwater–saltwater
interface reaches the well screen) is dependent on the
dimensionless parameter D:

D¼

Q
K x aH 2

ð8Þ

For each combination of relative lengths of injection, storage and recovery periods, the RE can be
calculated for each value of D and for each cycle.
Groundwater mixing is not taken into account. Hence,
this screening tool results in an upper limit of the RE
and is intended to assess whether further study of ASR
performance is worthwhile. Bakker (2010) does not
take into account plume distortion by lateral ﬂow. In
this study, zones where plume distortion is expected
are identiﬁed based on the dimensionless time parameter t deﬁned as:
t¼

2pt inj H  2
KxI
ηQ

ð9Þ

where tinj (T) is the duration of the injection period.
When t is<0.1, lateral ﬂow can be neglected (Ceric and
Haitjema 2005; Ward et al. 2009). The RE was calculated
for each D for the injection, storage, and recovery
durations of Table 1, and a 25 % higher pumping rate
during recovery in order to get the maximum RE
limited by the interface only and not by the duration of
recovery. The total estimated RE was calculated for
each system, using the injection rate and number of
cycles of each system, and compared with the measured
total RE.
Hydrogeology Journal (2013) 21: 1373–1383

ASR feasibility in Westland-Oostland
Use of ArcGIS
Spatial maps are generated of the required injection rate to
achieve successful ASR, indicated by a RE of 60 % in
cycle 5 (Bakker 2010) or a RASR of 0.1 (Ward et al. 2009).
The durations of injection, storage, and recovery periods
are shown in Table 1, and the recovery rate is 75 % of the
injection rate. The Model Builder of ArcGIS (version 9.3)
is used to perform all calculation steps on a 100 × 100 m
grid (resolution of the hydrogeological input) to predict
the required injection rate for each cell. Ten iterations are
performed after an initial injection rate of 50 m3/day using
the method by Ward et al. (2009), adapting the injection
rate based on the outcome of RASR in each step to achieve
RASR =0.1. For the method of Bakker (2010), a RE of
60 % in cycle 5 is achieved when D is higher than 14.3,
and the required injection rate is calculated in each cell for
this D. Subsequently, the dimensionless t corresponding to
this pumping rate is calculated to exclude areas with
plume distortion from the dataset.

Hydrogeological input
Top elevation, bottom elevation, transmissivities, and standard deviations of Kx of the hydrogeological units of the
Holocene cover, Aquifer I, and Aquitard I were taken from
the Regional Geohydrological Information System (REGIS)
of the ‘Data and information system of the Dutch subsurface’
(TNO-NITG 2011). The thickness of Aquifer I (target
aquifer) was derived by summation of the hydrogeological
units consisting of sand below the Holocene cover, but above
the ﬁrst regional aquitard (Formation of Peize-Waalre, unit
Waalre-Clay1). The few cells in which Aquitard I was absent
and Aquifer I and II formed one (thick) aquifer were removed
from the dataset. Transmissivities of the hydrogeological
units were summed in order to obtain the total transmissivity
of the aquifer. A mean horizontal hydraulic conductivity (K x )
was computed from this aquifer transmissivity and the
aquifer thickness. Ward et al. (2008) demonstrated that a
homogeneous anisotropy ratio (Kx over Kz) can be used to
account for stratiﬁcation of the aquifer and that higher
anisotropy ratios improve ASR performance. As data on
these anisotropy ratios are often scarce, a sensitivity analysis
is performed using anisotropy ratios of 1 (isotropic) and 3
(anisotropic) in the estimation performance by Ward et al.
(2009). A mean porosity (η) of 0.35 was used (Meinardi
1994). The hydraulic gradient was calculated using the
interpolated head data from the ‘Data and information
system of the Dutch subsurface’ of Aquifer I on April 28,
1995 (TNO-NITG 2011, see Fig. 1). A longitudinal
dispersivity (βL) of 0.1 m was used.

