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I. INTRODUCTION 

The concept of heat storage in an fer has attracted increasing 

interest during the last five years (Lawrence Berkeley Laboratory, 1978; 

Tsang, Hopkins and Hellstrom, 1980). The basic idea is to inject hot water 

into an aquifer during of low energy demand, and then, when energy 

demand is high, to extract the water and use the heat. The energy supply 

may come from a variety of sources, such as solar energy, industrial waste 

heat, or power plant cogeneration. An aquifer naturally provides a large 

volume of water as the storage medium, at a relatively low cost. Water is 

extracted from the through a supply well, and, after being heated, 

is injected into a storage well in the same aquifer. After the hot water 

has been produced from the storage well and the heat used, the water is 

reinjected into the supply well, thereby creating a closed system with 

little net groundwater consumption. Aquifer thermal energy storage (ATES) 

is considered to be one of the most promising and cost effective alternatives 

for low temperature heat storage on a large scale. Numerous theoretical 

investigations estimate that as much as 80-90% of the injected energy may 

be recovered during a seasonal ATES cycle (Tsang, Lippmann, Goranson and 

Witherspoon, 1977; Fabris, Gringarten, Landel, Noyer and Sauty, 1977). 

Recently Sauty et al. ( 1980) have studied the thermal behavior of a simplified 

single well ATES in terms of a set of dimensionless groups. 

A few field experiments of heat storage in either confined (Molz et al., 

1981; Yokoyama et al., 1978) or unconfined aquifers (Mathey, 1977; Fabris 

and Gringarten, 1977; Iris, 1979; Reddell, Davison and Harris, 1978) have 

been completed. Most of these aquifers are rather shallow and of high 

permeability. Experiments involving the storage of cold water for air con

ditioning have also been done (Yokoyama et al., 1978; Reddell et al,, 1978). 

The highest injection temperature (55°C) and largest injection volume (55,000 m3) 
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experiment to date has been carried out by Auburn University (Alabama, USA) 

where two consecutive six month cycles yielded recoveries of 66 and 76% of the 

injected energy. These are promising values considering the relatively small 

injection volume. However, many problems, both theoretical and practical, 

need to be solved in order to make it possible to assess the feasibility of 

hot water storage in a specific aquifer at a given site. These problems relate 

to legal and environmental issues, water chemistry, soil mechanics, and thermo

hydraulics. 

This study considers the thermal behavior around a storage well in the 

case when buoyancy effects can be neglected. A dimensionless formulation 

of the energy transport equations for the aquifer system is presented, and the 

key dimensionless parameters are discussed, A numerical model using a steady 

flow field is used to simulate heat transport in the aquifer and confining layers 

around the injection/production well during the ATES cycle. The key parameters 

are varied in order to understand their influence on the percent of the injected 

energy that can be recovered, and the temperature of the extracted water, The 

results are presented graphically. Finally, some comparisons with field experi

ments are given to illustrate the use of the dimensionless groups and graphs. 

This study follows similar lines to that of et al.( 1980), but considers a 

more general system, and extends the results in different areas. 

II. Conceptual Model 

II.1 Definitions 

The ATES system considered consists of a single injection/production 

well that fully penetrates an infinite, horizontal aquifer of uniform 

thickness, H. Results are also applicable for a multiple well system 

where well spacing is large enough so that the thermal behavior around 

the storage well is not significantly affected by neighboring wells, 
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This has been studied to some extent by Tsang, Buscheck, Mangold and Lippmann 

(1978). Under the single well idealization, there is radial symmetry with 

respect to the well. Furthermore the aquifer is assumed to be homogeneous 

with thermal conductivity, Aau heat capacity per unit volume, Ca, and 

dispersive lengths d 1 and d~ (see list of nomenclature for definitions of 

all symbols). It is bounded above and below by impermeable confining layers 

which may be of arbitrary thickness and composition. This study considers a 

system with a caprock of thickness D and an infinitely thick bedrock. Both 

caprock and bedrock are homogeneous and have thermal conductivity Ac and heat 

capacity per unit volume Cc• The heat capacity per unit volume of water is 

Cw• All material properties are assumed to be temperature independent. 

The length of the ATES cycle is tc• The duration of injection, storage, 

production, and rest periods are ti, ts, tp, and tr respectively. The 

magnitude of the volumetric fluid flow rate, Q, is kept constant during injec-

tion and production periods, and the injected and produced volumes are taken 

In a hypothetical aquifer storage system with no heat conduction, the 

energy transport would only take place by convection. At the end of the in-

jection period a cylindrical region around the injection well would have 

constant temperature T1, while the rest of the system could remain at T0 • 

This region at T1 is called the thermal volume, v, it is defined by 

V = <Cw/CalVw• The thermal volume may also be written as V = nR2H, 

where R is the thermal radius. Hence, R is defined as 

( 1) 

An essential result of our calculations is the time-varying temperature, 

TP' of the water extracted from the aquifer during the production period. 
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The energy recovery factor, E, for each cycle is defined as the ratio between 

the produced and injected energy when equal volumes of water are injected into 

and produced from the aquifer. The energy content of the water is defined 

using the original ambient temperature of the aquifer, To, as a reference. 

The temperature of the injected water is T
1

• The recovery factor, E, is: 

t. 
l. 

( C T ~ C To) Q dt 
w p w p 

j O (CWT 1 ~ CwTo) Qi dt 

This expression can be written as: 

T ~ To 
p 

where Tp denotes the average temperature of the produced water during 

the production period. A dimensionless temperature, T
1

, is defined as: 

' T 

The expression for the recovery factor (2) then becomes: 

T' 
p 

~. 

where T is the average dimensionless temperature of the produced water. 
p 

(2) 

( 3) 

( 4) 

( 5) 

In most applications there will be a cut=off temperature, below which 

energy is not usable, which will probably be higher than To• The recovery 

factor, sref• calculated with respect to a dimensionless reference (cut-off) 

' temperature, T ref• is: 

£ 
ref ( 1 ~ T' ) 

ref 

(6) 
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If the temperature of the produced water falls below the reference temperature 

during a part of the production period, equation 6 is not correct, because the 

production will stop when the reference temperature is reached, not when the 

produced volume is equal to the injected volume. In such a case equation 2, 

with To replaced by Tref' may be used to calculate the percent of energy above 

that is recovered. However this percent is not a recovery factor as 

we have defined it, because the produced and injected volumes are not equal. 

Throughout this paper the injected energy is referred to as heat, 

however, all the results discussed also apply to chilled water storage. 

The influence of regional ground water flow on the thermal recovery 

of the storage system has not been studied. However, if this influence may 

become large, the storage region in the aquifer will have to be protected, 

for example by using boundary wells (Tsang and Witherspoon, 1975; Whitehead 

and Langhetee, 1978). 

