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Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [1] 

Executive summary 

The Westland ASRRO (aquifer storage and recovery in combination with reverse osmosis) demo site 

is situated in the western coastal zone of the Netherlands, which is marked by presence of brackish 

to saline groundwater almost up to surface levels. At surface level, greenhouses dominate the 

landscape, which require rainwater quality (low salinities) for irrigation. Rainwater from greenhouse 

roofs is therefore used as the main irrigation water source. Challenging is the storage of temporary 

rainwater surpluses for use in subsequent droughts. As a consequence, supplementary high-quality 

water is now produced by using brackish water reverse osmosis (BWRO) in combination with 

concentrate disposal in deep aquifer, resulting in a net freshwater mining of the groundwater system. 

Aquifer storage and recovery (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 sea level (m-

BSL)), which is the thinnest and least saline aquifer found in the area. Even though it is the least saline 

aquifer available, the performance of ASR (i.e., the percentage of freshwater that can be recovered 

upon storage) in this target aquifer is limited, especially in the Westland area. The main causes for 

the reduced performance are the buoyancy effects induced by the difference in density between the 

native groundwater (high density), and the injected freshwater (low density), which leads to early 

salinization at the bottom of the ASR well. 

An innovative ASR solution, combined with a Freshkeeper and RO, is proposed to maximize the 

recovery of injected freshwater surpluses. Multiple partially penetrating wells (MPPW) allow for deep 

injection and shallow abstraction, postponing the salinization during recovery to attain higher 

recovery efficiencies. By simultaneously abstracting upper fresh and lower brackish groundwater, 

salinization of the fresh water well is prevented even longer. The abstracted brackish water is used 

as additional and reliable freshwater source after desalination. The hybrid aquifer storage and 

recovery and reverse osmosis (ASRRO) system thus combines the best of two techniques and it 

contributes to optimal durable use of ‘free’ natural sources as (rain)water and soil, saving expensive 

aboveground space, and mitigating salinization. The potential is high in coastal areas facing water 

shortages for drinking water, agricultural, and industrial applications, and/or salinization 

The objectives at the Westland ASRRO demo site defined at the start of the DESSIN project were: 

 To quantify freshwater recovery by an ASR well design. 

 To demonstrate the added value of an ASR/RO system on freshwater recovery. 

 To demonstrate the effect of enhanced subsurface iron removal on membrane clogging. 

 To demonstrate the impact of freshwater supply from brackish aquifers on regional 

groundwater quality and Water Framework Directive goals. 

 To evaluate innovative solutions to enhance freshwater supply from brackish aquifers. 

 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [2] 

The Westland ASR system is installed to inject the rainwater surplus of 270,000 m2 of greenhouse 

roof in a local shallow aquifer (23 to 37 m-below sea level (m-BSL), surface level = 0.5 m-above sea 

level (m-ASL)) with negligible lateral displacement for recovery in times of demand. For this purpose, 

two multiple partially penetrating wells (MPPW) were installed, such that water can be injected 

preferably at the aquifer base, and recovered at the aquifer top in order to increase the recovery. 

Rainwater can be pre-treated and injected with a total rate of 40 m3/h, and recovered with a total 

maximum rate of 50 m3/h. 

The results at the demo site indicate that ASRRO is technically viable and beneficial. Freshwater 

surpluses up to 70 000 m3/ 6 months could be treated, stored, and partially recovered for direct use 

(22.5% of the stored water). Additional freshwater could be produced by abstracting the mixed 

freshwater and saline water and subsequently treating this with RO. This created a high-quality 

freshwater stream and a waste stream with a quality similar to the native groundwater in a deeper 

more saline aquifer. Infiltration of rainwater from greenhouse roofs upon sand filtration could be 

done virtually within legal standards, except for Zn (zinc). 

The biggest operational threat (besides the common operational threat using normal brackish water 

RO) during ASRRO in a sand aquifer (as present at the Westland site) is clogging of RO-membranes 

and potentially also the saline water re-injection well(s). This can be caused by mobilization of clay 

particles (during freshening) and formation of Fe-colloids (by infiltration of oxic water in an area with 

adsorbed Fe around the ASRRO wells), both in the infiltration stage. Abstraction of brackish water in 

deeper sections of the aquifer and regular flushing of the RO-membranes are viable methods to 

overcome these operational threats. 

The impact of widespread use of ASRRO on the regional Westland groundwater system was 

considered limited based on regional groundwater modelling. It was shown that ASRRO decreased 

the chloride concentration with respect to the autonomous scenario and with respect to the current 

use of brackish water reverse osmosis (BWRO). ASRRO was successfull in mitigating the local negative 

impact (saltwater plume formation) caused by the deep disposal of membrane concentrate during 

BWRO and significantly reduced the potential saltwater intrusion that was found in the BWRO case. 

Based on this case study, an overall positive to neutral impact of ASRRO on a coastal groundwater 

system is presumed, which is an improvement with respect to the use of BWRO in the same setting. 

ASRRO thus provides means to more sustainable use of coastal groundwater systems. However, 

several operational (e.g. infiltrated and recovered volumes) and hydrogeological (e.g., aquifers, 

aquitards, drainage levels, nearby abstractions) controlling factors will affect the overall and their 

cumulative impact on any groundwater system and should be considered before ASRRO 

implementation elsewhere. 

Albeit more expensive, the use of ASRRO is considered competitive with the current BWRO. The 

cost price per m3 is 0.06 eur/m3 higher (0.70 versus 0.64/m3) as a result of higher CAPEX. Both 

alternatives are economically more interesting than aboveground storage (in basins).  



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [3] 

1 Introduction  

1.1 The Westland ASRRO demo site 

In 2013, a one year aquifer storage and recovery (ASR) pilot was initiated in the Westland area in The 

Netherlands. In the DESSIN project, the pilot was prolonged and extended with a Freshkeeper and 

RO-system in order to create an ASRRO system and enable a robust and sustainable freshwater 

supply. Between 2014 en 2017, the performance and the impact of the ASRRO system was studied 

in detail. The findings are presented in this report. 

The Westland ASRRO site is situated in the western coastal zone of the Netherlands, which is marked 

by presence of brackish to saline groundwater almost up to surface levels (Figure 1). At surface level, 

greenhouses dominate the landscape, which require rainwater quality (low salinities) for irrigation. 

Rainwater from greenhouse roofs is therefore used as the main irrigation water source. Challenging 

is the storage of temporary rainwater surpluses for later droughts. As a consequence, supplementary 

high-quality water is now produced using brackish water reverse osmosis (BWRO) in combination 

with concentrate disposal in deep aquifer, resulting in a net freshwater mining in the groundwater 

system. 

 

Figure 1: Location of the Westland ASRRO site. 
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Figure 2: Use of brackish water reverse osmosis (BWRO) accompanied by concentrate disposal in the 
area. 

