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SSWS Lots of  “Ways” – Security 

depends on ...
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𝑉𝑜𝑙𝑢𝑚𝑒𝑖𝑛 𝑣. 𝑉𝑜𝑙𝑢𝑚𝑒𝑜𝑢𝑡 

𝑇𝑖𝑚𝑖𝑛𝑔 

𝐻𝑒𝑎𝑑𝑖𝑛 𝑣. 𝐻𝑒𝑎𝑑𝑜𝑢𝑡 

𝐿𝑒𝑎𝑘𝑎𝑛𝑐𝑒

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑣𝑒 𝑈𝑠𝑒
𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑜𝑙𝑜𝑔𝑦

ASR Isolated Alluvial Storage

Return Flows



Where did it go - ASR 
(Aquifer Storage and Recovery)

3



Particle Tracking
Think trampoline

ASR
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Dynamic 

gradient in the 

x and y 

directions from 

superposition of 

the Theis 

Solution in time



130 Days
ASR
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6000 Days (16 years)
ASR

6

1

2

3

4

5

6

“... result show that 

even under continuous 

pumping and injection, 

groundwater will not 

flow far from the well”



ASR
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Drawdown from 

decades of pumping

Mounding from recent 

recharge

If OUT >> than IN...Like working 

at the bottom of a pit 



~6 miles by 6 miles



ASR
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Head

• Stored Water

• Energy

• Operational Issues 

o Sustaining flows

o Protecting well screens 

(openings)



ASR
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Herein, the analytical model of Lewis et al. (2016) was applied to three vertically stacked ASR wellfields using 15 years of 

pumping/recharge data from 40 wells. During the study period, 45 million m3 of groundwater is produced and 

11 million m3 is recharged, leading to a net withdrawal of 34 million m3 of groundwater

2015

2021

Stored Water 



ASR
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Stored Water

Results indicate that during recovery and no-flow periods, recharge has increased water levels at wells up to 

60 m compared to the no-recharge scenario. On average, the recharge increased water levels during the study 

period by 3, 4, and 11 m for wells in the Denver, Arapahoe, and Laramie Fox-Hills Aquifers, respectively

Denver Basin Aquifers, recharge also enables groundwater extraction in excess of allowable annual 

allocations during periods of high demand including drought.



ASR
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Head and Energy 



ASR
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...the energy cost 

associated with lifting 

water is 5.4 kWh day-1 

per household, 

approximately 25% of 

the average electricity 

consumption for 

household end uses. 

Energy Intensity 



Operational Issues
Aquifers work better when they are full

• Sustaining flows

• Protecting well screens (openings)



Water Quality

• It all depends...

• Lots of operational solutions



Summary - Security of Stored Water
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• ASR

o Easy to hard

o Operational Solution for ...

• Isolated Alluvial 

o Mostly easy

o Needs to be demonstrated

• Return Flows

• Complicated

• Defined Process

• WORKS



In all fairness...     Security of 

Subsurface v. Surface Water
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https://www.nps.gov/glca/index.htm https://www.nps.gov/glca/index.htm

1,000,000 

700,000 

Losses (acre-ft/year) Value of  Water Rights

~$50,000 /acre foot
$50,000,000,000 

$35,000,000,000 

Not to mention water quality  ... Evapo-Concentration of salts

B



Closing and Comments
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A synergistic 

complement
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