Thermogeological assessment of open-loop well-doublet schemes:
a review and synthesis of analytical approaches

David Banks

Abstract Use of well doublets for groundwater-sourced
heating or cooling typically results in a “thermal plume”
of cool or warm reinjected groundwater. Such a plume
may be regarded either as a potential anthropogenic
geothermal resource or as pollution, depending on
downstream aquifer usage. A thermal plume may pose
an external risk to downstream users and environmental
receptors or an internal risk to the sustainability of the
well doublet, due to the phenomenon of thermal feedback.
A three-tier assessment of the risk of thermal feedback is
proposed, based on: (1) consideration of well separation
and yield; (2) analytical modelling of heat migration in a
doublet to ascertain breakthrough time and post-break-
through temperature evolution and (3) numerical modelling
of complex scenarios.
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Introduction

The objective of this paper is to re-acquaint a new
generation of hydrogeologists with the pioneering analy-
ses of the performance of well-doublet ground source heat
schemes by early researchers (Gringarten and Sauty 1975;
Tsang et al. 1977) and to synthesise these into a tiered
approach to thermogeological risk assessment of the
sustainability of such schemes.
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The ground (or groundwater) has been widely used as a
heat source or sink for space heating and cooling for many
decades. The ground source heat pump (GSHP) was
patented by Heinrich Zoelly in 1912 (Ball et al. 1983;
Spitler 2005; Kelley 2006). Even before the GSHP
became widespread, groundwater from shallow confined
aquifers below Shanghai, China, is reported to have been
abstracted and used for cooling workshops and factories.
This led to over-abstraction and serious ground subsidence
until, in the 1960s, the authorities strictly limited shallow
consumptive abstraction. Moreover, they commenced re-
injecting cold surplus winter surface water into deeper
aquifer horizons in an attempt to create a sustainable
resource of groundwater “coolth” (Luxiang and Manfang
1984; Volker and Henry 1988). Groundwater was also a
popular solution for space cooling in Brooklyn and Long
Island, USA in the 1920s and 1930s: so popular, in fact,
that there began to be fears that the large scale abstraction
of groundwater would deplete the aquifer resource.
Authorities then began to insist that the warmer waste
water should be somehow re-injected to the aquifer,
leading to new fears of regional thermal groundwater
“pollution” (Kazmann and Whitehead 1980).

Ground source heating and cooling systems are
widespread in the US and Canada and certain European
nations (particularly Switzerland, Germany and Scandina-
via). Elsewhere in Europe (e.g. UK, Ireland and the
Mediterranean) they are regarded as an emerging technol-
ogy. In large cities, groundwater-based heating and
(especially) cooling schemes are being planned by
engineers, sometimes with minimal hydrogeological input.
In London, UK, for example, the demand for ground
source cooling has been huge, thanks to the local author-
ity’s insistence on a certain percentage of renewable
energy being incorporated into sizable new developments.
Initially, given the perceived surplus of groundwater in the
London Chalk aquifer (the groundwater levels had been
regionally rising for some decades, due to post-industrial
decline in abstraction), most such schemes proposed
discharging the abstracted water directly to the River
Thames (Ampofo et al. 2004). More recently, the
Environment Agency (EA) has noted that groundwater
levels beneath London have tended to stabilise, or even
decline, in some areas. New consumptive groundwater
abstraction licenses have thus been restricted in some parts
of London (EA 2006). The EA has thus increasingly
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favoured reinjection of “thermally used” water to the
aquifer as a means of conserving water resources. In a
repeat of the American experience (Kazmann and
Whitehead 1980) from the 1920s—1930s, there is increas-
ing concern over the sustainability of such abstraction-
reinjection “well doublet” schemes and their impact on the
aquifer’s thermal budget (Fry and Kelly 2008).

