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SYNOPSIS

Aquifer Thermal Energy Storage (ATES) is the storage of local and seasonal thermal
energy, such as natural summer heat, winter cold and industrial waste heat. An ATES
enclosed by waterproof walls (Closed-Type ATES, CT-ATES) prevents the spread of water
pollution caused by thermal, biological and chemical change. Using an ATES in a shallow
aquifer has the advantage of low construction costs, reduction of heat transfer losses
and easy maintenance. If the aquifer is shallow, however, the ATES may be sensitive
to seasonal meteorological changes. This increases the uncertainties associated with
the design and operation of seasonal thermal energy storage facilities.

This paper presents a numerical computation model that describes the
characteristics of a CT-ATES in a shallow agquifer subjected to seasonal meteorological
changes. The study showed that shallow CT-ATES could be effectively exploited but that
it 1s necessary to carefully consider the effects of shallow seasonal temperature
variations.

INTRODUCTION

Finding a positive usage of untapped energy can contribute to the reduction of
CO, emissions into the atmosphere. Solar and wind energy is the most attractive natural
energy resources, but their energy levels are sensitive to meteorological conditions
and are therefore unreliable. Exploiting shallow terrestrial heat can contribute to
finding a long-term solution for the energy crisis. While the energy density of
terrestrial heat is relatively low, it is steady, and, in addition, regional differences
of energy level are small compared with those associated with the high-level geothermal
heat required for producing electric power. Aquifer thermal energy storage (ATES)
includes the storage of local and seasonal thermal energy such as natural summer heat
and winter cold as well as industrial waste heat (*)* (20 (3 1n general, there is a seasonal
delay between demand and supply of natural energy. ATES systems can adjust the balance
of energy supply and demand, and can encourage utilization of otherwise unreliable or
low-level natural energy sources. Energy cost, efficiency and groundwater environmental
considerations have become important for long-term, practical usage of thermal energy
storage facilities,

The Closed-Type ATES (CT-ATES) introduced in this paper seems more applicable
for preserving natural and social environments than the Opened-Type systems. In
Closed-Type systems, a storage reservoir, extending down to an aquitard, 1s built in



50

an aquifer and surrounded with an impermeable 4 Warm energy storage
vertical wall. Since the groundwater level in

Japan is generally high, CT-ATES reservoirs can :
be built in shallow aquifers and this decreases
cost while increasing construction safety. The
disadvantage is, however, that CT-ATES systems
using shallow aquifers may be susceptible to
thermal interaction between the ground surface
and the atmosphere because the heat insulation
effect of the ground is relatively small.

Summer Winter Summer

The purpose of this paper is to describe
the effect of seasonal meteorological changes
on the energy storage properties of CT-ATES
systems using a mathematical model proposed by
the authors.

Cool energy storage
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Figure 1 shows the seasonal relationship Seasonal period
between supply and demand of natural heat en-
ergy. The upper and lower panels illustrate
warm and cool energy storage, respectively. The
curves show that a warm energy reservolr is
charged during the summer and subsequently the Heat Usage
warm energy is used in the following winter G.L.
while a cool energy storage is charged during
the winter and the energy is retrieved during
the following summer. Since there is, in gen-
eral, a seasonal lag between the demand and the
available supply of energy, seasonal storage is
needed in order to make the usage of natural
energy as efficlent as possible. Seasonal
thermal energy storage can also contribute to (a) Opened-Type with single-well
minimizing the peak demand for power generation

during summer time, as well as to the reduction Heat Usae
of CO, emissions into the atmosphere. G.L.

Aquifer Thermal Energy Storage

Natural heat energy

Supply
DERIVATION

Figure 1 Seasonal relationship between
supply and demand of natural heat
energy

permeable layer

The injection and extraction of both cool
and warm water, and the spatial configuration
of the soil region involved, is shown in Figure
2 for three different types of ATES systems.
Figure 2 (a) is a single-well type in a natural (b) Opened-Type with double-well
aquifer, Figure 2 (b) is a double-well type in
a natural aquifer and Figure 2 (c) is a dou-
ble-well type in a closed aquifer surrounded s
with impermeable walls. The configuration of
Figure 2(c) is referred to as a Closed-Type ATES
(CT-ATES) in this paper.

