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Abstract: More water utilities are adopting Aquifer Storage and Recovery (ASR) to balance long-term water 
supply and demand. Due to large implementation and operation costs, ASR projects need to be optimized, 
particularly for energy use, which is a major operating expense. This study examines the relationships among 
energy use, recharge, and recovery at two ASR projects in the western United States. The major finding is an 
economy of scale for recovery processes, but not for gravity-fed recharge processes. The economy of scale found 
is as follows: the energy intensity recovered decreases with volume. This suggests it is more energy-efficient to 
recover large volumes of water in one interval instead of recovering smaller volumes at more frequent intervals. 
The H2Oaks recovery process experienced a 78% decrease in energy intensity from 0 to 50,000 m3 recovered, 
while the Sand Hollow site experienced a 43% decrease in energy intensity from 0 to 50,000 m3 recovered. 
Statistical analyses of the recovery process showed p values lower than 0.0001, R2 values between 0.43 and 
0.57, and a RMSE value between 0.55 and 2.1, indicating the presence of a moderate correlation between energy 
and volume. This economy of scale has been observed in multiple instances in water and wastewater treatment. 
This finding not only has applications to ASR but also all recovery or recharge wells, whether or not they are 
paired with each other. Furthermore, this study confirms the need for more reliable and accessible energy data 
to fully understand the implications of the energy–water nexus. 

Keywords: aquifer storage and recover; ASR; sustainability; optimization; energy–water nexus 
 

1. Introduction 

With the realization that surface freshwater sources are shrinking due to growing water demand 
from climate change and growing populations, many drinking water providers have turned to 
groundwater [1–3]. Their reliance on this source has led to significant drops in groundwater levels, 
with some areas around the world seeing declines between 91 and 274 m over the past 50 years [4–
6]. Further, the average groundwater depletion rate in the United States increased from an average 
of 2.4 km3/year between 1900 and 1945 to an average of 13.6 km3/year between 1945 and 1960. It 
increased again to 23.9 km3/year between 2000 and 2008 [7]. These two issues of shrinking surface 
water sources and declining groundwater levels have led to a process that has been gaining traction 
around the world called Aquifer Storage and Recovery (ASR) or Managed Aquifer Recharge (MAR) 
[8]. 

ASR was first developed in the 1950s and is composed of two parts: recharge and recovery. 
Recharge is the process where surface water is directly injected or infiltrated into underground 
aquifers, increasing storage in excessively wet seasons and helping to restore groundwater levels 
depleted by overuse. In recovery, water is extracted from wells to meet the demands of the 
community when other sources are running low [8]. For example, during drought conditions or due 
to growing populations. ASR and MAR can have many benefits including expanding water storage 
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capacity, not taking up land for water tanks (leaving land available for other uses), preventing water 
loss from evaporation, and storing unused water from water rights. 

ASR is a water supply method that is highly integrated with what is known as the energy–water 
nexus. This nexus describes the interdependency of water production and energy production [4,9–
11]. In ASR and other water supply processes, energy is needed to run equipment and operations 
such as pumps to pump water into or out of aquifers, metering equipment, SCADA systems, security 
features, lights, and equipment for water treatment processes. On the other hand, water is used in 
energy production to cool machinery, mine coal, produce thermoelectric and hydroelectric power, 
and to extract, produce, refine, and transport oil and natural gas. This interdependency leads to 
changes in the energy industry affecting the water industry and vice versa.  

The energy-for-water side of the nexus, while perhaps less well characterized than the water-
for-energy side, has received much attention in the past decade. It was estimated that in 2010, 12.6% 
of energy consumed in the United States was for the production and distribution of water and steam 
[11]. It was further estimated that 4.7% of The United States’ energy was used by the public water 
sector [12]. These data show the dependency of the water sector on energy. 