 

1.2 Aquifer storage and recovery (ASR) as a sustainable but yet too 
vulnerable freshwater source via ecosystem services 

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 sea level 

(m-BSL)), which is the thinnest and least saline aquifer found in the area. The performance of ASR 

(i.e., the percentage of freshwater that can be recovered upon storage) using this target aquifer, 

even though it is the least saline aquifer available, is limited especially in the Westland area 

(Zuurbier et al., 2013). The main causes for the reduced performance are the buoyancy effects 

induced by the difference in density of the native groundwater (high density), and the injected 

freshwater (low density), which leads to early salinization at the bottom of the ASR well (Figure 3). 
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Figure 3: Freshwater loss during ASR in brackish and saline aquifers due to buoyancy effects. 

 

1.3 Aquifer storage and recovery combined with reverse osmosis (ASRRO) 
to provide a robust and sustainable freshwater solution 

An innovative ASR solution, combined with a Freshkeeper and RO, is proposed to maximize the 

recovery of injected freshwater surpluses. Multiple partially penetrating wells (MPPW) allow for 

deep injection and shallow abstraction, postponing the salinization during recovery to attain higher 

recovery efficiencies. By simultaneously abstracting upper fresh and lower brackish groundwater, 

salinization of the fresh water well is prevented even longer. The abstracted brackish water is used 

as additional and reliable freshwater source after desalination. The hybrid aquifer storage and 

recovery and reverse osmosis (ASRRO) system thus combines the best of two techniques and it 

contributes to optimal durable use of ‘free’ natural sources as (rain)water and soil, saving expensive 

aboveground space, and mitigating salinization. The potential is high in coastal areas facing water 

shortages for drinking water, agricultural, and industrial applications, and/or salinization. 
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Figure 4: Operation of an ASRRO system, as realized at the Westland demo site 

 

1.4 Objectives and approach 

The objectives at the Westland ASRRO demo site defined at the start of the DESSIN project were: 

 To quantify freshwater recovery by an ASR well design. 

 To demonstrate the added value of an ASR/RO system on freshwater recovery. 

 To demonstrate the effect of enhanced subsurface iron removal on membrane clogging. 

 To demonstrate the impact of freshwater supply from brackish aquifers on regional 

groundwater quality and Water Framework Directive goals. 

 To evaluate innovative solutions to enhance freshwater supply from brackish aquifers. 

 The tasks planned in order to meet these objectives are listed in Table 1. Since it was shown in 

D22.3 that Fe was not a source of membrane clogging, T33.3 was not relevant anymore. Clogging 

was mainly caused by particles in the feedwater, which cannot be mitigated by subsurface iron 

removal.  
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Table 1: Task description and approach set at the Westland ASRRO demo site and reported in this 
deliverable.  

 

1.5 Relation with WA2 and D22.3 

While the work in WA2 (reported in D22.3) was on research and development of (elements of) 

ASRRO in 2014 and 2015, the work in WA3 focusses on demonstration of the ASRRO functioning at 

the Westland demo site between 2014 and 2017. Additionally, the impact of the (wide-spread) use 

of ASRRO on a groundwater system was assessed.  

The methodology for monitoring the ASRRO performance at the Westland ASR site was extensively 

discussed in D22.3 and is not repeated in D33.1. 

 

Figure 5:  Visualisation of the approach and methods applied in the Westland ASRRO study 

Task Task description Approach 

T33.1 
Quantification of the freshwater 

recovery by an innovative well 

design 

Operation of the full scale field demonstration site; different 

ASR cycles will be run to quantify maximum freshwater 

recovery. 

T33.2 

Demonstration of the added 

value of an advanced ASRRO 

system 

Freshkeeper and RO installation and operation, monitoring of 

operation, optimization  

T33.3 

Demonstration of the effect of 

enhanced subsurface iron 

removal on membrane clogging 

Building on results of Task 22.2.2 

T33.4 

Demonstration of the impact of 

the Westland ASR/RO pilot on 

the regional groundwater quality 

Monitoring of the water quality development of the brackish 

water target aquifer. 

Evaluation of the effect of the innovative ASR/RO system on 

regional water quality. 
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2 Set-up of the Westland ASRRO pilot 

 

2.1 Set-up of the Westland rainwater infiltration and recovery (ASR) 
system 

The Westland ASR system is installed to inject the rainwater surplus of 270,000 m2 of greenhouse 

roof in a local shallow aquifer (23 to 37 m-below sea level (m-BSL), surface level = 0.5 m-above sea 

level (m-ASL)) with negligible lateral displacement (Zuurbier et al., 2013) for recovery in times of 

demand. For this purpose, two multiple partially penetrating wells (MPPW) were installed (Figure 

7), such that water can be injected preferably at the aquifer base, and recovered at the aquifer top 

in order to increase the recovery (Zuurbier et al., 2014). Rainwater can be pre-treated and injected 

with a total rate of 40 m3/h, and recovered with a total rate of 50 m3/h. 

For more information on the set-up and the hydrological short-circuiting that occurred during the 

pilot, the reader is referred to D22.3 and ANNEX B: Scientific analysis short-circuiting during ASRRO 

Westland. 

 

Figure 6:  Overview of the Westland-ASR system 
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Figure 7:  Cross-section of the Westland ASR site to schematize the geology, ASR wells, aquifer thermal 
energy storage (ATES) well, and the typical hydrochemical composition of the native 
groundwater. Horizontal distances not to scale. 

 

 

Figure 8: Locations of ASR (AW), ATES, and monitoring wells (MW). The former RO abstraction well is used 
during the DESSIN pilot to abstract mixed rainwater / groundwater at the fringe of the 
freshwater bubble and use this for desalination with the ‘BWRO’ plant.  
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2.2 Supplementary treatment using RO to achieve ASRRO 

When recovery of unmixed water becomes unattainable due to admixing of brackish groundwater 

with the injected rainwater, treatment via reverse osmosis is applied to maintain the production of 

fresh irrigation water. Two wells are used to feed two separate RO-facilities. 

 One is the original brackish water RO-plant present at the site (coded ‘BWRO’), which was formerly 

used to abstract brackish groundwater for RO (without rainwater admixed). This BWRO-system has 

been active since 2006, and forms the original supplementary freshwater supply of the local 

greenhouse. Since the start of the ASRRO pilot, the BWRO-well abstracts water from the whole 

aquifer thickness at the fringe of the injected freshwater body. The BWRO-plant is therefore fed by 

a mixture of water qualities present at this fringe. 

The wells of the ASR-system were connected to a new RO-plant, realized in the DESSIN project to 

test the desalination of mixed injected water / brackish groundwater from below the freshwater 

bubble. This will simultaneously enable longer shallow recovery of unmixed injected water for 

direct use (Freshkeeper). This system is coded ‘ASRRO’ and the treatment part is coded ASRRO-

plant.  