When open-type ATES systems have been in
service for some time, groundwater contamina-
tion accompanying the injection and extraction
of groundwater whose temperature deviates from
the original groundwater temperature can have (c) Closed-Type with double-well
serious negative consequences. Activities of Figure 2 Type of ATES systems
microorganisms can change the groundwater
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Figure 3 Schematic view of heat and moisture transfer 3 — ]V
between atmosphere and ground surface of the z b lm
CT-ATES Figure 4 Numerical model of the CT-ATES

quality and can cause groundwater contamination. Such problems are avoided with
Closed-Type systems.

Closed-Type ATES

Figure 3 indicates a schematic view of a double-well type CT-ATES in a shallow
aquifer. A storage reservoir is built in an aquifer and enclosed by an impermeable wall
to isolate 1t hydraulically from the surrounding aquifer. This is done to prevent
contamination of the aquifer. Sometimes, a waterproof layer and /or a heat-insulating
layer are also placed near the ground surface to reduce thermal effects caused by
precipitation and surface temperature fluctuations.

In summer, cool water is extracted from the lower well and warm water 1s injected
simultaneously to the upper well. In winter, these operations are reversed. Numerical
computations for six annual cycles were found to be sufficient, to represent the
long~-term cyclic behavior of the reservoir.

In general, the groundwater table is high in Japan (in the range 1 to 10 m) and
shallow aquifers are readily available. If it is possible to decrease the distance
between the storage place and the location where the heat is needed transportation costs
and heat losses can be reduced.

The ground surface temperature changes readily in response to varying
meteorological conditlons and these surface temperature changes propagate downward into
the upper part of the shallow ATES reservoir.

Figure 3 also illustrates heat and moisture transfer in the ground surface layer.
The main components of the surface heat budget are the net short wave solar radiation,
the net long wave radiation, the sensible heat and the latent heat fluxes. The net sum
of these components constitutes the heat available for conduction to or from the
surrounding ground. The ground surface temperature depends on the balance of these heat
fluxes.

Analysis of Heat and Mass Transfer in a Shallow CT-ATES (¥
The equations governing moisture transfer in the reservoir are:

—V'(p\?)'!'nlioutce—nlsink-o (1)
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¥ = (VP + pg) (2)
pv

where QO 1s the density of water, V is the fluid velocity defined by Darcy's law, Eq.
(2)., Msource and Msink are the injection and extraction mass flux per unit volume and
unit time, respectively, V is the vector differential operator, k is the hydraulic
permeability, ¥ is the kinetic viscosity, P is the pressure, Z is the unit vector
of vertical direction and g is the acceleration of gravity. The density and viscosity
terms in Darcy's law are given as functions depend on temperature (4). Isotropic
permeability is assumed here. Compressibility effects are neglected and deformation
of the porous media is not considered in Eqg. (1).

Heat transfer within a closed storage reservoir is governed both by heat
conduction and by advection associated with injection and extraction of thermal energy.
The basic equation is written as:

(pC)o"T/é’t = V(AVT)'- (pr )VVT-FSsoutcc - Ssink (3)

where { is time, Sswre and Ssink are the rate of injection and extraction of thermal energy
per unit volume and unit time, respectively, (pcu,) is the volumetric heat capacity of

water, T is the temperature, (pc) is the volumetric heat capacity of the aguifer and

A 1is the thermal conductivity.

The usual assumption, that the temperature at the upper boundary of the reservoir
can be considered to be constant, is not appropriate because of the thermal interaction
between the ground surface and the atmosphere.