Energy intensity is a measurement used to aid in the comparison of this energy and water 
dependence. This value is defined as the amount of energy used to produce a unit of water. Typically, 
it is measured in units of kilowatt–hours per million gallons (kWh/MG) or kilowatt–hours per cubic 
meters (kWh/m3) [13–15]. Several studies agree that the energy intensities for drinking water in the 
United States are in the range of 0.07–3.0 kWh/m3 [4,12,14–18]. However, local conditions can vary 
energy intensity; a 2005 report from the California Energy Commission concluded the theoretical 
lifecycle water energy intensity for California ranged from 0.50 to 9.88 kWh/m3 [12,19]. According to 
the pump energy intensity equation, it takes between 0.0026 to 0.0052 kWh to pump 1 m3 of water a 
height of 1 m. [20]. These variations can be attributed to differences in topography, climate, water 
quality, proximity from the water supply to the end user from area to area, and water extraction 
[12,13,21].  

In regard to ASR, the recovery process has an extremely variable energy intensity that depends 
on the height the water needs to be pumped, the pressure the water is pumped to, the pumping rate, 
the frictional forces in the pumping system, and the pump and motor efficiency [18,22,23]. On the 
contrary, the energy intensity for recharge is typically low since many aquifers are recharged through 
infiltration basins or gravity-fed direct injection wells. 

With operations of the water sector using a large amount of energy, a significant portion of this 
sector’s total costs are those related to energy usage. Optimizing a service’s energy usage can 
substantially decrease these costs. In 2008, the Environmental Protection Agency (EPA) reported that 
30%–60% of a city’s energy bill was contributed by water and wastewater plants, with 40% of a water 
provider’s operational costs typically being energy-related. This data led the agency to conclude that 
the largest controllable costs in the water sector are those related to energy usage [10]. North Salt 
Lake, Utah put this to the test by increasing their energy efficiency, which in turn decreased their 
production costs by 22% [24].  

Many water utility agencies have a need and desire to optimize their energy usage, as was seen 
in a study that reviewed 29 guides on energy management [25]. From the reasoning above, it can be 
concluded that finding ways to optimize energy usage in the water industry, particularly in ASR 
wellfields, will likely lead to a decrease in energy intensity leading to a greater cost benefit, a decrease 
in overall energy use, and long-term money savings for the water service [10,22,26]. This should be a 
sought-after goal. 

Many studies have explored individual aspects of ASR or energy usage such as groundwater 
depletion [27], the energy–water nexus [4,9,10,15,28], water quality [29], and optimization [26,30]. 
Additionally, reports and journal articles were found from utility entities individually discussing 
energy usage and groundwater levels. However, we did not find any articles that analyzed the 
pairing of energy usage and ASR with observed data. We have attempted to do this through this 
study.  
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One possibly present trend is an economy of scale relationship between the volume of water 
recovered or recharged and the required energy intensity to do so. Studies have discovered an 
economy of scale in a wide range of industries and in a variety of scenarios, especially in the public 
service and water industries. In the water industry, economies of scale have been found in relating 
energy intensities of treated water with a water treatment plant’s size, or in relating the cost per 
volume treated to the total volume treated by a plant. In the energy sector, an economy of scale was 
found comparing the average cost per 1,000 kWh and the total kilowatt-hour output. These 
economies of scale have also been found in education, sanitation, garbage collection, and urban 
transportation, among other sources [31–36]. While this trend exists in many aspects of the water 
sector, it has not been examined in ASR.  

In this paper, we examine energy and water data from two ASR wellfields in the western United 
States to determine if an economy of scale exists between energy intensity and the amount of volume 
recovered or recharged. By determining if this relationship exists and characterizing it using 
observed data, we can aid water utilities in better understanding steps that can be taken to optimize 
the design and operations of future and current ASR projects. From an energy standpoint, this can 
lead to a decrease in energy intensity, decreasing overall energy use, and providing more energy 
sustainable operations. From a money standpoint, more energy efficient operations would result in 
a decrease in energy costs, leading to a greater cost benefit, reducing operational costs, and leading 
to long-term money savings for the entity. 

