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Paper to be presented at the International Solar Energy Society (American Section),
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MODELING UNDERGROUND STORAGE IN AQUIFERS
OF HOT WATER FROM SOLAR POWER SYSTEMS

Chin Fu Tsang, Colin B. Goranson, Marcelo J. Lippmann, Paul A. Witherspoon
Lawrence Berkeley Laboratory
University of California
Berkeley, California 84720

ABSTRACT

The feasibility of storing hot water from solar
energy collectors in underground aquifers is explo-
red. Using a numerical model for computing heat
and mass flow in a three-dimensional water-satura-
ted porous medium, three cases are studied: a)
daily storage, b) seasonal storage with semi-annual
cycles and c¢) seasonal storage with annual cycles.
The hydrodynamic and thermal behaviors of the
storage system are analyzed and illustrated. In
all the cases studied the energy retrieval is found
to be over 80%.
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The development of practical and low-cost methods
for storing large amounts of thermal energy is of
fundamental importance for the utilization of solar
energy. The basic function of a storage system is
to act as a buffer between time-varying solar ener-
gy inputs and thermal and/or power demands. The
present paper explores the novel concept of storing
hot water from solar energy collectors into natu-
ral aquifers underground.

Aquifers are geologic formations which contain and
conduct water. They may be found at depths rang-
ing from a few meters to several kilometers. Con-
fined aquifers are those which are bounded above
and below by impermeable layers and are saturated
by water under pressure. For many years these
types of aquifers have been used for liquid waste
disposal and for storing fresh water, oil pro-
ducts and gasl'2 However, their use for hot water
storage 1s a relatively new concept suggested by
Robbimov, Umarov and Zakhidov3 , Kazmann‘ and Meyer
and Todd“ in the early seventies.

The physical basis of the concept lies in: a) the
low thermal conductivities of caprock and bedrock
materials, b) the large volume of the aquifer (of
the order of 107m3), and ¢) the capability of stor-
ing water under high pressures. To estimate the
feasibility and efficiency of such a storage sys-
tem, the processes during injection and withdrawal’
cycles must be understood, such as:

1. Thermal behavior of and heat loss from the sys-
tem during successive cycles of operationm.

2. Pressure distribution in the aquifer during the
process.

3. The possibility of compaction of the aquifer

and overburden, with the resulting land subsi-
dence phenomenon.

4, Rock-water chemical reactions and the resulting
change in aquifer permeability.

It is only recently that sophisticated computer
models have been developed to study these questions
using the proper physical conditions and parameters,
and to make realistic predictions of the energy
recovery efficiency of aquifer storage systems.
Furthermore, physical models and field experiments
have been initiated®'® to test this concept. These
will not only provide data to verify numerical mod-
els, but also give an indication of the feasibility
and possible problems that may be encountered dur-
ing the implementation of the aquifer storage
concept.

In the present work, we will make use of a numeri-
cal model develped at the Lawrence Berkeley Labora-
tory’+8»9 to investigate the problems of daily

cyclic hot water storage, as well as seasonal (aver-
age) storage for a solar energy collection system.

In the following section of the paper we will des-
cribe the computer program used in the calculations.
Results will then be presented and discussed. The
paper will conclude with a summary and some general
comments.

NUMERICAL MODEL 'ccc”

The numerical model employed is called "CCC" which
stands for "Conduction, Convection and Compaction.”
It is based on the so-called Integrated-Finite~Dif-
ference Method!%»11512,  The model computes heat
and mass flow in three-dimensional water~saturated
porous systems. Concurrent with the mass and energy
flow, the vertical deformation of the aquifer sys~
tem is simulated using the one-dimensional consoli-
dation theory of Terzaghi. The governing equations
used may be found in Reference 8 (see algo Refer-
ence 13). Thus the following physical effects can
be included simultaneously in the same calculations:

1. Flow of hot and cold water with large viscosity
and density differences.

2. Effects of temperature on rock and fluid proper-
ties (e.g., heat capacity, viscosity and density).

3. Heat convection and conduction in the aquifer,
caprock and bedrock.

4. Effects of gravity on fluid flow.
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5. Effects of regional groundwater flow.

6. Combined effects of many injection and with-
drawal cycles. :

Spatial variations in aquifer properties.

