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Abstract

Projects aimed at the exploitation of low-temperature geothermal systems for direct applications rarely
undergo detailed analysis prior to their undertaking, and this is especially true in the case of smaller devel-
opments. This may be partly related to a lack of numerical modelling during the analysis and design of these
systems, as a result of the relative inaccessibility of advective—conductive heat flow simulators. Particle
tracking may provide a cost- and time-efficient alternative method for estimating production well tempera-
tures. The results of this study indicate that particle tracking may be useful in the analysis of heat transport
in injection—production doublets if pumping rates are sufficiently high relative to well spacing and aquifer
thickness.
© 2005 Published by Elsevier Ltd on behalf of CNR.
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1. Introduction

The use of low-temperature geothermal waters for heating and other direct applications is
growing in popularity in many areas and this practice is likely to increase in the future as we seek
environmentally compatible sources of energyidleifson, 2003. Fridleifson (2001)ndicates
that there were approximately 400,000 heat pumps in use in the United States in 1999 and that this
number was increasing at a rate of 10% per year. Other nations, such as Austria, Canada, Germany,
Sweden and Switzerland, have also experienced increasing demand for heat pump technology.
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Nomenclature

csat  heat capacity of saturated porous medium [J%g—1]
Cor heat capacity of rock [J kgt K—1]
Cow heat capacity of water [Jkg K—1]

D distance between injection and production weh$ [

Dt thermal retardation factor

h thickness of aquifer [m]

Naq number of flowpaths originating from regional groundwater flow
N; number of flowpaths for sourae

Niotal  total number of flowpaths
Pegounlet Peclet number for doublet
0 pumping rate [Ms 1]

BT breakthrough time for heat [s]

tWT breakthrough time for water or a conservative tracer [s]
T dimensionless temperature

Tin injection temperature’(C]

Tmeasured Measured temperatured]

To temperature of native groundwatéc]

Toredicted temperature predicted by moded]
Torod  Production well temperaturé €]

Greek letters
ksat  thermal conductivity of saturated porous medium [Whi 1]
or density of rock [kg n3]

Psat density of saturated porous medium [kg#h
Pw density of fluid [kg nT3]
) porosity

Many of these heat pumps are of the “open loop” style and rely on groundwater to transfer heat.
Hydrogeological analysis of these systems is therefore necessary to ensure that the geotherma
heat pump systems are designed in a sustainable fashion.

Hydrogeological research offers a great deal of insight into the behaviour of geothermal reser-
voirs and aquifer thermal energy storage (ATES) but this research has for the most part been
focused on large systems. Powerful computer modelling codes can be applied to solve hydraulic
head and temperature fields in a coupled manner, considering both advective and conductive hea
flow. While these codes are commonly used in academia for research and in some government
agencies and major consulting companies to analyze larger projects, they are not widely used
in the analysis and design of small-to-intermediate geothermal heat pump systems. The reasons
for the infrequent application of these codes in common practice include cost, inappropriate per-
sonnel training, and, in many codes, a lack of user-friendly graphic interfaces. However, as the
demand for these technologies increases, we must be prepared to simplify the design process o
these developments without sacrificing accuracy and efficiency.

Most small-scale developments of groundwater resources for heating and cooling purposes
use injection—production doublets. In such systems, water is withdrawn from an aquifer in one
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well, passed through a heat exchanger, and then injected back into the same aquifer in a second
well. The mathematics of transport in doublets has been studied in detail in terms of solutes
(Grove et al., 1970and heatGringarten and Sauty, 19¥5The solutions derived b@ringarten

and Sauty (1975)rovide an estimate of the time of first arrival of colder water at the production
well, or “thermal breakthrough”. The analytical solution, however, applies to a homogeneous
medium and boundary conditions are laterally infinite, although it is possible to analyze some
more complex situations through the use of superposition techniques. Although it is possible to
solve for temperatures at the injection well using an analytical solution, this approach generally
requires complex mathematical methods, and a survey of the relevant literature suggests that this
is rarely done in practice. The shortcomings of analytical models, combined with the relative
inaccessibility of powerful numerical simulators, have led to a lack of analysis of small-scale
heating and cooling projects that rely on low-temperature geothermal waters. In the current study,
particle tracking is proposed as an alternate method for analyzing heat flow in a doublet system.

