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Abstract. Two concepts for the storage of fresh water in saline aquifers are presented. Fresh 

water storage in saline aquifers poses a challenge: the initially vertical interface between 
injected fresh and native salt water is unstable and tends to rotate. The injected fresh water tends 

to float upward on top of native salt water, where it becomes hard or impossible to recover at a 

later stage. A wide body of literature exists about this buoyancy effect that is caused by the 

density difference between fresh and salt water. Yet, very few articles focus on solutions to this 
problem. In this study we propose two concepts for the storage of fresh water in saline aquifers 

to overcome this buoyancy problem by actually using the density difference to keep the fresh 

water in place, by combining fresh water storage with salt water extraction (“FSSE-well”) or 

impermeable barriers (“Storage Tank”). These systems seem promising and might solve many 
local fresh water storage problems.  
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INTRODUCTION 

This paper considers Aquifer Storage Recovery (ASR) in brackish or saline aquifers. ASR in 

saline aquifers appears technically feasible. Injected fresh water displaces the native salt water in 

the aquifer during injection. On the fringes mixing will take place, and a mixing zone between 

the two water types is present, separating the injected fresh water from the native salt water in 

the aquifer. The development of the mixing zone may be considered an investment in ‘salinity 

walls’ (Pyne, 2007) as it, once build, kind of prevents losses in future cycles of operation. 

However, due to the density difference between fresh and salt water, the initially vertical 

interface between the two water types is unstable and is going to rotate (Bakker, 2010). The 

lighter fresh water tends to float up to the top of the aquifer and spread out, where it becomes 

hard or impossible to recover at a later stage. This problem may be less evident in well-known 

systems with continuous recharge of fresh rainwater, causing a permanent fresh water lens to 

float on saline water in a permanent dynamic fashion. However, a dynamic equilibrium cannot 

be maintained in situations that only relatively small amounts of fresh water are stored and there 

is no continuous recharge; in that cases buoyancy of fresh water is going to occur. 
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This buoyancy effect highly reduces the recovery efficiency, which is defined as the ratio 

between injected and recovered fresh water of ASR-systems in saline environment. A wide body 

of literature studies this buoyancy effect. A review of density effects in ASR-systems is given in 

Ward et al (2007). 

This study aims to find appropriate ways to store fresh water in saline aquifers by actually using 

the density difference between fresh and salt water, in combination with civil engineering 

techniques and the characteristics of the aquifer. 

INCLINATION OF THE INTERFACE 

The inclination of the interface (Bear, 1978) is expressed by  
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This formula assumes a steady-state, hence equilibrium interface position.  

This formula implies that the inclination of the interface is maintained as long as there is a 

groundwater velocity difference between the stored fresh and present salt water. The interface is 

going to be horizontal when the velocity difference equals zero, i.e. when no injection of fresh 

water or flow of salt water occurs. Based on this analysis we developed two concepts to store 

fresh water in saline aquifers: the “FSSE-well” and the “Storage Tank”.  

FSSE-WELL 

The main characteristic of the Fresh Storage Saline Extraction (FSSE)-well is that continuous 

pumping of salt water at a limited rate from below the stored cone-shaped fresh water lens 

maintains the interface inclination and effectively “glues” the stored fresh water to the well. The 

principle of saltwater extraction is visualized in figure 1, showing a FSSE-well with its two 

screens. The upper screen injects and extracts fresh water, but in this figure, the fresh water is in 

its stagnant storage phase, while salt water is extracted with the lower screen. An analytical 

solution for the storage phase and a numerical analysis of the dynamic behaviour of the fresh 

water lens is given in Van Ginkel et al (2010). The stored and recoverable volume depends on 

many factors including porosity, thickness, hydraulic conductivity, heterogeneity, salinity and 

ambient flow and operations.  
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Figure 1 Cross section of a Fresh Storage Saline Extraction (FSSE)-well during the storage phase 

Such wells are particularly useful in situations where water supply is dependent on groundwater 

desalination and large fluctuations in demand occur. Hence, the FSSE-well is generally 

applicable for seasonal storage of desalinated drinking water at desalination plants of resorts in 

arid countries or islands. In these situations, continuous low-rate pumping of salt water presents 

no loss, as a rate of fresh water production is required even in low-demand periods. 

STORAGE TANK 

In situations where continuous salt water extraction is not attractive and continuous fresh water 

recharge is not possible, fresh water can be stored in saline aquifers by means of the Storage 

Tank. The Storage Tank uses vertical barriers partially embedded in a saline aquifer to prevent 

fresh water from spreading out and drifting away. The principle is visualized in figure 2. The 

impermeable barriers are constructed of sheet piles, clay or other types of impermeable material. 

The salt water below is functioning as the Storage Tank’s variable bottom. Des Tombe et al 

(2012) did a numerical analysis to investigate the influence of the width, depth and aquifer 

characteristics on the recovery efficiency, and laboratory experiments to verify the numerical 

model. 

Figure 2 Cross section of a Storage Tank during the storage phase 
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Storage by means of the Storage Tank may be beneficial in shallow saline water-table aquifers 

for the storage of collected rainwater or treated waste water. Application is possible at different 

scales. At household plot the Storage Tank may be used for the small-scale storage of rainwater 

or treated waste water for irrigation or household purposes. Large-scale opportunities are the 

storage of irrigation water (usually treated waste water) in shallow water-table aquifers below 

parks or arable land, such that roots can reach fresh groundwater. In this way, the Storage Tank 

may be an alternative for intensive drip irrigation systems. 

FURTHER RESEARCH 

So far, the FSSE-well and the Storage Tank have been analyzed from the point of view of 

groundwater hydraulics to examine their geohydrologic feasibility and to learn about the 

operations and design criteria necessary to make such systems a success in practice.  

Until now, the study mainly focused on the storage phase, with little attention to the injection and 

recovery phase. Further research will include a modeling study to investigate optimal injection 

and recovery techniques including the effects of evaporation.  

Field experiments should be carried out before these systems can be used on large scale. The 

results of a pilot project will give insight in well design, well construction and operation, 

recovery, mixing characteristics, water quality changes and the effect of storage time on water 

quality and recovery efficiency.  
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