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SUMMARY

As part of the 1992 Intersociety Conversion Engineering Conference, held
in San Diego, California, August 3-7, 1992, the Seasonal Thermal Energy
Storage Program coordinated five sessions dealing specifically with aquifer
thermal energy storage technologies (ATES). Researchers from Sweden, The
Netherlands, Germany, Switzerland, Denmark, Canada, and the United States
presented papers on a variety of ATES related topics. With special permission
from the Society of Automotive Engineers, host society for the 1992 IECEC,
these papers are being republished here as a standalone summary of ATES
technology status. Copies of the complete conference proceedings may be
obtained from the Society of Automotive Engineers, 400 Commonwealth Drive,
Warrendale, Pennsylvania, U.S.A. 15096.
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Swedish ATES Applications:
Experiences after Ten Years of Development

O. Andersson
VBB VIAK AB
Malmd, Sweden

B. Sellberg
Swedish Council for Building Research
Stockholm, Sweden

ABSTRACT

During the last 10 years, the general concept of
using the subsurface for the storage of energy has been
increasingly developed in Sweden. Among the many
alternatives, aquifers are one of the most promising
options. Potentially they can be used both for seasonal
and short-term energy storage at temperatures ranging
from 2°C to more than 100°C.

So far, Sweden has had only experimental

experience with storage of high-temperatures (>50°C).
However, there are several low temperature systems
(<25°C) that have been operated for more than two
years. In this paper, these ATES plants are overviewed
and some general technical problems are identified, as
well as measures that have been taken to solve these
problems.
The range of problems includes the aquifer system itself,
but also problems related to the total system and how it
is operated. Further, the economics are briefly described,
as well as environmental aspects.

The ATES concept still has some weaknesses that
need improvement, but commercialization of the tech-
nology should be quite close.

INTRODUCTION

Ever since the first oil crisis in the mid 1970s, the
Swedish Council for Building Research (BFR) has suppor-
ted development of different techniques for energy
conservation.

in the beginning it was a thought that solar
energy should become a major source of renewable
energy with a high potential for replacement of fossil fuel.
However, 1o be effective, solar energy had to be stored
from summer until winter and hence this demand gave
birth to the seasonal storage concept.

Initially, collected solar energy was stored in large
steel tanks, However, this and simular storage techniques
resuited In high storage costs and large energy losses.
For this reason, soil, rock and aquifers were investigated
as storage media.

Within the BFR program for energy storage a
large number of different projects have been Initiated
covering a broad range of underground technologies. The
main groups are schematically shown in Figure 1.
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Figure 1 Main groups of seasonal storage techniques
demonstrated within the BFR storage pro-
gram (BFR 1990)



In recent years It has become evident that aquifer
thermal energy storage (ATES) is one of the most pro-
mising techniques, not only for storage of heat but also
storage of cold. The general "Swedish concept" also
involves the use of heat pumps in combination with
seasonal storage. This allows storage at low or moderate
temperatures but still results in effective and profitable
systems.

The general concept also states that high-tempe-
rature storage is especially suitable for short-term applica-
tions. The main reason behind this approach Is that
energy losses will increase with increased storage
temperature and, hence, will decrease the quantity and
quality of withdrawn energy. Therefore seasunal storage
in aquifers has been focused on low or moderate tempe-
ratures. This is shown in Table 1 where eight BFR suppor-
ted ATES projects are briefly described. Of those, all but
one are low-temperature applications (12-25°C). Fur-
thermore the high temperature project (No 8) is pure
experimental and includes research on water chemistry
problems.

Not pointed out in the table, but still significant, is
that all but one of the low temperature projects (No 7) are
systems coupled to heat pumps. It is also of interest to
note that all systems are quite large and that the typical
user is a commercial building owner or a district heating
netwdrk. A possible lack of technical confidence in the
technology combined with extended payback times might
explain why more applications are not utilized by the
industry. Finally, it shall be noted that during recent years

there has been a growing interest in combined heating
and cooling systems (four out of seven projects in the
table) in the Swedish energy market.

CONFIGURATIONS AND OPERA-
TIONAL EXPERIENCES

In Sweden, the geology and climate are extremely
variable and, therefore, the techniques for energy storage
are determined by local conditions. As a first step in any
ATES project, site investigations have to be carried out
and then combined with the users specific requiremaents.

By considering local geology, geography, climate
conditions and general applications several system
concepts are possible. They have been divided into four
main groups and described below.

STORAGE OF WARM SURFACE WATER - This concept
was first tried in Klippan (No 1 in Table 1), then later in
Falun (No 3) and quite recently in Lomma (No 6).

in Klippan and Lomma, surface water from rivers
is used as a source of energy for seasonal storage. As
shown in Figure 2 (the Lomma case), summer heated
water is pumped through a heat exchanger to heat
groundwater that is pumped from a cool part of the
aquifer. The heated water Is then stored in a warm part of
the aquifer.

The mean storage temperature is roughly 15°C
but might go as high as 25°C in the middle of the sum-
mer. During winter the stored warm water Is withdrawn

No | Name, City Energy " | Mean storage | Type of Aquifer | Maximum Storage Application Years in System User
stored/ Temperature Flow Rate oper-
cycle C) (m*;h) ation
(MWh) (-1992)
warm | cold Healing | Heating | Cooling Industry | Comm. | District
side side only and only build heating
cooling
1 Kiippan DN, 2000 15 5 Unconfined 70 X 8 X
Klippan sand
2 Enksson Cao, 1800 25 10 Semiconfined 40 X 7 X
Knstianstad sandstone
3 Halsinggardskolan, 1200 12 4 Unconfined 200 x 7 X
Falun esker
4 SAS Oftice, 5200 13 5 Unconfined 1000 X 5 X
Solna esker
s Triangeln, 2700 12 4 Confined 60 b3 2 X
Malmg limestone :
6 industnhamnen, 10000 15 5 Confined sand 350 X 2 X
Lomma
7 Sparven, 3200 16 8 Confined 150 (x)? x 2 X
Malmd (4500)2 limestone
8 ATES Pilot Plant™, 200 80* 30 | Confined sand 30 x* i x*
Lomma
1) Rough average
2) Under reconstruction for both process cooling and arrcondtioning
3) Experimental plant under operation 1988-89
4) Last experimental short term cycle
5) Proposed
Table 1 Some characteristics for Swedish ATES plants
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and used as a source of energy to the heat pump
system. The benefits of the ATES systems compared to
traditional heat pumps with native groundwater are in
both cases
* increased coefficient of performance (COP) for the
heat pumps
* shorter distances between wells
lower flow rates/or increased heat pump capacity
* less risk for thermal breakthrough
The main technical problems so far have been
biofouling of the surface water heat exchanger (Lom-
ma)
well clogging of injection wells (Klippan)
clogging of certain wells during production (Lomma)
In Klippan, the clogged wells had to be aban-
doned and were replaced with infiltration ponds (Emmelin
et al. 1983.

In Lomma, the biofouling problem has been
solved by a specially designed air bubble filter, in front of
the surface water open-hole inlet. Well clogging is still a
problem. However, experimental efforts are being per-
formed to develop a new rehabilitation technique based
on biochemical reactions (Andersson 1992).

In Falun, a different storage technique was
chosen. In this case, there is a direct hydraulic connec-
tion between a lake and a shallow esker aquifer. As
shown in Figure 3 three wells are continuously pumped
during summer, forcing warm surface water to be drawn
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Figure 3

The induced Infiltration system In Falun
(Gustafson et al. 1989)



towards the wells {(induced infiltration). In winter only the
center well is used producing an average summer tempe-
rature water to the heat pump (Gustatson et al. 1989).
Because natural groundwater temperature in this
part of Sweden is low (5-6°C) and much lower consider-
ing an influence from the lake in winter, a heat pump
application without ATES would not be feasible at this
locality. To have the storage functioning with high tempe-
ratures in winter, the storage mode has to be seasonally
balanced. In this case, a thermohydradlic computer
program was used to calculate the distance between the
wells and the lake and also the flow rates neccessary to
have the system in balance.
The two main problems encountered at Falun are
* flooding, normally in springtime with intiitration of cold
water into the aquifer and thermal pollution of the
store

* after some years, iron precipitation in the tubes and
the heat exchanger.

The flooding is of less importance because the
temperature drop in the aquifer is limited. To remedy the
iron precipitation problem, the system has to be cleaned
frequently, by acid. The source of the iron precipitation
problem has been found to originate from the mixing of
infiltrated water containing elevated iron with oxidized
water (native aquifer water relatively free of iron). The
latter water oxidizes the iron rich water when mixed in the
center well causing a delayed precipitation in tubes and
fittings. To solve this problem, an in situ oxidation of the
dissolved iron has been proposed but not yet realized.

STORAGE COMBINED WITH PROCESS COOLING -
This storage system is used tor industrial process cooling
and space heating at Kristianstad (No 2 in Table 1) and
for process cooling and combined space heating and

cooling at the Sparven telestation in Maimo (No 3).

The prime objective at Kristianstad is to use
natural groundwater temperature for process cooling.
Most of the heat obtained from the cooling process is
directly used for space heating but excess heat is stored
in the same aquifer as the cold water. This warm water is
then used as a source of energy to a heat pump, serving
the space heat demand during cold weather and week-
ends. When designed, the demand for cooling and
heating was assumed to be more or less in balance.
Hawever, it was soon found that the cooling demand was
much higher than expected and the heating demand
much lower. This led to a thermal breakthrough between
the cold and warm well and, hence, an increased tempe-
rature at the "cold" groundwater. The solution so far has
been back-pumping and disposal of warm water. How-
ever, for legal reasons a new warm well at a greater
distance from the cold well has been proposed (Kronqvist
1991).

The Sparven plant in Maimg, has quite a different
lay-out. In this case, electronic telecommunication
equipment is chilled constantly with natural groundwater.
The groundwater is then reinjected into the aquifer at a
distance of approximately 200 m from the production
wells. To avoid a thermal breakthrough the water is
rechilled in winter prior to injection. This is achieved by
pumping the water through a series of fan chillers located
to the roof of the station. However, the system Is now
being expanded. The target is to extend the use of the
groundwater to include cooling and preheating of fresh
inlet air to the buildings, see Figure 4. Hence the fan
chillers will no longer be essential and the economic
benefits will increase. The working environment will also
be improved by more effective cooling.
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Figure 4
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The system for combined process cooling and air conditioning at Sparven, Malmd



The main technical benefits of this system,
compared to conventional chillers are
* much better system COP
* less noise
* better cooling security
* less freon handling

Problems encounted so far are restricted to some
minor design errors and difficulties with having the
controlling equipment working automatically. The latter
problem is typically due to the complexity in running the
groundwater system in combination with other energy
systems. However, corrections have been made step by
step to a final successfull system control (Rijpma et al.
1992).