2. Theoretical background

Particle tracking is a well-known technique in groundwater modelling and is commonly used
to help visualize certain transport problems as well as to trace solute and contaminant paths
(Anderson and Woessner, 199Recently, this technique has received attention because of its
utility in delineating well capture zones in groundwater protection studiesKergl et al., 2002;
Neupauer and Wilson, 20pand the efficiency of pump and treat systems used in groundwater
remediation (e.d-uo and Kitanidis, 2004 It has, however, also been shown that particle tracking
can be used to estimate solute concentrations at production desksndel et al., 1984; Johnson
et al., 1994. This technique assumes that each pathline represents a unit solute concentration and
the concentration at the production well is the result of dilution. In the current study, it is proposed
that particle tracking can be used in combination with a numerical solution to fluid flow to estimate
temperatures at production wells in a similar fashion under some particular circumstances.

Advective heat transport in porous media is very similar to the transport of a solute that is
affected by retardation due to sorption of a chemical species, and can be related to the transport
of water or a conservative solute using a thermal retardation factoeyg.and Brown, 1978;
Chevalier and Banton, 1999; Shook, 2D0he thermal retardation factab{) can be defined as
follows (Shook, 200}

_ (1- ‘P)Prcpr

Dt
@ow Cpw

1)
whereg is porosity,or the rock densityCy, the rock-specific heah, the fluid density and’py
the specific heat of the fluid. This factor relates the breakthrough times for temper%ﬁ)rm(d
water ¢&') as follows:

#T =1y (1+ Dr) )

This relationship has been known for quite some time @rgqigarten and Sauty, 1975; Keys
and Brown, 1978; Doughty et al., 1982Jsing this relationship in conjunction with particle
tracking may allow for some inferences on the behaviour of injection—production doublets by
examining transport by advection along a pathline. The arrival of a thermal front at the production
well will follow the same pattern as the arrival of water or a conservative solute but will be shifted
in time due to thermal retardation. This assumes that the pathlines represent streamtubes carrying
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equal amounts of fluid and that each streamtube has a temperature equal to a pathline flowing
through its centre. It should be noted that in many cases the streamlines generated by a particle-
tracking program do not coincide with those produced by a flownet. However, if particles are
placed appropriately, the flowpaths created by particle tracking are similar enough that they can
provide a reasonable estimate in most cases. In the study of injection and production wells, the
most appropriate distribution of particle placement was found to be a ring of particles around the
injection well for forward tracking or around the production well for backward tracking. However,
even for this placement of particles, there is not a perfect agreement between the streamlines anc
flowpaths because streamlines will be spaced more closely between the wells than in the regions
on the outside of the doublet. This results in particles being placed too far apart on the interior
of the doublet and too close together on the exterior. The flowpaths and equipotentials should be
examined to verify that they generally meet the requirements of flownet constructioReta,
1994.

Once the results of particle tracking have been shifted in time, the temperature at a production
well can be estimated by examining the origin of the pathlines arriving at a production well
in cases where groundwater is used for either heating or cooling purposes. If heat transport
by conduction and the effects of temperature-dependent variations in density and viscosity are
considered negligible, the temperature at the production well can be estimated using the following
general relationship:

n
> i,
Nag | i1
Torod = T¢ + 3
pre ° Niotal Niotal

whereTproq is the temperature at the production well at a given tifigehe background temper-

ature of the aquiferyaq the number of pathlines arriving at the production well carrying native
groundwaterNotq the total number of pathlines consideragthe number of pathlines arriving

at the production well from injection wellat a given time, and; the temperature at injection

well i (there is a total ofi injection wells). This equation is applicable in cases where the injection
temperature is constant. If the temperature of the injectate varies with time, it may underestimate
temperature changes at the production well following thermal breakthroug{B)@dso assumes

that there is no density-driven flow, suggesting small vertical thermal gradients. For the case of a
doublet in an aquifer of infinite extent with no regional groundwater flow, the following equation

is derived:

Naq , Nprod

Tprod To <Ntotal) + Tm (Ntotal> (4)
whereTproq is the temperature at the production wéll, the temperature of injected watdizq
the number of particles still in the aquifer at a given tilNg,o4 the number of particles that have
arrived at the production well from the injection well at given time, akgly the total number
of particles introduced into the system. In this simple case, all water streamlines arriving at the
production well originate from the injection well and it is easy to estimate the temperature of the
produced fluid using either forward or backward particle tracking. However, in cases where not
all waters arriving at the production well at late times originate from the injection well, backward
particle tracking is required to determine the origin of the water. In cases where groundwater flow
is constant throughout the period of interest, it is possible to estimate the evolution of production
well temperatures over time. However, if there are significant variations in groundwater flow
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Injection Well Production Well

0

Fig. 1. Case 1, flowpaths (lines with arrows) and equipotentials (solid lines) for an injection—production doublet model
pumped at a rate of 0.001%s, 1.5 years after start of operation. Equipotential interval: 0.0025 m. Note that only the
central area of the modelled domain is shown.

velocities over time caused by changes in either production or injection rates, it is likely that only
quasi-steady state temperatures can be estimated at late times, assuming that groundwater flow
patterns will stabilize at later times. In the current study, the usefulness of particle tracking in
advective heat flow analysis is demonstrated for each of the above cases.

3. Applications
3.1. Case 1: A single doublet in an area of constant head

The possibility of using particle tracking to estimate temperatures at the production well is
investigated by studying a series of models with Visual MODFL®ad MODPATH® (Waterloo
Hydrogeologic, 200/, and the results are compared to those obtained using ME PRikter
and Seth, 2003 an integrated finite difference code that simulates subsurface heat flow by both
conduction and advection. The models used in this study utilized a grid spacing of 5m in the
vicinity of the production and injection wells but this increased up to 100 m towards the edges of
the model domain where gradients are low. In all cases examined, the aquifer was discretized into
five layers. In the particle-tracking model, 50 particles were released at the injection well at the
beginning of the simulation by placing them in a 5-m radius circle around the injection well. The
pathlines of these particles are a good, although not perfect, approximation of a fl&wgndj.(

The pathlines meet equipotentials at right angles and when the appropriate equipotential interval
is used, the curvilinear square requirement is approximately met in most cases.

The positions of these particles at various times were used to calculate production well temper-
atures using Edq4)in combination with a shift in the time of the results in accordance witi{Bq.

For the purpose of generality, these results are presented in terms of dimensionless temperature

1 MODPATH is a particle tracking post-processing package for MODFLOW.



G. Ferguson / Geothermics 35 (2006) 44-58 49

Table 1

Parameters used in the particle-tracking and advective—conductive models

Model parameter Cases 1l and 2 Case 3
Hydraulic conductivity (m/s) 10° 108
Porosity 0.1 0.095
Pumping rate (L/s) 1.0 Semble 2
Thermal conductivity (W/mK) 25 2.4
Specific heat capacity of porous medium (J/K kg) 1318 1318
Specific heat capacity of fluid (J/K kg) 4184 4184
Specific heat capacity of rock (J/K kg) 1200 1200
Density of porous medium (kg 2350 2350
Density of water (kg/rf) 1000 1000
Density of rock (kg/m) 2500 2500

(7"), which is defined as follows:

T—T
T =—— ®)
Tin — To

SinceT;, is lower thanT,, an increase in” corresponds to a decrease in aquifer or fluid
production temperature.

The models utilized in the study consisted of an injection well and a production well, spaced
100 m apart, in the centre of a 40000000 mx 10 m thick aquifer. The grids used in both the
MODFLOW and METRA codes were identical. The entire domain was assigned a permeability of
10-19m? and a porosity of 0.10, which is consistent with many shallow aquifers currently being
examined for low-temperature geothermal applications @lgn and Bridger, 2003; Ferguson
and Woodbury, 2005 Other parameters used in these models are outlindiclite 1 Fixed
temperature and hydraulic head boundary conditions were assumed around the lateral edges
of the model (i.e. 20C and 10m at the top of the aquifer), while zero mass and heat flux
boundaries were assigned at the top and bottom of the model. To examine the applicability
of particle tracking, which only considers advection, to problems where both advection and
conduction may be significant, injection and production rates of 1003, and 102 m3/s were
considered.