2. Materials and Methods 

2.1. Study Sites 

Figure 1 shows the location of the two study sites, H2Oaks and Sand Hollow. Each is described 
below. 

 

Figure 1. ASR Study Sites. 
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2.1.1. H2Oaks 

The H2Oaks Aquifer Storage and Recovery Facility is operated by the San Antonio Water System 
(SAWS). It is located in Elmendorf, Texas, approximately 40 km south of downtown San Antonio, 
Texas and has 29 operating ASR wells. As of July 2022, the site was the second-largest operating ASR 
wellfield in the United States. The construction of the H2Oaks facility was split into two phases. The 
first phase contained 17 wells and was completed in 2004; the second phase contained 12 wells and 
was completed in 2008 [2].  

SAWS primarily supplies its service area with water from the Edwards Aquifer. In 1993, the 
Edwards Aquifer Authority (EAA) developed a permit program that limited the amount of water 
SAWS could take from Edwards Aquifer in a given period. To mitigate the effects of the permit, 
SAWS constructed an ASR well field. When recovery from the Edwards Aquifer is not limited, water 
can be recovered, transported, and recharged into the Carrizo Aquifer. When recovery from the 
Edwards Aquifer is restricted or during the summer months when water demand is high, the water 
stored in the Carrizo Aquifer can be recovered and used [2].  These ASR wells are primarily used 
for recharge but are occasionally used for recovery when other water supply sources run low. 
Recharge occurs through gravity-fed injection through the same wells recovery takes place in. A 
typical ASR well site at SAWS is shown in Figures 2 and 3. 

 

Figure 2. H2Oaks Well Site 21. 
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Figure 3. H2Oaks Well Site 21 Pump. 

2.2.2. Sand Hollow 

The Sand Hollow ASR site is operated by the Washington County Water Conservancy District 
(WCWCD) and is located in the southern Utah desert near Hurricane, Utah. This project was 
completed in March 2002. Water is diverted from the Virgin River into Sand Hollow Reservoir where 
the water infiltrates into the underlying aquifer. The reservoir has a storage capacity of 63,000,000 m3 
[37]. Similar to the H2Oaks facility, Sand Hollow is primarily used for recharge, but water is 
occasionally recovered when needed. Recovery occurs through wells located around. There are a 
total of 20 production wells surrounding the reservoir, with 13 currently in operation [38]. A well 
house for the ASR well site at Sand Hollow in Figure 4. 
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Figure 4. Sand Hollow ASR Well House. 

2.2. Methods 

For each well site, we computed a monthly sum for the volume recovered and/or recharged in 
cubic meters (m3). We normalized the amount of energy used per well site by its respective volume, 
yielding energy intensity in kilowatt-hours per cubic meter (kWh/m3). We compared the monthly 
volume and energy values and then, the monthly volume and the natural logarithm of energy 
intensity values to look for patterns that could aid in optimizing energy usage. The natural logarithm 
transformation for energy intensity was necessary to linearize the data over several orders of 
magnitude and is common in energy analysis of water facilities [21,39].  

Microsoft Excel and the statistical software, JMP, were used to analyze data. Plots for each data 
set were created using JMP. For ease of reference, E represents energy in kilowatt-hours (kWh), V 
represents volume in cubic meters (m3), and ln(E/V) represents the natural logarithm of energy 
intensity in kilowatt-hours per cubic meters (kWh/m3). The monthly values for each were plotted. 
The data plots used are as follows: E vs. V cluster plot, ln(E/V) vs. V scatter plot and trendline plot 
(divided into an upper panel with no trendlines and a lower panel with trendlines), ln(E/V) Actual 
vs. Predicted plot with regards to ln(V), and ln(E/V) scattered residuals plot. We generated trendlines 
for the bottom panel of the ln(E/V) vs. V trendline plot using the local kernel, median method. These 
trendlines are only for visual convenience of relating the points for each well. The E vs. V cluster plot 
for the recovery processes include labeled groupings circled in red. These groupings were created 
through visual inspection and are to aid with the discussion. 