8. Possible compaction and the associated land
subsidence due to pressure changes during the
injection-withdrawal history.

In the present paper, we have concentrated on a
detailed calculation of the mass and energy flow,
and left the problem of compaction and subsidence
for a later study.

The numerical model has been successfully valida-
ted against three independent semi-analytical solu-
tions previously published: a) Theis Solutionl¥,
which describes the change, with time and space, of
pressure in an infinite reservoir under production,

b) Avdonin's solution!® which gives the temperature
distribution as a function of time and radial dis-
tance from a well when cold water is injected into
a hot reservoir, c¢) Gringarten and Sauty's solu-
tionl® which gives, for a production-injection
doublet, the temperature variation at a production
well when colder water is injected into the other
well. The substantial agreement’ of these three
different examples with our model gives us consi-
derable confidence in its validity.

CASES STUDIED

Three different cases are studied corresponding to
three different cyclic periods:

1. vDaily storage‘ hot water is injected for 12
hours during daytime and produced for 12 hours
during nighttime.

- 2. Seasonal storage, semi-annual cycle: hot water
1s stored in spring for 90 days, pumped out to

use for air-conditioning in summer for 90 days,
then hot water is again stored in autumn for

90 days and finally pumped out to use for heat-
ing in winter for 90 days.

3. Seasonal storage, annual cycle: hot water is
stored in summer for 90 days and used for 90
days in winter for heating. There is no in-
jection or production during spring or autumn.

The rates of injection and production are kept the
same, equal to 10% kg/day. It is estimated !7 that
at this rate 170°C water would be able to meet the
space heating or air-conditioning needs of approx-
imately 2,000 people, assuming a 30% heat loss in
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1. 1In pressure-fluid-flow calculations, mesh ele-
ments can be made to be increasing in size as
radial distance increases, representing less
and less pressure change. But in heat calcu-
lations, mesh elements should decrease in size
as radial distance increases since the injected
hot water will move a smaller radial distance in
unit time steps. Figure 1 shows that we have
chosen equal radial distance steps, Ar= 2m, up
to 70 m from the well, which is beyond the far-
thest distance thermal fronts will reach in
these studies. Element sizes are allowed to
increase for distances greater than 70 m. We
have made a study7 of dependence of results on
mesh size and have shown that with this fine
mesh, numerical dispersion is minimized.

2. The caprock (and bedrock) is divided into 5
layers with thicknesses of 5, 5, 15, 35 and
40 m. We have made a study with two other cap~
rock meshes: a) 2 layers of 50 m thickness
each and b) 6 layers with thicknesses of 1, 1,
3, 5, 25 and 55 m. We found the 2-layer mesh
underestimates the heat losses. The difference
in heat conduction between the 5-layer and 6-
layer mesh is less than 5%.

For the daily storage case we have chosen an aqui-
fer 33 m thick. The mesh design is similar to that
shown in Figure 1, with vertical dimensions reduced
by a factor of 3 and horizontal dimensions reduced
by a factor of 7.7.

RESULTS

The initial aquifer temperature, T,, is assumed to
be 20°C. We have performed calculations with
injection temperature T{ assumed to be 120°C,.220°C
and 320°C. It appears that the temperature of the
produced water for different injection temperatures
is very similar, with a scaling according to the
factor (T{=- To). Below we shall only show the
results for Ty= 220°C.

For case 2, seasonal storage, semi-annual cycle,

we have performed calculations not only for a well
fully penetrating the aquifer, but also for a well
partially penetrating it for 50 m. Figure 2 dis-
plays the temperature contours within the aquifer
for the partial penetration case (a) at the end of
the injection period of the first cycle and (b) at
the end of the production period of the same cycle.
The thermal front is not sharp due to heat conduc~ _
tion within the aquifer and with the confining bgdsﬁ
This is seen more clearly in Figure 3 which displays
the temperature near the center of the aquifer as a |

function of radial distance for the case of the welk
fully penetrating the aquifer. Curves for different >
times are shown for the first cycle. Note that after
90 days of injection,the 20°C isotherm is about 30 m
from the well. The hydrodynamic front, i.e., the
location of the injected water, is however much far-
ther away, at about 60 m from the well. The ther-
mal front lags behind this front representing the
effect of the porous sandstone medium being heated
up and taking energy away from the injected water.
From Figure 3 one can also see that at the end of

the first cycle (t = 180 days), the aquifer has been
heated up, resulting in a more efficient hot water
storage system for the second and successive cycles.

transport lines. The parameters used in the cal-
culations are tabulated in Table I, which are

taken from standard sources. Fluid viscosity, den-
sity and heat capacity are assumed to be temperature-
dependent, corresponding to those of pure water.