The components of the energy balance at the ground surface are illustrated in
Figure 3. The surface energy balance is described by:

dIEs/dtuG-{-RG—&Rs—Ru—S-L (4)

where lrs 1s the internal energy of the ground surface layer., Rs and Ru are the long
wave radiation from the sky and the ground surface, respectively, Rc 1is the global
incoming radiation from the sky, Rr is the radiation reflected upward from the ground
surface, S is the sensible heat flux associated with air flow, L is the latent heat
associated with evaporation and (G 1is the ground heat flux by conduction. The effects
of precipitation and latent heat can be safely ignored, provided that the ground surface
is covered with an asphalt layer and the surface water is drained immediately.

Heat transfer in the ground surrounding the reservoir is assumed to be dominated
by heat conduction.

Numerical Conditions

Figure 4 illustrates the numerical model used to simulate the seasonal heat
exchange process in a CT-ATES and the notation used for the computations. He, and R
in Figure 4 are the dimensions in the axial and radial directions of the region simulated.

The parameter values assumed in the numerical model are presented in Table 1.
Case-1 and Case-2 differ only in overburden depth. In Case-1, the overburden thickness
is 1.5m while Case-2 is 10m.

The meteorological data used were taken from the daily reports of the Fukul
Meteorological Observatory for the period April 1989 to April 1994. Composite data were
created by averaging the values corresponding to the same date in each year. Annual
patterns of the composite dailly average, air temperature, air relative humidity, global
radiation and wind velocity are shown in Figures 5 (a) and (b). These composite data
were used for all annual cycles of the simulation.

Figure 6 illustrates the seasonal storage and the injection and extraction of
cool or warm water. During the summer (July - September), the injected warm water is
assumed to be at 35 °C. During the winter (January - March), the injected cool water
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reservoir floor). Stratification in the reser-
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Figure 5 Annual patterns of the meteoro-
logical data in Fukui city

Case-1 because the difference between maximum 4 Well well
and minimum temperature is larger in Case-2. In i -
addition, the maximum temperature in the uE E
reservolr that appeared near the upper well, i.e. Injection of warm energy
the final extraction temperature in winter, is i ey 7 Extraction of cool energy
18 °C in Case-1 and 22 °C in Case-2. This is caused o T -
by the difference in the overburden depth D, more Preliminary ~ Winter
precisely, the difference in the heat insulation cycle JHimsteyele | Second cycle  Third cycle
effect of the overburden. f— - - -

Figure 8 shows recovery rates of the cool 3& -
and /or warm thermal energy storage. These are uEt»(;,,,,‘,,dwm, Injection of cool energy
computed for each storage season (cool thermal and extraction of warm energy
energy storage in winter: January - March, warm A\
thermal energy storage in summer: July - Figure 6 Seasonal storage and the in-
September). Cy is8 the recovery rate for the warm jection and extraction of cool or
thermal energy during the following winter, C¢ warm water

is the recovery rate for the cool thermal energy .

during the following summer and C; is the total recovery rate. Cz is the ratio of the
recovery rate in Case-1l to that in Case-2. The subscripts W and C represent warm and
cool thermal energy, respectively. Cy, Cc, Cr and Cy are defined as follows;

Cw = Ew/Iw; Cc = Ec/Ic; Cr =C1/C2; Cr = E(Ew +Ec)/z(lw +Ic) (5)

where Ey and E; are the extracted warm and cool thermal energy, respectively, Iy and
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Figure 7 Isothermal contours within the reservoir and surrounding ground just after
the sixth storage oycle

I. are the injected warm and cool thermal energy, respectively, and the subscripts 1
and 2 denote Case-1 and Case-2, respectively. In Case-1, Cy{Q) gradually decreases
but Cc(A) gradually increases each year. In Case-2, Cyw(®) also gradually increases
each year. Cc (4 ), however, decreases during the first two years but then becomes
constant. Both C; in Case-l, Cp (---), and C; in Case-2, Cp; (=), gradually increase
with the elapsed years. Cp, is always higher than Cp;, and the difference between C; and
Cy, becomes large as the storage cycle increases. The Cy of warm thermal energy Cgy, symbol
() is always less than one, and, although it decreases sharply at first later the rate
of decrease diminishes. On the other hand, the Cz 0f cool thermal energy Cpe, symbol {V),
is always larger than one and increases from year to year.