Of the three pumping rates examined, the results of the particle-tracking model most closely
resembled the more accurate advective—conductive model at the highest pumping rate (i.e.
10-2md/s; Fig. 2). Breakthrough of cool water occurs more rapidly according to the particle-
tracking model, but after one year the difference between the dimensionless temperatures predictec
by the particle-tracking model and those predicted by the advective—conductive model is approxi-
mately 0.05-0.1. In the models with a70m3/s pumping rate, thermal breakthrough given by the
particle-tracking model s slightly earlier than that in the advective—conductive model. In addition,

a more rapid decrease in temperature following thermal breakthrough is predicted by the particle-
tracking model. At later times, the dimensionless temperatures given by the advective—conductive
model are approximately 0.1 less than those predicted by particle tracking. When pumping rate
was 104 m3/s, the results of the two models were drastically different, with dimensionless tem-
peratures differing by approximately 0.3 at later times. This result was anticipated since heat
conduction becomes more important as advection induced by fluid injection and production
decreases.
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Fig. 2. Case 1, comparison of dimensionless fluid production temperatures between those predicted by the
advective—conductive model and those estimated based on particle tracking for pumping ratésofa (x), 102 m3/s
(triangles) and 10 m%/s (crosses). Advective—conductive model results are shown in black (solid lines) and particle-
tracking-based estimates are shown in grey (dashed lines).

The effects of well spacing were also studied. It is expected that an increase in the distance
between wells (i.e. longer flowpaths) will allow for more conductive heat transport perpendicular
to the paths, which will reduce changes in fluid production temperature. Well spacings of 50,
100 and 200 m were examined, assuming an injection and production rate . At 50
and 100 m spacing, the estimates of dimensionless temperatures produced by particle tracking
were approximately 0.1 greater than those predicted by the advective—conductive Rigd®! (
However, the general trends were matched in both cases. In the model with a 200-m well spacing,
the dimensionless temperatures given by the particle-tracking model were approximately 0.2 larger
(i.e. actual fluid temperatures lower) than those obtained with the advective—conductive model.
Also, the temperature decrease predicted by this model was much more gradual than that shown
by the particle-tracking model. Given that heat conduction is neglected in the particle-tracking
model, this result is not unexpected.

The effect of aquifer thickness on fluid production temperature was also examined. When using
a production/injection rate of I8 m¥/s, it was found that the results of the particle-tracking mod-
els and advective—conductive models most closely agreed at smaller aquifer thickRass®s (
Dimensionless temperatures differed by approximately 0.05 in the case of the 1-m thick aquifer,
and by approximately 0.1 when the thickness was assumed to be 10 m. In these two cases the
general trends and thermal breakthrough times were similar. However, the thermal breakthrough
time for the 100-m thick aquifer given by the particle-tracking and the advective—conductive
models did not agree, and after 20 years the dimensionless temperature difference between them
was more than 0.2.

There are several factors that could contribute to the discrepancies between the temperatures
predicted by the two models, including the possibility that some of the water arriving at the pro-
duction well does not originate at the injection well and the inability of the particle-tracking model
to simulate conductive heat losses. Backward particle tracking was used to determine whether
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Fig. 3. Case 1, comparison of dimensionless fluid production temperatures between those predicted by the
advective—conductive model and those estimated based on particle tracking for a pumping ratenat/a@nd well
spacings of 50 mx), 100 m (triangles) and 200 m (crosses). Advective—conductive model results are shown in black
(solid lines) and particle-tracking-based estimates in grey (dashed lines).

streamlines that did not originate at the injection well might be a factor. It was found that in
each of the cases studied utilizing the particle-tracking model there was one streamline that did
not begin at the injection well. However, this does not explain much of the discrepancy and it is
likely that neglecting conduction is a much more important factor. The better agreement between
particle-tracking-based estimates and advective—conductive model results at higher production

Dimensionless Temperature

0 5 10 15 20 25
Time (years)

Fig. 4. Case 1, comparison of dimensionless fluid production temperatures between those predicted by the
advective—conductive model and those estimated based on particle tracking for a pumping rafenw¥/4@nd aquifer
thicknesses of 1 mx), 10 m (triangles) and 100 m (crosses). Advective—conductive model results are shown in black
(solid lines) and particle-tracking-based estimates are shown in grey (dashed lines).
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rates supports this theory since conduction will be less important when aquifer fluid flow veloc-
ities are high. It should also be noted that in thicker aquifers, density-driven fluid flow may
become important if there are significant vertical temperature gradients. This was not considered
in this study but could cause significant differences between the results of particle tracking and
advective—conductive models.