STORAGE FOR COMBINED SPACE COOLING AND
HEATING - This category, represented by SAS office in
Solna (No 4 in Table 1) and the Triangle Trade Center in
Malmé (No 5) is quite similar to the above described
system at Sparven. However, at SAS and the Triangle
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Figure 5 Principal flow diagram for the SAS ATES

system in Solna (Johansson 1992)
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Trade Center, the systems are designed for an optimal
space cooling while space heating Is covered both by
preheating centralized fresh alr inlets and by the use of
heat pumps. Typically, running the heat pumps In winter
also provides cold to be stored for cooling in summer. In
contrast to Sparven, which has an unidirectional flow and
an equalization of different temperatures within the
aquifer, the SAS and the Triangle are designed with
separated cold and warm parts of the aquifers. The
schematic lay-out of the SAS system is shown in Figure
5. The system in the Triangle looks the same but uses a
confined limestone aquifer instead of an esker.

Both systems suffered from initial operational
problems, mainly as a result of the interaction between
real energy requirements and the operating strategy.
However, the system performance has improved steadily
and the plants are now operated more or less as was
planned {Johansson 1992. Landberg 1991).

Some long-term concerns have been pointed at.
The most important of those are
* unbalance between cold and warm energy stored,
caused by extreme climatic conditions or drastic
changes in activities within the buildings (both cases)
potential clogging of wells or corrosion in the ground-
water system due to unfavorable water composition
(the Triangle only).

HIGH-TEMPERATURE ATES SYSTEMS - Except for the
experimental ATES plant in Ltomma (No 8 in Table 1) no
plants have been constructed. Several projects have been
proposed and predesigned, but for different reasons not
performed. In some cases, the technical risk has been
judged as too high and in other cases, site investigations -
have shown unfavorable hydrogeological conditions.
The Lomma experimental plant was constructed
to study one of the main technical obstacles for this tech-
nique, namely scaling caused by oversaturation of
carbonates. it was assumed that precipitation of calcium
carbonate should occur, especially in the heat exchanger
upon heating. Theoretically this would be the case
already at a moderate increase of temperature. Strange
enough, scaling, corrosian or well clogging did not nccur
even at temperatures close to the boiling point. It was
concluded that the content of phosphonates or dissolved
organic matter in the groundwater served as natural

inhibitors for growing of carbonate crystals (Banck 1989).

Ouring the recent year and based on the ex-
perimental results from Lomma, two new high tempera-
ture projects have been studied. Hopefully at least one of
these will be built in the near future.

ECONOMICS

According to an official publication from BFR
(1990) the storage cost can be compared between
systems by dividing the investment cost for the storage
system with the energy regained from the store each
cycle. This specific storage cost (SEK/kWh) is shown in
Figure 6 plotted as a function of storage size.
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As can be seen aquifers are very competitive. This
is quite understandable considering that only a few wells
have to be drilled compared to hundreds of holes for a
borehole storage or excavation of huge rock masses
constructing a rock cavern.

The low-temperature ATES systems listed in Table
1 have all been subject to investment and operational
cost analyses. Compared to ditfsrent alternatives the pay-
back times have also been cal:ulated. Bearing in mind
that the calculations wera maz-ic at different times and
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Figure 7 Calculated pay-back for combined cooling

and heating systems (filled squares) and
systems for heating only (open squares) valid
for the low-temperature ATES plants listed in
Table 1. Numbers show the first operational
year

often with different methods, it has to be stated that
comparisons between plants are far from being relevant.
Still, the calculated pay-back times plotted in Figure 7
show at least one clear indication. Combined systems for
both cooling and heating are more profitable than
systems for storage of heat only. Apart from that, there
also seem to be a tendency within each group that older
plants are less profitable than newly constructed ones.
This may indicate that a more mature storage technology
has been developed in recent years. '

ENVIRONMENTAL ASPECTS

From an environmental point of view, BFR has
performed special studies for energy storage techniques
in general (Svensson 1990). Sweden has also participated
in such studies within the frame of the International
Energy Agency (IEA) cooperation (Greulich 1988).

It can be stated that the main environmental
impact is a local temperature change within the aquifer
and its close surroundings. How important this distur-
bance is depends primarily on the storage temperature
level, and other interests at the ATES site.

At low-temperature ATES systems in Sweden no
negative effects have been reported. However, apart from
a thermal impact, there are numerous potential risks
(Svensson 1990), e.g. '

* |eakage of toxic substances like brine, glycol etc
leakage of heavy metals from tubings and fittings
* emission of CFC gases

* change of water composition in the aquifer due to
temperature changes or chemical treatment
noise and dust during construction

The environmental benefits have not yet been
studied in general terms. However, most of the projects
listed in Table 1 are to some extent motivated by positive
environmental effects. For instance, cold storage applica-
tions will decrease the use of* CFC refridgerents by
replacing conventional chillers. in at least one case a
reduction of noise and a better internal environment have
been motives for ATES cold store installation.

The most important benefit is the energy conser-
vation that ATES systems provide. Reduction in fossil fuel
use and a more effective use of electricity will combine to
decrease the emission of carbon dioxide, sulphur, and
nitrogen. Hence, ATES is looked upon as an environ-
mentaily favorable concept.

CONCLUDING REMARKS

The low-temperature ATES application Is one of
the most competitive storage systems in Sweden. Re-
search and monitoring aspects of most Swedish ATES
systems have been financially supported by BFR. In later
years, it has become evident that systems with both
cooling and heating capabilities are the most favorable
from an economic point of view. Experience shows that
the pay-back time for those systems Is short enough to
make these systems commercially viable. So far the in-
stallations have only been made in commercial buildings.
However, use of these systems in industrial and residen-

*



tial application is expected in the near future.

Large heat stores connected to district heating
systems Is another application that looks promising. So
far only low-temperature applications with heat pumps
have been successfully tested.

Forhigh-temperature applicationsan experimental
plant has been the first step that might develop into at
least one full-scale demonstration plant.

" Several problems have been identified as develop-
ment of low-temperature ATES systems has progressed.
In most cases solutions have been found and knowledge
from the mistakes has been gained. This is indicated by
an increase in performance with operational time in most
of the existing plants and a reduced specific investment
cost for newly built ones.

Remaining problems, not yet completely solved,
are
* controlling and operational strategy
* clogging of wells due to precipitates
* long adjustment time due to system complexity and

inexperienced management.

Finally it can be stated that in general terms ATES
systems would be of benefit for the regional and global
environment considering its potential for energy con-
servation. This would result in less emissions of harmfull
gasses like CO, SO, and NO,. So far BFR has not
ascribed an economic value to the environmental be-
nefits. However, this is one item that is planned to be
studied and that would be helpfull in bringing the ATES
technique to the commercial market.
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Aquifer Cold Storage in The Netherlands:
State-of-the-Art, Market Potential, and Future Development

G. J. van Mourik
NOVEM Utrecht
The Netherlands

ABSTRACT

This paper deals with aquifer thermal energy storage
(ATES) in the Netherlands. Mainly cold storage is
discussed as well as low temperature (< 30°C) heat
storage , however only in combination with cold storage.
There is an increasing interest in the Netherlands in
ATES. not only because the geological conditions are
most favorable, but also because of the simplicity and
cost-effectiveness of the system. Most of the projects
involve institutional and commercial buildings, but the
interest in using cold storage for industrial process
cooling is increasing rapidly. In this paper, the systex
concepts and major obstacles to implementation of ATE..
are described. Furthermore, the market potential is
mentioned and the importance of emergy storage for
future energy supply systems is stressed.

STATE-OF-THE-ART

From a geological point of view, the Netherlands is
favorable for ATES. There are aquifers available almost
all over the country within an acceptable depth (50-250
m). An active R&D programme on energy storage and a
deliberate marketing policy result in the increasing
interest in this technology. Figure 1 shows an overview
of ongoing ATES projects throughout the country. Of
. these projects five have been realized, three heat storage
projects and two cold storage projects. The other projects
are cold storage projects either in preparation or under
construction.

SOME EXAMPLES OF ATES

Three typical examples of ATES are cold storage in
an office building, air-conditioning of a hospital, and
processcooling for industry. These three examples will
be reviewed shortly.

One of the projects under construction is the expansion of
an [BM-office building in Zoetermeer. This office is con-
nected to an ATES system that uses two warm wells and
two cold wells. The aquifer is 9.40 m below ground level
and the maximum aquifer water flow is 100 m’/h. In this
building the old chillers with a total capacity of 1400 kW
will be replaced by an aquifer system and a new chiller
(225 kW). This new chiller is installed to provide cooling
for the computer rooms, which need a lower air
temperature than the aquifer can deliver. In the new
configuration the stored water will be chilled in
wintertime by two new cooling-towers.

Some technical data for the IBM project are:
Siorage temperature (°C) 3-5

Production temperature (°C) max. 7.5
Total cooling/heating

capacity (kW) 950
Total cooling/heating

requirement (MWh,,) 1200
Storage cooling/heating

capacity (kW) 1050
Amount of seasonal energy stored

per cycle (MWhy) 1700

The annual energy savings in the IBM building are
440,380 kWh,. The extra investment costs are Dfl.
780,000, - and the pay-back period is 5.3 years.

A second project involves the seasonal heating and
cooling of the Bleuland Hospital in Gouda. The present
cooling capacity amounts to 600 kW and is delivered by
two chillers. This capacity has to be extended up to &
total of 1100 kW. The extra capacity will be delivered by
an ATES system, using a doublet configuration at a depth
of 7590 m below ground level. The maximum
groundwater flow is 60 m’/h. The cold for cooling the
warm well is extracted from the veatilation system supply
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Location and status of projects

project no. | city name of project status |

1 Amsterdam Perscombinatie realized B

2 Bunnik BAM-office in preparation :

3 Den Haag AEGON in preparation J

4 Den Haag AEGON in preparation J

5 Den Haag Stadhuis in preparation _j

6 Eindhoven RABO in preparation |

7 Eindhoven Univ. of Technology in preparation ‘ j

8 Eindhoven Heuvel galerie in preparation ’

9 Gouda Bleuland Hospital in preparation |

10 Hardenberg Wavin in preparation J

11 IJmuiden Hoogovens in preparation _J

| 12 Rotterdam Erasmus University in preparation |

13 Schiedam Kantorenhuis realized
'14 Utrecht IBM hoofdkantoor in preparation
15 Utrecht Jaarbeurs in preparation
Er 16 Utrecht R.U. realized

;r 17 Venio Andeno (industry) in preparation
i 18 Vollenhoven (0v.) Coberco in preparation
19 Zoetermeer IBM-office in preparation

N



air. The veatilation supply air is heated up to 10 to 14°C,
depending on the outdoor temperature. In this way the
squifer is used for heating and cooling.