Groundwater-based heating and cooling
using a “well doublet”

A typical well-doublet scheme for heating or cooling
typically comprises three elements:

1. An abstraction well, from which water is abstracted at a
rate O and a temperature gy apns

2. A heat-transfer system (a heat exchanger or a heat
pump), which either extracts heat from, or rejects heat
to, the groundwater flux

3. One (or more) re-injection well(s), at a distance L from
the abstraction well, where water is re-injected at a rate
O and temperature 0g,inj. For space-cooling schemes,
Ogwinj > Ogwans and for heating schemes Ogyinj < Ogwabs-
The amount of heat rejected to, or extracted from, the
water is approximated by:

(1)

Heat rejected = Q(Ogwinj — Oawans ) Sycwar

where Sycwar = the volumetric heat capacity of water = ca.
4,180 J L' K™

Risk of failure of thermal well-doublet systems

Let us consider a well-doublet cooling scheme, where
naturally cold groundwater is abstracted and warmed
water is re-injected to the aquifer. Ideally (Fig. 1), the
injection well would be located down the hydraulic
gradient from the abstraction well, in the hope that natural
groundwater flow would carry the rejected warm water
away from the scheme in a “thermal plume”, to become
“somebody else’s problem”. The risk to “somebody else”
(other aquifer users and environmentally sensitive fea-
tures) can be considered an “external” risk. Although
potentially important, this risk will not be considered
further here. There is, however, also a potential “internal”
risk to the sustainability of the system. It can be shown
theoretically (Lippmann and Tsang 1980; Clyde and
Madabhushi 1983; Banks 2007, 2008) that the neat
scenario in Fig. 1 will only happen if L (the well
separation) is relatively large and if Q is relatively small.
In fact, the thermal plume will only fully disappear down-
gradient if:

20

L>
T.r.i

(2)
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Fig. 1 a Section and b plan of a well-doublet system for cooling
where no hydraulic feedback occurs (modified after Banks 2008).
Arrows show groundwater flow lines and dashed contours are
arbitrarily numbered equipotentials. Ab abstraction; /n injection

Where T = aquifer transmissivity and i = regional natural
hydraulic gradient (this criterion is derived from Eq. (4),
below).

If the just described relation is not true, there is a risk
that a proportion of the discharged warm water will flow
back (against the regional hydraulic gradient) to the
abstraction well (Fig. 2). The temperature of the abstracted
water will thereafter rise over time, towards a value
described by Gringarten and Sauty (1975). At best, this
gradually compromises the efficiency of the cooling
scheme and at worst it can result in system failure or
environmental non-compliance. In other words, far from
being a “renewable” cooling source, the system can
eventually become unsustainable. In practice, the value
of L required to ensure that there is zero risk of thermal
feedback is usually unrealistically large for many densely
inhabited urban areas (for example, hydrogeologically
typical values of 7=100 m*/day, i=0.01, Q=432 m’/day
(5 L/s) require a well separation of 275 m for no hydraulic
feedback).

Ferguson and Woodbury (2005) document a case from
Winnipeg, Canada, where an open-loop well-doublet
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Fig. 2 a Section and b plan of a well-doublet system for cooling
where flow rate (Q) is large enough and the well separation (L)
small enough for feedback to occur (modified after Banks 2008).
Arrows show groundwater flow lines and dashed contours are
arbitrarily numbered equipotentials. Ab abstraction; /n injection

scheme in a carbonate aquifer almost immediately
experienced significant thermal “feedback” following
commissioning and a rapid rise in the abstracted water
temperature. On the other hand, Todd (2008) describes a
scheme in the Sherwood Sandstone of Yorkshire, UK,
which has been functioning satisfactorily (although a
potential risk of feedback is present), with only minimal
rises in the abstracted water temperature, for almost
10 years.

It thus appears that Eq. (2) alone is insufficient as the
basis for a risk assessment of such doublet schemes. A
more refined methodology is required that enables one to
assess the likely timing and magnitude of thermal feedback
within a proposed open-loop well-doublet scheme.

Risk of hydraulic feedback
The mathematical analysis of the risk of hydraulic
feedback between the re-injection and abstraction wells

has been known for several decades. For the case where
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the natural hydraulic gradient (i)=0, the time (#,yq) taken
for groundwater flow along the shortest path between an
injection and abstraction well (neglecting dispersion) has
been shown from geometric considerations (Hoopes and
Harleman 1967; Grove 1971; Giiven et al. 1986) to be:

L2
30

Where n. = effective porosity and D = effective aquifer
thickness.