The main difference between the feed water of ASRRO and BWRO consists of the location of 

abstraction. The water for the BWRO-plant is abstracted via a long, fully penetrating well screen at 

approximately 20 m from AW2 (Figure 8). This well is in the unmixed freshwater bubble at the end 

of the winter, but that deeper segments of the well completely salinizes as recovery proceeds. The 

abstracted water will therefore be a mixture of unmixed rainwater, mixed rainwater/groundwater, 

and unmixed brackish groundwater. This BWRO-plant was designed to be fed by 40 m3/h of 

brackish groundwater to produce 20 m3/h (480 m3/d) of freshwater, which should result in an equal 

stream of concentrate at an RO-recovery of 50%. 
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 Figure 9:  Abstraction of mixed rainwater / brackish groundwater via BWRO and ASRRO 

2.3 Detailed hydrogeological characterization based on local drillings 

The target aquifer for ASR (Aquifer 1) was found to be 14 m thick and consists of coarse fluvial 

sands (average grain size: 400 µm) with a hydraulic conductivity (K) derived from head responses at 

the monitoring wells upon pumping of 30 – 100 m/d (ANNEX B). Aquifer 2 (target aquifer for ATES) 

has a thickness of more than 40 m, but is separated in two parts at the ATES well K3-b by a 20 m 

thick layer clayey sand and clay. A blind section was installed in this interval, and the borehole was 

backfilled with  coarse gravel in this section. The K-value of the fine sands in Aquifer 2 derived from 

a pumping test at approximately 500 m from the ASR-wells is 10 to 12 m/d and is in line with the 

estimated K-value from grain size distribution (Mos Grondmechanica, 2006). The effective screen 

length of K3-b in this aquifer is only 8 and 5 m. 

The groundwater is typically saline, with observed Cl concentrations ranging 3,793 to 4,651 mg/l in 

Aquifer 1 and approximately 5,000 mg/l in Aquifer 2 (see also Figure 7). This means that with the 

accepted Cl-concentrations during recovery, only around 1% of admixed ambient groundwater is 

allowed. A sand layer in Aquitard 2 contains  remnant fresher water (Cl = 3,270 mg/l). SO4 is a 

useful tracer to distinguish the saltwater from Aquifer 1 and 2: it is virtually absent in Aquifer 1 

(presumably younger groundwater, infiltrated when the Holocene cover was already thick), 

whereas it is high in Aquifer 2 (older water, infiltrated through a thinner clay cover which limited 

SO4-reduction, see Stuyfzand (1993) for more details): 300 to 400 mg/l SO4.  
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2.4 Borehole leakage near ASRRO well AW1 

A very particular and undesirable phenomenon is observed at around 3 m from ASRRO well AW1, 

where leakage of deep, saline groundwater is occurring via an interconnection with a deeper 

aquifer. This interconnection was caused by an earlier perforation (borehole) for the sake of the 

installation of a deeper well for aquifer thermal energy storage (ATES). Apparently, this borehole 

was not properly sealed, or a too high injection pressure on the ATES well was used. Despite an 

attempt to seal this borehole on February 3, 2015, the leakage persisted. More information on this 

leakage can be found in ANNEX B: Scientific analysis short-circuiting during ASRRO Westland. 

 

 

Figure 10:  Leakage of deep, saline groundwater during recovery, hampering optimal recovery of 
freshwater from the Westland target aquifer.  

 

2.5 Groundwater transport model 

Groundwater transport modelling was executed to validate the added value of the MPPW set-up 

under the local conditions. In the later stage of the research, the groundwater transport model was 

used to test potential pathways for deeper groundwater to enter the target aquifer and explore the 

characteristics of a potential conduit via scenario modelling. Correction for groundwater densities 
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in the flow modelling was vital, due to significant contrast between the aquifer’s groundwater and 

the injected rainwater. In order to incorporate variable density flow and the transport multiple 

species, SEAWAT Version 4 (Langevin et al., 2007) was used with PMWIN 8 (Chiang, 2012) to 

simulate the ASRRO operation. 

For more information on the groundwater model, the reader is referred to ANNEX B: Scientific 

analysis short-circuiting during ASRRO Westland. 
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3 Freshwater production by the Westland ASRRO system  

3.1 Evaluation of freshwater infiltration and recovery 

To get an overview of the performance of the Westland ASRRO water supply system, only the three 

consecutive and complete cycles of 2014, 2015, and 2016 are analyzed to obtain the water balance. 

In 2013, the system was first put in operation halfway the wet season, missing a large part of the 

infiltration stage. At the time of writing this report, the data of the dry season (recovery) of 2017 

was incomplete.  These cycles were therefore omitted when analyzing the ASRRO water balance. 

In 2014 – 2016, in total 168,000 m3 of rainwater surplus was infiltrated and 102,000 m3 (64%) of 

freshwater was produced (Figure 11), either by direct recovery (ASR) or desalination (RO).  

 

         

Figure 11: Total freshwater infiltration in and abstraction from the Westland target aquifer at the Westland 
demo site (left, ‘net abstraction’ = the production of freshwater from the aquifer by direct 
recovery of rainwater or after RO-treatement) and the resulting water balance (right). Based 
on three complete cycles (2014 – 2016). 
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3.2 Direct recovery of freshwater 

The volumes of infiltrated and recovered unmixed rainwater with the Westland ASRRO system are 

presented in Table 2 and Figure 12. This recovered rainwater could be used directly and without 

post-treatment for irrigation in the tomato greenhouse.  

Only Cycle 2013 was incomplete, starting only after completion of the installation half-way 

December 2012. During that Cycle (before the DESSIN project), the Freshkeeper not installed yet.  

Especially 2017 was marked by fairly dry autumn and winter, firmly reducing the water available for 

infiltration and subsequent recovery. In total, 22.5% was recovered unmixed (23.1% in the years 

with a Freshkeeper). 

Table 2: Infiltration, recovery, and recovery efficiency of unmixed rainwater at the Westland ASRRO 
demo site. This was directly used for irrigation.  

*Started half-way December 2012. No Freshkeeper added to the MPPW-ASR system 

** Cycle until April 26, 2017: maximal direct recovery was attained.  

Cycle Yearly infiltration (m3) Yearly recovery (m3) Recovery efficiency (%) 

2013* 18,313 3,082 16.8% 

2014 70,710 13,320 18.8% 

2015 37,166 9,625 25.7% 

2016 64,846 15,855 24.5% 

2017** 27,968 7,482 26.8% 

Total 219,003  49,306  22.5% 
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Figure 12: Infiltrated and recovered volumes per cycle versus time (data on a daily basis) 

 

3.3 Production of freshwater upon RO-treatment 

Recovered water at the ASRRO found unsuitable for irrigation due to its high salinity due to mixing 

with native brackish groundwater, was treated with the BWRO and the ASRRO plant in order to 

keep producing fresh irrigation water.  