II.2 Buoyancy Flow 

In this study the only fluid flow is a steady radial flow, and fluid 

density is assumed to be constant. Hence, buoyancy flow induced by the 

density difference between injected warm water and the cold water in the 

aquifer is neglected. This is somewhat justified for low permeability aquifers, 

cases with small temperature differences between injected and original waters, 

or short cycle lengths. Under these conditions, buoyancy flow can be neglected. 

Additionally, for geometries in which the thermal radius is much greater than 

the aquifer thickness, a moderate tilting of the thermal front caused by 

buoyancy flow may have only a small effect on the overall thermal behavior of 

the system. A theory proposed by Hellstrom, Tsang, and Claesson ( 1979) gives 

a formula for the characteristic time constant, t 0 , for the buoyancy tilting 
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rate of the hot-cold water interface. This formula, which is given in 

Appendix A, may be used to determine cases where buoyancy flow may be 

neglected. On the other hand, the conclusions presented in this paper may 

still be applicable in a relative sense, even in cases where buoyancy flow 

is significant. 

II.3 Dimensionless Formulation and Definition of Dimensionless Parameters 

The thermal behavior of the aquifer storage system may be expressed in 

dimensionless form. We assume, as a reasonable approximation to the seasonal 

variation of supply and demand of energy, that the injection, storaqe, production, 

and rest periods are of equal duration so that ti = ts = tp = tr = tc/4. In 

this section we shall also assume the caprock to be of infinite thickness and 

the dispersive lengths to be zero. The effects of unequal length periods, a 

finite caprock and velocity-dependent dispersion will be treated as special 

cases (Sections III.2. 1- III.2.3) and are not considered in the followinq 

formulation. The system is symmetric about the midplane of the aquifer, z 0. 

Hence, only the region z > 0 need be considered. 

The temperature field in the confining layers is governed by the ordinary 

heat conduction equation, namely: 

2T 
A 

c 
op 

2 

Assuming an 

equation in 

oT o
2

T 
+ A + A c 

c p op c 
oz 

2 c 

incompressible radial flow 

the aquifer may be written 

oT 
+ 

op 
A 

a 

oT 
ot 

in the 

as: 

1 oT 

P op 

H 
z > 

2 

aquifer, 

c 
a ot 

oT 

the heat balance 

z 
H 

< 2 

(7) 

(8) 
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The last term on the left side represents the convective heat transport 

in the aquifer due to pumping at the well. Temperature and heat flow must be 

continuous at the interface between aquifer and confining layer, i.e.: 

Tl H T L H 
z = 2 + 0 2 

- 0 (9) 

and: 

A 
oT 

H A 
oT 

H 
c oz z = + 0 a oz z = - 0 

2 2 
( 1 0) 

Let us choose the following dimensionless parameters: 

t' 
t 
t. 

p' Q 
L 

z' (11) 

~ 

where 

=~ > A t. 
L 

c ~ 

c 
c c 

Further, if we define 

QCW 
Pe 

2TI A H 
( 1 2) 

a 

as the Peclet number, then using the dimensionless temperature T' (4), the 

equations 7, 8, 9, and 10 become: 

o
2
T' _:~_ oT' 

2 
T' 

A 
oT' a 

z' 
H 

+ + > 
op'2 p' op' oz•

2 A 
ot' 

2L 
c 

( 13) 

2 
T' oT' o

2
T' oT' 

c 
oT' a 

+ +-- - Pe ---
op'2 p' op' oz•

2 
p' op' 

c 
at' c 

H z' < (, 4) 
2L 



T'] z' 
H 
2L + O 

oT' A 

oz' A 
H 

z'= 
2L 

+ 0 

a 

c 

8 

H 
- ~ 0 
2L 

6T' 

oz' 
z' 

H 
2L 

~ 0 

Based on the form of these equations, the temperature at any point may 

now be written as: 

T' 
c 

a 
T ' ( p ' , z ' , t ' , Pe , c 

c 

The temperature, TP' of water produced from the aquifer will be an 

average of the vertical temperature distribution in the aquifer at the 

well, which is located at P' = 0. It is given by: 

T' 
p 

L 

H J 
H/2L 

""H/2L 
T (0, z', t', Pe, 

c 
a 

c 
c 

H 
2L) dz' 

( 1 5) 

( 16) 

( 17) 

{ 18) 

The factor H/2L can be rewritten in terms of Ca/Cc, Aa!Ac, and a parameter, 

A, introduced by Fabris et al. (1977), which is defined as: 

This implies that the temperature of the produced water is: 

T' 
p 

T' 
p 

c 
a 

( t', Pe, C 
c 

). 
a 

A c 
' A ) 

The recovery factor (5) is the average temperature of the produced water 

during the production period. The dimensionless groups controlling the 

recovery factor are summarized as follows: 

( 19) 

( 20) 
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0 Pe 

o A 

0 

0 

c 

c 
c 

2'IT/:. H 
a 

0 The number of cycles. 

Flow Model 

9 

( 2 1 ) 

Detailed numerical models which solve the coupled mass and energy transfer 

equations of fluid flow in a porous medium have been successfully used to 

match analytical results (Tsang et al., 1977) as well as field data (Tsang, 

Buscheck and Doughty, 1980; Papadopulos and Larson, 1978) for ATES systems. 

Generally these models are expensive and time consuming to run. For the 

purpose of gaining a better understanding of the processes controlling heat 

loss in an ATES cycle, it is often desirable to do a series of simulations in 

which different parameters are systematically varied. To this end, the 

uses a simplified, but fast, numerical model of mass and energy 

transfer in an aquifer system. This model, the steady flow model (SFM) was 

developed by Lund University (Hellstrom and Claesson, 1978) and modified at 

Lawrence Berkeley Laboratory for our present study. 

Rather than solving the mass transfer equation to obtain a fluid flow 

field as a function of time, a steady horizontal flow field is prescribed in 

the aquifer, leading to an energy transfer equation given by equation 8. 
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In general, the numerical simulation of a combined convection and conduction 

equation such as equation 8 introduces a mesh dependent numerical dispersion, 

which causes spurious thermal front smearing. The SFM avoids this effect by 

simulating the flow field in a way described below. In contrast, when 

the coupled equations for mass and heat transport are solved with temperature 

dependent , as in most detailed numerical models, it is not possible 

to avoid a certain amount of numerical dispersion. 

The flow field is simulated in the following way: a mesh is constructed 

in which all the elements of a horizontal row have equal volumes. Due to the 

cylindrical symmetry, the radial dimension of the elements decreases as the 

radial distance from the well to the element increases, as shown in Figure 1. 

The thermal front radius, R, at the end of the injection period, the number of 

the number of mesh elements, M, in each row between P = 0 and R, and the 

duration of the injection period, ti, are given as input to the program. 