Statistical plots were created to analyze the data. The Actual vs. Predicted plot used values from 
the natural logarithm transformation to perform an Ordinary Least Squares regression test. This plot 
reported a RMSE, R2, and p-value. The reported values were considered statistically significant if the 
p-value was less than or equal to 0.05, if the R2 value was equal to or greater than 0.8, or if the RMSE 
value was between 0.2 and 0.5. In a literature review conducted on economies of scale in the local 
public service provision, out of seventy-six analyzed studies, thirty-five (46%) used the Ordinary 
Least Squares test, the largest percentage for a single test [33]. To stay consistent with the findings 
from this study and others, we selected this test.  

The second statistical plot is known as a studentized residuals plot. This plot takes the observed 
values minus the predicted values and divides the difference by their standard deviation. If 
correlations are present among the residuals, it shows the data is biased. There are three variations 
of these plots. For each dataset, there is a plot organized by row number, monthly volume usage, or 
monthly energy usage. 
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2.2.1. H2Oaks Data Set 

The Project Coordinator, Manager, Director of Chilled Water and Energy Management, and 
Office of Energy Management’s Senior Resource Analyst from SAWS helped us obtain and interpret 
the data. Daily water and energy data for H2Oaks’ twenty-nine ASR wells were gathered from March 
2013 to November 2022. Energy data for the ASR site is monitored by CPS Energy. Days when water 
metering equipment malfunctioned, as noted in the original records, were eliminated from the data 
set (broken pressure transducers, flowmeters, etc.) 

Typically, only recovery or recharge occurred in each month. We isolated months where only 
recovery occurred from those where only recharge occurred. This allowed for direct analysis of how 
the volume recovered or recharged impacted energy intensity. Months where both recovery and 
recharge occurred were few and eliminated from the data set. 

2.2.2. Sand Hollow Data Set 

Two of the Associate General Managers and the Technical and Administrative Assistant of 
Operations and Planning from WCWCD helped us obtain and interpret the data. The Investigations 
Chief at the U.S. Geological Survey [USGS] at the Utah Water Science Center has spent a significant 
amount of time working on a groundwater model for this site and helped us to better understand it. 

We obtained monthly data for 12 of Sand Hollow’s operating ASR wells from January 2017 to 
October 2022. For this data set, we only considered the recovery process since the recharge process 
occurred through infiltration in the reservoir and could not be directly measured. 

Energy data was provided in the form of costs instead of kilowatt-hours. We converted these 
costs into kilowatt-hours using the average industrial electricity price per year for the state of Utah 
as provided by the U.S. Energy Information Administration (EIA). Kilowatt-hours was used instead 
of costs to help avoid the influence of inflation and the differences in costs among different states. 
Table 1 gives the average industrial electricity price per year [40]. 

Table 1. Average Industrial Electricity Price $/kWh - Utah (EIA). 

Year $/kWh 

2017 0.061 

2018 0.059 

2019 0.060 

2020 0.059 

2021 0.062 

2022 0.069 

3. Results 

3.1. H2Oaks Gravity-Fed Recharge 

The H2Oaks Recharge Cluster Plot is shown in Figure 5. In the middle of the graph are several 
scattered points. Some of these show a positive trend of increasing energy with increasing recharge. 
There are no points in the upper right corner of the plot, indicating a large recharge volume does not 
necessarily correlate with a large energy usage. Along the y-axis are several points that show a wide 
range of energy values, despite a low recharge volume. The opposite is shown along the x-axis where 
there are a wide range of volume values, despite a low energy usage. The points along the x-axis are 
likely indicative of recharge being a gravity-fed process at this site; showing energy use is not 
correlated with recharge at these points. Since the majority of the points fall into this category, this 
strongly implies that recharge is not correlated to energy use at the H2Oaks site. Since we concluded 
there was no correlation between energy and volume usage we decided to not make additional plots 
for this process. 
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Figure 5. H2Oaks Recharge - Cluster Plot. 