The aquifer is also used for short term cold storage
during extremely warm periods or at the end of the
summer season, when the cold well temperature is
relatively high. The cold is generated by the chillers that
run at low cost during the night.

Some technical data are:

cold heat
storage storage
Storage temperature (°C) 8 17.5
Production temperature (°C) 8-12 14-17.5
Total cooling/heating
capacity (kW) ) 1100
Total cooling/heating
" requirement (MWh,) 480
Storage cooling/heating
capacity (kW) 800 700
Amount of energy
stored (MWh,,) 550 310

The annual energy savings in the Bleuland hospital
amounts to 98,000 kWh, and 81,000 m’ of natural gas.
The extra investment costs are Dfl. 334,000.-, which
means that the pay-back-period is 4.3 years.

The third project involves seasonal industrial cool-
ing. WAVIN at Hardenberg is a huge manufacturer of
plastic tubes, crates and building material. Until recently,
groundwater was used for process cooling and discharged
afterwards to surface water. Because of the high quality
of the groundwater, which can be used also for the
production of drinking water, the Dutch government has
recently legally forbidden the use of this groundwater for
cooling only, because of the high quality of the
groundwater, which can be used for drinking water. The
alternatives for WAVIN are either the installation of
chillers or the installation of an aquifer cold storage
system, using groundwater but not wasting it.

Some technical data are

Cold Heat
storage storage
Storage temperature (°C) 7 i5

Production temperature (°C) 11
Total cooling/heating

capacity (kW) 2600
Storage cooling/heating
capacity (kW) 2600

The total cooling demand is 2.6 MW,,. If an aquifer
cold storage system is installed, there are seven injection
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wells and seven extraction wells. Each well would have a
maximum capacity of 80 m’/h. The necessary cold is
obtained by cooling the hot well in wintertime using
surfaice water. The investment costs for the aquifer
system is less than the investment costs for conventional
chillers. Furthermore the energy saving for this system
would be 1600 MWh, each year,

GENERAL SYSTEM CONCEPTS FOR SEASONAL
COLD STORAGE IN BUILDINGS

Most existing system concepts apply to cooling
systems for commercial and institutional buildings. A
general approach for the application of seasonal cold
storage in the industrial sector can not be defined because
of the small number of projects in this sector until now.

The system concepts can be distinguished by the
way the chilled water for loading the storage is obtained
and the way the total cooling demand of the project is
covered. This subdivision of the projects, together with
the basic schemes, is shown in Figure 2.

It should be noted that many refinemeats to the
basic schemes are possible, depending on the specific
project characteristics, for example,

- new building, extension or retrofit,

- cold demand in summer only or also in winter,

- comfort requircments and back-up systems for
cooling.

The concepts shown in Figure 2 will be briefly discussed

below.

SYSTEM 1la and 1b - This system applies to
projects in which cooling is required for space cooling
only. Thus, the cooling demand omly occurs in the
summer season. All the necessary cooling is supplied io
the building by cooling the ventilation air in the air
conditioning units ("all air systems"). The cold can be
completely delivered by the cold storage system (system
la) or in combination with one or more chillers (system
1b). The storage is loaded during the winter season with
the “"cooling” coils in the air conditioning units. These
coils then function as conveational (pre)heating coils.
When the outdoor temperature is low enough, the warm
well water is cooled to the required storage temperature,
while the ventilation air is (pre)heated. In this concept the
long-term storage system functions as a combined heat
and cold storage system. The advantage of this system is
that separate chillers do not have to be installed to load
the storage. On the other hand, the choice of the
temperature levels and the siting of the componeats
require extra atten‘ion to obtain 2 good balance between
charging and discharging of the storage. Therefore, this
system concept is especially suitable for new construction
(building) projects.

SYSTEM 2a and 2b - In this system, the building
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Figure 2 System concepts of aquifer cold storage in the
Nether lands.



installation can be considered a black box. Onmly the
maximum cooling load, the demand pattern, the cooled-
water flow, and the temperature range have to be known.
The stored coid is used for comfort cooling and
sometimes to cool equipment (e.g. computer
installations). In the latter case, it is common to use

free cooling when the outdoor temperature is low enough.

In some projects the cold storage system is
combined with one or more chillers, which can be used
for additional cooling under extreme conditions. The risk
of a culd shortage is reduced in this way. This option is
most favorable if extension or retrofit of an existing
installation with chillers is planned. If a new chiller has
to be installed for additional cooling only, the feasibility
of the project will be reduced by the extra investment
cost. The need for an extra chiller for additional cooling
(as a back-up) also depends on the comfort requirements '
in the building.

The cold storage is loaded in winter by cooling the
warm well water in cooling towers or dry coolers. If
cooling is also needed in the building during winter, it is
usually possible to apply free cooling and to charge the
storage via the same coolers.

MARKET POTENTIAL FOR COLD STORAGE IN
THE NETHERLANDS

Potential market sectors for cold storage applications
are:
- Commercial and iastitutional buildings (space
cooling)
Industry (process cooling)
- Greenhouses (space cooling)
- Integrated system

COMMERCIAL AND INSTITUTIONAL

BUILDINGS

This market sector refers to government buildings and
service industries such as hospitals and business offices.
- The potential market is defined as buildings with a floor
area greater than S000 m* (new buildings) or 10,000 m?
(retrofit), > 300 kW cooling power and > 300 MWh
cooling demand. [n The Netherlands, cold storage is
assumed to be (in general) economically feasible for
buildings that meet these criteria.

The estimated (gross) market potential for cold
storage is about 40 projects per year, from which about
25 projects are newly tuilt offices. The aim is to reach a
market penetration of 20% by 1995 (8 projects/year) and
50% by 2000 (20 projects/year).

INDUSTRY
This market sector is defined as the processing industry
with present or potential use of groundwater for process
cooling, for example the food industry, chemical industry
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(plastics), paper industry.

The potential market is about 300 industries that presently
use groundwater above 50,000 m/year and another 300
industries that currently use mechanical cooling.

The total of 600 industries results in an annual gross
potential market for cold storage of about 20
projects/year. The aim is to reach a penetration of 10%
by 1995 (2 projects/year) and 25% by 2000 (5 pro-
jects/year).

GREENHOUSES
A new concept for greemhouse cooling is being
developed. The basic idea is a closed greenhouse, with a
high level of CO,-fertilization and forced cooling. The
market potential is high, but there are still uncertainties
about greenhouse technology and pay-back periods.

INTEGRATED SYSTEMS
The long-term national policy is to reduce the use of
fossil fuel energy sources and to limit the environmental
effects of energy conversion. This can only be realized if
all possible measures - seperate and integrated - are
pursued including: physical planning, architecture,
installations, unconventional energy sources and re-use of
waste energy, i.d.

An example of a future integrated system is the
energy-integration of residential and commercial buildings
with a combined heating and cooling storage system.
Cooling heat of offices and shopping centers can be re-
used if (residential) buildings are well insulated, if low
temperature space heating systems are being used, and if
new technologies (solar emergy, heat pumps, geothermal
energy, co-generation) are properly tuned within an
integrated system. Heat and cold storage is absolutely
necessary to meet energy supply and demand. For the
prementioned reasons, the main issue of the Netherlands
R&D programme “Energy Storage 1990-1994" is to
develop and to apply optimized short and long term
storage techniques in integrated systems.

The msarket potential in the Netherlands is
determined primarily by the favorable geological
conditions. This is not the case for all countries.
However, the possible application cf ATES in different
countries is still underestimated. In raany countries,
especially in the easterm part of Europe, with a
continental climate, ATES is a possible and attractive
way of saving eaergy.

MARKET BARRIERS

There are several barriers that can cause projects to
be cancelled, or that may hinder the implementation of
projects.

The main barrier is that consulting companies are
often not familiar with the technology. The introduction
of new technologies comsuiting companies implies a



certain risk, especially the bigger consulting companies
do not want to harm their reputation by getting involved
in a bad project. So they do not take the risks that are
inherent in new technologies. That means that, for the
implementation of aquifer energy storage, one is
dependent on smaller consulting companies with a limited
share of the market. For the smaller companies, it is even
a possibility to increase their reputation. These are
important counsiderations because the construction of
different projects, in which the new technology is proven,
will increase the interest of bigger consultancies and
subsequently the market potential.

Another barrier is caused by the consumer. Even if
the eventual risks are well known and under control, the
average consumer is afraid of new technologies. For the
extension of the Amsterdam airport, aquifer cold storage
appeared to be very cost-effective. Also the technical
risks were well studied and financial consequences
investigated. The aquifer storage system would be
connected to the existing chillers, so that a back-up
facility was available. Nevertheless, conventional chillers
were installed instead of the much cheaper aquifer system
because of consumer reluctance in relying on the new
technology. It is very difficult to deal with this undefined
fear for mew technologies. Maybe more demonstration
projects will encourage consumers to make use of aquifer
cold storage.

Another major barrier is governmental policy with
respect to licenses. To get a license takes at least 1 year
and even then the restrictions could be unacceptable.
Now that the implementation of aquifer cold storage is
increasing in the Netherlands, the Dutch government is
changing their policy. New laws with respect to limiting
the use of groundwater clearly declare that energy storage
is permutted. Local governmental authorities are even
promoting the use of aquifers as storage medium because
of their potential of replacing conventional chillers.

FUTURE DEVELOPMENTS

Future development of ATES is not a matter of
solving technical problems. There are no unsolved
technical problems if the storage temperature is restricted
to less than 40°C. If the storzge temperature is much
higher, water treatment problems may occur. Below
40°C it is a matter of system integration, economy,
environmental impact.

Implementation is the ultimate goal and for that
reason even more important than the development.
Nevertheless national R&D programs are very common
and implementation programs are very rare. An
implementation program should supply the answers to
two questions: "How can one use the developed
technology in practice?” (system intregration) and "How
can one sell the developed technology?" (marketing). An
implementation program in the Netherlands appears to be
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successful. Maybe this experience can be used in other
countries as well.

System integration is very important. Adding aquifer
seasonal storage o an existing conventional heating or
cooling system is very seldom the most optimal approach
and very seldom cost-effective. The storage component
should be an integral and esseatial part of an optimized
energy supply system. The importance of optimization
was seen early in the Netherlands research program.
During the first 3 years, whea system optimization was
not emphasized, about 90% of the ATES studies were
cancelled. During the last 3 years, special attention has
been given to system integration and, as a result, less
than 40% of the ATES projects have been cancelled.
System optimization means that one has to make choices.
An ATES system with a 100% back-up facility is not
cost-effective. It is either an aquifer system or &
conventional system; there is no way in between. That
does not mean that the risks are running out of control.
Today an ATES supply system can be designed without
any unacceptable risks or uncertainties. Risks can be
quantitatively calculated very well and there are sufficient
system design tools to decrease these risks to a normal
levei.