 

Table 3: Abstraction of brackish groundwater as feedwater for the ASRRO and BWRO plant and 
transformation to freshwater and concentrate upon RO-treatment 

Cycle 

Abstracted 
brackish / 
Feedwater 

ASRRO 

Produced 
freshwater 

ASRRO 

Re-injected / 
Concentrate 

ASRRO 

RO- 
Reco-
very 

Feedwater 
BWRO 

Produced 
freshwater 

BWRO 

Concentrate 
BWRO 

RO- 
Reco-
very 

2014* 10,226 0 10,226 0% 33,480 13,392 20,088 40% 

2015 15,661 6,841 8,820 44% 61,771 19,415 42,356 31% 

2016 28,192 11,547 16,645 41% 28,196 12,095 16,664 43% 

Total 54,079 18,388 35,691 34% 123,447 44,902 79,108 36% 

*ASRRO plant not in operation yet, brackish groundwater from Freshkeeper directly re-injected 
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3.3.1 Production via Freshkeeper wells with the ASRRO-Plant 

The ASRRO plant was used as a supplementary freshwater source since May 2015 to treat the 

water abstracted by the Freshkeeper wells (brackish water from the deepest ASRRO wells) and later 

the shallower ASRRO wells (AW2.1 and AW2.2). The freshwater production and concentrate 

disposal of ASRRO are shown in Figure 13. 

The ASRRO-plant was operated with a constant frequency of the feed pump, allowing changes in 

RO-recovery upon changes in the feed water quality or membrane condition. The RO-recovery 

resulting in the ASRRO-plant (percentage of the water transformed to high-quality freshwater) is 

shown in Figure 14. During the production of freshwater with the ASRRO plant using feedwater 

from the deeper wells (AW1.3, AW2.2, AW2.3), the RO-recovery of the ASRRO-plants initially 

remained stable at around 44%. However, during the second stage, especially when also AW2.1 

(mostly fresh rainwater, slightly mixed with brackish groundwater) was used to feed the plant, the 

RO-recovery slowly decreased to 36% in 2017, despite an initial increase in RO-recovery due to the 

lower salinity. There was no membrane cleaning performed during the entire experiment.  

 

 

Figure 13:  Freshwater production and concentrate disposal by the ASRRO-plant. The ASRRO wells feeding 
the ASRRO-plant during the various stages are indicated. 
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Figure 14: RO-recovery (percentage of abstracted water transformed to freshwater)  of the ASRRO-plant 

 

3.3.2 Production via the BWRO well 

The BWRO-plant was operated with a constant frequency of the feed pump, allowing changes in 

RO-recovery upon changes in the feed water quality or membrane condition. The BWRO-plant was 

used when abstraction of unmixed rainwater and production of freshwater with the ASRRO-plant 

were insufficient: in 2014 to supply extra irrigation water during August, during June and July 2015, 

and during August and September 2016. The freshwater production and concentrate disposal of 

BWRO are shown in Figure 15.  

The recovery of the BWRO membranes rapidly decreased from almost 50% to <30% in 2013 and 

2015, indicating severe membrane clogging. Membrane cleaning was therefore performed twice 

with Genesol703 (supplied by GeneSys) in order to restore the production capacity of the BWRO-

plant. More information on this process can be found in DESSIN deliverable D22.3 (Zuurbier et al., 

2016).  
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Figure 15: Freshwater production and concentrate disposal by the BWRO-plant.  

 

 

Figure 16: Recovery (percentage of abstracted water transformed to freshwater) of the BWRO-plant 
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4 Performance of the RO-plants 

4.1 ASRRO-plant 

The performance of the ASRRO-plant for treating abstracted brackish water from the ASRRO can be 

evaluated based on the recovery (Figure 14) and the feed pressure and the pressure on the reject 

side of the membranes (delta-pressure), which are shown in Figure 17. 

The recovery shows the main decrease during: 

 Salinization of the ASRRO-wells and therefore salinization of the feedwater. This can be 

explained by the increased osmotic pressure and may not be an indication of clogging. This 

often occurs at the start of the season, when feed water is still largely rainwater and RO- 

recovery can shortly be >50% 

 Long-term decrease from 44% to 36% in Cycle 2016 and 2017, after a stable recovery in 

Cycle 2015.  

At the same time, the feed pressure (Figure 17)  and the feed pressure – recovery ratio (Figure 18) 

show an increase in 2016 and 2017, especially when water from AW2.1 is part of the feedwater in 

the final stage, despite the lower EC of the feedwater. This is an indication for a decreasing RO-

performance. These results suggest that for desalination during ASRRO, the deeply anoxic and more 

brackish water can be preferred, despite the higher salinity. This is caused by the presence of clay 

and Fe-colloids in the shallower infiltrated rainwater (see DESSIN deliverable D22.3). 

 

Figure 17: Feed pressure (red) and delta-pressure (blue) between feed and reject side for the ASRRO-
plant. 
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Figure 18: The feed pressure – recovery ratio (red) and the observed ECs (blue) of the feedwater during 
sampling at the ASRRO plant.   

 

4.2 BWRO-plant 

The performance the BWRO plant is marked by: 

 Rapidly increasing feed pressures and rapidly decreasing RO-recovery during the 2015 cycle 

(Figure 16, Figure 20), marking a rapid and severe reduction of the membrane 

performance. This was presumably caused by accumulation of clay particles and some iron 

oxides (see DESSIN D22.3); 

 A relatively stable production in 2016 and 2017, based on the feed pressure, delta-

pressure, and the recovery. 

From 2016 onwards, the recovery stabilized between 40 and 45%. In this period, an automated 

flush was implemented at the BWRO system in order to remove accumulated particles. With this 

flushing added, the BWRO was operated as follows (Figure 19): 

1. A 5 minutes flushing stage at the start-up (operating submersible pump only, all water 

pumped to the concentrate injection well upon filtration by a 1 micron cartridge filter). 

During this stage, particles should get washed of the membranes; 

2. Start of the RO feed pump and normal operation for 6 hours; 

3. The feed pump and submersible pump were switched off, and the membranes were 

flushed with fresh permeate from a 500 L permeate storage tank; 

4. The operation was paused for 30 minutes, leaving the membranes in the permeate with its 

very low. In this stage, it was aimed to mobilize (‘disperse’) clay particles accumulated on 

the membrane surface.  
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Figure 19: Flushing of the BWRO membranes as frequently applied in 2016 to clean the membrane.  

 

According to the results of 2016 and 2017, this modified operation significantly improved the long-

term performance of the BWRO membranes, since a severe reduction of the RO recovery and a 

severe increase in feed pressure were not observed.  

 

Figure 20: Feed pressure (red) and delta-pressure (blue) between feed and reject side for the BWRO-
plant. 
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Figure 21: The feed pressure – recovery ratio (red) and the observed ECs (blue) of the feedwater during 
sampling at the BWRO plant.   
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5 Water balances at the Westland demo site  

5.1 Water balance of the Groeneweg II greenhouse (hosting the ASRRO) 

The ASRRO system was installed on the plot of the Groeneweg-II tomato company (10 hectares). 