If i is non-zero and the re-injection well is situated
directly down the hydraulic gradient from the abstraction
well, Lippmann and Tsang (1980) state that:

Thya = n.D

(3)

Ln, m 4o ) 1( 1 )] (4)
— an
Ki —1 —4a vV—1—4a

thya =

where:

o= ﬁ = % and K = hydraulic conductivity. i is
deemed a negative number and hence « is also negative.
Note that, if Eq. (2) is true, no solution exists for #,,q and
feedback does not occur.

Risk of thermal feedback

Once the hydraulic travel time from the injection to
abstraction well has been calculated, it might appear that
this is also the thermal travel time. This is not the case,
however: as warm groundwater flows through a cool
aquifer matrix, heat is absorbed from the groundwater into
the matrix until a thermal equilibrium is attained. This has
the effect of retarding the heat travel front (in the same
way that sorbed contaminants are retarded by a retardation
factor Ry). De Marsily (1986) contends that, if the ground-
water flows through a porous medium and contact between
water and mineral grains is intimate, then thermal equilib-
rium is effectively instantaneous (<1 min for grains of
<1 mm diameter and 2 h for 10-cm pebbles) and the mineral
and groundwater phases in the aquifer at any point can be
characterised by a single temperature 6. Let us compare the
formulae for one-dimensional advective/dispersive transport
of a sorbed chemical solute (Eq. 5; Domenico and Schwartz
1990) and of heat (Eq. 6; De Marsily 1986):

1 d(v,C) dC

R d* Ry dx  dt

(5)

Dy is a dispersion coefficient, vy is the linear velocity of
groundwater flow and C is solute concentration.

A* @ _ Svewarne d(vi0) _ do (6)
Sycag dx2 dt

SVCaq dx
A* is an “effective” thermal conductivity that also takes
into account a hydrodynamic dispersion effect, Sycaq 18

the volumetric heat capacity of the saturated aquifer.
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The parameter Svew s thus analogous to Ry and a

thermal retardation factor Ry, (Bodvarsson 1972) can be
defined:

Syca
Ry = = ST (7)

Vihe neS VCwat

where vy, is the velocity of a thermal front and vyyq is the
hydraulic velocity (of a water molecule). Thus, it is possible
to rewrite Egs. (3) and (4) in terms of thermal breakthrough
time #,. (Gringarten 1978; Clyde and Madabhushi 1983;
Banks 2008):

SVCaqL2 .
e = TD YS9 o= 8
4 b 3SVCW{J!Q forl ( )
o SVCaqL
the = N
SVCWatKl
4o 1
x |1 + — tan_l (7)] ori<0
vV—1—-4a -1 —4a s

©)

Note that the analyses outlined above also work in exactly
the same way if chilled water from a heating scheme is being
re-injecting, instead of warm water from a cooling scheme.

Can open-loop well-doublet schemes
be sustainable?

Having performed a thermogeological risk assessment, it
may become evident that the open-loop well-doublet
system has a finite operational life before thermal
breakthrough becomes too large. However, in an aquifer
with a high porosity and a well separation of several
hundred metres, the time to thermal breakthrough may be
many years. This alone may be enough to render the
ground source heating or cooling scheme economically
viable (Todd 2008). Moreover, even after thermal break-
through has occurred, temperatures may not rise so quickly
as to render the scheme unworkable immediately. Several
years or decades may elapse before the abstracted water
becomes unfeasibly warm (if at all). Indeed, Tsang et al.
(1977) and Lippmann and Tsang (1980) offer a formula for
how the temperature of the abstracted water increases with
time following thermal breakthrough, assuming that i=0.