The length of the mth element is Fro+ 1 ~ Rm• where Fro "' / (~ 1) /M R. The 

volume of the mth element is proportional to Rm+12 ~ Rm2, which is independent 

of m. During the injection period, whenever time t is equal to ti/M, 2ti/M, 

3ti/M ••• ti, the temperature distribution in the aquifer is translated hori~ 

zontally one element away from the well and the user specified injection temper~ 

ature, T1, is assigned to the first element in each row. This translation 

every timestep, ti/M, simulates a constant volumetric fluid flow rate at the well: 

Q. 
l, c t. w l, 

and a horizontal Darcy velocity: 

v(P) 
2TrH P (;.) 

at radius p in the aquifer. When t = ti, the temperature field has been 

translated M times and the thermal front radius is R. 

(22) 

(23) 



Heat transfer by convection is accounted for by translation of the 

aquifer temperature field every time step ti/M. Heat transfer by conduction 

is described by the ordinary heat equation: 

c~ at (24) 

where q is the heat flow per unit area. Equation 24 is solved numerically 

for each element in the mesh during every timestep ~t. For the (m,n)th 

element in the mesh it is written: 

I C 
J m,n v 
m,n 

~ 
at dV ~ J 'V 

v 
m,n 

q dV - J q 
A -

m,n 

A 

n dA ( 2 5) 

where the righthand side describes the heat transfer to all neighboring elements. 

Using the explicit finite difference approximation equation 25 becomes: 

c v 
(T (t + t;t) - T (t) 

m,n m,n 
m, n m, n 

m,n m+1,n 
2'1T R ( z 

1 
- z ) - q • 2 '1T R __,_

1 
( z - z ) 

where: 

and 

m,n 
q 

p 

+ 

q 
p m n+ n p "'' n+ 1 n 

z - z 
n n-1 

+ 
2A m,n-1 

z - z 
n+1 n 

2A 
m,n 

2 
- R 

m 

(26) 

(27) 
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The parameter A may include dispersion effects, as described in Section III.2. 1. 

The time step ~t is chosen so as to ensure numerical stability of the solution. 

During the storage and rest period no translation of the temperature field 

occurs and heat transfer is purely by conduction. During the production period, 

the convection is treated as during the injection period. The length of the 

production period, tp, is given as input. For every timestep, tp!M, the tem

perature distribution is shifted one element toward the well, and the tempera

tures from all the elements directly adjacent to the well are weighted according 

to their heat capacity and to give the production temperature. If 

tp is different from , the fluid flow rate will be adjusted so that the 

volumes of water injected and produced will remain fixed, i.e., Qiti = Qptp• 

Figure 2 shows the temperature distributions at various times during the 

first cycle as generated by the SFM with and without conduction to illustrate 

the superposition of conduction and convection. A typical mesh consists of 

about 1000 elements. Nearly 300 different cases have been simulated, with M 

ranging from 10 to 40. The computer time required for a typical annual cycle 

is about 15 seconds on a CDC 7600. 

III. Results 

The results of the large number of different ATES systems that have been 

simulated using the steady flow model are presented in graphical form. Section 

III.1 shows the dependence of the thermal behavior on the dimensionless groups 

derived in section II.3, as well as the dependence on some of the individual 

parameters that make up the dimensionless groups. Section III.2 discusses the 

effect of a velocity-dependent dispersion, unequal length periods, finite cap

rock, long term behavior, and multilayer flow. 
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III.1. Dependence on Parameters of the Dimensionless Formulation 

In Section II.3 it was shown that the recovery factor is a function 

of five dimensionless parameters. One of these is the number of cycles. The 

recovery factor increases as the number of cycles increases, with the increment 

decreasing for later cycles. The results given in the following sections 

(III. 1.1 and III.1.2) are for the first and fifth cycles. Long term effects 

are discussed in Section III.2.3. 

Another parameter, the ratio between heat capacity in the aquifer and 

heat capacity in the confining layers, Ca/Cc, varies within a small range and is 

mainly determined by the water content (or porosity) of the two layers. The 

correspondingly small variation of the recovery factor with respect to the 

capacity ratio, which is shown in Figure 3, is largest when A and AaiAc are 

small. The results which follow are given for Ca/Cc equal to 1.25, i.e., when 

the aquifer has a higher water content (porosity) than the confining layers. 

III. 1. 1 Results in Terms of Dimensionless Groups 

Of the five dimensionless parameters introduced in Section II.3, the 

effects of three of them, Pe, A, and AaiAcu are more critical and remain to be 

examined. The range of Pe and A is chosen with respect to conditions met in 

seasonal or daily storage. The ratio between thermal conductivity in the 

aquifer and the confining layers, Aa!Ac• depends largely on the magnitude of 

dispersive effects caused by the flow in the aquifer. Dispersion is discussed 

in Section III.2.2. 

III.1.1. 1 Recovery Factor 

Figures 4 9 show the energy recovery factor as a function of Pe and A 

for the first and fifth cycles. Three different values of the thermal con-
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ductivity ratio, Aa/Ac, have been used. The sensitivity of the recovery 

factor to Aa/Ac is most pronounced for small values of the Pe and A 

numbers. Additionally, for a given Aa/Ac the large initial increase in recovery 

factor with increases of Pe and A is followed by a more gradual increase. 

Hence, the recovery factor is most sensitive to a change in the parameters 

Aa/Ac, Pe and A at small values of Pe and A. 

III.1.1.2 Production Temperatures 

The temperature of the water extracted during the production period of 

the first and fifth cycles is shown in Figures 10 ~ 12 for different combinations 

of Pe, A, and Aa/Ac· For values of Pe larger than 200, production tempera~ 

ture shows little dependence on Pe. 

To demonstrate the effect of a cut-off temperature, consider the case with 

Aa/Ac = 1, Pe = 20, A 50. From figure 4, the first cycle recovery factor 

is 0.59. From figure 10, the final dimensionless production temperature for the 

first cycle is about 0.3. For an application that can only use energy above T'ref 

0.25, equation 6 gives Eref = 0.45, 

6 would underestimate Eref• 

If T'ref were greater than 0.3 equation 

III.1.2 Results in Terms of Individual Parameters 

In order to show the explicit dependence on certain physical parameters a 

number of cases have been studied in more detail. 

III.1.2.1 Reference case 

The following parameters are used in the reference case: aquifer thickness 

50m, injection volume-- 60,000 m3, an annual cycle, no dispersion, and an 

infinitely thick caprock. 
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These parameters are summarized in Table 1, which also shows the values of 

the dimensionless groups formed from these parameters~~ Pe= 39.6,A= 396.4, 

AafAc= 1, Ca/Cc= 1.25. 

The thermal volume is V = 98,000 m3. Unless otherwise noted, reference 

case parameters are always used. 