3.2. H2Oaks Recovery 

Figure 6 shows the H2Oaks Recovery Cluster Plot. Many points in this plot have similar trends 
to what is seen in Figure 5. Groups A and E have points centralized along the axes while groups C 
and D show an increasing positive trend between energy and volume. Cluster B primarily shows 
volume usage increasing while energy usage stays relatively constant. Since Figure 6 shows a smaller 
concentration of points along the x-axis than for the recharge process, this likely indicates there is a 
higher correlation between energy and volume for the H2Oaks recovery process than for the H2Oaks 
recharge process.  

 

Figure 6. H2Oaks Recovery - Cluster Plot. 

Figure 7 shows the ln(E/V) vs. V plot. This plot shows an exponentially decreasing trend 
indicating energy intensity decreases with increasing volume - known as an economy of scale. Figure 
7 displays two exponentially decreasing branches (one above the other). The lower branch clings 
tighter to a line of best fit than the upper one. Spacing between the line of best fit between the upper 
and lower curves seems to stay constant once approximately 200,000 m3 is recovered. This process 
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experienced a 78% decrease in the natural logarithm of energy intensity from 0 to 50,000 m3. 
Indicating the greater the volume recovered in a given month, the less energy intensive the process 
is. As can easily be seen through the trendlines in the bottom panel, monthly datapoints for each well 
frequently jump between the upper and lower branches of this curve. It is unknown why this plot 
has two branches or why the data points for a given well tend to jump between the two.  

 

Figure 7. H2Oaks Recovery - Scatter Plot. Both panels show the natural logarithm of energy intensity 
vs. volume. The lower panel connects observations from the same wells. 

Figure 8 shows the Actual by Predicted plot for ln(E/V) with respect to ln(V). The RMSE value 
is 2.1. This value is not statistically significant by our definition of 0.2–0.5. The R2 value is 0.43, again 
not statistically significant by our definition of 0.8. These values indicate our points are not tightly 
centered around the line of best fit. The p value is less than 0.0001, showing the results are statistically 
significant and that there is a high probability that our values have some correlation. While these 
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values show the datapoints are not heavily concentrated along the line of best fit, they do show some 
correlation. 

 
Figure 8. H2Oaks Recovery - Actual vs. Predicted Plot. 

Figures 9–11 show the studentized residuals organized by row number, volume, and energy, 
respectively. None of these figures have points outside of four studentized residuals which would 
indicate potential outliers. Figures 9 and 10 do not show any correlations among results. Figure 11 
shows the studentized residuals increase as the energy usage increases. This could be indicative of 
external variables or nonlinear effects influencing the relationship. 

 

Figure 9. H2Oaks Recovery - Studentized Residuals Plot. 
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Figure 10. H2Oaks Recovery - Studentized Residuals Plot (Volume). 

 

Figure 11. H2Oaks Recovery – Studentized Residuals Plot (Energy). 

In addition to the above figures, a box and whisker plot was created to determine if any 
correlation exists between the volume recovered and which months the recovery took place. There 
was found to be no correlation between the two.  

Figures 6–11 show there is a moderately strong economy of scale between energy intensity and 
the volume recovered at the H2Oaks site. While the statistical plots show energy intensity is not 
highly predictive of the volume recovered, they also show there is correlation between the two. It is 
clear that although the economy of scale is not incredibly strong, an increase in the volume recovered 
does lead to a decrease in energy intensity. 

3.3. Sand Hollow Recovery 

Figure 12 shows the Sand Hollow Recovery Cluster Plot (Recharge through the reservoir could 
not be analyzed).  This plot shows a few trends similar to what was seen in Figure 6. One instance 
is group A in the Sand Hollow Recovery Cluster Plot and group C in the H2Oaks Recovery Cluster 
Plot. Both groups show a trend of increasing energy usage correlating with an increase in volume. 
Since the majority of points for the Sand Hollow Recovery site fall into this category, it is likely that 
this site has an even greater correlation between energy usage and volume than the H2Oaks Recovery 
site. 