System optimization also means that the ATES
supply system is a part of the total building concept or
industrial process. Building design and the energy supply
system are closely related. The possibilities of
incorporating an ATES system should be taken into
account during the building design. The comfort level of
an ATES building need not be less than that of a
conventional building. On the contrary, often an ATES
system offers a better quality. For example, the total
cooling load, and hence the ventilation rate, can increase
substantially, without increasing the energy bill. Also in
industrial processes the total cooling demand (quantity
and temperature) should be considered carefully in
relation to the most optimel ATES properties.

There is no general rule regarding how optimized
ATES supply systems should look like. The basic system
lay-outs used today were mentioned also, combining
ATES with a heat pump can be very interesting if heating
and cooling is desired. Also combinations can be made
from the demand side, for example, waste heat from
industries or from cooling equipment in office buildings
can be used for residential heating. It is a future
challenge to develop energy saving systems by optimizing
the supply as well as the demand side. It is certain that
optimization, as mentioned above, is very difficult
(technical and organizational) but, if done properly,
results in a trcmendous energy saving.



Overview of Projects with Seasonal Storage for Cooling
from Four Countries

V. Chant

Hickling Corporation
Ottawa, Ontario, Canada

E. Morofsky
Public Works Canada
Ottawa, Ontario, Canada

ABSTRACT

This paper presents the results from a review of projects,
technologies and applications utilizing seasonal thermal energy
storage (STES) primarily for cooling loads. The review
covers four countries (Canada, Germany, The Netherlands,
Sweden) participating in an IEA R&D collaborative work
program. The characteristics of 55 projects are summanized.
Projects included in the review include projects with feasibility
study only, projects under preparation and completed projects
(approximately equal in number in each category). Project
load type, system configuration, storage type, size and cost are
included. Experience and lessons learned are also
summarized.

Assessments of the infrastructure in each country to
design and implement such projects are given. Market
development characteristics are reviewed in terms of
legislation and regulations, and other barriers and drivers.

INTRODUCTION

Energy use for cooling, based primarily on electricity, is
rapidly increasing in North America and in Europe.
Especially important in bots ..ew and existing commercial
buildings, cooling is increasingly needed because of heat
generation from computers and other appliances. In addition,
the emphasis on energy conservation in the past two decades
has decreased air infiltration in buildings contributing to an
increased requirement for cooling. Increasing awareness of
the benefits from improved indoor air quality and occupant
comfort also leads to increased demand for cooling.

Thermal storage systems for conling applications, or for
combined cooling and heating applications, can result n
energy savings, cost savings and reduced adverse
environmental impacts as compared to conventional energy
systems.

The Executive Committee of the Energy Conservation
through Energy Storage (ECES) Implementing Agreement of
the International Energy Agency (IEA) established a
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collaborative R&D work program (called Annex 7) specifically
targeted on thermal storage for cooling (Chant 1991). The
primary objective of Annex 7 is to identify, analyze and
document such systems and applications which maximize
energy savings and environmental benefits from the application
of STES for cooling. The ultimate purpose for the results of
this work is to encourage the adoption of thermal storage of
cooling as a standard design option.

Begun in 1990, this multi-year collaborative R&D work
program undertook a review of the state-of-the-art of storage
technologies and applications in the participating countries.
The review included storage technologies for building and
industrial applications, design models for application of these
technologies, and methods of predicting subsoil characteristics.
As well, national reviews (see list of references) were
undertaken of existing projects and feasibility studies of
appropriate seasonal cold storage applications identifying costs
and energy use, advantages and disadvantages, and technical
and non-technical constraints to implementation. This paper
summarizes the results of these reviews.

SYSTEM CLASSIFICATION

Figure 1 shows the basic system classification structure
developed for the Annex 7 work program. The emphasis in
Annex 7 is on seasonal applications (that is, with at least three
months of storage) which have a defined charging cycle for
cooling, and which are cost-effective as compared with
conventional system designs for the application.

OVERVIEW OF 55 PROJECTS

Data for 55 projects incorporating cooling for storage
have been collected and reviewed. The data include actual
measurements, as well as estimates from feasibility studies and
detailed designs.



QUALIFICATION FOR ANNEX 7:
Cold Storage:

Seasonal Storage:

Storage technology:
Cold source:
Load:

commercial)

Size of storage/load:

Must be charged with cold for purpose of cooling
Discharging at least three months after charging

Better SPF than conventional reference system

Each system must fit into either Column 2 or Column 3 for each characteristic

Cost-effective:
CLASSIFICATION:

identified in Column 1.
Application: Cooling only

Open (e.g. aquifer,
ground source)

Air (winter cooling) or
surface water

Building (residential or

Storage meets entire load

Heating and cooling

Closed (e.g. duct in water bearing
soil or rock)

Heat pump or system heat exchanger

Industrial process

Additional cooling required

Figure 1: System Classification

PROJECT ACTIVITY - There has been an increasing
interest in seasonal cold storage projects in the last decade as
tllustrated in Figure 2. These projects have been primarily for
commercial building applications (83 %), while 13 % have been
for process cooling and 4% have been for residential
applications. About one third of these projects have been with
closed storage systems (most of which are in Germany).

SCALE OF PROJECTS - Figure 3 illustrates the range of
size of projects both in terms of amount of cold energy that is
stored per storage cycle and in terms of the cooling capacity
of the storage. The size of the projects varies widely from
over 10 MW capacity (20 000 MWh stored) to 10 kW (10
MWh stored) and even smaller. The median size is
approximately 1 000 kW (1 500 MWh). (Al units refer to
thermal energy stored or thermal energy tlows.)

INVESTMENT COST - Figure 4 plots the additional
investment cost due to the storage against the stoiage cooling
capacities. These costs represent a mix of estimates (from
feasibilities studies of systems not yet built) and actual costs.
There is a definite economy of scale evident in the investment
cost relative to the storage cooling capacity. Depending on the
inclusion or not of some projects with extreme values, analysis
of the data shows that STES project costs vary from about
C$400 per kW (for 50 kW systems) to about C$200 per kW
(for 10 MW systems) more than conventional designs. Some
STES designs cost less than conventional design.

EXPERIENCE

The merits of cold storage systems have been
demonstrated in actual operation. Electrical energy
consumption and peak demand, and thus energy costs, can be
reduced with seasonal cold storage.

Experience gained from realized projects indicates:

® The complexity of the control systems that are
required have presented problems in several
instances.

® Some problems have surfaced with conventional sub-
system components. Existing equipment must be in
good working order and be compatible with the cold
storage. ‘

® Some aquifer systems have operated without major
chemical problems; but high concentrations of
dissolved gases such as methane have presented
problems in some systems.

® The start up of cold storage projects should be
scheduled such that enough cold can be stored before
the first cooling season. The fall season appears to
be the logical choice.



INDUSTRY INFRASTRUCTURE

The industrial infrastructure required
for the implementation of cold storage
projects is considered to be in place in all
countries participating in Annex 7. In
general, all the component expertise and
equipment are available; but considerable
improvement can be achieved in the
integration of the components into an
optimal cold storage installation.
Component expertise and technologies —
geological and hydrological site
characterization, subsurface installation,
and mechanical and control systems —
are available. Specific consulting
companies exist with experience in
designing STES and ground storage
systems for cooling  applications.
Improvement is needed and expected,
however, in the design and integration of
components and sub-systems comprising
a cold storage installation, and in the
integration with building energy systems.

REGULATORY ISSUES

The most prominent legal and
regulatory issues that can potentially
affect the implementation of STES
systems are:

® Groundwater withdrawal and
well drilling; and

® Reinjection of thermally (and
potentially chemically) altered
- groundwater.

- Legislation and regulation which
apply to underground energy storage
systems are generally the same laws
which govern groundwater withdrawal
and well dnlling for drinking water and
for industrial processes. Aquifer thermal
energy storage (ATES) systems are
addressed specifically in only a few
instances. In Sweden, legal permission is
required for groundwater energy systems
greater than 10 MW, or ATES systems
with storage capacities exceeding 3000
MWh/year. Closed systems have
minimal regulatory concerns, except in
Germany where the same regulations

apply.
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In all countries, the relevant
legislation involves two to three levels of
governments: federal or national, state
or provincial, and local or municipal.

The discharge of groundwater to the
surface, and the thermal quality of the
returned groundwater, will likely be more
rigorously regulated in the future. The
complete return of the supply well
volume via a return well is already
required or strongly recommended in
some cases. The installation of seasonal
cold storage has the additional advantage
of mitigating the warming effects that
these industrial cooling processes have on
groundwater.

The development of more stringent
regulations with respect to the return of
groundwater may support cold storage
development, particularly in the industrial
sector. In many industrial applications,
groundwater is simply used for process
cooling and then discharged to the
surface. The temperature of the water
may be changed more than 20°C by the
industrial process. The environmental
importance of preserving groundwater is
increasingly recognized.

MARKET DEVELOPMENT
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The most attractive market sectors identified by the Annex

participants are:

® Commercial and institutional buildings (space and

equipment cooling);

® Industry (process cooling);

® Residential homes (space cooling); and

® Greenhouses (space cooling).

The commercial and the industrial markets are by far the
most important, and they have the best technical and economic
viability. Both residential homes and greenhouse applications
are less attractive because of technical and economic factors.

Benefits of seasonal cold storage include:

® Energy savings and reduced energy costs through
reductions in both energy consumption and in peak

demand;

¢ Environmental benefits (displacement of conventional

refrigerants and electricity); and

Increased security of cooling where fuli-time cooling
is required.

Other relevant factors are the positive public image of
adopting an innovative system design which is environmentally
friendly and reduced exposure to energy availability and price
fluctuations. In some applications, however, the STES design
is the least cost.

The most significant drawbacks and barriers to cold
storage installations are:

Higher capital costs with long payback period (most
cases examined had payback periods of four to six
years, about a quarter were longer than six years with
another quarter with payback less than four years);

Limited energy and energy cost savings, compared
with total consumption for the building or process,
limits the visible impact of energy savings;

Increased complexity of design, installation,
operation, and maintenance (in some cases); and

Lack of user confidence in the reliability of cold
storage technologies and users making decisions who
are not very familiar with cold storage options (more
education is required).



The commercial and institutional building market is generally
identified as being the most penetrable for the next several
years.  Although industrial applications represent vast
potential, they are viewed as less likely to be developed.
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ABSTRACT

A nominal 520 kW (thermal) air-conditioning system
based on the seasonal storage of cold water in an aquifer has
cooled a University of Alabama building since 1983. During
cold weather, ambient, 18° C water is pumped from warm
supply wells, chilled to about 6° C in a cooling tower, and
reinjected into separate cold storage wells. In warm
weather, water is withdrawn from the cold wells and
pumped through building heat exchangers for air condition-
ing. Presented here are results of 6 years of study [spon-
sored by the U.S. Department of Energy through Pacific
Northwest Laboratory] of the first successful U.S. applica-
tion of this technology. This system yields high energy
efficiency, with measured annual average COP of about §
(SEER = 17 BtwWh), and energy recovery efficiency
ranging from 40 to 85%, shifts utility loads from summer to
winter, and no chlorofluorocarbon (CFC) release.