The recovery factors for the first five cycles are: 

year 

E 0.77 

2 

0.81 

3 

0.83 

4 

0.84 

5 

0.85 

Figure 13 shows the temperature of extracted water during the production 

period, 

As an illustration of the size of the reference case, a average single 

family house in the U.S.A, requires about 15,000 kWh of energy for heating 

during one year. Let us assume that the storage system operates with a 

temperature difference of 25°C, If the recovery factor is about 0.8, and if 

half of the total energy requirement is met with stored energy, the reference 

aquifer should suffice for 180 houses, 

III,1.2.2 Volume 

The size of the heated region in the aquifer is a fundamental parameter 

of the storage system. Figure 14 gives the recovery factor as a function of 

cycle number for several thermal volumes with the shape of the thermal volume 

kept the same in all cases, a cylinder with an aspect ratio, H/R, of 1, The 

amount of stored heat is proportional to the thermal volume; the heat losses 

to surrounding material take place through the surface of this volume. There

fore the relative heat loss is roughly proportional to the surface to volume 
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ratio, which is 2/R + 2/H. This ratio decreases and thus becomes more favor

able as the thermal volume increases. 

The temperature of the extracted water during the first production period 

is shown in Figure 14. In the case where V = 3,100,000 m3 the initial slope 

of the curve reflects the vertical heat loss to the confining layers. The 

faster decrease in the temperature curve after 60 days is due to the radial 

heat loss in the aquifer. When the volume becomes much smaller, the radial 

heat loss affects the temperature of the extracted water during the whole 

production period. 

III.1.2.3 Shape 

Although the recovery factor increases with the thermal volume, there is 

one optimal aspect ratio, or shape, for which the recovery factor attains a 

maximal value for each volume. Figure 15 shows recovery factor as a function 

of aspect ratio for the first five cycles. The curves have a rather flat 

maximum at an aspect ratio of 1.5. The first cycle production temperature as 

a function of time for different values of the aspect ratio are given in 

Figure 16. If the thermal conductivity of the confining layers is decreased, 

the maximal recovery factor is obtained for a somewhat smaller aspect ratio. 

This is shown in Figure 17. The difference between the recovery factors in 

these cases is, of course, most pronounced for small aspect ratios, when the 

area facing the confining layers is relatively large. 

Some insight into the variation of the optimal aspect ratio may be gained 

by considering the following expression, which gives a rough approximation 

for the first cycle recovery factor. The heat loss per unit area across the 

plane interface between two semi-infinite media originally at different tern-
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peratures in a timeT (Carslaw and Jaeger, 1959) is multiplied by the surface area 

of a cylinder of thickness H and radius R. This yields: 

where 

2 
c 

a 

(28) 

(AC) ~J 2 
) 

f \11~ + 11/\cc 

2 
and T 

The significance of t is discussed in Section III.2.2. The factor J1XC}f 

is the harmonic mean of the aquifer and confining layer ~values. The 

first term of equation 28 in parentheses is proportional to horizontal heat loss, 

the second to vertical heat loss. This approximation always underpredicts 

recovery factor and is worse for small recovery factors. For the reference 

case, it is .03 less than the numerically simulated value of .77. For a 

recovery factor of .48, it is .34. The method of Lagrange multipliers is 

used to find the aspect ratio which maximizes s for a given volume. This 

optimal aspect ratio is: 

H 
R 

Thus, the variation of the optimal aspect ratio with thermal properties is 

slow. 

In practice, the choice of aquifer may be limited, thus fixing the 

aquifer thickness and the thermal properties of the system. Also, seasonal 

(29) 

energy supply and demand may determine the length of cycle time periods. In 

this case, the volume of injected water is the only parameter with which to 

optimize the recovery factor. As the thermal volume becomes larger, the 
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recovery factor initially increases rapidly, then levels off. The initial 

rapid increase occurs before the thermal radius attains the value which 

yields the optimal aspect ratio for that aquifer thickness. 

When the volume of the injected water is limited and small compared 

to the thickness of the aquifer, it may be advantageous to use a well that 

penetrates only a part of the aquifer, in order to get a more compact shaPe 

of the heated region. However, the use of partial penetration mav lead to 

increased mixing of hot and cold water in the aquifer, which will lower the 

recovery factor. 

If the quantity of energy to inject is fixed, one possibility is to 

inject a larger volume of water at a lower temperature. This will increase 

the recovery factor provided that the energy content is calculated using the 

original ambient temperature as a reference. It may reduce problems related 

to thermal stratification and water chemistry. However, a decrease in enerqv 

quality (temperature) is unacceptable in many anplications. 

III.1.2.4 Aquifer Thermal Conductivity 

Heat loss in the aquifer is due to the mixing of cold and warm water 

(dispersion, discussed in Section III.2.1), and heat conduction. The recovery 

factor for the first five cycles is given for a number of different thermal 

conductivity values in Figure 18. Figure 18 also shows the corresnondinq 

temperature of the extracted water during the first cycle production 

period. Figure 19 gives the recovery factor as a function of the thermal 

conductivity. 



19 

The range of thermal conductivity shown in these plots, up to Aa = 20 J/msK 

is larger than would be likely to be measured on a laboratory sample of aquifer 

material. However, as will be discussed in the next section, dispersion may 

contribute to a large effective thermal conductivity in the aquifer. 

Figures 18 and 19 show dependence on aquifer thermal conductivity for 

cases with aspect ratio, H/R, near the optimal value. For a system with 

H/R<< 1, vertical heat losses will dominate and recovery factor will be nearly 

independent of aquifer thermal conductivity. 

III.2 Dependence on Factors Not Accounted for in the Dimensionless Formulation 

This section deals with several factors which influence the behavior of 

an ATES system, which are not included in equations 7 and 8. 

III.2.1 Velocity~Dependent Dispersion 

During periods when the water flows through the aquifer there is, in 

addition to ordinary heat conduction, a dispersion of heat due to the velocity 

distribution across each flow channel, the irregularity of the pore svstem, 

and large scale aquifer heterogeneities. According to the theory for dispersion 

of a non-adsorbent tracer in uniform porous media (Scheidegger, 1960), the dis

persion is proportional to IYplm, where Yp is the pore velocity. The value 

of m ranges from 1 to 2. When m is 1 the molecular transverse diffusion between 

adjacent streamlines can be neglected, and when m is 2 the transverse diffusion 

is important. The transverse diffusion becomes more important as pore velocitv 

decreases. The thermal conductivity of the stagnant liquid-solid mixture and 

the heat dispersion are combined to form an effective thermal conductivitv. 
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Generally, the effective thermal conductivity is a tensor. However, we will 

assume that for our mesh design, the off-diagonal elements are zero and the 

effective thermal conductivity has different values parallel to and perpen~ 

dicular to the direction of fluid flow. The effective thermal conductivity 

is written in terms of the Darcy velocity, which is the product of the pore 

velocity and the aquifer porosity. When m = 1 we have: 

Aa " Aa + d a • I v I • Cw 

( 30) 

and when m 2: 

( 31) 

+ d *. Aa l. 

h d d d * d * . f h 'f T e parameters 11 , l.' U , L are propert1es o t e aqu1 er; 

d
11 

and dL are often referred to as dispersion lengths. Laboratory experiments 

have shown that d.J. is an order of magnitude smaller than dll for most field 

samples. We have found that the recovery factor and production temperature 

'It 
exhibit only a weak dependence on the value of dJ. and di • This weak 

dependence is supported by equation 28, the analytical approximation for 

recovery factor, in which the vertical heat loss is proportional to J()..C)f 

(now more properly defined as J'< >..1.C) f .= 2/ [1 /~ + 1 lficc]). Even 

if d.J. or dL* were to increase ~a significantly, the change in 
.J. 