The mesh design used in the numerical model is
shown in Figure 1 for the cases (2) and (3) of
seasonal storage. The thicknesses of the caprock,
aquifer, and bedrock are equal and are assumed to
be 100 m. The well for injection and production is
positioned at zero radial distance, the mesh having
radial symmetry around that axis.

Two technical remarks have to be made here:
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Figure 4 represents the production temperature at
the well during the production period for succes-
sive cycles for the case of semi-annual cycle with
full penetration. The recovery temperature is
increased for each successive cycle as the aquifer
is heated up, making it a more efficient hot water
storage system. The process will reach quasi-equi-
1librium when later cycles do not change the temper-
ature appreciably.

The results. for semi-annual cycles with full pene-
tration aré summarized in Table II. It can be-
seen that energy recovered (which may be calculated
from the integral of temperature over time in Fig-
ure 4) improves with each successive cycle. The
heat lost is also shown and is two orders of magni-
tude smaller than the energy recovered. The dif-
ference between energy injected and recovered is
the energy diffused to heat up the aquifer, making
it a better storage system for the following cycle.
The last line gives the minimum recovery tempera-
ture during production. This corresponds to the
lowest temperature found at the end of each pro-
duction period, as shown in Figure 4.

Table II1 summarizes the results for the first two
cycles in-the daily storage case. The energy re-—
covery efficiency 1s surprisingly high, since there
is not enough time for substantial thermal diffusion
to - take place.. Hydrodynamic dispersion in the
porous medium, which is ignored in the present cal-

‘culation, may reduce the efficiency, but its magni-

tude and effects are site-dependent.

For all cases studied, the percentage of energy re-
covered (i.e., recovered energy divided by total
injected energy) and the minimum production temper-
ature during each cycle are plotted against cycle
number in Figures 5 and 6, respectively.

SUMMARY AND CONCLUSIONS

In the present paper we have made a study of hot
water storage in aquifers. Three typical cases are
analyzed using a numerical model developed at the
Lawrence Berkeley Laboratory. The thermal and fluid
flow behaviors of the aquifer system are analyzed
and illustrated. In all these cases, the energy
recovery efficiencies are surprisingly high, over
85% after only a few injection-production cycles.
In the case of daily storage, the efficiency is
about 97%. The presence of natural regional flow
will tend to reduce these high values since it will
sweep the hot water away from the well. However,
it is found that this regional flow is usually very
small, about 1 m/year for deep aquifers, in which
case its effects will be insignificant. For shal-
low aquifers with a large regional flow, methods
have been developed to design a system of wells

to shield the hot water storage well from regional
flow. In situations where regional flow has been
measured, our model can include it in the calcula-
tions. The other factor that will reduce the energy
recovery but cannot be computed by our model is the
hydrodynamic dispersion, which is the dispersion of
hot water fronts due to irregular paths taken. by
the fluid as it passes through the porous medium.
(We are not aware of a general accepted technique
which can calculate this dispersion, and which
adequately reproduces existing laboratory and
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field data.)

So far we have assumed a simple system. The exist~—
ence of any large connecting fractures will alter
the picture considerably and requires further inves-
tigation. Chemical reactions will also be important
because they may cause changes in porosity and per-
meability. It will be straight-forward to incorpo~.
rate chemistry into our numerical model.