INTRODUCTION

"Cool” or "chill" storage can be used in building
cooling to store energy that is more available or less expen-
sive at certain times for use during later periods when
energy is more scarce or costly. Diurnal cool storage
applications that use off-peak electricity to power mechani-
cal refrigeration equipment and store cold water or ice are
becoming quite popular. The electric utility industry is
promoting this application of diurnal cool storage because it
shifts demand from peak to off-peak periods. From the
viewpoint of energy conservation, however, one disadvan-
tage of diurnal cool storage is that electric energy use is
usually increased because of losses inherent in any thermal
storage and discharge process.

One alternative to the diurnal cool storage systems is
seasonal chill Aquifer Thermal Energy Storage (ATES), the
subject of this study. Aquifers are natural storage media
and onlv means of access must be constructed, typically a
system of wells. Aquifers have been used for diurnal,
medium term and seasonal storage of both hot and cold
water. A thorough discussion of aquifer thermal storage
svstems design issues is presented by Schaetzle et al. [1].
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The focus here is the seasonal storage and recovery
of water chilled by exposure to cold winter air. The primary
design objective is to reduce energy costs by minimizing
both demand (kW) charges and energy (kWh) charges.
Electricity use is reduced, compared to conventional air
conditioning with or without diurnal storage, because
substantially less energy is required to chill water by expo-
sure to cold ambient outdoor air than is needed to operate a
vapor-compression or absorption-type mechanical chiller.
Demand charges are reduced because the peak occurs
during water chilling on cold winter nights, which typically
are periods of low electricity usage in large buildings using
fossil fuel heating in southern climates.

In addition to reduced energy and demand costs,
chill-ATES-based air conditioning offers several other
benefits. ATES system reliability during the air-
conditioning season exceeds that of a conventional system
because cold water typically can be recovered from several
different wells, and the only component required to deliver
cold water is a well pump. A conventional system often
depends on a single chiller, several pumps, and a cooling
tower with fan motors. The failure of a single component
disables the entire air-conditioning system.

ATES-based air conditioning offers several major
environmental benefits. The possibility of chlorinated
fluorocarbon (CFC) release is eliminated because water is
the only working fluid. CFC’s are both greenhouse gases
and are responsible for the chemical destruction of the
stratospheric ozone layer. Increased efficiency reduces
electricity use, which decreases fossil fuel combustion and
its associated air pollution and greenhouse gas release.
Southern utilities experience their peak power demands in
the hot summer months and would benefit from the reduced
peak capacity requirements as load is shifted from summer
to winter. An additional benefit of the aquifer chill energy
storage svstem is that the resulting low cost of air condition-
ing allows new applications, e.g., industrial building cooling.

Aquifers capable of being used for energy storage are
available to about 75 percent of the population of the
United States [1]. The earliest experimental studies of
thermal energy storage in aquifers examined the storage of
high temperature water [2,3]. A number of European



countries, including Denmark, the Netherlands, Sweden and
Switzerland have studied hot water aquifer thermal storage
systems, often as sources for heat pumps. Most of the
European aquifer storage systems have experienced water
treatment problems such as scaling by calcium carbonate or
silica [4]. The first test of the feasibility of chilling and
storing cold water ("chill" storage) was conducted by
Davison et al. [5].

Although chill ATES cooling systems have been used -

in several other countries, the system at the University of
Alabama Student Recreation Center (UASRC) is the oldest
operating U.S. installation. The UASRC system was
designed and constructed in the early 1980’s [6] and began
operation in 1983. This paper reports the results of
monitoring the performance of the UASRC chill ATES
air-conditioning system for six full annual cycles.

SYSTEM DESCRIPTION AND OPERATION

The UASRC facility consists of 5760 m? (62,000 ft2)
of conditioned floor space, with 14 handball/racquetball
courts, five basketball courts, a running track, a weight
room, locker rooms, and offices. The estimated peak
cooling load is 520 kW (148 tons) [7]. Using a chill-ATES-
based system made air conditioning the gymnasium econom-
ically feasible.

The unconfined aquifer at the UASRC lies in an
unconsolidated sedimentary layer consisting of alluvial
deposits from the nearby Black Warrior River [8]. The
aquifer layer lies above the indurated Pottsville Formation,
which acts as an aquiclude, preventing the downward
migration of aquifer water. The lower part of the layer is
- marked with sand and clay, and it becomes more gravelly
and less sandy toward the surface, which is mostly red clay.
At the UASRC site, approximately 30 m of alluvial material
overlies the Pottsville Formation, and the lower i) m is
typically saturated with groundwater.

The ATES-based air-conditioning system, shown in
Figure 1, consists of three main components: (1) heat
rejection, provided by a conventional cooling tower;
(2) seasonal chill storage, provided by the aquifer; and
(3) heat absorption, provided by conventional cooling coils
in the building air handlers. The aquifer system for the
UASRC system uses six operating wells, three "warm” wells,
numbered 1-3 in Figure 2, and three "cold" wells, numbered
4-6 in Figure 2. The bold rectangle in Figure 2 is the foot-
print of the UASRC building. The wells are drilled through
the aquifer and slightly into the Pottsville Formation. The
wells are a total of 27 to 30 m deep, use 25 cm PVC sand
screen, are packed with gravel in the 10 m thick saturated
zone, cased with solid PVC casing, and grouted with
concrete to the surface. Each well contains a three-stage 7.5
kW submersible pump and return riser.

Water chilling is accomplished with a conventional
mechanical-draft cooling tower having a nominal water flow
capacity of 102 m3/hr. The tower operates automatically
whenever the ambient wet bulb temperature drops below
about 6° C. Ambient (118° C) aquifer water is pumped
from the warm wells to the tower, chilled to below 7° C, and
reinjected into the cold wells. In relatively warm weather,
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Figure 1. Chill ATES system schematic.
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Figure 2. ATES system wellfield layout.

this injection temperature is achieved by water recirculation
within the tower. For the Tuscaloosa area, there are typi-
cally 1200 to 1400 hours below 6° C wet-bulb temperature
per year. The chilled water is injected into'the cold wells
after being passed through a sand filter to prevent aquifer
contamination. Cooling tower operation is related only to
weather conditions and is not matched to a corresponding
cooling load. Chilled water is stored in the aquifer until
required for air conditioning, which can be a few hours (a
cold night followed by a warm day) to several months.
During hot weather, the cold well pumps withdraw
chilled water on temperature demand. Water is pumped
from the cold wells and absorbs heat from the air-handler
units. The inlet chilled water temperature from the cold
wells varies upward from a minimum of 7° C depending on
how much water has been chilled the previous winter and



how much has been recovered during the current air-
conditioning season. The temperature of the warm water
leaving the building is typically 14 to 17° C. Warm water
exiting the building would ideally be returned to the warm
wells, thus creating a system with no net water removal
except for minor loss due to evaporation from the cooling
tower during winter water chilling. In practice, however, it
has been necessary to dump the warm water leaving the

building to the storp: sewer, and, in addition, to pump water -

upgradient from the cold storage zone of the aquifer (called
back pumping), in order to minimize the loss of chilled
water due to adverse regional aquifer water flow.

SYSTEM MONITORING

Data are collected on the performance of the heat
rejection (cooling tower), storage (aquifer) and heat
absorption (building cooling coils) elements of the chill
ATES system. To evaluate the water chilling system, cooling
tower inlet and outlet water temperatures, water flow rates
and volumes, and power input are measured, as are power
inputs to the warm water supply and reinjection pumps. The
data acquired to physically define the aquifer performance
consist of drilling samples from the monitoring wells, aquifer
water head data to determine undisturbed water level and
gradient, aquifer water temperature profiles, water flow
injection and withdrawal rates and temperatures, and pump
power input. Building inlet and outlet water temperatures
and flow rates and power input for pumping water are
measured to evaluate the building heat absorption system.

To evaluate and monitor the aquifer, 21 monitoring
wells have been drilled, as shown in Figure 2. There are
three background head monitoring wells far removed from
the chill storage activity, three additional head monitoring
wells in the operating well field, and fifteen temperature
monitoring wells. Four head monitoring wells (H1W, H2E,
H4E and H4S) and the temperature monitoring wells are
instrumented with thermocouples at 3 m vertical intervals up
from the Pottsville formation. The head monitoring wells
use 5 cm PVC casing screened through the saturated zone.
The temperature monitoring wells use 5 cm blind PVC
casing. The monitoring wells are not ground packed.

RESULTS AND DISCUSSION

The chill ATES system, the sole source of air condi-
tioning at the UASRC since 1983, has been monitored for
six annual cycles [8-12]. An “annual cycle” is October 1 to
September 30 of the following year, which approximately
corresponds to an annual charge discharge cycle.

WATER CHILLING PERFORMANCE - The
monthly volumes of water chilled during the six-year period
October 1, 1983 through September 30, 1991 are reported in
Figure 3 as volume "injected”. An operational problem in
the 1987-88 water chilling scason resulted in the loss of from
6000 m> to 15,000 m2 of chilled water in early January, 1988.
The data presented here do not reflect this chilled water
loss. Figure 3 shows the relatively short cold season avail-
able at the site, with the bulk of the chilling occurring during
December through February.
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Figure 3. Monthly chilled water injection and recovery
volumes.

Average cooling tower water inlet and outlet temper-
atures, reported as T;y and Ty, respectively, in the "INJ"
(injected) column, and volume of chilled water injected,
reported as "1000 m>" in the "INJ" column, are presented on
an.annual basis in Table 1. Average annual chilled water
injection temperatures vary oaly slightly from a mean of
5.9° C. Annual injected volumes vary considerably, reflect-
ing large variations in weather conditions. The cold water
injection temperature is lowest during the coldest months
(usuaily January and February), at the same time the rate of
chilled water injection is largest. Table 1 also presents
annual heat rejection data, reported as "Heat Rej" in the
"INJ" column, for the cooling tower, which closely parallels
the volume of chilled water injected. The annual electricity
use for the cooling tower blower and for the hot well pumps
is shown in Table 2.

BUILDING COOLING PERFORMANCE - The
monthly volumes of cold water recovered for air condition-
ing are shown in Figure 3. Water is recovered for building
cooling year-round, although little air conditioning occurs
December through February. The ratio of volume recov-
ered to volume injected ranges from 1.6 to 2.6, reflecting
annual weather variations. This ratio is greater than unity
because dispersion of chill energy into both the solid media
and the ambient water of the aquifer formation necessitates
that more water be withdrawn than was stored in order to
recover a substantial fraction of the stored chill energy.