First we consider the case where \a is linearly dependent on v (equation 

30), Figures 20 and 21 show recovery factor and production temperature as d
11 
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is varied. The dependence of the recovery factor on dll appears to be very 

similar to that for Aa (Figures 17 and 19). The thermal conductivity used 

to obtain Figures 18 and 19 can be considered to be a scalar effective con~ 

ductivity of the form: 

where Ad is a constant addition to the thermal conductivity to account for 

dispersion. To further examine the effect of the velocity dependence in 

-
Aa, Figure 22 shows the first cycle production temperature for three cases 

which all have a recovery factor of 0.60, but which use three different 

formulas to describe the dispersion (equations 30, 31, and 32). Clearly the 

production temperature curves are very similar. For later cycles the recovery 

factors and production temperature curves begin to diverge slightly. 

The magnitude of the tracer dispersion lengths vary within a wide range, 

but may be determined by a tracer injection experiment in the field. Experi-

mental data show that tracer and heat dispersion lengths (dft, dL) are practically 

identical for flow in a uniform material (Bear, 1972). For the parameter ranges 

considered in this study, we obtained the empirical relation: 

A = A + 0.3 
a a 

dgRCa 

t. 
~ 

(33) 

between the scalar effective thermal conductivity, which is used for the whole 

ATES cycle, and the dispersion length dn. 

Equation 33 was generated by running the SFM for a range of the parameters 

, using equations 30 and 32 to describe dispersion effects, and 

correlating cases with equal recovery factors. The ratio dii/d.L = 10 was used. 

Different values of dL do not change equation 33 appreciably. 
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Figures 21 and 22 have shown that the recovery factor and production temper

ature are strongly dependent on dispersion. However, the dimensionless groups 

used to predict thermal behavior carne from equations that do not include 

dispersion. As we have shown in this section, dispersion acts to create a 

large effective aquifer thermal conductivty. Hence, Aa may be used instead 

of Aa in Pe and Aa/Ac to account for dispersion. 

The effect of the addition of dispersion to the thermal conductivity 

may be observed by comparing Figures 4 and 6, and Figures 10 and 12. For 

example, consider a case with Pe g 50, A g 50, and Aa/Ac = 1; an increase 

of effective thermal conductivity by a factor 10 to include dispersion 

changes the value of the parameters to Pe = 50, and Aa/Ac = 10. This 

reduces the first cycle recovery factor from 0.67 to 0.40. The decrease 

in production temperatures is also substantial. 

III.2.2 Unequal Length Periods 

The recovery factor depends on the length of the cycle, tc, and the 

intracycle scheduling--the relative duration of injection, storaqe, production, 

and rest periods. Figure 23 shows tne first cycle recovery factor as a 

function of tc for different schedules for three thermal volumes. In 

case A the fluid is injected during the first half of the cycle and produced 

during the second half. There is no storage or rest period. Case B refers to 

a cycle which is subdivided into equal injection, storage, production, and 

rest periods. case c consists of a hypothetical cycle with instantaneous 

injection and production. Here, the durations of the injection and production 

periods are zero, while the storage and rest periods are each a half cycle. 

For a given tc, the recovery factor is higher for a shorter storage period, 

ts. 
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The results of Section III. 1 were calculated for a cycle with equal 

lengths, ti, of the individual periods. In order to use the Section III. 1 

figures for cases where the different periods have unequal durations, a time 

measure more sui table than is required. An adequate measure is the time 

an injected water particle resides in the aquifer, averaged over all particles 

in the injection volume. This time, called t, is given by: 

T 
1 
-(t.+t )+t 
2 2 p s 

(34) 

provided that the flow is constant during the injection and production periods. 

To allow for any scheduling, the time ti, is replaced by t/2 in the formulas for 

-
Pe, A, Aa' and the finite thickness caprock effect (equations 21, 33, 36, and 37). 

The error made by using the recovery factor curves of section III.1 with t/2 

is small. According to Figure 23, the largest departure from Case B causes a 

change in recovery factor of less than 5%. Variation in scheduling affects 

the production temperature more strongly. When there is no storage period, 

the production temperature begins at T1; with a storage period, the produc~ 

tion temperature begins below T 1, but decreases more slowly. 

When the aquifer and confining layer thermal properties are the same, the 

first recovery factor for Case C can be determined analytically. The 

recovery factor is given by the formula for the mean temperature decline in a 

cylinder, which is shown in Appendix B. 

III.2.3. Finite Thickness Caprock 

The vertical heat loss from a shallow aquifer system may be substantially 

enhanced due to the influence of the ground surface, acting as a constant 

temperature boundary. A caprock with thickness D can be accounted for in the 
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dimensionless formulation discussed in Section II.3, by forming another 

dimensionless parameter: 

A 
c 

A t. 
c ~ 

(35) 

Because of the small interdependence of radial and vertical losses, D = ® is 

used for the plots in Section III.1.1, and the effect of a finite caprock 

thickness is discussed here separately. 

The key parameter in the formula describing the finite caprock effect 

is d D/H. Figures 24 ~ 26 show the recovery factor for an aquifer with a 

finite caprock relative to that with an infinite caprock, t(d)/E( 00 ), as a 

function of 1/A. The figures display results for various values of d, for 

the first and fifth cycles, and for Aa/Ac = 1, 2, and 10. Hence the 

recovery factor for the finite caprock cases can be calculated by using the 

appropriate figure which gives the recovery factor for the infinite caprock 

(Figures 4- 9), and then multiplying the result by the number obtained from 

Figures 24, 25 or 26. 

Several observations may be made about Figures 24-26. For a relatively 

thick caprock (d > .5), vertical heat loss is primarily determined by the 

aquitard thermal properties, but there is a marked increase in the effect of 

Aa as d decreases. The thickness of the aquifer, H, appears both in d and 

in 1/A. The parameter d decreases as 1/H, and 1/A decreases as 1/H2; an 

increase in H yields an increase in E(d)/£( 00 ). On the other hand, E(d)/£( 00
) 

initially decreases as the number of cycles increases, then reaches steady 

state. The number of cycles required for s(d) to reach steady state is 

proportional to D, and decreases as Aa/Ac increases. 
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We have found that if either of the following conditions holds, then the 

finite caprock effect will be small (less than a 5% reduction of the fifth 

cycle recovery factor): 

(1) > 10, II > 2 (36) 

(2) II > 300, any D (37) 

When the first condition holds, the thickness of the caprock is so large that 

the effect of the surface is not appreciably felt by the aquifer. When the 

second condition holds, the aquifer is thick enough that the heat loss to the 

ground surface results in only a minor change in the aquifer heat content. 