Groundwater quality data (chloride concentrations)
Chloride concentrations were used to represent salinity
and to estimate groundwater densities. A three-dimensional (3-D) interpolation of the chloride concentrations was
DOI 10.1007/s10040-013-1003-2
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developed by Oude Essink et al. (2010) based on vertical
electrical soundings, geo-electrical well logs, and chloride
concentration measurements at observation wells. The
interpolated data were stored in a 250×250 m raster ﬁle
with a vertical resolution of 5 m. Chloride concentrations
at the centre of Aquifer I were estimated using the top and
bottom elevations of the aquifer. Those chloride concentrations were converted to groundwater densities using
(Oude Essink et al. 2010):
ρðC cl Þ ¼ ρ0 þ 0:00134⋅C cl

ð10Þ

where ρ is the density of the water (kg/m3), Ccl is the
chloride concentration (mg/l) and ρ0 is the density of
freshwater (1,000 kg/m3). The effect of temperature
variations of the injection water on water density was
neglected, as this can be presumed limited for the range of
temperature differences during the inﬁltration period (Ma
and Zheng 2010).

Results
Comparison of the predicted and measured ASR
performance
The ASR performance indicator RASR is plotted versus the
total RE from measurements for an isotropic hydraulic
conductivity (Fig. 4a) and for an anisotropy factor of 3
(Fig. 4b). The parameter RASR indicates uncertain performance for all systems (i.e., RASR >0.1) when isotropy is
assumed. RASR is <0.5 (isotropic) and <0.13 (anisotropic;
ratio=3) for all systems. ASR system 3 has a RASR of 0.08
(anisotropic) to 0.23 (isotropic), and a total RE of 51 %
in 4 years. It may be expected that this system will
recover ∼60 % of the injected water in cycle 5. Based on
measured RE, successful ASR systems are therefore marked

by RASR <0.23 (isotropic), or RASR <0.08 in the anisotropic
case. The results indicate that the qualitative method
proposed by Ward et al. (2009) is at least reasonable in the
study area, as RASR is generally low when ASR performance
is high. It is conﬁrmed that for RASR <0.1, successful ASR
can be expected. Overestimating the anisotropy may result in
an unrealistic increase in the predicted performance; RASR is
around or below 0.1 for all systems, with only limited
uncertainty.
The measured total RE is compared to the predicted
total RE with the method of Bakker (2010) in Fig. 5. At
three systems, the measured RE is lower than the
predicted RE. Six systems performed better than predicted, even though the estimation method should give an
upper limit. For ﬁve of these systems, the measured RE is
within the uncertainty range based on one standard
deviation for K x. One ASR system performed signiﬁcantly
better than predicted (83 vs. 35 %), whereas one system
recovered signiﬁcantly less than predicted (63 vs. 78 %).
In the latter case, this can be due to a low water demand
and therefore limited recovery. The other system, performing
better than predicted, was installed in a thick, relatively
anistropic aquifer with a relatively ﬁne-grained base,
which may have delayed salinization at the bottom of
the ASR well. The predicted RE is generally in line with
the measured RE. The results suggest that the screening
tool by Bakker (2010) can indeed be used to predict RE in
the study area.

Spatial mapping of potential ASR sites
Maps are developed showing the predicted ASR performance for the entire study area. The predicted ASR
performance increases with injection rate (or indirectly the
ASR scale, as the injection time remains constant), which
is therefore used as an indicator for spatial ASR
suitability. The required injection rate for successful

Fig. 4 Measured RE versus predicted ASR performance. Relation with RASR is shown for the a isotropic and b anisotropic case (anisotropy
ratio=3). Error bars represent the results for one standard deviation in uncertainty for the hydraulic conductivity input

Hydrogeology Journal (2013) 21: 1373–1383
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Fig. 5 Predicted total RE Bakker (2010) versus the measured total
RE. Error bars represent the results for one standard deviation in
uncertainty for the hydraulic conductivity input. The continuous line
indicates predicted RE = measured RE