The annual air conditioning provided (heat removed
from the building) is presented in Table 1 in the "Heat Rej’
row and "REC" column. Air conditioning is calculated as
proportional to the difference between the building inlet
and outlet water temperatures. At those times when the
building iulet water temperature is excessive, the warm
water exit temperature, reported as T, under the “‘REC"
column, exceeds the 18° C ambient aquifer temperature.



Table 1 - Overall ATES System Performance Data

1985-86 | 1986-87 | 198788 | 198889 | 1989-90 | 1990-91

i |Rec| vy |REC| N0 [REC] 1NJ {REQ INJ [REC] INJ | REC
1000 m3 | 56.4| 92.4| 44.3] 112| 545|969 39.8|103|59.0{109[52.1| 122
TaleC) {181 |145] 183}143] 189 [128[17.4[135]18.3 [135{18.2] 143
Tou )| 57[181] 6.1 [189] 57 [179] 6.1 ra5| 58 |182] 62| 183
"‘";‘,:,g'l 2.89|1.36] 2.20] 2.15| 2.57 |2.08] 1.89|2.04 3.10{2.15{ 2.62| 2.08
Chill Rec 1.18 1.74 180 1.64 1.81 162

i)

cop 4 54 46 48 Y a8
ERF (%) | 406 76.0 702 36.9 58.6 82
APF (%) | 303 126 438 361 387 332

Table 2 - ATES System Electricity Consumption

l 1985-86’ 1986-87 !1 987-88 |1 988-89 !1959-90' 1990-91
Toml MWh| g1.9 111 125 116 135 125
Cold Wells | 31.1%| 32.1% | 26.7% | 26.3% | 25.1 % | 29.0%
Hot Wells | 11.1 11.7 122 89 10.9 12.9
Back Pump| 0.0 46 14.6 22.7 275 24.2
Tower 57.8 516 465 | 421 36.5 339
100% | 100% | 100% |100% | 100% | 100 %

When this occurs, building cooling is being accomplished
not only by chill recovery in warming the water up to the
ambient aquifer temperature, but aiso by "free cooling” as
the water is warmed above the ambient aquifer temperatu. e.
Thus, "air conditioning” or "total heat rejection” is the sum of
the “chill recovery” and the “free cooling.”

The actual chill recovery is reported in Table 1. Chill
recovery is proportional to either the difference between the
building inlet and outlet temperatures or to the difference
between the building inlet temperature and the ambient
aquifer temperature. whichever is lowest. Total building
heat rejection always exceeds the chill recovery, and, in
those vears where the winter chill storage is small compared
10 the summer heating load, “free cooling” provides up to 20
percent of the toral air conditicaing.

The annual electricity usage for building cooling,
which is the cold well plus back pumping energy usc, is
shown in Table 2. Back pumping has proven necessary to
counteract the drift of cold water downgradient from the
chiil storage zone in the aquifer caused by background
regional flow greatly excecding design expectations. Energy
use has increased as longer periods of back pumping have
been emplosed. Back pumping lasted about five months the
past two annual periods. accounting for nearly a quarter of
the annual electricity usagz. The etfect of back pumping at
the UASRC site is further assessed in References 12 and 13.

AQUIFER STORAGE PERFORMANCE - Water
levels around the UASRC have been measured at the six
head monitoring wells (H4W, HIW, H2E, H4E. HGE. and
H4S). The water levels at the three head monitoring wells

remote from the ATES system activity, wells H4W, H4S and
H6E, are used to calculate the undisturbed aquifer hydrau-
lic gradient at the site. The hydraulic gradient, which is
proportional to flow velocity, is typically about 3-4 x 103 in
magnitude. The average aquifer flow direction is indicated
by arrows at the lower right of Figure 2. For the well field
layout emp'oyed .. the UASRC site, the warm and cold
production well rows ideally should be located perpendicu-
lar to the aquifer flow.

The natural aquifer flow velocity is proportional to
the hydraulic conductivity of the aquifer bearing strata and
to the hydraulic gradient, as:

V=K-Vh¢ (1)

where V is the actual regicnal flow velocity, K is the average
hvdraulic conductivity, ¢ is the effective porosity, and Vh is
the hydraulic gradient. The hydraulic conductivity has been
estimated from recent pumping tests as 25 m/day, and the
effective porosity has been estimated as 16 percent at the
UASRC site. Using a typical aquifer gradient magnitude of
3.5 x 1073 in EQ (1), a regional flow velocity of about 0.55
m/day is obtained for the site.

The water velocity differs from the thermal front
velocity, which is of primary interest for determining aquifer
energy storage potential. When chilled aquifer water is
injected into the aquifer, "chill” energy is stored in both
water and the solid aquifer media. As chilled water moves
through the aquifer strata, it is warmed both by mixing with
other water and by conductive gains from solid media. The
thermal front velocity, Vy, can be estimated by [1}:

Vih= Voo ucu/lopwow +(1-¢)p o] ()

where p is density, c is specific heat, and subscripts "w" and
'r" refer to water and aquifer solids, respectively. As EQ (2)
shows, it is always true that V,;; € V. Using ¢ = 16 percent,
pp = 1770 kg/m3, and ¢, = 0.84 ki/kg- K, the thermal front
velocity is about 0.19 m/day at the UASRC site.

Only limited information was available prior to the
drilling of the UASRC wells and not until after project
completion was the existence of a large regional flow
discovered. Excessive regional flow causes convection of
stored chill energy beyond the potential recovery region
surrounding the cold wells. The first measure taken to
control the natural flow was to dump the warm water exiting
the building cooling coils to the storm sewer rather than to
reinject it into the warm wells. Reinjection into the warm
wells is preferred from a water conservation standpoint but
it 2xacerbates the problems arising from the natural aquifer
flow by increasing the magnitude of the adverse gradient.
Wells 2 or 3 have been used for back pumping because they
are located dirsctly upgradient from the primary cold
storage/recovery wells 4 and 5. A total of 76,000 m3 of water
was back pumped in summer 1988, and about 120,000 m>"
was back pumped in each of the summers of 1989 - 1991.

OVERALL PERFORMANCE - The performance
of a chill-ATES-based air-conditioning system can be.
evaluated in several different ways. A common figure of.
merit for the gross thermal storage efficiency of the aquifer



is the Energy Recovery Factor (ERF) [3], defined as the
fraction of the chill energy stored that is recovered during
building air conditioning over an annual period. Energy
rejection from the building accomplished by heating the
building water flow to temperatures exceeding the ambient
aquifer water temperature is not included as recovered chill
energy. Table 3 reports measurements of ERF ranging from
41 to 87 percent. Note that the recovery efficiency for the

10/87-9/88 period is significantly higher if the loss of chilled

water that occurred during that winter is considered.

Table 3 - ATES System Performance Parameters

1985-86 | 1986-871987-88|1988-89[1989-90| 1990-91
%ERF| 406 | 760 | 702 | 869 | 586 | 620
CoP | 4. 5.4 46 | 49 | 44 | 45
%ASE | 140 | 324 | 336 | 39.0 | 249 | 222
%APF | 303 | 326 | 439 | 361 | 387 | 332
al 18 2.1 28 | 22 23 | 19
wst | 077 | 237 | 144 | 277 | 128 | 185

The ERF is not an ideal measure of system effective-
ness for two reasons. First, the ERF is strongly dependent
upon annual weather conditions. Specifically, the water
chilling capacity, or availability of cold weather, is unrelated
to the air conditioning load, or amount of hot weather. The
second weakness of ERF as a performance measure is that it
is only loosely related to building comfort. To illustrate
these problems, consider the example of a long, cold winter
followed by a mild summer. More cold water is stored than
necessary, so the ERF is low. Nevertheless, the building air
conditioning will be of high quality, with good dehumidifica-
tion. The opposite situation, a brief, warm winter followed
by a long, hot summer, results in insufficient chilled water
storage, so the ratio of recovered-to-injected cold water
volume is large, and a high ERF results. In this situation,
the building dehumidification is poor, more of the air
conditioning is accomplished by “free cooling”, and,
although a large fraction of the stored chill energy is recov-
ered, the quality of the building air conditioning is poor.
Clearly, a performance parameter less influenced by
weather variability is desirable.

From the air-conditioning viewpoint, the average
svstem COP (similar to SEER), defined here as the ratio of
air conditioning provided to the electrical energy input
required to produce the air conditioning, is a common figure
of merit. Comparing the annual air conditioning (Table 1)
to the annual electricity use (Table 2), measured annual
COP has averaged close to 5 (Table 3). This is approxi-
mately double the annual measured COP that is obtained
from conventional mechanical air-conditioning equipment
of this size. Consequently, the UASRC is being cooled with
about one-half the electricity use of a conventionally-cooled
building. Note that the COP and ERF have similar prob-
lems as measures of system performance. For a cold winter
followed by a mild summer, e.g., considerable energy is
expended in water chilling, but much of the cold water is not
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recovered. The ratio of air conditioning provided to
electricity input (COP) is low even though building comfort
is better than for the case of mild winter followed by hot
summer, which results in a higher COP. Back pumping also
reduces COP compared to a site with negligible regional
flow. The 1989-90 annual COP of 4.4, e.g., could have been
as high as 6.1 without back pumping, although building
dehumidification would have suffered.

Another possible index of system performance is
suggested by the methods of Second Law analysis. A
parameter termed the Availability Storage Efficiency (ASE)
can be defined as the ratio of availability recovered for air
conditioning to the availability stored, calculated as:

ASE = ZQr(l'Taqnbi)/ZQs(l'Taq/Tte) 3)

where the indicated summations are over an annual period,
and Q, is the chill energy recovered, T,, is the ambient
aquifer temperature (which corresponds to the "dead state"
temperature), T},; is the building inlet water temperature,
Qq is the chill energy stored, and T, is the chilled water
injection temperature, all over a particular subperiod. EQ
(3) was used with data for monthly subperiods and a value of
T,q = 18° C to calculate values of ASE for the six annual
periods, as reported in Table 3. ASE varies considerably
from year to year and, as will be demonstrated, also depends
significantly on weather.

An alternative parameter for the evaluation of
seasonal thermal storage system is the Aquifer Perfo. nance
Factor (APF), which is defined as [13]:

APF = (Tyq - Tp/(Taq - Tre) @)

The APF does not depend directly on the relative quantities
of energy stored and recovered but is indicative of the
success of the system in recovering low temperature water.
Recovery of low temperature water, as opposed to recover-
ing large fractions of the chill energy, is critical to providing
good building comfort and dehumidification.

Building comfort for a given cooling coil configura-
tion is largely a function of entering water temperature. The
coils at the UASRC should perform very well with 10° C
water entering the building. A parameter termed the
Quality Index (QI) can be defined as:

QI = (Tp, - 10)/(T; - 10) Q)

where temperatures are in ° C. Values of QI calculated
using EQ (5) are presented in Table 3.