From these observations, it is concluded that the shallow burial configuration
of Case-1 is more efficient for a cool thermal energy storage while the deeper burial,
Case-2, 1s more efficient for a warm thermal energy storage.

Knowledge of the time variations of heat fluxes across the walls of the reservoir
is important for evaluating the characteristics of the recovery rates, and to optimize
the selection of thermally effective materials for the containing walls. Figures 9(a)
and (b) show the dimenslonless heat flux, F;/F,,, across the walls of the reservoir,
where F; is the (winter or summer) seasonal total heat flux across the celling and /or
the floor during the i'" year. The subscript i corresponds to the year elapsed from
initial start up. Values of the F,;/F,,qs ratio can be calculated only after the second
year. All F,/F,., continue to decrease, except Case-1 in summer (symbol (O)). Therefore,
during summer, the warm thermal energy loss through the top boundary (ceiling) increases
with the passing years. By comparing the summer F,/F,,, ratios, symbol (O) and (@) in
Figure 9 (a), it can be concluded that the thin overburden allows the warm thermal energy
stored in summer to be lost as time progresses, The behaviour of the heat flux across
the lower boundary is illustrated in Figure 9(b). F;/F,q in Case-2 (symbol (®)) varies
from plus to minus with the elapsed year. This implies that. during summer, the heat
energy initially flows upward from the ground across the bottom boundary (floor) to
the reservoir and, then reverses direction because of the downward spread of the warm
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APPENDIX - NOTATION

The following symbols are used in this paper:

Ce - = recovery rate for the cool thermal energy;

Ce1 - = C; in Case-1 (with thin overburden);

Cez - = C. in Case-2 (with thick overburden):

Cg - = ratio of the recovery rate in Case-1 to that in Case-2:;
Cre - = Cz of cool thermal energy:

Cy of warm thermal energy;
Cop - = total recovery rate; :

Q
=
=

1

L]

Copy - = Cp in Case-1 (with thin overburden);:

Cra - = Cr in Case-2 (with thick overburden);

Cy - = recovery rate for the warm thermal energy:

Cuy - = Cy in Case-1 (with thin overburden);:

Cwz - = Cy in Case-2 (with thick overburden);

D m = overburden depth;

Ec kJ/m*h = extracted cool thermal energy:

Ey kJ/m’h = extracted warm thermal energy:

Fi/Fana - = dimensionless heat flux across the walls of the reservoir;
14 m/s? = acceleration of gravity;

G W/m?> = ground heat flux by conduction;

H m = height of reservoir;

He m = height of numerical region;

Ic kJ/m’h = injected cool thermal energy;

Ies kJ/m® = internal energy of the ground surface layer:

Iy kJ/m*h = injected warm thermal energy;

k m? = hydraulic permeability;

L w/m?* = latent heat associated with evaporation;

source kg/m’h = mass flux of injection per unit volume and unit time;
Psink kg/m’h = mass flux of extraction per unit volume and unit time;
P Pa = pressure;

r - = coordinate in radial direction;

R m = radius of reservoir;

Rc MJ/m? = global incoming radiation from the sky;

Rz MJ/m* = radiation reflected upward from the ground surface;
Rs W/m* = long wave radiation from the sky;

Ru W/m* = long wave radiation from the ground surface;

Reo M = radius of numerical region;

S w/m? = sensible heat flux associated with air flow;

Ssource kJ/m*h = injection thermal energy density per unit volume and unit time;
Seink kJ/m’h = extraction thermal energy density per unit volume and unit time;
t H = time;

T K = temperature;

v m/h = fluid velocity defined by Darcy's law;

z - = coordinate in vertical direction;

z - = unit vector of vertical direction;

A W/mK = thermal conductivity;

v m?’/s = kinetic viscosity;

e kg/m® = density of water;

pPcew kJ/m*K = volumetric heat capacity of water;

pc kJ/m’K = volumetric heat capacity of the aquifer; and

\Y) - = vector differential operator.
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