This was the primary user of the recovered water upon ASR and RO.  

In 2014, half of the supplementary irrigation water demand could be supplied by direct recovery of 

the stored rainwater (Figure 22, Figure 23). The other half was produced by the BWRO-plant. In 

2015, more supplementary irrigation water was required and less rainwater was available for 

infiltration. Therefore, a larger part had to be produced by BWRO. In 2016, even more water was 

required due to a late summer drought, but this could be largely supplied by ASR and ASRRO.  

Almost 40% of the supplementary water demand was supplied by direct recovery of freshwater 

(Table 4).  

   

   

Figure 22:  Contribution of the different freshwater sources to the supplementary water supply (2014-
2016) 
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Figure 23:  Infiltration, direct recovery (unmixed), production of the ASRRO-plant (brackish water 
recovered with Freshkeeper), and production of the BWRO plant. 

 

Table 4: Contribution of the different freshwater sources to the supplementary water supply (2014-
2016) 

Source 2014 2015 2016 Total Total 

Direct (ASR) -13,320 -9,625 -17,005 -39,950 39% 

ASRRO (Freshkeeper) 0 -6,841 -11,547 -18,388 18% 

BWRO -13,392 -19,415 -12,095 -44,902 43% 

Total -26,712 -35,881 -40,647 -103,240 100% 

 

5.2 All growers connected to the ASRRO scheme  

In total, four growers (27 hectares) were connected to the ASRRO scheme to provide rainwater 

surplus for infiltration, while 5 growers (29 hectares) were supplied by the ASRRO systems and 

three BWRO systems (GW-II, VdLans, GW-I).  Due to their high water demand (tomato’s: >1000 

mm/yr), a balance between infiltration of rainwater and production of freshwater is not attained at 

this site (Figure 24). Between 2014 and 2016, about 43% of the water produced from the Westland 

aquifer was not replenished by artificial infiltration of rainwater via the DESSIN ASRRO plant. 

However, 57% of the supplementary water demand could be covered by infiltration of the 

rainwater surplus that would otherwise be drained to sea.  

Especially the company Groeneweg-I has a relatively high supplementary water demand (Figure 

25), which is due the low capacity of its above ground rainwater tanks (50 mm).   
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Figure 24:  Total infiltration and net abstraction (‘production’) of freshwater from the target aquifer. 

 

  

    

Figure 25:  Contribution of the different freshwater sources to the supplementary water supply of all 
growers providing rainwater surplus to the ASRRO system (2014-2016) 
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6 Impact of ASRRO on the groundwater system 

In order to evaluate the impact of ASRRO on the groundwater system, the local and regional effects 

of ASRRO were studied.  

6.1 Local impact of the Westland ASSRO system at the demo site 

6.1.1 Modelling results  

Groundwater transport modelling with SEAWAT was performed to simulate the ASRRO operation 

and to validate the added value of the MPPW-ASRRO set-up at the Westland field site (for more 

information on the model set-up, see D22.3). 

Comparison field data and groundwater modelling 

Model results are here compared with real field data to validate its capability to predict future 

performance. Therefore, measured chloride concentrations at measuring wells MW1 and MW2, 

and at the ASRRO wells AW1 and AW2 were plotted together with modelled values (ANNEX D). The 

model is overall accurate in predicting the trends of (measured) increasing and decreasing chloride 

concentrations. Only the deepest well screens salinize more rapidly than predicted by the model, 

especially at MW1, MW2 and AW1. 

Cross-sections of the chloride distribution 

Cross-sections have been included to visualize the dynamics near all wells. The initial chloride 

distribution (15 December 2012) is given in Figure 26. The chloride distribution in the subsurface 

after a long period of infiltration (22 January 2015) and abstraction (18 August 2015) are shown in 

Figure 27 and Figure 28, respectively. The final situation (26 April 2017) is given in Figure 29. 

The most relevant observations are: 

 A freshwater lens forms and tends to seep through the upper clay layer, getting out of reach 

for abstraction. 

 Infiltrated freshwater is intercepted by the BWRO, at the fringe of the infiltrated freshwater 

body; 

 The conduit to Aquifer 2 between AW1 and AW2 caused short-circuiting of brackish water 

from this deeper aquifer during periods of abstraction. Only limited freshwater can be 

pushed downwards during infiltration; 

 Overall, membrane concentrate injections in the deeper aquifer by either BWRO or ASRRO 

led to freshening of the deeper aquifer. This means that their net effect on the deeper aquifer 

is positive. 
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Figure 26:  Initial chloride concentrations (15 December 2012) for cross-sections through the ASSRO wells 
(AW1 and AW2), both near the ASRRO (top) and an overview including membrane concentrate 
injection wells (bottom). 

 

Figure 27:  Modelled chloride concentrations after a prolonged period of infiltration (22 January 2015) for 
cross-sections through the ASSRO wells (AW1 and AW2), both near the ASRRO (top) and an 
overview including membrane concentrate injection wells (bottom). 
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Figure 28:  Modelled chloride concentrations after a prolonged period of abstraction (18 August 2015) for 
cross-sections through the ASRRO wells (AW1 and AW2), both near the ASRRO (top) and an 
overview including membrane concentrate injection wells (bottom). 

 

Figure 29:  Final modelled chloride concentrations (26 April 2017) for cross-sections through the ASSRO 
wells (AW1 and AW2), both near the ASRRO (top) and an overview including membrane 
concentrate injection wells (bottom). 
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6.1.2 Water quality impacts: infiltrated rainwater 

The average water quality of the infiltration water was derived by taking the average of 20 samples 

taken between 2012 and 2017 (Table 5). The variation of the infiltration water quality can be 

derived from (Figure 25 to Figure 32). The infiltrated water was typically very fresh and oxic. EC and 

pH are relatively constant, but the temperature has a seasonal variation. All average concentrations 

of the infiltrated freshwater remain below the legal limits set by the Water Act of The Netherlands 

in 2017, except for Zn. Zn often exceeded 100 µg/l, which resulted in an average infiltration 

concentration above the legal limits. The origin of Zn is the (galvanized) material on the greenhouse 

roofs. Since concentrations of Zn in the freshwater reaching the surrounding monitoring wells 

remained <10 µg/l, it was presumed that Zn was adsorbed in the vicinity of the ASR-wells. A better 

removal of Zn in the pre-treatment facility should, however, be attained.  

 

Table 5:  Observed infiltration water quality averaged over 20 measurements between 2012 and 2017, 
tabulated together with the legal limits set by the Water Act of The Netherlands in 2017. EC-
25 Field is the electrical conductivity measured in the field with a reference temperature of 
25°C. 