3.2. Case 2: Doublet in an area with significant regional groundwater flow

Gringarten and Sauty (1975)ggest that, when the axis of an injection—production doublet is
aligned correctly in an aquifer where regional groundwater flow is sufficiently high, the injected
water may never reach the production well and affect the temperature of the produced water. While
this may be difficult to achieve in practice, it is possible to reduce the change in fluid production
temperatures by taking advantage of the regional groundwater flow. To examine this idea with
particle tracking, a group of models were studied using the same grid and well placement as in
case 1. A head difference was imposed at the northern and southern ends of the model, along
with no-flow boundaries at the eastern and western boundaries, to create regional groundwater
velocities of 1, 10 and 100 m/year perpendicular to the axis of the doublet. For each of these
velocities, models were run with injection and production rates af 1003 and 102 m%/s.

For the 1 m/year regional groundwater velocity cdSig.(5a), the temperature changes esti-
mated by particle tracking exceeded those predicted by the advective—conductive models. The
overall results were similar to those when regional flow was not considered. When the groundwa-
ter velocity was 10 m/yeaF{g. 5), the results were somewhat similar to those computed for the
1 m/year case. That is, for the two higher injection—production flow rates the relative differences
and trends obtained using the particle tracking and advective—conductive models were compa-
rable. At the lowest pumping rate (i.e. 70m?3/s), however, there was a significant difference
between the computed results after approximately 15 years. At a regional groundwater velocity
of 100 m/yearfig. 5c), the results of the particle-tracking and advective—conductive models were
consistent at the lowest pumping rate, as there was no temperature change at the production well.
At higher rates (i.e. 10° and 10-2m?3/s), on the other hand, the estimated dimensionless tem-
peratures based on particle tracking were lower than those predicted by the advective—conductive
model after about 2.5 and 7.5 years, respectively.

The results indicate that, in cases where regional groundwater velocity is relatively low
compared to the pumping rates (i.e. the 1 and 10 m/year cases), particle tracking appears to
perform nearly as well as it does in the absence of regional groundwater flow. At higher regional
groundwater velocities (100 m/year), however, fluid production temperature changes are severely
underestimated for an injection/production rate of 4M3/s and slightly underestimated when
the rate is 102 mS/s. This is likely the effect of violations in flownet construction caused by the
difference between particle placement and the position of flow lines around the injection well;
particles had been distributed evenly in a circle surrounding the well. Regional groundwater flow
caused flowlines to deviate from this circular arrangement, particularly in the case of intermediate
production rates where well hydraulic effects associated with fluid production and injection have
less influence on the potentiometric field.

3.3. Case 3: Multiple injection and production wells

The quasi-steady state groundwater production temperatures in an area of Winnipeg, Mani-
toba, Canada were studied to assess the utility of the particle-tracking method in places where
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Fig. 5. Case 2, comparison of dimensionless fluid production temperatures between those predicted by the
advective—conductive model and those estimated based on particle tracking for injection—production ratésnéfs10

(x), 103 md/s (triangles) and 1 m®/s (crosses) and regional groundwater flow velocities of: (a) 1 m/year; (b) 10 m/year
and (c) 100 m/year. Advective—conductive model results are shown in black (solid lines) and particle-tracking-based esti-
mates are shown in grey (dashed lines).

more complex aquifer development patterns exist. In this particular area, groundwater is used for
air conditioning, and water with elevated temperatures relative to native groundwater is injected
back into the aquifer. The design and analysis methods for both applications are essentially the
same. Results of pump tests in the area reporte®dnder (19813uggest that aquifer transmis-
sivities ranged from 228 to 1022%day. Drilling conducted byRender (1981and numerical
modelling performed byrerguson (2004indicate that the hydraulic conductivity in the carbon-

ate aquifer is not uniform and that the majority of water is produced from the upper 5m, which
is extensively fractured. Numerical modelling suggests that the permeability of this upper frac-
tured carbonate rock is approximately £8m?, and that the permeability of the surrounding
intact carbonate rock is likely to be several orders of magnitude loeng(ison, 2004 For

this reason, only the permeable zone was included in the model, although it is likely that further
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Table 2
Records available from Manitoba Water Branch for groundwater use in an area of western Winnipeg, Manitoba (after
Render, 1981