ASR using Ward et al. (2009) varies up to 4 orders of
magnitude (Fig. 6), highlighting the large variation in
potential ASR performance in the study area. For an
isotropic case, successful ASR is predicted in the Oostland
for an injection rate of 500–5,000 m3/day, or 50–
2,500 m3/day for the anisotropic case. In the Westland, a
high mean injection rate of more than 10,000 m3/day is
required for the isotropic case and about 5,000 m3/day for
the anisotropic case.
The mean required injection rate for successful ASR
is ∼300 m3/day in the Oostland area according to Bakker
(2010), whereas in the Westland area a mean injection rate
of ∼800 m3/day is required. The latter conﬁrms the limited
suitability of this particular area for small-to-mediumscale ASR application, although projections are better than
predicted by Ward et al. (2009). More suitable ASR sites
are predicted in general with this method, compared to the
method by Ward et al. (2009). Spatial mapping using
Bakker (2010) also illustrates the large variations in aquifer
suitability for freshwater ASR, with minimum injection rates
increasing from 50 to more than 1,000 m3/day within a
distance of 2 km.

Discussion
Comparison of the measured and predicted ASR
performance
The ASR performance estimation presented by Ward et al.
(2009) cannot be correlated directly to a RE. Based on the
existing systems, successful ASR sites are marked by
RASR <0.23 for the isotropic case or <0.08 for an anisotropy
ratio of 3. This indicates that this method is suitable for a
qualitative performance analysis, and that the proposed
required RASR of 0.1 for certain success is appropriate in the
study area (which does not rule out successful ASR when
RASR >0.1). This RASR value is therefore small enough to
ensure ASR success, even though the different ratios are

Hydrogeology Journal (2013) 21: 1373–1383

lumped with an equal contribution. The anisotropy ratio
should not be overestimated in the area, as a high ASR
performance is predicted at all systems with limited
uncertainty for an anisotropy ratio of 3, whereas in reality
more differentiation is found. In this comparison, two out of
nine systems performed outside the 65 % conﬁdence interval
(based on the uncertainty in K x ). One system performed
signiﬁcantly worse, which may be explained by a limited
water demand, and therefore limited recovery. Another
system performed much better than predicted, but is installed
in a relatively thick, potentially anisotropic aquifer. Six
systems performed better than predicted by Bakker (2010),
which should overestimate RE.
Although the predicted RE is in line with the measured
RE, deviations are observed and potential explanations can
be addressed. The performance estimation tools are for
instance based on conﬁned aquifers having an impermeable
top and base; thus, not considering semi-conﬁned aquifers. It
is known that the lower conﬁning clay layer of the target
aquifer locally has a limited resistance (TNO-NITG 2011),
making the ASR-well partially penetrating a thick aquifer. In
this study, the performance estimation is limited to areas
where the upper aquifer was underlain by a clay layer in the
REGIS hydrogeological model, but no further deviations
based on the resistance of those aquitards and vertical head
gradients are made. Seepage is therefore neglected and may
cause early salinization at the bottom of the ASR well. This
study can be used to identify unsuitable parts of the target
aquifer for future ASR with a speciﬁc injection rate,
independent of seepage. Furthermore, the potential RE is
predicted using Bakker (2010) neglecting aquifer vertical
anisotropy, for instance by stratiﬁcation of isotropic units in
the target aquifer with a different K, which might underestimate the potential RE due to an anisotropy ratio larger than
1 (Ward et al. 2008). The method by Ward et al. (2009) takes
into account this (potential) vertical anisotropy, resulting in a
signiﬁcant increase in area where successful ASR is predicted
for an anisotropy ratio of 3. Although a limited anisotropy
ratio is presumed (<3) based on the measured and the
predicted REs using Ward et al. (2009), aquifer stratiﬁcation
may be a cause for the underestimation of the RE at six out of
nine sites by Bakker (2010). Altogether, both methods have
their own advantages and disadvantages, of which the most
important ones are given in Table 3. These should be taken
into account in future spatial ASR feasibility studies.
Differences between predicted and measured performance for both methods can also originate from the available
hydogeological and hydrochemical data. The regional
geological model, which is based on local data (bore logs,
pumping tests) has its uncertainties, since interpretation and
interpolation of bore log data is required to cover large areas.
The same holds for the background salinity distribution. The
datasets incorporate the relative regional variations in aquifer
thickness, hydraulic conductivity and salinity, which can be
considered sufﬁcient for an initial ASR performance
prediction and mapping of potential ASR sites. The latter is
conﬁrmed by the agreement between the predicted and
measured ASR performance.
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Fig. 6 Required winter injection rates (m3/day) for successful ASR (RASR =0.1) predicted using Ward et al. (2009) for a the isotropic case
and for b anisotropy ratio=3, and c predicted using Bakker (RE=60 % in cycle 5). No mapping is performed where Aquitard 1 is absent