Group C in the Sand Hollow Recovery Cluster Plot and group E in the H2Oaks Recovery Cluster 
Plot look similar upon first inspection (both groups have points along the x-axis). While the largest 
volume recovered for the H2Oaks site was approximately 682,000 m3, the Sand Hollow site shows a 
maximum recovery volume greater than 1,000,000 m3, larger than the expected well capacity for each 
well at this site. After calculating the well capacity for several wells, it was determined that any values 
larger than 329,000 m3 were not credible and likely due to reading errors. We decided to eliminate all 
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points in group C. Group B does not show any resemblance to the H2Oaks Recovery Cluster Plot and 
is an outlier. Hence, only values in Group A were considered in the rest of the analysis. While 
equipment errors were denoted in the H2Oaks data, they were not denoted in the Sand Hollow data. 
We believe this is the reason for the errors in group C. 

 
Figure 12. Sand Hollow Recovery - Cluster Plot. 

Figure 13 shows the ln(E/V) vs. V plot. This plot shows an economy of scale like in Figure 7. 
Figure 13 only displays one exponentially decreasing branch, unlike Figure 7 which displayed two. 
The Sand Hollow Recovery process experienced a 43% decrease in the energy intensity from 0 to 
50,000 m3 versus the H2Oaks Recovery site which had a 78% decrease from 0 to 50,000 m3. While the 
percentage change varied, this confirms the general principle that the more recovers in a month, the 
less energy intensive the process becomes. 
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Figure 13. Sand Hollow Recovery - Scatter Plot. Both panels show the natural logarithm of energy 
intensity vs. volume. The lower panel connects observations from the same wells. 

Figure 14 shows the Actual by Predicted plot for ln(E/V) with respect to ln(V). The RMSE value 
is 0.55. This value is not statistically significant by our definition of 0.2 – 0.5 but is close to this range 
and significantly closer than the RMSE for the H2Oaks Recovery process. The R2 value is 0.57, again 
not statistically significant by our definition of 0.8, but higher than for the H2Oaks Recovery Process. 
These values indicate our points for the Sand Hollow Recovery site are more tightly centered around 
the line of best fit than for the H2Oaks Recovery site. The p value for this site is less than 0.0001 (same 
as the H2Oaks recovery site), showing the results are statistically significant and that there is a high 
probability that our values have some correlation. While these values show the datapoints are not 
heavily concentrated along the line of best fit by our statistical definition, they do show a higher 
correlation is present for the Sand Hollow Recovery site than for the H2Oaks Recovery site. 
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Figure 14. Sand Hollow Recovery - Actual vs. Predicted Plot. 

Figures 15–17 show studentized residuals organized by row number, volume, and energy, 
respectively. Each figure shows points outside of the four studentized residuals indicating the 
presence of potential outliers. There does not seem to be significant correlation among the residuals 
for any of these plots. However, Figure 17 does show a slight increase in residuals toward the far-
right side of the plot similar to Figure 11, but not as exaggerated. This could be indicative of external 
variables or nonlinear effects influencing the relationship. 

 

Figure 15. Sand Hollow Recovery – Studentized Residuals Plot. 
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Figure 16. Sand Hollow Recovery - Studentized Residuals Plot (Volume). 

 

Figure 17. Sand Hollow Recovery - Studentized Residuals Plot (Energy). 

In addition to the above figures, a box and whisker plot was created to determine if any 
correlation exists between the volume recovered and which months the recovery took place. There 
was found to be no correlation between the two.  

The Sand Hollow recovery data generally agree with H2Oaks recovery data: energy intensity 
decreases with water volume. Figures 12–17 show a moderately strong economy of scale between the 
natural logarithm of energy intensity and the volume recovered at the H2Oaks site. The data shows 
there is a stronger economy of scale relationship present for the Sand Hollow recovery process than 
for the H2Oaks Recovery process. 