In spite of all these reservations, the results in
this paper point to the great potential of using
aquifers for hot water storage. Problems outlined
above may be minimized by careful engineering.
Field experiments currently being carried out will
be important to verify the high efficiencies pre-
dicted by these calculations. To .complete the’
understanding of the aquifer storage concept, flow
through the wellbore and pumping methods for injec-
tion and production have to be studied. However,
on these we can draw on the vast experiences in the

fields of hydrogeology, petroleum engineering and

geothermal energy.
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Reservoir Caprock-Bedrock
(Sandstone) {Mudstone) ]
Porosity 0.20 1x10°2° FLUID PARAMETERS
Density 3 3 Viscosity Heat Capacit
kg m-3 ‘ 2.6xj'lO 2.7x10 (cp) T(°C) I kg"P°C 1§ T(°C)
TABLE I. ge:;_f“i’é“t" 9.70 x 102 9.30 x 102 1.008 20 | 4.127x10% 25
' . 0-! . 3
Property parameters pr—— S.45x1 | 50 3.894x 103 75
used in hot water Conduct1v1t¥ 2.894 1.157 2.80x10 100 3.652x10 128
storage model. J s im-lect 1.82x10°} 150 3.341 x 10° 200
s . 1.35x10°! 20
Zgrmeab111ty 1x10-13 1x107%0 X 0
— - Expansivity (°C-!) 3.17x10°%
SN;{(-:ICJmt;lc Storage 1x10°2 1x10°12
CYCLE
1 3 5
Energy Injected (Joules) $.71x10'3 } 5.71x10!3 5.71x1013
TABLE 1I. Energy Recovered (Joules) ] 4.96x10'3 | 5,144 x10!3 | 5.2 x1013 B Full Penetration -
Energy Balance for | “{yeblery > [ro% Auifer s 3sxi0m1 | 7.7 x101 [ 9.1 x10m 1 Cycle = 180 days
each cycle for the ;: - ;g?éc
case of seasonal Ener y Diffused to Heat 7.10x 1012 | 4:9 x10!2 4.2 x1012 Q e
) : : . S . = 1x10°kg/da
storage with semi- iquxfer (Joules) He100m ad
annual cycle (full Percentage of Energy Griin
penetrat ion). Recovered 86.8% 90.0% 91.1% No. of Layers = 4
Results for cycles P R
roduction Temperature
2 and 4 are not at End of c,cﬁe 124°C 147°C 185°C
shown. I
CYCLE '
1 2
TABLE 1II. Energy Injected (Joules) 3.17x10! | 3,17 x1i0i! -
Energy Recovered (Joules) 3.07 x 10t 3.097x101! - Dally Cycle_-
Energy Balance X 1 Cycle = 1 day
for each cycle E’;;gg{e:g” from Aquifer |, gg7x108 | z.24 x10° Ti = 220°C
: To = 20°C
for the case of - Q = 1'x10%kg/day
daily storage E“’;N.‘f"ff‘zjedlm Heat 9.83x10° | 7.08 x10° He33m
(full penetration). | UP Rauiter {Jou es) ‘ L AR = 2.26 B
: . ayers =
Percentage of Energy °- ©
Recovered 96.8% 97.7%
.
Production Temperature °
at End of Cycle 170°C 181°C
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Figure 1.

Mesh design for Case 2 and Case 3. The problem has radial symmetry with
well at the zero radial distance. The aquifer (depth: 100-200m) is -con-
fined by impermeable caprock and bedrock. The top of the caprock and the
bottom of the bedrock are kept at constant temperature of 20°. Mesh design
for Case 1 is obtained from this mesh by scaling vertically by 1/3 and
radially by 0.13. )

CYCLE 1: PARTIAL- PENETRATION
Tinj =220°C
AR =2m ; H = 100m

Injection
Isotherms after 90 days
Zone Injection (t =90)
Production _)150° 1002
Zone } 40 20° Isotherms after 90 days
Injection (t =180)
_ RADIAL  DISTANCE (m)
I i Jd J L A i ' J
0 10 20 30 40 50 60 70 80
Figure 2.

Temperature contours in the aquifer after 90 days of injection; and after .
90 days. of production in Cycle 1, for the case of semi-yearly cycle, sea-
sonal storage. The well penetrates the upper 50 m of the aquifer. Numbers
labeling the contours are in degrees Centigrade.

Pressure
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Temperature at the well versus production time for each cycle. The case
shown is for seasonal storage with semi-yearly cycle, well fully penetrating

the aquifer.
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Percentage. of energy recovered over energy injected versus cycle number.
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Temperature at the end of each production period (minimum production
temperature) versus cycle number.
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