System Estimated Year system Measured injection  Measured quasi-steady Estimated quasi-steady
production was temperature state temperaturéC) state temperaturéC)
rate (m¥/s) installed (approximate) {C)

A 19x 1073 1965 N/AR 10.0 9.2

B 16x 1073 1973 7.2 7.2 7.2

c 19x 1073 1973 135 13.0 13.5

D 28.5x 1073 1977 14.0 10.0 9.5

A background temperature of 6.6 was assumed for the entire aquifer.
a System A discharges to a nearby surface water body instead of injecting the produced water back into the aquifer.
b System D recharges only a portion of the water withdrawn; the estimated re-injection rate is ontylZ2 3m3/s.

discrepancies could arise between the estimates produced by particle tracking and those produced
by advective—conductive modelling if heat conduction to the surrounding less permeable rock
was considered. The permeable zone was assumed to be homogeneous in the model developed
for case 3; the hydraulic and thermal properties for the zone used in the models are given in
Table 1

Fixed-head boundary conditions were placed at the southern and northern boundaries of the
model, as well as along the southern portion of its western boundary. The assumed bound-
ary conditions in the south and west correspond to the position of a river, while those in the
north represent an area far enough removed from the wells that it would not be affected by
their operation. The eastern boundary and the northern section of the western boundary were
assumed to be impermeable based on the observation that regional groundwater flow is from
north to south. The upper and lower surfaces of the fractured carbonate rocks were also treated
as impermeable boundaries considering the relatively low permeability of the overlying till and
underlying non-fractured rocks. Production and injection rates and temperatures are provided in
Table 2

It was not possible to examine transient temperature changes through conventional particle
tracking without a great deal of difficulty because the four geothermal heat pump systems in the
area were installed at different timegaple 2. This situation is not easy to deal with, due to the
retarded nature of heat flow in advective systems relative to the flow of water (or a conservative
solute). MODPATH and other particle-tracking codes utilize the velocities of a previously solved
fluid flow problem. The fluid flow velocities given by MODPATH are reduced to “thermal veloci-
ties”, or thermal front velocities, taking into consideration that the thermal and hydraulic changes
have different response times. Using a particle-tracking code that directly applies a retardation
factor could streamline the data processing, but this is not possible with MODPATH or most other
commonly used particle-tracking codes. Despite this limitation, it is still possible to estimate
what the quasi-steady state fluid production temperatures will be by considering the origin of the
particles arriving at a given well and using E8). In the model examined, 30 particles were
released at each production well and were then tracked backwards irigné)( For the studied
model, it was found that this number of particles were sufficient to obtain a reasonably accurate
solution, although higher resolution could be achieved using more particles. The temperature of
the fluid produced by the wells was the weight-average of the temperature of the place of origin
of the particles reaching the production well (i.e. the temperature of the fluid injected and/or the
background temperature of the aquifer).
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Fig. 6. Computed backward particle tracks (i.e. backward flowpaths) for an aquifer in southern Manitoba; A, B, C and D
denote production wells;'"BC' and D, injection wells (see text).

The results of this exercise produced reasonable results, haviRg@orrelation coefficient
of 0.963 between measured and predicted temperatures, which is significant atatitd level
for the following regressed best-fit line:

Tmeasured= 0.874Tpredicted— 1.42 (6)

This line is significantly different from that with a slope of one passing through the origin
at thep =0.05 level. While this indicates that there may be some difficulty in estimating fluid
production temperatures accurately with the particle-tracking approach, it may be used to obtain
reasonable estimates.