4. Discussion 

There are three major findings from this study. The first being an economy of scale in the 
recovery process, second being no economy of scale in the recharge process, third improving data 
coupling among water and energy data, and fourth the need for more studies relating ASR and 
energy use. Figures 7 and 13 show a moderately strong economy of scale relationship between energy 
intensity and volume recovered. The greater the volume of water recovered, the less energy-intensive 
the recovery process becomes. On the other hand, Figure 5 shows there is no relationship present 
between the volume recharged through gravity and the energy intensity, much less an economy of 
scale relationship. 

It may seem counterintuitive that energy intensity decreases with an increase in volume 
recovered, since an increase in volume recovered would increase the distance the water would need 
to be pumped, increasing energy usage. However, the reason is attributed to several factors. One is 
the energy baseload required to run metering equipment, SCADA systems, security features, and the 
static head that needs to be overcome before any water moves. The energy baseload is relatively 
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constant; as the volume increases, the energy baseload is divided by a larger water volume, 
decreasing the energy intensity overall. Another factor is that it takes a significant amount of energy 
to turn the recovery pumps on. Hence, the more frequently a pump is turned on, the greater the 
energy usage even if only a small volume is recovered. This concept is similar to how one obtains 
better gas mileage going faster on the freeway than when going slower but frequently starting and 
stopping.  

This economy of scale phenomenon, as seen in the recovery process, is very prevalent in the 
water industry. Economies of scale relating to water supply and water sanitation have been seen in 
various countries around the world including Portugal, Ireland, Spain, and multiple developing 
countries [33,41–43]. One study found an economy of scale between unit costs and the size of 
community water systems; as the size of community water systems increased, their unit costs 
decreased [35]. Another example found a similar trend between energy intensities and the volume of 
water produced among water treatment plants; the larger the volume of water produced, the less 
energy intensive the process was found to be [31]. These trends have not only been found in the water 
industry, but also in services such as transportation, garbage collection, public schooling, and 
electricity [32,33].  

This economy of scale recovery relationship has certain implications for the design and 
operation of energy and cost-efficient ASR systems. From a recovery standpoint, the larger the ASR 
wellfield, the greater the volume recovered and hence, the less energy intensive the process is. Figures 
7 and 13 show the largest drop in energy per unit volume of water occurs between a recharge or 
recovery volume of 0 to 10 m3, right at the beginning of the plot. Operators who recover after this 
initial drop (typically between 10 and 100 m3) will experience the greatest cost benefit, long-term 
money savings, reduction in energy intensity, and more energy sustainable operations. From a 
gravity-fed recharge perspective, the size of the site does not have any implications since no 
relationship was found between volume and energy. Since recharge and recovery were analyzed 
individually, this concept can be applied to all recharge and recovery wells whether or not they are 
paired with an ASR project.  

Another major finding from this study was the difficulty in finding easily accessible, long-term, 
detailed, and coupled energy and water data from water utilities across the United States [15,44,45]. 
With limited data, the analysis process was not straightforward and resulted in a substantial amount 
of manipulation to result in a usable format. Data manipulation takes a significant amount of time, 
making it difficult for individual utilities, especially those which are small and understaffed, to 
analyze their water and energy data. Due to this limitation, as well as a limited number of ASR 
projects in the United States, only two sites were analyzed in this study—one recharge process and 
two recovery processes. It will be beneficial for water utilities to consolidate energy and water data 
into a format that can be easily used for future analysis of the energy-water nexus, either through 
their own staff or through the hiring of a consultant. This can aid in the development of more 
confident conclusions between ASR and the energy-water nexus, better guiding water utilities on 
how to design and operate ASR wellfields, as well as wellfields in general. Furthermore, 
consolidation and analysis of a specific utility’s energy and water data will lead to more personalized 
savings for the respective utility, reducing energy usage further and increasing savings.  