ASR operation in the study area
In this study, general durations of injection, storage and
recovery periods, and the total injected and recovered
volumes of each system in multiple years of operation are
used to derive the mean pumping rates for each ASR site.
Yearly variations are neglected, which may affect ASR
performance; this cannot be investigated further, as no
data were recorded. An improved registration using
(automatic) logging of (daily) injected and recovered
volumes is essential for better assessment of performance.
Both ASR performance estimation methods consider
fully penetrating wells. Use of multiple partially penetrating
Hydrogeology Journal (2013) 21: 1373–1383

wells in a single borehole may lead to higher recovery
efﬁciencies. Although its beneﬁt for freshwater recovery has
not been quantiﬁed to date, this ASR well type may increase
the RE by enhanced injection at the aquifer base and/or
recovery at the aquifer top, delaying salinization at the
bottom of the ASR recovery well(s). Especially in the case of
small-scale freshwater ASR and a thicker but relatively
homogeneous aquifer, injected freshwater bodies have a
limited radius, making ﬂow conditions at the fringe of the
injected freshwater body signiﬁcantly different from fully
penetrating wells, especially when the aquifer is anisotropic
(Hantush 1966). The loss caused by buoyancy effects may
DOI 10.1007/s10040-013-1003-2
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Table 3 Comparison of ASR performance methods for spatial mapping
Ward et al. (2009)

Bakker (2010)

Input
Kx, Kz, η, I, H, α
Operational ASR parameters
Fully penetrating well

Input
Kx, H, α
Operational ASR parameters
Fully penetrating well

Lacks estimation of RE

Lacks lateral ﬂow and mixing

Suitability for spatial mapping
All factors can be calculated based on common
geological data (+)
Takes into account lateral ﬂow and anisotropy (+)
May overestimate minimum injection rates required
for certain success (−)

Suitability for spatial mapping
Easy to calculate D from common geological data (+)
Direct estimation of RE (+) from D, but relation between D and RE
needs to be derived ﬁrst (−)
Lateral ﬂow and anisotropy are not considered (−)
Predicts realistic minimum injection rates required for success (+)

therefore be partly counteracted, as demonstrated for a case
with partially penetrating wells for aquifer thermal energy
storage (ATES, Buscheck et al. 1983; Molz et al. 1983a, b).
Although multiple partially penetrating wells are installed at
existing systems, the systems studied were recovering and
injecting over the full aquifer thickness, shutting off lower
sections only when salinization at those well sections
occurred. A limited increase in freshwater recovery is
expected by this strategy, which is another explanation for
the higher RE of some of the existing ASR systems,
compared to their predicted RE. Although quantiﬁcation of
the potential increase in RE by such a well conﬁguration and
pumping scheme is a relevant research question, it is beyond
the scope of this study.