Sample code Average Legal limits 
 

2012-2017 Water Act, The 

Netherlands, 2017 

EC-25 Field (µS/cm) 38 - 

Temperature (°C) 8.7 - 

pH (Field) 7.1 - 

DO (mg/L) 9.5 - 

Na (mg/L)  5.0 120 

K (mg/L)  0.3 - 

Ca (mg/L)  1.9 - 

Mg (mg/L)  0.7 - 

Fe  (mg/L) 0.0 - 

Mn  (mg/L) 0.1 - 

NH4  (mg NH4/L) 0.19 3.2 

Cl (mg/L)  6.5 200 

SO4 (mg SO4/L) 2.3 150 

HCO3 (mg HCO3/L)  7.7 - 

NO3  (mg N/L) 3.0 24.8 

PO4-t (mg P/L) 0.1 1.25 

As  (µg/L) 1.3 10 

Zn (µg/L) 171.8 65 
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Figure 30:  Electrical conductivity (EC in µS/cm), pH (-), and temperature (Temp in °C) of the freshwater 
used for infiltration at ASRRO Westland. 

 

 

Figure 31:  Concentrations of Cl, Ca, Na, and HCO3 in the freshwater used for infiltration at ASRRO 
Westland. 

 

 

Figure 32:  Concentrations of NH4, SiO2, Fe, SO4, and Mn in the freshwater used for infiltration at ASRRO 
Westland. 
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The infiltration water was frequently analysed for pesticides and various heavy metals by an 

independent laboratory (Groen Agro Control) to comply with the obligations set in the permit.  

These observations underline the exceedance of Zn in the infiltration water, but also indicate that 

for other metals, no exceedance was observed (Table 6). All pesticides were generally absent or 

found only in very low concentrations. Only in June 2013, a firm exceedance of the maximum 

concentration for Pyrimethanil was observed.  

 

Table 6:  Observed pesticides and heavy metals in the infiltration water (measurements as required by 
the permit). Note: red values indicate exceedance of legal limits. 

Monitoring round Pesticides Al Cd Cr Cu Pb Ni Zn 

 
µg/l µg/l µg/l µg/l µg/l µg/l µg/l µg/l     

 
 

   

Legal limits 0.1 - 0.4 15 15 15 15 65     
 

 
   

Jan-13 none 13.2 <0.05 8.7 2.9 0.5 1.2 42 

Jun-13 Carbendazim: 0.01 
Pyrimethanil: 0.60 

3.5 <0.05 <0.5 1.7 0.2 1.3 29 

Dec-13 Pyrimethanil: 0.06 237 0.19 5.1 2.6 0.28 8 324 

Sep-14 none 13.9 <0.05 5.5 3.1 <0.7 2.1 30.5 

Mar-15 Fluopyram: 0.024 
Spiromesifen: 0.072 
Triflumizool: 0.068 

68.4 0.09 7.5 3.1 0.75 1.6 172 

Sep-15 Fluopyram: 0.010 
Triflumizool: 0.034 

22 <0.05 1 2.3 <0.07 <0.05 110 

Feb-16 Spiromesifen: 0.082 
Chloorprofam: 0.01 
Indoxacarb: 0.032 

Propyzamide: 0.015 

  
 

 
   

Apr-16 none 
  

 
 

   

Dec-16 none 
  

 
 

   

Average  59.7 0.1 5.6 2.6 0.4 2.8 117.9 

 

 

6.1.3 Water quality impacts: RO feedwater and re-injected concentrate 

The average water quality of the ASRRO and BWRO feed water and re-injected concentrate was 

determined for samples taken between 2015 and 2017 (Table 7).  

In general, both feed waters are quite alike, and mainly marked by mixing of infiltrated rainwater 

and brackish groundwater. Due to redox processes, this water is typically anoxic after aquifer 

residence. As, Fe, and Mn are slightly higher around the ASR well, presumably by redox reactions 

around the ASR well (see DESSIN deliverable D22.3) or potentially also by mixing with intruding 

saltwater from Aquifer 2 (as marked by a higher SO4 concentration).  
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Zn concentrations are significantly higher at the ASRRO wells, which probably derives from the 

infiltration water (which has high Zn concentrations), from which Zn is adsorbed in the vicinity of 

the ASR wells during infiltration. Desorption during abstraction at those wells can explain the high 

Zn concentrations. Zn should therefore be a topic for future research in greenhouse ASR(RO) 

systems.  

In general, the re-injected brackish water that is disposed of in Aquifer 2 is less saline than the 

native groundwater in the receiving Aquifer 2 (around 5000 mg/l Cl). This means that a net 

‘freshening’ occurred in Aquifer 2 at the Westland ASRRO site. For the groundwater systems in the 

area, which is suffering from salinization, this is a positive effect. Again, the high concentration of 

Zn in the concentrate of the ASRRO-plant can have a negative impact.  

 

Table 7:  Quality of intercepted brackish groundwater used for reverse osmosis, and of the resulting RO-
reject (concentrate), averaged over measurements between 2015 and 2017. EC-25 Field is the 
electrical conductivity measured in the field with a reference temperature of 25°C. 

Sample code: BWRO-feed BWRO-concentrate ASRRO-feed ASRRO-
concentrate  

2015-2017 2015-2017 2015-2017 2015-2017 

#samples 18 11 16 9 

EC-25 Field (µS/cm) 6632.3 9129.6 6896 11111 

Temperature (°C) 13.1 13.6 12.6 12.9 

pH (Field) 7.0 7.1 7.2 7.2 

DO (mg/L) 0.0 0.0 0.0 0.0 

Na (mg/L)  1073.2 1698.1 1135.9 2075.0 

K (mg/L)  37.6 59.2 35.6 65.3 

Ca (mg/L)  220.9 358.3 247.2 453.1 

Mg (mg/L)  150.6 237.1 160.6 297.9 

Fe  (mg/L) 5.6 10.9 7.8 18.2 

Mn  (mg/L) 0.8 1.2 2.0 3.8 

NH4  (mg NH4/L) 15.6 22.4 12.9 22.8 

Cl (mg/L)  2037.2 3305.4 2221.9 3965.9 

SO4 (mg SO4/L) 11.8 24.0 49.1 96.3 

HCO3 (mg HCO3/L)  666.1 1000.8 534.3 861.6 

NO3  (mg N/L) 0.2 0.5 0.3 0.6 

PO4-t (mg P/L) 3.8 6.4 1.3 2.2 

As  (µg/L) 1.0 3.8 5.0 8.9 

Zn (µg/L) 5.4 6.2 244.9 474.1 
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6.2 Regional impact of ASRRO 

The regional impact of ASRRO in the Westland region is extensively described in Annex A : “The 

impact of integrated Aquifer Storage and Recovery and brackish water Reversed Osmosis (ASRRO) 

on a coastal groundwater system” by Steven Ros and Koen Zuurbier (published in ‘Water’ 2017, 9, 

273). 