9 abs — 6 inj t
Jewabs —_Tevin () 338 exp (—0.0023 —>
90 - agwinj the

t
+0.337 exp (—0.1093 —) (10)

the

t
+ 1.368 exp <— 1.3343 —>

the
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Where ¢ (>ty4.) = time since scheme started, 6, = initial
temperature of aquifer water, 0,y = re-injection temper-
ature (assumed to be constant) and 0yyas = temperature of
abstracted water (which changes with time following
thermal breakthrough at time ¢ = f;,.). Hoopes and Harleman
(1967) and Giiven et al. (1986) provide an alternative,
purely geometric model (Fig. 3, which assumes no vertical
conduction of heat) yielding a more rapid evolution of
abstraction temperature than the Lippmann/Tsang/With-
erspoon equation. The discrepancy appears to be most
likely due to the latter model (Eq. 10), assuming a degree
of vertical conductive heat loss via cap- and bedrock
(although Tsang et al. 1977 do not provide details of the
parameterisation of vertical heat loss). Note also that, if
Bowinj increases in parallel with 6y, (due to a constant
temperature differential across the building heat exchanger),
the temperature rise will be steeper than predicted in Fig. 3.

Thus, although an open loop well-doublet scheme may
not be indefinitely sustainable, its lifetime may be long
enough to be economically worthwhile. Gringarten (1978)
summarises various strategies for prolonging the life of
such abstraction/re-injection schemes and notes that a
chequerboard arrangement of alternating abstraction and
injection wells is amongst the most efficient ways of
exploiting the heat resource of a given volume of aquifer.

Limitations on application of analysis

Equations 2, 8, and 9 (and the models in Fig. 3) are simple
enough to be programmed into a computer spreadsheet. In
order to judge the reliability of the assessment, one must,
however, be aware of the underlying assumptions (Banks
2008), namely:

1. That groundwater flow is laminar and Darcian and can
adequately be simulated using homogeneous, saturated
porous medium assumptions

2. That dispersion effects (hydrodynamic dispersion and
conductive thermal diffusion) are not considered (In
reality, some thermal breakthrough will inevitably
occur ahead of the calculated mean travel time)

3. That thermal equilibration between groundwater and
aquifer matrix is instantaneous

4. That (except for Eq. 10) conductive heat losses into
overlying or underlying strata are negligible

5. That the recharge well is located immediately down-
gradient of the abstraction well

The equations are thus likely to work best for granular,
porous-medium aquifers such as alluvial sands and gravels
or porous sandstones. If flow is via fractures, then macro-
scale dispersion along fracture pathways of greatly
differing transmissivity is likely to be significant, leading
to earlier than expected thermal breakthrough. Further-
more, if flow is through a few widely spaced fractures,
separated by large volumes of matrix, thermal equilibra-
tion between water and matrix will not be instantaneous.
This, too, may lead to significant overestimation of travel
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Fig. 3 The predicted temperature evolution in an abstraction well of an open-oop well-doublet system, where the breakthrough time is

calculated at 5.43 years, the initial groundwater temperature is 10°C

times. These equations are thus likely to be poorly
applicable in fissured and fractured aquifers such as the
chalk, many limestones and crystalline bedrock, and
should probably only be used for defining best/worst case
envelopes. Some progress is, however, being made
towards simulating heat migration in fractured and
heterogeneous aquifers by, inter alia, Shook (2001a, b)
and Law et al. (2007).

As regards assumption 2, Hoopes and Harleman (1967)
demonstrate that dispersion can be considered in more
complex analytical models, while Gringarten and Sauty
(1975) and Gringarten (1978) offer techniques to account
for vertical conductive losses (assumption 4) and other
well geometries (assumption 5).

Seasonally reversible schemes

Probably the best strategy for the sustainable operation of
an open-loop well-doublet scheme is to use it (via a
reversible heat pump system) alternately for heating in the
winter and cooling in the summer. Thus, given a well
doublet comprising wells A and B, one could envisage
two modes of reversible operation:
Mode 1. — Winter: Well A used for abstraction. Heat
extracted from water. Well B used for
recharge of chilled water.

Hydrogeology Journal (2009) 17: 1149-1155

and the constant injection temperature is 16°C. i=0

Summer: Well A used for abstraction. Heat
rejected to water from cooling system. Well
B used for recharge of warm water.

Here, if the annual heating and cooling loads are well
balanced and 7y, is several years, then, by the time
breakthrough occurs, the annual heat signals should have
largely evened themselves out and little net temperature
change of the abstracted water would be expected.

Mode 2. — Winter: Well A used for abstraction. Heat
extracted from water. Well B used for
recharge of chilled water.