The last major finding was a lack of studies about ASR and energy use. Many studies have 
explored individual aspects of ASR or energy usage such as groundwater depletion [27], the energy–
water nexus [4,9,10,15,28], water quality [29], and optimization [26,30]. Additionally, reports and 
journal articles were found from utility entities individually discussing energy usage and 
groundwater levels. However, we did not find any articles that analyzed the pairing of energy usage 
and ASR with observed data. In order to better understand the relationships between ASR and energy 
use, more studies need to be completed to address this. 

There were several limitations to this study. One being the lack of sites with long term and 
coupled energy and water data. Due to this, only two sites were studied. To confirm the accuracy of 
the conclusions in this paper, this study should be performed on additional ASR wellfields and active 
well sites. Another limitation is the fact that water and energy reading intervals typically do not 
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overlap leading to inconsistencies when comparing data. For example, a monthly reading may go 
from November 1st to November 30th while the energy reading only goes from November 1st to 
November 25th causing the December month’s reading to start on November 26th. This variation in 
when energy readings take place is typical in the energy industry but leads to not achieving accurate 
comparisons between water and energy usage. Furthermore, limitations came from only considering 
electricity and not other energy sources such as natural gas [12,15], data inaccuracies, assumptions 
made, or errors introduced by deriving the energy use from the cost.  

A limitation for the H2Oaks site was in isolating months where only recharge occurred, from 
those where only recovery occurred, from those where both recharge and recovery occurred. This 
was done so the recharge and recovery processes could be analyzed separately. Since in the majority 
of months, only recharge or recovery occurred, the majority of data did not have to be eliminated. 
However, months where both recovery and recharge occurred were eliminated. For the Sand Hollow 
site, a limitation was that the total energy usage had to be converted from a cost to energy. While the 
EIA provided the yearly cost per kilowatt-hour for the state of Utah, these costs do not take into 
account potential changes in costs on a daily or monthly basis nor do they account for changes in 
different regions in the state. Hence, the energy usage actually used will vary from that which was 
calculated. Furthermore, the demand charge was ignored in deriving the energy use from the Sand 
Hollow power bills, which can lead to overestimating energy use if the demand charge is a substantial 
portion of the expense. Another limitation is that malfunctions in measurement equipment were not 
denoted in the records for this site and hence, errors due to these malfunctions were not eliminated 
from this data set. 

5. Conclusions 

This study analyzed two ASR wellfields—H2Oaks in Texas and Sand Hollow in Utah—for 
relationships that could aid utilities in better understanding the connection between ASR and the 
energy–water nexus. An economy of scale relationship was found between energy intensity and the 
volume of water for the recovery processes, but not for the recharge process. This economy of scale 
is as follows: the greater the volume recovered in a set increment, the less energy intensive the process 
becomes. The H2Oaks recovery process experienced a 78% decrease in energy intensity from 0 to 
50,000 m3, while the Sand Hollow site experienced a 43% decrease in energy intensity from 0 to 50,000 
m3 recovered.  

Through finding this economy of scale relationship for recovery and characterizing it using 
observed data, we have aided water utilities in better understanding what steps can be taken to 
optimize the design and operations of future and current ASR projects. A few of these steps include 
designing and operating large ASR wellfields with the storage capacity to recover large volumes of 
water at less frequent intervals instead of recovering small volumes of water at more frequent 
intervals. Whereas operators do not need to be concerned with the recharge process since an economy 
of scale relationship was not found for this process. This information is not only applicable to ASR 
wellfields, where recharge and recovery are paired, but also to any well undergoing one of these 
processes. 

Applying this information can lead to many benefits for well operators. From an energy 
standpoint, this would likely lead to a decrease in energy intensity, decreasing overall energy use, 
and providing more energy sustainable operations. From a money standpoint, the more energy 
efficient operations would result in a decrease in energy costs, leading to greater cost benefit, 
reducing operational costs, and leading to long-term money savings for the entity. 

Future work should include improving energy and water data coupling among water suppliers, 
performing similar analyses on additional wellfields, and developing data-driven guidance to 
support energy-efficient design and operation of ASR systems. 
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