4. Discussion

In many situations, particle tracking can be used to estimate thermal breakthrough times in
low-temperature geothermal systems, as well as to determine the magnitude of the temperature
changes in the produced water. However, this only appears to be possible when heat advection in
the aquifer is much stronger than heat conduction. To assess the importance of these two thermal
processes, the following dimensionless number, which is essentially a version of a Peclet number
(i.e. the ratio between advection and conduction;vseeder Kamp and Bachu, 198@r other
examples), may provide some insight:

psacsat Q
Pegoublet= — ()
oub'e Ksat +/hD

wherepsg;, is the density of the saturated porous mediugg,the specific heat capacity of the
rock, «sat the thermal conductivity of the saturated porous medi@npumping ratej aquifer
thickness and the spacing between the injection and production wells.The valuBsiefpiet

were greater than 30 in cases 1 and 2, where the applicability of the particle-tracking method to the
analysis of heat transport in an individual injection—production doublet was exanTiabkie: 3.

In case 3, where multiple wells were examined, Hagouplet Values exceeded 800 in each of

the wells examined. In general, particle tracking appears to be most effective at higher values of
Pedouplet.

It should be noted thategoupletdoes not consider regional groundwater flow. Larger regional
groundwater flow will mean higher advective heat flow, which, in general, will increase the value
of other Peclet numbers (e.g. sesn der Kamp and Bachu, 1989 this application, however,
increasing regional groundwater flow might lead to violations in flownet construction and will
likely decrease the accuracy of the estimated temperatures if a circular arrangement of particles
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Table 3

CalculatedPegoupietfor cases 1 and 2

Model parameter varied New parameter value Pegoublet
None - 39.2
Pumping rate (r#/s) 104 3.9
Pumping rate (#s) 102 392.9
Well spacing (m) 50 55.4
Well spacing (m) 200 27.1
Aquifer thickness (m) 1 123.9
Aquifer thickness (m) 100 20.7

Note that the case where no parameters were varied (i.e. the base case) had a pumping Tare%$ 1@ well spacing
of 100 m and an aquifer thickness of 10 m.

is used. Careful placement of particles may help to address this issue but this would have to be
an iterative process and would likely be quite time-consuming.

Particle tracking represents an excellent tool for determining the origin of the water arriving
at a production well. It can prove useful in cases where moderate regional groundwater flow
occurs and in systems that have several operating injection wells. By examining the origin of the
particles arriving at a production well, it is possible to estimate the temperature of the produced
water in cases where pumping rates are sufficiently high. It should be noted, however, that, as a
consequence of conduction, and in some cases, hydrodynamic dispersion, the temperature of the
injected water may be quite different when it arrives at the production well.

The method proposed here is difficult to apply to cases with transient groundwater flow patterns
and may only be of use in areas with multiple injection and production wells once a quasi-steady
state thermal equilibrium has been reached. Different systems will attain that equilibrium at
different times. If re-equilibrium occurs very slowly, these estimates may be of little value. For
systems that re-equilibrate quickly, it could prove a practical method for determining the long-term
sustainability of a geothermal development.

Particle tracking is relatively fast compared to some other methods for determining the changes
in produced fluid temperatures under different geothermal development patterns. In this study, all
the particle-tracking models required less than 30 s to run on a personal computer with a 2.8 GHz
processor and 512 MB of RAM. On the same computer, a variable density, variable viscosity,
advective—conductive model used from 2 to 25 min of computing time. The latter is probably
the worst-case scenario for the advective—conductive model because the time for each run could
be reduced by assuming constant fluid density and viscosity and also by assuming a plane of
symmetry. Even with these modifications, it is likely that advective—conductive modelling will
still be more computationally expensive than the particle-tracking approach.

5. Conclusions

Particle tracking is a method of estimating the timing and magnitude of temperature changes in
injection—production doublets in cases whBego pietvalues are sufficiently high. In the studied
models, particle tracking results were reasonable waghpeiexceeded 30. Transient production
well temperature changes estimated with the particle-tracking method are generally greater than
those predicted with the more accurate advective—conductive models and as such can be taken
as conservative estimates of the temperature change. Late time, or approximately steady-state,
temperatures were also predicted with a reasonable degree of success for more complex situations
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involving regional groundwater flow and multiple injection and production wells. While there are
limitations to the use of particle tracking in the analysis of advective heat flow problems, it
is an easily accessible tool that may aid in the sustainable development of systems (including
low-temperature geothermal reservoirs) for heating and cooling applications.
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