Summer: Well B used for re-abstraction of
cold water previously injected during win-
ter. Heat rejected to cold water from cooling
system. Well A used for recharge of warm
water.

Next Winter: Well A used for abstraction
of previous summer’s warm water. Heat
extracted from water. Well B used for
recharge of chilled water.

Mode 2 with dedicated “hot” and “cold” wells is often
called an “aquifer thermal energy storage” (ATES) scheme
(Bakema and Snijders 1998; Andersson 1998; Vos 2007).
Here, in the heating season, “waste” heat is recovered
from the summer: the abstracted water is effectively “pre-
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heated” and the heat pump will operate more efficiently. In
the cooling season, “pre-chilled” water is being abstracted
and the cooling system operates more efficiently. Further-
more, provided that the seasonal water fluxes and seasonal
heating and cooling loads are approximately balanced,
sustainable operation is ensured by a well separation that
corresponds to a value of #;,, greater than a single heating
or cooling season (i.e. greater than around 6 months). This
approach lies behind the well separations recommended
by Kazmann and Whitehead (1980).

The disadvantage of mode 2 is that the roles of the
wells are seasonally reversed. In aquifers such as the UK
Chalk, where unscreened wells can be used, this may not
be a major problem. In unlithified aquifers, requiring well
screens and gravel packs, the construction of recharge
wells may differ substantially from abstraction wells, and
their roles may not be automatically reversible.

More complex than analytical models can handle?

Clearly, it is possible to reach a stage of complexity that
the simple analytical models outlined in this paper cannot
handle. For example:

— The recharge well may not be directly down-gradient
from the abstraction well

— Heating/cooling loads and re-injection temperatures
may vary in a complex manner through the year

— The scheme may comprise multiple abstraction and re-
injection wells

— The aquifer may be heterogeneous or may have
complex boundary conditions

— The abstraction may occur at a different elevation from
re-injection (i.e. three-dimensionality)

In such cases, one may resort to some form of
numerical modelling. Several models are available that
simulate groundwater flow, solute transport and heat
transport. These include:

— SHEMAT (Simulator for HEat and MAss Transport)
described by Clauser (2003).

— HST3D (Heat and Solute Transport in three-dimensional
ground-water flow systems); a finite difference code
produced by the US Geological Survey (Kipp 1997).

— FEFLOW (finite element subsurface FLOW system); a
commercial finite element programme

Conclusions

The involvement of hydrogeologists in thermogeological
problems is likely to increase, due to the rapid uptake of
ground source heat pump and passive cooling technolo-
gies. A common type of problem to be tackled is a risk
assessment of the open-loop well-doublet system. It is
common belief amongst engineers and environmental
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activists that, because such schemes may represent low-
carbon heating/cooling alternatives, they are automatically
“sustainable”. In fact, this is not necessarily the case: the
phenomenon of thermal feedback may place a limit on the
usable lifetime of the scheme, ranging from (in the worst
case) only months or years to (in the best case) many
decades. A risk assessment may consist of several tiers of
increasing complexity (see Todd 2008 for a recent
example of such an assessment):

Tier 1: Assessment of well separation in relation to
hydraulic gradient, discharge rate and transmis-
sivity (Eq. 2). Is there a risk of thermal feedback?

Tier 2: Calculation of likely thermal breakthrough times
and evolution of temperature of abstracted water
following breakthrough. Is “lifetime” adequately
long for scheme to be viable? (Egs. 8-10; Fig. 3).

Tier 3: Numerical modelling of heat transport coupled to
groundwater flow.

This type of risk assessment can be performed with
most confidence in porous medium-type aquifers (sands,
gravels, some sandstones). A significantly lower degree of
confidence can be placed in the methodology for fissured
and fractured aquifers (such as many limestones and
crystalline rocks). In order to improve sustainability
(scheme lifetime), the following steps can be taken:

1. Increase well separation

2. Decrease pumping rate (or decrease re-injection rate by
running a proportion of the groundwater flux to waste
in a sewer or to surface water)

3. Reconsider scheme layout (Gringarten 1978), or re-
injection to and abstraction from different horizons in
the aquifer

4. Consider the viability of a balanced, seasonally
reversible scheme

Acknowledgements Thanks to John Barker (University of South-
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