The impact of widespread use of ASRRO on the regional Westland groundwater system was limited 

based on regional groundwater modelling. However, it was shown (Figure 33) that ASRRO 

decreased the average chloride concentration with respect to the autonomous scenario and the 

current use of brackish water reverse osmosis (BWRO). ASRRO was also successful in mitigating the 

local negative impact (saltwater plume formation, Figure 34) caused by the deep disposal of 

membrane concentrate during BWRO and reducing the saltwater intrusion induced by brackish 

water abstraction in the BWRO case. 

Based on this case study, an overall positive to neutral impact of ASRRO on a coastal groundwater 

system is presumed, which is an improvement with respect to the use of BWRO in the same setting. 

ASRRO thus provides means to more sustainable use of coastal groundwater systems. However, 

several operational (e.g. infiltrated and recovered volumes) and hydrogeological (e.g., aquifers, 

aquitards, drainage levels, nearby abstractions) controlling factors will affect the overall and 

cumulative impact on any groundwater system and should be considered before ASRRO 

implementation elsewhere. 

 

Figure 33:  Overage concentrations of chloride in the Westland groundwater system during 30 years based 
on groundwater modelling assuming an autonomous case (no groundwater use), use of BWRO 
(current situation), and ASRRO (approach developed in DESSIN).  
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Figure 34:  Cross-section of the average concentrations of chloride in the Westland groundwater system 
after 30 years with typical use of BWRO (current situation), and ASRRO (approach developed 
in DESSIN).  

 

6.3 Relation with (inter)national regulation 

Horticulture companies growing crops (e.g. tomatoes) with a high water demand require a 

secondary freshwater source, complementary to the use of rainwater. Often, horticulture 

companies (but also industries) in coastal areas use brackish/saline groundwater as secondary 

irrigation water source.  Abstracted groundwater is desalinated by reverse osmosis (RO).The fresh 

water is used for irrigation in the greenhouses, whereas the residual  fraction in which remaining 

soluble salts accumulate (the concentrate), is injected into the subsurface into a deeper aquifer. 

With this activity, two activities need legal attention:  

1. Abstraction of the brackish water: a net abstraction of groundwater can result in declining 

groundwater levels (especially in (semi-)arid regions) and saltwater intrusion (in coastal 

areas, such as the Westland), which is not allowed according to the European Water 
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Framework Directive (WRD). The (accumulative) effects of the net abstraction(s) therefore 

need careful consideration.  

The replacement of BWRO by ASRRO can result in a shift to a situation with a 

reduced or absent net abstraction and should therefore be preferred over BWRO to 

avoid conflicts with the WRD; 

 

2. This disposal of produced concentrate: this can be in conflict with the standards of the 

WRD.  Due to the injection of concentrate, the concentrations of soluble species (such as Cl, 

Mg, Na, Ca, Cd, Zn) may  increase in the receiving aquifer. When this occurs it is in conflict 

with the’stand still’ principles of the WRD.  In the Netherlands the injection of concentrate 

into the subsurface is subject of policy discussions. In the Westland area the injection of 

brine is banned, but separate permissions can be obtained until at least 2023, only if 

alternatives are not available.  

ASRRO does not provide a direct alternative for the concentrate injections.  

However, it can prevent the possible increase of soluble salt concentrations by  the 

infiltration of freshwater. The net result is the soluble salt concentrations in the 

aquifer do not increase in time. This in accordance with the EU Water Framework 

Directive. 

 

At this moment the ASSRO concept is worked for the Westland region by the idea of “The  

Waterbank”. The principle  of ‘The Waterbank’ idea is that the salinity increase in the aquifer due to 

concentrate disposal is mitigated by large-scale and organized infiltration of rainwater and 

potentially other freshwater surpluses. The use of reverse osmosis can be allowed in such a case, 

but only will be charged to finance the infiltration facilities. 
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7 Economic impact of ASRRO 

The economic impact of the various water supply alternatives was evaluated using an economical 

tool set up by KWR (Figure 35). This integrated approach includes all relevant aspects with respect 

to operational and capital expenditures, including tax shield, discount, and subsidies. Those aspects 

were included for the Dutch situation. Here, a subsidy (MIA/Vamil) is available for infiltration 

systems, which lowers the CAPEX of ASRRO. The economic lifespan of the main components of 

ASRRO is 20 years and is in line with the lifespan of a greenhouse. All re-investments needed to 

reach this lifespan were taken into account for each alternative. A standard size supply for the 

Westland area was assumed (Table 8).  

 

 

Figure 35:  Approach to assess cost price for ASRRO, BWRO, and a basin. Aspects that can be varied are 
indicated in red.  

 

Table 8:  Main operational assumptions for cost price analysis 

Assumptions  
 

 

Freshwater made available 30 000 m3/yr 

Freshwater infiltrated (during ASRRO) 30 000 m3/yr 

Capacity 25 m3/h 

Unmixed recovery (during ASRRO) 10 000 m3/yr 

Desalinated (during ASRRO) 20 000 m3/yr 

Energy price 0.12 euro/kWh 

Economic lifespan 20 yrs 
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Of the alternatives examined, BWRO is the current and cheapest alternative in the Westland area. 

Basins storing more of the rainwater surplus are unattractive due to large claim on aboveground 

land, resulting in a high loss of income. ASRRO is 0.06 eur/m3 more expensive than conventional 

BWRO. The difference between both alternatives is reduced by the Dutch subsidy for sustainable 

investments (MIA/Vamil). The higher price for ASRRO water is caused by the higher initial 

investment (CAPEX). Lower energy consumption as a result of a reduction of the desalination only 

partly mitigates this higher CAPEX.  

Based on the limited difference in cost price per m3 and the increased sustainability, ASRRO is 

considered a competitive source for irrigation water supply. 

 

Table 9:  Cost price of produced water with BWRO, ASRRO, and after storage in a basin.  

CAPEX + OPEX  BWRO ASRRO Basin 
 

eur/m3 eur/m3 eur/m3 

+ 3% discount rate + tax shield + NL subsidy 0.64 0.70 1.37 

+ 3% discount rate + tax shield 0.64 0.73 1.37 

+ 3% discount rate 0.68 0.77 1.46 

none 0.88 0.98 1.96 

 

 

   

 

Figure 36:  Build-up of the cost-price per alternative  
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8 Conclusions 

From 2014 to 2017, a pilot was conducted at the Westland Demo site in order to integrate ASR, the 

Freshkeeper, and desalination in one system. The objective was to create a sustainable and robust 

freshwater supply, using the characteristics of the aquifer as an ecosystem service. This integrated 

‘ASRRO’ system must improve the freshwater production from conventional ASR, while mitigating 

the negative impact of brackish water reverse osmosis.  

The results at the demo site indicate that ASRRO is technically viable and beneficial. Freshwater 

surpluses up to 70 000 m3/ 6 months could be treated, stored, and partially recovered for direct use 

(22.5% of the stored water). Additional freshwater could be produced by abstracting the mixed 

freshwater and saline water and subsequently treating this with RO. This created a high-quality 

freshwater stream and a waste stream having a quality comparable to the native groundwater in a 

deeper aquifer.  