When the aquifer and confining layer thermal properties are the same, the mean 

temperature decline formula for a cylinder with a finite caprock can be used 

to obtain an analytical solution for the finite thickness caprock effect on 

recovery factor for the first cycle. This is shown in Appendix C. 

111.2.4 Long-term Effects 

The transient energy loss for each cycle decreases as the number 

of cycles increases, so that the recovery factor improves. Figure 27 shows 

the recovery factors for 33 annual cycles for an aquifer with an infinitely 

thick cap rock and with a relatively thin caprock (D /H = 0.1). The increase in 

recovery factor is quite rapid during the first few cycles for both cases, but 

the thin caprock case approaches steady state faster. 

During each cycle, energy is lost from the injected water to the 

surroundings. If the aquifer may be used for purposes other than heat 

storage, the thermal pollution caused by the residual heat may be a 

problem. The radial distance from the well to a certain isotherm at the 
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end of each storage cycle is given in Figure 28 for the infinite and finite 

caprock cases. The isotherms give a rou~h outline of the radial distribution 

of the residual heat just before the injection period of the next cycle starts. 

As expected, in the thin caprock case, with heat lost to the surface, the 

radial extent of the residual heat is lessened, and can be seen approaching 

a constant value. 

The radial distance at which the temperature increase equals 10% of 

the temperature difference between injected and ambient water has not reached 

farther than 47 meters after 33 cycles for the infinite caprock case. At this 

time the rate at which this distance increases is only 0.4 meters per year. 

The residual heat is spreading out in the aquifer at a slow rate. In this 

example the thermal conductivity in the aquifer is only 2.5 J/msK, which is 

a rather low value. Of course in these calculations we have not considered 

the possible presence of faults or other heterogeneity factors that may 

serve as special channels for fluid flow. 

The effect of regional flow has not been considered in this study. 

However, since the rate at which residual heat spreads is very low in the case 

of no regional flow, one may assume that the magnitude of the regional flow is 

very important when estimating thermal pollution. 

III.2.5 Multiple Layers with Different Flowrates 

Buoyancy flow induced by the density difference between hot and cold 

water is discussed briefly in Appendix A. While the steady flow model does 

not solve the coupled heat and mass transfer equations, the final effect 

of buoyancy flow is a tilted thermal front. When H/R < 4, the surface area of 

the hot region is increased when the thermal front is tilted. If the tilting 
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is extreme, during production unheated native water in the lower part of the 

aquifer will be recovered along with heated water. Both these effects lower 

the recovery factor, so it is desirable to examine them. A tilted front can 

be generated roughly by multiple layers with different specified horizontal 

flowrates within the SFM. 

As an example of this technique, we consider a three~layered case, where 

the flowrate during injection is enhanced in the upper layer and reduced in 

the lower layer. The flowrate during production is the same in all layers. 

Figure 29 shows the production temperature for three cases with different 

combinations of flowrates in the layers, as indicated by the accompanying 

figures. The aquifer has a thickness of 20 meters. The total flow is the same 

in all cases. Curve A represents the case when the flow rate is the same in 

the three layers. The recovery factor is 0.65. In case C, where the tilting 

angle after the injection period is close to 45 degrees, the recovery factor 

is reduced to 0.58. Figure 30 shows a similar example with four cases in a 

50 meter thick aquifer. The recovery factor decreases from 0.77, when the 

flow is the same in all layers (case A), to 0.63 in caseD, where the tilting 

angle is close to 45 degrees. 

The permeability of the aquifer must be quite low in order that the tilting 

angle does not exceed 45° during the storage cycle (Hellstrom et al., 1979). 

IV. Comparisons with Field Experiments 

The use of the results presented in Section III is illustrated by compar~ 

ing these results with the rec~ery factors and production temperatures for 

two recent ATES field experiments. 
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IV.1 Auburn 

The Water Research Institute at Auburn University, Auburn, Alabama 

has performed a two cycle ATES field experiment using a 21 m thick aquifer 

with an ambient temperature of 20°C (Molz et al., 1981). Although the top of 

the storage aquifer lies 40 m below the ground surface, it is overlain bv a 9 

m thick clay layer, above which is a shallow aquifer, whose temperature 

remained constant throughout the experiment. The injection/production well 

penetrated the middle 9 m of the aquifer. 

During each six month cycle, 55,000 m3 of water was injected at 55°C, 

stored, and recovered. The recovery factors for the two cycles were 66 

and 76 percent. 

Independent modeling work (Tsang, Buscheck and Doughty, ,980; Ruscheck, 

Doughty and Tsang, 1981), using a coupled heat and mass transfer numerical 

model, has matched the simulated and observed aquifer temperature fields at 

the end of the first injection period. It indicates that an effective con~ 

-
ductivity Aa ~ 2Aa is appropriate for this experiment. A summary of the 

parameters needed i~ shown in Table 1. Also shown are the dimensionless grous 

used to predict recovery factor: Pe = 78.4, A = 80.3, ~alAe= 2, and d = 0.4. 

The first cycle finite caprock effect, shown in Figure 25, is negligible. 

Hence, the first cycle recovery factor is estimated from Figure 6 to be 0.71. 

One of the effects of the partially penetrating injection/production well may 

be shown the following way. From temperature observations made in the aquifer, 

the thermal radius reached 43 m, which implies the effective thickness of the 

aquifer was 16m. Using R = 43 and H = 16 gives Pe = 101.9, A= 46.6, d = 0.5. 

Using these values in Figures 25 and 6 yields E = 0.68. The decrease from 0.71 

to 0.68 is due to the worsening of the aspect ratio. Experimental observations 
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also indicated some thermal front tilting. Accordinq to equation A1, the 

characteristic tilting time, t 0 , is 28 days, to be compared with a T of 

110 days. Hence, the observed first cycle recovery factor, 0.66, may be 

lower than that predicted due to buoyancy flow. 

IV.2 Bonnaud 

The Bureau de Recherches Geologiques et Minieres, Orleans, France has 

conducted a fotrr cycle experiment on a 2.5 m thick aquifer with ambient 

temperature 12.5°C at Bonnaud, France (Menjoz and Sauty, 1980). During each 

12 day cycle, 490 m3 of water was injected at 35°C and recovered. The 

fourth cycle recovery factor was 67.7%. A summary of needed parameters is 

shown in Table 1. Also shown are the dimensionless groups used to predict 

-
recovery factor: Pe = 15.4, A= 25.2, Aa/Ac = 13, and d 1. 6. The curves 

for Aa/Ac = 10 are used to predict the recovery factor. The fifth cycle 

caprock effect, shown in Figure 26, is about 0.99. From Figure 9, the fifth 

cycle infinite caprock recovery factor is 0.65. Combining these two yields 

£ = 0.64. The fourth cycle recovery factor would be slightly smaller. This 

underpredicts the observed fourth cycle recovery factor of 0.677. The differ-

ence is due, at least in part, to the scheduling, as discussed in Section III.2.2. 

v. Summary 

The thermal behavior of an aquifer thermal energy storage system which 

consists of a single well in an infinite horizontal aquifer has been studied. 