It is of interest to investigate the dependence on
annual weather conditions of the various system perfor-
mance parameters, To quantify the suitability of the annual
weather for ATES system operation, a dimensionless
Weather Severity Index is defined as the product of the ratio
of water volume recovered to volume stored and the ratio.of
air conditioning provided to chill energy injected. Both of
these ratios increase with increasing air-conditioning load
and decreasing availability of cold weather for water chilling.
The Weather Severity Index is small for annual weather
conditions favorable to ease of operating the system— long,



cold winters followed by short, mild summers— and WSI
increases for less favorable annual weather. Figure 4 shows
the annual values of ERF x 5, COP, ASE x 20, APF x 10,
and QI x 2 plotted as functions of Weather Severity Index,
where values have been scaled as indicated so that they
are of approximately the same magnitude. Straight-line,
least-squares best fits to the data for each performance
parameter are also shown. ASE is most dependent on

weather (highest slope), and ERF and COP depend on .

weather to a lesser degree. API and QI are virtually inde-
pendent of weather. It should be noted that the Weather
Severity Index for 1987-88 (WSI = 1.44) would increase in
value if the previously mentioned loss of water were taken
into account. This would shift the 1987-88 performance
parameters toward increasing WSI.
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Figure 4. Weather dependence of ATES parameters.

CONCLUSIONS

A chill aquifer thermal energy storage based air-
conditioning system has been installed and successfully
operated to provide 100 percent of the building air condi-
tioning at the University of Alabama Recreation Center.
System monitoring indicates 41 to 87 percent of the stored
chill energy is recovered for building cooling, but experience
indicates that higher ERF does not necessarily yield
better building comfort. Annual COP averages close to S,
about twice that for conventional mechanical air-condition-
ing equipment of the same capacity. The storage effective-
ness of the UASRC ATES system has been improved by
back pumping designed to reduce the loss of stored chilled
water due to adverse aquifer flow, but at the cost of a
reduced COP. Indicators of system performance that allow
changes in operaling strategics to be evaluated without
interference of weather variation have been developed.
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Experience with a Solar Heating ATES System for a University Building

E. Hahne and M. Hornberger
Universitit Stuttgart
Stuttgart, Germany

ABSTRACT

At Stuttgart University, & solar heating system
for an office building with laboratories and lecture
rooms was installed in 1985, The heating system con-
siste of 211 m*” of unglazed solar collectors, a 1050 m
water-flooded pehble bed heat store, and a heat pump.
This installation is a pilot facility and is included in the
activities of the International Energy Agency (IEA). The
experimental heat storage contains all heat exchanger
systems that are used for ground stores: direct water
exchange and a 4853 m long tube for heat exchange.
Heat can be supplied to the store from the solar
collectors or from a power station (as waste heat), The
store and its behavicur are described. The whole system
has worked successfully for 5 years under varied strate-
gies.

In the first twn heating periods, the heating
strategy was aimed to collect as much solar energy as
possible. Thus, about 60% of the heat demand could be
covered by solar energy; but the yearly heat pump
coefficient-of-performence (C.0.P.) was only around
2.76. With an improved heat pump, which was installed
during the last 2 months of the second heating cycle, a
monthly C.O.P of 3.6 was obtained. Heat losses from
the storage amounied to about 20%.

INTRODUCTION

World-wide investigations are performed to leam
about storing low-temperature heat in large and cheap
storage installations. The price of the store is decisive,
therefore all of its components and its construction have
to be simple and cheap. There are a great many possibi-
lities for storing heat /1/ and there are also discussions
on the use of ground stores /2/. Especially in Sweden,
large-scale thermal stores have been built and tested /3/.
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A thorough investigation of an ertificial aquifer is given
in /4/. Experience from investigations in many countries
is accumulated in the IEA (International Energy Agency)
Task VII/XV Program. The German contribution is our
flooded pebble-bed store (artificial aquifer). This store
has been in operation since December 1985.

THE ITW HEATING AND STORING SYSTEM

A schematic picture of the heating system is
shown in Figure 1. The system consists of three main
parts: unglazed collectors, a pebble-bed store, and & heat
pump. The system is connected with the University
cogeneration plant. From this plant, heat can be deli-
vered to the store and directly to the Ipstitute building.
The building has a space of 1375 m® for offices and
laboratories and a calculated heat demand of around 150
MWh/a,

— , I
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Figure 1: ITW Heating and Storing System




As heat sources we use
- heat from the cogeneration plant
- solar heat from the unglazed collectors.
The heating of the building can be performed
- from the cogeneration plant directly
- from the coge 1eration plant indirectly,
vin the store
- from the unglazed collectors via the heat pump
- from the unglazed collectors vis the store and
the heat pump.
The store is shown in & cross-section in Figure 2.
It has the shape of a truncated cone and is lined with 8
plastic (high-density polycthvlene) foil, 2.5 mm thick.
There is no thermal insulation on the bottom or the
sides. Only on top, we put a 90 cm porous lava-layer
and 60 cm of earth.
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Figure 2: Heat exchanger system (coils)

This arrangement was chosen, because it is cheap
and calculations had shown that losses into the surround-
ing ground can partially be regained. The store is filled
with gravel of different size: farger pebbles of 16 to 32
mm diameter form the layers at bottom and top; smaller
pebbles of 8 to 16 mm fill the section between these two
layers. Thus, a higher hydraulic permeability and
smaller flow resistance in the upper and lower layers
with a more uniform flow distribution is provided.

The pebbles lie 4 m high, 3.72 m of these are
flooded with water. The water portion is 37% or 354 m3
of the water-filled store volume of 956 m3. The entire
store volume is 1050 m3, its heat capacity s
750 kWh/K. The store is 5.75 m deep. The groundwater
level is only 80 cm below the bottom and may rise after
heavy rainfalls. The store provides three different
possibilities for being charged and discharged with heat:
two systems which allow for a direct exchange of warm
or cold water and one heat-exchanger system with
4853 m of plastic coils. One direct water-exchange
system is shown in Figure 3.

When the store is charged, warm water enters
through the pipes on top and cold water leaves the store
through the central header at the bottom. For
discharging, the flow direction is reversed.

The heat-exchan, er system is shown in Figure 2.
Coils of polyethylene tubes (32/26 mm) are arranged
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in 8 different levels in the store. An antifrecze ethylene-
glycol/water mixture flows through these tubes. The
flow can be regulated separately for each coil.

ollm

central well

DAY TN

o
e ser WiVl ¢

Mrlmnlnl"gvm\ \\ \

\-nm
dimn lube Neiw} #
irng! -
mo-'--‘ "E.Pp.-{r‘»t! )j
l * iaas VYileem
eIm M"\d-
" teal h
discharge (‘;:v:;‘!'un'sggl" thargeng

T

hnrizantal
demn tube
tongl

Figure 3: Direct water exchange “ring-system*

With this system the store can be charged in
winter from the unglazed collectors and it can be
discharged to temperatures below the freezing point of
waler,

The store was built as a full-scale experiment and
is thoroughly monitored. For this purpose 415 thermo-
couples and 9 hest flowmeters were positioned in,
around, and below the store. These probes were
arranged in three planes in directions, 1200 apart. The
waler level is controlled by a special well in the store;
water probes can be drawn from the store, in order to
control the growth of bacteria md possible chemical
changes in the water.

HEATING OPERATION

SHORT-TERM TESTS - In two short-term cycles, the
behaviour of the store with respect to times of losding
and unioading, temperature disiribution, and internal
mixing was checked.

The store was first charged on Dec. 18, 1985
with heat from the University cogeneration plant. Warm
water of 30°C and, finally, 40°C was pumped into the
store through the top ring, while cold water was with-
drawn at the bottom of the central well. The mass flow
was 8000 kg/h. During the four days of charging, a
distinct temperature stratification developed, Figure 4,
with 36°C on top and 169C at the bottom (curve 3).



This indicates high heat transfer coefficients to the
pehbles: most of the heat is transferred immediately in
the top part as indicated by the large temperature
increase between curves | and 2.
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Figure 4: Short-term test: temperature distribution in the
store during charging and standby

In the following two days (20.12. to 22.12.), the
middle and lower parts of the store gained heat (curves 2
to 3). Altogether 20.4 MWh of heat was supplied to the
store, 3.7 MWh of heat was lost to the surroundings. On
Dec. 22, at noon, the heating was tumed off and the
water was circulated through the store until 18.55 h
(curve 4), in order to equalize temperatures; a mean
temperature of 29°C was reached.

Tabhle 1: Data of Short-term tests

first cyctle
operation heat source
period mode or tink data
18.12. charging power station 0 = 20 4 Hwh
22 12.8% ring system Ny - Q=161 Heh
%« 8000 .5'h
,S - 10 'C
22 12.8% circulation b - 9 ¢
21 12.8%
23 12, standby 0; - 24 <
01 01 86
01 01 dtscharging heat pump n, =« $.§5 MWh
24 01 RS heat exchanger o - (14 °C)
se ond cyclhe
24 01 tharqirg power stalion 0, = 4 1 Mh
0¢ 07 86 ring tystem N - Q4 26 4 Mun
A« 4000 kq/h
o = (50 'C)
24 02 d1scharging direct houte - 0! - 55 Muh
11 02 86 ring system neating tg = 1 I 4
13 02, dis(nhirging hest pump 0, = 17 mvn
20 0) 86 ring systrm o - 16.5 °C
79 0) standby 6« 1% °C
18 04 8%

Subsequently, the store was left alone for a
period of 14 days. During this standby period, the
temperature dropped by shout 5 K. Then heat . was
extracted for 17 days hy the heat exchanger coils via the
heat pump and the temperature decreased to 14°C. The
various data of this test and of the following one are
listed in Tahle 1.

In the second cycle, the mass flow rate was
reduced to 4000 kg/h, but the charging temperature was
increased to about 550C. The tempemture distribution
for the store and its surroundings is given in Figure Sa.
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the store during charging

Within 11 days, the store was charged to about
500C quite evenly distributed (curve 6). Following the
charging period, the store was discharged for direct heat-
ing of the building for 9 days. This period is shown in
Figure 5b.
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About 5.5 MWh were drawn from the store and
its temperature dropped to 35°C. A slight temperature
stratification developed as warm water was taken from



the top and cold water was fed at the bottom (curve 10).
During this pericdd, the ground about 1 m below the
store was heated from 14°C to 189C. Only 5 m below
the store, no short-term temperature effects were ob-
served.
In the suhsequent discharging period via the heat
pump, the stratification becomes more pronounced; this
can be observed in Figure 6. The curve 1 gives the tem-
perature distribution when the discharging was ended
and a 29 days' standhy period began. During this period,
experience should be gained on the losses of the store
from both intemal hes' exchange - due to internal con-
vection and thermal cc.aduction - and losses to the exte-
rior. But also heat gains at the bottom of the store can be
expected (curve 1 in the ground).
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heating. Only when there is not enough heat from the
collectors or the store, auxiliary heat is delivered from
the copeneration plant. The control strategy for the heat-
ing svstem is presented in Figure 7. When heating of the
building was required at ambient temperatures 9ymh
above -49C, solar heat was directly supplied to the heat
pump if the temperature of the unglazed collectors and
their transfer liquid (an ethylene glycol/water mixture)
was at least 7 K above the store temperature.
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Figure 6: Short-term test: temperature distribution in the
store during standby

At these comparatively low temperatures, it takes
25 days to equalize a temperature difference of ahout
4 K to 1 K throughout the store. The hottom temperature
increased from 14 to 15.57C due to heat gains.