ASR performance in the Westland-Oostland area
Good agreement is obtained between predicted and measured ASR performance, which justiﬁes application of the
estimation methods to generate feasibility maps for new
ASR sites. Excluding the areas where plume distortion may
be expected and single-well ASR performance is expected to
be low (marked by t > 0:1), the aquifer suitability is best
quantiﬁed using Bakker (2010). As only a few ASR sites are
predicted to be unsuitable due to plume distortion by lateral
ﬂow, it was shown that success of ASR in the study area
mainly depends on freshwater loss by buoyancy effects.
Conventional small-scale ASR (Q<100 m3/day) using
a fully penetrating well is expected to have a poor
performance in large parts of the study area. Spatial maps
also show large variations over small distances, which
highlight the relevance of a priori spatial mapping and
site-selection. The required mean pumping rate in the
more suitable Oostland area indicates that medium-scale
ASR (100<Q<500 m3/day) is potentially successful in a
large part of the area. Only large-scale ASR (Q>500 m3/
day) can be successful in the Westland area, which is
caused by the relatively thick and fairly saline aquifer. In
this area, rainwater harvesting by a large cluster of
greenhouses to feed one central ASR system may result
in injection rates large enough for successful ASR.
ASR appears to be a suitable technique for freshwater
supply in a large coastal study area, based upon average
operational parameters. Between 1980 and 2010, annual
Hydrogeology Journal (2013) 21: 1373–1383

precipitation varied between 605 and 1,150 mm in the
study area, with a mean gross precipitation of 853 mm.
This means that in wet years injection rates may be higher,
recovery rates need to be lower and larger water volumes
are stored for longer periods, and vice versa for relatively
dry years. It is well known that long-term aquifer storage
is less efﬁcient, but still higher REs can be expected in the
cycle following a wet year with relatively limited
recovery, potentially supplying sufﬁcient irrigation water
even if the subsequent summer is extremely dry. This
study does not quantify the RE under varying operational
parameters.
Geochemical reactions during aquifer residence of the
fresh, oxic rainwater may severely affect the quality of the
stored water and is a well-known pitfall in ASR operation
(e.g., Jones and Pichler 2007; Prommer and Stuyfzand 2005;
Pyne 2005; Wallis et al. 2010). This study neglects
geochemical changes in the injection water and focuses on
hydrological feasibility only. Reactions during aquifer
residence may make the recovered water unsuitable irrespective of the EC or chloride concentration. Oxidation of
pyrite, a mineral present in the target aquifers in the study
area (Busschers et al. 2005) may, for instance, mobilize trace
elements, which can make the recovered water unsuitable for
further use. Such geochemical studies are needed to
determine feasible ASR sites based on the maps in Fig. 6.

Conclusions
Two recently developed ASR performance estimation
tools were applied to predict ASR performance in a
coastal area in the Netherlands. Comparison of predicted
with measured ASR performance of systems in the study
area show good agreement between measured and
predicted total RE using the method of Bakker (2010).
The performance factor (RASR) of Ward et al. (2009)
correlates with successful ASR systems for RASR <0.23 for
isotropic aquifers, and RASR <0.08 for a vertical anisotropy
factor of 3. This conﬁrms that successful ASR may be
expected for RASR lower than ∼0.1, provided that the
anisotropy ratio is low (<3). Deviations between measured
and predicted ASR performance may originate from
simpliﬁcations in the conceptual model and uncertainties in
DOI 10.1007/s10040-013-1003-2
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the hydrogeological and hydrochemical input. Good agreement between measured and predicted performance justiﬁes
the use of both methods for spatial analysis of predicted ASR
performance in this area. Maps were generated showing
areas suitable for small-, medium-, and large-scale ASR
systems. Successful small-to-medium ASR application is
spatially variable in the study area, highlighting the
relevance of a priori spatial mapping.
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