The heat transfer equations are presented in dimensionless form in order to 

identify the set of parameters which define the system's thermal behavior. 

A numerical model in which ~ steady fluid flow is prescribed in the radial 

direction is used to run numerical simulations of ATES cycles. The net thermal 
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behavior of the storage syst~u is given by the recovery factor and the time~ 

dependent temperature of the recovered water. The recovery factor is defined 

as the quotient between recovered and injected energy; the energy is calculated 

using the initial groundwater temperature as a reference. The effects of 

buoyancy flow are neglected in this study, thus the results should be applicable 

to a system with either low~permeability, small temperature difference, short 

cycle lengths or small aquifer thickness. A number of parameters have been 

varied in order to estimate their effect on the thermal behavior. 

VI. Conclusions 

The main conclusions are summarized below: 

o The storage volume is a fundamental parameter of the system. The rela~ 

tive heat loss is roughly proportional to the surface to volume ratio. Even 

for an optimal aspect ratio for our reference case, a minimal injection 

volume of about 50,000 m3 is required in order to obtain a good recovery 

factor (0.7) during the first annual cycle. For other cases, similar minimal 

volumes can be estimated using the figures in Section III. The aquifer storage 

concept for a seasonal cycle must be applied on a large scale in order to 

ensure a high recovery. 

o The thermal behavior of the storage system is very sensitive to the 

value of the effective thermal conductivity in the aquifer. The effective 

thermal conductivity is defined to include a contribution from dispersion 

which may be quite 

o After an initial transient period, the heat loss through the upper 

surface of the aquifer is determined by the thickness of the caprock. The 

transient period may be quite long. The effect of a finite caprock on the 

fifth cycle recovery factor is less than 5% if (D/Ll 2 > 10 and A> 2. 
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Further, the influence of the finite caprock loss decreases as t,hs t 1<ickness 

of the aquifer increases, 

o The cycle is divided into periods of injection, storage, prothlction, 

and rest in accordance with the supply and demand of heat. The relative dur-

ation of these periods appears to have a fairly small influence on the 

recovery factor, when the length of the cycle is constant. A parameter 

is defined as the average length of time an injected 

fluid particle spends in the aquifer. For cases with periods of unequal length, 

-
1/2 may be used in place of ti in the formulas for Pe, A, Aa, and D/L. 

o The recovery factor increases with the number of storage cycles. 

During each cycle heat is lost to the cold surroundings. The increasing 

amount of residual heat improves the performance of the storage systems 

during the next cycle. However, the residual heat may be in conflict with 

other uses of the aquifer. The thermal pollution appears to spread out at 

a rather slow rate, when there is no regional flow in tbe aquifer. 

o The shape of the heated volume should be as compact as possible in orner 

to minimize the heat loss. The recovery factor has a rather flat maximum 

when the radius of the heated volume is about 2/3 of the aquifer thickness. 
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NOMENCLATURE 

A 

c 

d 

du' 

* dll 

D 

H 

k, 

L 

M 

Pe 

D 

H 

d 

' 

k' 

l. 

d * 
l. 

surface area of the (m,n}th mesh element (rn2) 

volumetric heat capacity ( ~ ) 
mK 

aquifer volumetric heat capacity (~) 
3 

mK 

ratio of caprock thickness to aquifer thickness 

first order dispersion constants, dispersion lengths, (m) 

second order dispersion constants (s) 

caprock thickness (m) 

aquifer thickness (m) 

2 
horizontal and vertical aquifer permeabilities (~) 

s 

A A t 
a c i 
r-c~ characteristic length (m) 

c c 

number of mesh elements in each row between P 0 and R 

2 
C R 

a 
2At 

a i 
Peclet number 

heat flowrate per unit area ( ~ ) 
m s 



Q 

R 

t 

t' 

t 
c 

T 

T' = 

T 
p 

T 
p 

T' 
p 

T 
m 

T 
ref 

t 
t. 

1 

c 
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3 
volumetric fluid flowrate (~) 

s 

thermal radius {m) 

distance to the inner edge of the roth column of mesh elements (m) 

time (s) 

dimensionless time 

length of one cycle (s) 

characteristic tilting time (s) 

timestep for conduction (s) 

temperature (K) 

original ambient temperature (K) 

injection temperature (K) 

dimensionless temperature 

production temperature (K) 

production temperature averaged over production period (K) 

dimensionless average production temperature 

mean temperature in a cylinder (K) 

reference (cutoff) temperature (K) 



v 

v 

v 
m,n 

z 

z' = z/L 

E: 
ref 

K = A 
c 
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pore velocity (~) 

steady radial darcy velocity (~) 
s 

3 
thermal volume (m ) 

3 
volume of the (m,n)th mesh element (m ) 

volume of water injected and produced (m3) 

vertical coordinate (m) 

dimensionless z 

vertical distance from the top of the caprock to the top of the 
nth row of mesh elements (m) 

recovery factor, ratio of produced to injected energy, with energies 
measured relative to T

0 

recovery factor with energies measured relative to T 
ref 

2 
thermal diffusivity (~) 

s 

thermal conductivity (~K) 

effective aquifer thermal conductivity, of the form A 
a 

term 
J 

(msK), where the disoersion term may be: 

- -A constant in which case A an A a - A a d .L 

dH I v I c;.,, d 1 v lc;., first order velocity dependent 
.L 

* * 

). + dispersion 
a 

1

2c I f

2
c dll 

I d second order velocity dependent I v v 
w .L w 



A 

p 

p' 

Act. 
c c :l 

p 

L 

35 

+ 

effective 
confining 

JAc, harmonic mean of aquifer and 

layer values ( J ) 

m2 s1 /2K 

Lambda number 

viscosity of ambient and injected water (kg) 
ms 

radial coordinate (m) 

dimensionless P 

density of ambient and injected water 

porosity 

(t, + t )/2 + teo 
:l p "' 

effective time a fluid particle spends in the aquifer(s) 



Subscripts 

a 

c 

r 

w 

p 

z 

m 

n 

m,n 

i 

s 

p 

r 

c 

aquifer 

confining layer 

rock 

water 

radial 

vertical 
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label for mth column of elements in mesh 

label for nth row of elements in mesh 

label for the (m,n)th element in mesh (also used as a superscript) 

injection 

storage 

production 

rest 

cycle 
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The density difference between hot and cold water induces a buoyancy 

flow of the hot water towards the upper part of the aquifer. An order of 

estimate of the tilting rate of a more or less vertical front may be 

deduced from the following idealized case (Hellstrom et al., 1979). Consider 

a , vertical thermal front in a confined aquifer (Figure A1). The 

layer has an infinite horizontal extension. The vertical permeability, 

k', may differ from the horizontal permeability, k. The tilting rate is given 

by a characteristic tilting time, t 0 , which is: 

0.034 
c a 
c 

w 

(A 1) 

The buoyancy tilting of an initially vertical front during a time t 0 is 

about 60°. The most important factors are the temperature levels, which 

determine ~ and p, and the permeability. If the time of the cycle is smaller 

than to, then the tilting is expected to be moderate. 