The biggest operational threat during ASRRO in a sand aquifer (as present at the Westland site) is 

clogging of RO-membranes and potentially also the saline water re-injection well(s). This is caused 

by mobilization of clay particles (during freshening) and formation of Fe-colloids (by infiltration of 

oxic water in an area with adsorbed Fe around the ASRRO wells). Both processes occur in the 

infiltration stage. Careful abstraction of the brackish water in deeper zones of the aquifer and 

regular flushing of the RO membranes are potential mitigation strategies to mitigate membrane 

clogging.  

An overall positive to neutral impact of ASRRO on a coastal groundwater system is presumed, which 

is an improvement with respect to the use of BWRO in the same setting. ASRRO thus provides means 

to more sustainable use of coastal groundwater systems. However, several operational (e.g. 

infiltrated and recovered volumes) and hydrogeological (e.g., aquifers, aquitards, drainage levels, 

nearby abstractions) controlling factors will affect the overall and cumulative impact on any 

groundwater system and should be considered before ASRRO implementation elsewhere. 

Albeit more expensive, the use of ASRRO is considered competitive with the current BWRO. The 

cost price per m3 is 0.06 eur/m3 higher (0.70 versus 0.64 m3) as a result of higher CAPEX. Both 

alternatives are economically more interesting than aboveground storage (in basins).  

 

An overview of the outcomes of the different tasks in T33 is presented in Table 10.  
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Table 10:  Outcomes of the different tasks in T33 

Task Description Outcome DESSIN 

33.1 Quantification of the freshwater 
recovery by an innovative well 
design.  

Conventional ASR in the typical Westland saline 
aquifer results in ASR recovery efficiencies <30%. This 
can be lifted to >50% with the innovative well design 
and even more by the use of RO. 

33.2 Demonstration of the added 
value of an advanced ASRRO 
system. 

The advanced ASRRO system showed capable of 1) 
enlarging the recovery of unmixed freshwater upon 
storage, 2) provided a more robust water supply 
thanks to the use of RO and 3) can attain a neutral 
water balance to prevent mining of water from a 
coastal aquifer 

33.3 Demonstration of the effect of 
enhanced subsurface iron 
removal on membrane clogging 

Clogging of membranes (and potentially: re-injection 
wells) during ASRRO appears to be driven by 
mobilization of clay particles and Fe-colloids. This can 
be mitigated by regular flushing of the RO-
membranes with permeate and regular cleaning of 
the re-injection well 

33.4 Demonstration of the impact of 
the Westland ASR/RO pilot on 
the regional groundwater quality 

The impact of widespread use of ASRRO on the 
regional Westland groundwater system was limited 
based on regional groundwater modelling but it was 
shown that ASRRO decreased the chloride 
concentration with respect to the autonomous 
scenario and the use of brackish water reverse 
osmosis (BWRO). ASRRO was successfull in mitigating 
the local negative impact (saltwater plume formation) 
caused by the deep disposal of membrane 
concentrate during BWRO. 
Based on this case study, an overall positive to 
neutral impact of ASRRO on a coastal groundwater 
system is presumed, which is an improvement with 
respect to the use of BWRO in the same setting. 
ASRRO thus provides means to more sustainable use 
of coastal groundwater systems. 
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ANNEX A: Scientific analysis of impact of ASRRO on a 
groundwater system  



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [45] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [46] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [47] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [48] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [49] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [50] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [51] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [52] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [53] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [54] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [55] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [56] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [57] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [58] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [59] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [60] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [61] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [62] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [63] 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [64] 

 



 

 

Demonstration and evaluation of an ASRRO field application – Westland Demo site                      [65] 

ANNEX B: Scientific analysis short-circuiting during ASRRO Westland 
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ANNEX C: Hydrochemical observations at ASRRO and BWRO  
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Figure 37: Electrical conductivity (EC in µS/cm), pH (-), and temperature (Temp in °C) of brackish groundwater 
intercepted to feed the BWRO-system. 

 

Figure 38: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater intercepted to feed the BWRO-
system. 

 

Figure 39: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater intercepted to feed the BWRO-
system. 
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Figure 40: Electrical conductivity (EC in µS/cm), pH (-), and temperature (Temp in °C) of brackish groundwater 
intercepted to feed the ASRRO-system. 

 

Figure 41: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater intercepted to feed the ASRRO-
system. 

 

Figure 42: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater intercepted to feed the ASRRO-
system. 
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Figure 43: Electrical conductivity (EC in µS/cm), pH (-), and temperature (Temp in °C) of brackish groundwater 
rejected by the BWRO-system. 

 

Figure 44: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater rejected by the BWRO-system. 

 

Figure 45: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater rejected by the BWRO-system. 
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Figure 46: Electrical conductivity (EC in µS/cm), pH (-), and temperature (Temp in °C) of brackish groundwater 
rejected by the ASRRO-system. 

 

Figure 47: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater rejected by the ASRRO-system. 

 

Figure 48: Concentrations of Cl, Ca, Na, and HCO3 in brackish groundwater rejected by the ASRRO-system. 
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Annex D: Comparison field and model data 

 

Figure 49:  Measured (crosses) and modelled (solid lines) chloride concentration in water in the different 
well screens of the ASR-well (AW1) at Westland from 15 December 2012 until 26 April 2017. 
The black dotted and dashed vertical lines indicate the start of the infiltration and recovery 
period respectively. The horizontal dashed line in the bottom graph represents the maximum 
allowable concentration limit of chloride upon abstraction. 

 

Figure 50: Measured (crosses) and modelled (solid lines) chloride concentration in water in the different well 
screens of the ASR-well (AW2) at Westland from 15 December 2012 until 26 April 2017. The 
black dotted and dashed vertical lines indicate the start of the infiltration and recovery period 
respectively. The horizontal dashed line in the bottom graph represents the maximum 
allowable concentration limit of chloride upon abstraction. 
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Figure 51:  Measured (crosses) and modelled (solid lines) chloride concentration in water in the different 
well screens of the monitoring well (MW1) at Westland from 15 December 2012 until 26 April 
2017. The black dotted and dashed vertical lines indicate the start of the infiltration and 
recovery period respectively. The horizontal dashed line in the bottom graph represents the 
maximum allowable concentration limit of chloride upon abstraction. 

 

 

Figure 52:  Measured (crosses) and modelled (solid lines) chloride concentration in water in the different 
well screens of the monitoring well (MW2) at Westland from 15 December 2012 until 26 April 
2017. The black dotted and dashed vertical lines indicate the start of the infiltration and 
recovery period respectively. The horizontal dashed line in the bottom graph represents the 
maximum allowable concentration limit of chloride upon abstraction. 
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