The time constant, to, was derived for the plane case, but the magni-

tude does not change appreciably for the radial case. If the thermal front 

is diffuse, rather than sharp, the tilting rate is slightly lowered. Further-

more, as the thermal front tilts, the flow resistance in the hot part of the 

is reduced because of the lower viscosity of hot water. Forced 

convection, then, gives an increase of the tilting rate during injection 

periods, and a decrease during production periods for hot water storage. For 

chilled water storage, forced convection decreases the tilting rate during 

injection and increases it during production. 
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Appendix B. Mean Temperature Decline in a cylinder 

Let us assume that the storage volume has the shape of a cylinder with 

radius, R, and height, H. Initially, the temperature is T1 throughout this 

volume and To in the surrounding, infinite medium. The whole system is 

assumed to have homogeneous thermal properties, with thermal conductivity 

A, heat capacity per unit volume c, and thermal diffusivity K =A/C. The 

temperature field is governed by the ordinary heat equation. 

The mean temperature in the storage volume, Tm, at a time t is given by 

a product solution (Claesson, Eftring and Hellstr8m, 1980) namely: 

T (t) 
m 

where the radial factor is: 

g (x) 
m 

and the vertical factor is: 

g 2 • f 2 (Kt) (4Kt) 
m R m H 

1 
f (y) = erf ( ~1 ) ~ j.J. . ( 1 ~ e ~ y) 

m .;y rr 

(R1) 

(B2) 

(B3) 

Here r 0 and I1 are modified Bessel functions and erf is the error function. 

The following approximations may be used: 

X (( 1 (B4) 

q (x) = (1 --m 4x 4~) X )) 1 (B5) 

y«1 (B6) 

f (y)= ~1(, ~ _1) 
m {;; 6y 

y»1 (B7) 
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The recovery factor for the first cycle can be estimated by substitut~ 

ing T for t in equation B1, where the time constant T is: 

T (t. + t )/2 + t 
1. p s 

The recovery factor becomes: 

f 
m 

Figure B1 shows the recovery factor as a function of the parameters 

and 

(B8) 

(B9) 
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The effect of a finite caprock of thickness D can be analyzed the 

method described in Appendix Band the superposition principle (Claesson, et al., 

1980). The function f'rn, which the vertical effects, includes the 

dependence on the finite thickness of the caprock, that is: 

f' (d,y) 
rn 

where d = D/H, y = 4KT/H2 and K ~ A/C. The function fm is given in 

(C1) 

dix B and ierfc denotes the integral of the complementary error function. The 

function fm(y) gives the vertical effects for an infinite caprock. The 

function f'm replaces fm in Formula B9 in Appendix B. We get the following 

expression for the recovery factor: 

f' (£ 
• m H ' ·:;) (C2) 

Figure C1 shows €(d)/E(oo) = f'rn(d,y)/frn(y) as a function of 1/A for 

several values of d. 
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1. Scale drawing of part of the equal volume mesh. The mesh may extend 
further vertically than is shown to simulate infinitely thick confining 
layers. 
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TEMPERATURE FIELDS 
SIMULATED BY STEADY FLOW MODEL 
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2. Temperature distributions at various times during the first cycle 
generated by the SFM with and without conduction. 
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3. First and fifth cycle recovery factors as a function of heat capacity 
ratio Ca/Cc, for various values of Pe and A. 
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4. Recovery factor as a function of~ and /A, for the first 
and fifth cycles, when Aa!Ac = 10 2, and 10. 
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6. Recovery factor as a function of ~ and /A, for the first 
and fifth , when Aa/Ac ~ 1, 2, and 10. 
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7. factor as a function of ~ and .,(!.;, for the first 
and fifth cycles 0 when Aa,!Ac ~ 1, and 10. 
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8. Recovery factor as a function of ~ and VA, for the first 
and fifth cycles, when Aa!Ac = 1, and 10. 
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9o Recovery factor as a function of and /A, for the first 
and fifth cycles 8 when Aa/Ac = 1, 2, and 10. 
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10. First and fifth cycle production temperatures versus time for a range 
of Pe and A when Aa/Ac = 1, 2, and 10. 
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11. First and fifth cycle production temperatures versus time for a range 
of Pe and A when Aa/Ac g 1, and 10. 
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12. First and fifth cycle production temperatures versus time for a range 
of Pe and A when Aa/Ac = 1, 2, and 10. 
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13. Production temperature versus time for the first five cycles of the 
reference case. 
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4. Recovery factor for different thermal volumes for the first five cycles 
and first cycle production temperature versus time for different thermal 
volumes. 
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15. Recovery factor as a function of aspect ratio for the first five cycles. 
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16. First production temperature versus time for different aspect 
ratios. 
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17. First cycle recovery factor as a function of aspect ratio for different 
values of aquitard thermal conductivity. 
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18. Recovery factor for different values of the aquifer thermal conduct
for the first five cycles and first cycle production temperature 

versus time for different values of the aquifer thermal conductivity. 
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19. First and fifth cycle recovery factors as a function of the aquifer 
thermal conductivity. 
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21. First and fifth cycle recovery factors as a function of dispersion 
length. 
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22. First cycle production temperature versus time for different dispersion 
formulations. 
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23. First cycle recovery factor versus cycle length for several ection-
storage-production-rest schedules, for three thermal volumes. 
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24. Finite thickness caprock effect for the first and fifth cycle, 
recovery factors for = 1, and 10. 
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25. Finite thickness caprock effect for the first and fifth cycle, 
recovery factors for Aa/Ac = 1 2, and 10. 
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26. Finite thickness effect for the first and fifth cycle, 
recovery factors for = 1, 2. and 10. 
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27. Recovery factor for 33 cycles for infinitely thick caprock and thin 
caprock cases. 
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28. The radial distance to several isotherms at the end of the first 33 
cycles for infinitely thick caprock and thin caprock cases. 
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29. First cycle production temperature versus time for the different 
combination of flowrates indicated schematically in the figures, 
for aquifers of thickness 20 and 50 m. 
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30. First cycle production temperature versus time for the different 
combination of flowrates indicated schematically in the figures, 
for aquifers of thickness 20 and 50 m. 
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A1. Schematic drawing of an aquifer with a sharp vertical thermal front. 
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B1. Analytical recovery factor from the temperature decline of a inder. 
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C1. knalytical finite thickness caprock effect on recovery factor. 