Roughly estimating from Figure 6, there were
only small losses to the exterior: the temperature de-
crease in the upper part of the store is compensated by a
temperature increase in the lower part. But the value of
the heat - its exergy - has allogether decreased, of
course, with temperature changes of about 3/25 =
0.12 K/d, which is still quite small.

LONG-TERM TESTS - In such tests, the possibilities of
seasonal heat storage for the solar-assisted heating of
buildings was investigated. Detailed heat balances
should relate the efficiency and the long-term behaviour
of the store with its losses and gains; its impact on the
surroundings and its water quality were to be studied.
Starting in April 1986, long-term tests were per-
formed for the two consecutive heating seasons 1986/87
and 1987/88. The lests were performed in such a way
that heat is collected from the unglazed collectors and
either stored or delivered to the heat pump for house

Figure 7: Control strategy for heating and storing

When this temperature difference was not
reached, the heat pump obtained heat from the store.
This was extracted by the heat exchanger coils so that, if
necessary, freezing temperatures can be reached in the
store. At low ambient temperatures (below -4°C), the
heat pump was backed by the cogeneration plant. When
no heating was required, in winter or summer, the solar
heat was directed into the store if the temperature diffe-
rence between the collector outlet and the store exceeded
7 K. This was done by patch-wise operation. It would
have been possible to feed the warm water supply store,
but the demand for this was smail.

The results of the two heating seasons are com-
piled in an energy flow chart, in Figure 8.
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Figure 8: Energy flow chart for the heating system in the
seasons 86/87 and 87/88



The solar irradiation of around 230 MWh/a
agrees well with the rule of thumh of 1000 kWh/inZ a
for Central Furopean countries. The useful gains, how-
ever, are rclatively small with only about 340 kWh/m?2
a. But we used only the incxpensive unglazed collectors
which cannot collect high-temperature heat, but they suf-
fice in a comhination with a heat pump.
The solar fraction f for [986/87 is

heat aupplied by =in 63.6-3.3
913

=0.62
heat supplied to huildg.

and 0.60 for the second cycle. This means that the heat-
ing system is 60 % assisted by solar energy. Calculations
show /5, 6/ that solar fractions between 50 and 60% can
result in energy cost of about double the present ones.

The heat pump operation was not so ratisfactory
in 1986/87: The heat delivered was 93.2 MWh at an
electric energy input of 33.8 MWh. Thus, the annual
C.0.P. amounted to

heat output 93.2

C.O.P. annual = =
33.8

elect.en inpt

= 2.76

The high electric energy input was caused by the
heat pump evaporator which was not well adapted to
temperatures of 15 to 30°C, These prevailed, when the
warm fore-run ethylene glvcot/water flow from the store
was mixed with the cold retum flow from the heat
pump. A new heat pump was installed in February 1988
with an improved control of power and refrigerant
cuperheating, and a larger evaporator. For the second
heating season an improved C.O.P. of 3.1 was obtained.
Most of the heat, which was delivered from the Univer-
sity cogeneration plant, was u<ed to cover the extra heat
demand after cold nights in the 86/87 scason, when a
room-temperature scthack during night had been
practised. In the 87/88 season most of the auxiliary heat
of 12 MWh was used in February when the new heat

pump was installed.
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Figure 9: Heat balance and mean temperature of the
store
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The hehaviour of the store and its interdepen-
(nce with the collectors is presented in a compilation of
the monthly heat balances of the store and its tempera-
ture in Figure 9.

The higgest heat inputs are found in the spring
months when the storage temperatures -are still low. In
the summer months when the solar gains could be lar-
gest, comparatively little heat was stored, because the
unglazed collectors were not able to provide heat .t tem-
peratures much above 30°C. An extra field of glazed
collectors would improve this situation; there is roof
space provided for such an extension. With high storage
temperature, the heat losses became high in the summer
months. A large proportion of these losses is, however,
recovered during the winter months.

The fact that the store was only insulated on its
top and not at the bottom and sides, caused an outflow
of heat of about 40 % in summer, but with most of this
heat being recovered in winter, there actuaily resulted an
increase of storage capacity, or a larger store (see
Table 2).

Tabte 2 {leat balance of the store in tan heating seasons

Heat input Hent Heat 10 Heat Heas lna | Dsfference
extracted Ground | recovered m stored
Hem
in MWh Q. 0.. % 2 0 a0,
198697 64 4 560 274 137 " 3)
1037 98 691 <6y 74 14 4 1o 9
1994 87 19%7.38
Q.-0 .
Storage Efficiency n —Q—‘! 12% 1
-
Q. Q.
Capacity Factor q-m'ﬁaﬁ 220 160
Recnvery Factor v"o—' 047 [\E}]
a

The effective storage efficiency was very high
with more than 80%. The capacity factor kg indicates
how often the heat storage capacity was actually utilized
during a season. The thermal capacity for the wa-
ter/pehble compound was calculated as 750 kWh/K. For
«g in Table 2, & temperature difference of T = 31 K was
taken under the assumption that the store could be
cooled from its highest temperature to the freezing point.
This does not account for the latent heat of formation of
ice. Only a little ice was formed in February 87. The
recovery factor rq indicates to what percentage the lost
heat could be recovered, it was more than 50% in both
cases.

HEAT LOSSES AND TEMPERATURE IMPACT -The
heat store affects the surrounding ground with its tempe-
rature fluctustions, since these are larger and reach
deeper than the natural seasonal fluctuations coming
from the ground surface. For an environmental impact
(on flora and fauna), the layer 1 m below the surface is
the most important. This layer will attain higher



temperatures than by natural fluctuation in August, and
these reach about 8 m beyond the store rim. In February,
the ground temperature around the store 1 m below the
surface correspond we | with those by the natural im-
pact, so that hibernating fauna should not be irritated too
_much. In greater depths or below the store, the imposed
temperature fluctuntions differ very much from the natu-
ral ones. Their effect on deep rooting plants should be
ohserved on trees and bushes planted around the store.
So far, no effect has been found.

WATER LOSSES AND WATER QUALITY - Within 3
years of operation, we encountered water losses of 13%.
There is, of course, evaporation of water on the water
surface within the pchble bed. The top surface area is
402 m2 and if we assume - according to the volume
share - an area share 0 37% for water, the calculated
evaporation rate would he 20 g/mzh. which definitely
appears to be too much. There may be some small leaks
in the system. The quality of the storage water and its
maintenance was considered a bhig problem when the
store was planned. Luckily, after 6 years of operation, it
tums out to be no problem, at all. The water has been
regularly monitored for ils chemical and biological qua-
lity. The evaporation residue has been increasing over
the years as an indication that some material dissolves in
the water. In the latest check it has decreased. The sul-
fate (SO,) is alco increasing. while carhonate (HCOy)
and calcium (Ca) remain about constant. The oxygen
content of the water decreased rapidly within the first
fifty days of operation and stabilized then at a low value
of 0.5 mg/l. The exictence of nxygen in the water pre-
vents the formation of dangerous anacrobic bacteria and
fouling processes. The silicon oxide, which endangers
heat exchangers, increased slightly in the first year and
decreased thereafter. The biological quality is
characterized by the number of colony-forming units
(bacteria), Their number has decreased rapidly within
the first year and now seems to fluctuate around a low
value of 2500 /ml. These fluctuations are likely to be
coupled to the heating and cooling cycles; temperatures
hetween 30 and 40°C provide best breeding conditions.
The high initial number of bacteria was probably intro-
duced with the pebbles. The water has not been treated,
at all, while it is circulated by the various char-
ging/discharging systems, and is in contact with the at-
mosphere by way of the drainage devices.

CONCLUSIONS

The heating system has worked very satisfacto-
rily. Except for the exchange of the heat pump, there
was no interruption or disturbance in the operation for
two consecutive heating cycles. Collector size and
storage capacity matched well with the heat demand. The
addition of some glazed solar collectors to the field of
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unglazed collectors would bring higher temperatures in
the store and thus, improve the solar fraction and the
C.0.P. of the heat pump. The water-flooded pehble-hed
store exhihited good intemal heat-transfer qualities and
low intemal mixing during standby, All systems of
loading or unloading (water exchange or heat exchange)
worked properly. No chemical or biological deteriora-
tion occurred and no water treatment was necessary.

NOMENCLATURE

A area Greek symbols

C.0.P. coefficient of n efficiency
performance J temperature

p specific heat Jd mean temperature
capacity Kg capacity factor

m mass Indices

m mass flow amb  ambient

Q heat S store

AQs  extra heat stored i input
or removed e extracted

R radius 1 lost

rg recovery factor r recovered
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Results of the Third Long-Term Cycle at the University of Minnesota
Aquifer Thermal Energy Storage (ATES) Field Test Facility

M. C. Hoyer and R. L. Sterling
University of Minnesota
Minneapolis, Minnesota

ABSTRACT

The third long-term ATES cycle (LT3) was con-
ducted between October 1988 and March 1990. Objec-
tives of LT3 were to demonstrate that high-temperature
ATES could supply a real heating load and to simplify
the water chemistry modeling. For LT3 the Field Test
Facility (FTF) was connected to a nearby campus
building to demonstrate the FTF's ability to meet a real
heating load. For LT3 the wells were modified so that
only the most permeable portions of the Ironton-
Galesville aquifer were used to simplify water chemistry
comparisons and modeling. The campus steam plant
was the source for heat stored during LT3.

A total volume of 63.2 x 10°> m> of water was
injected at a rate of 54.95 m*/hr into the storage well at a
mean temperature of 104.7°C from October through
December 1989. Tie-in to the Animal Sciences Veteri-
nary Medicine (ASVM) building was not completed until
late December. A total volume of 66.0 x 10° m? of water
was recovered at a rate of 44.83 m¥hr from the storage
well at a mean temperature of 76.5°C from January
through March 1990. Highest and lowest temperatures
of recovered water were 100.0 and 47.8°C, respectively.

Approximately 66% of the energy added to the
aquifer was recovered. The useful minimum tempera-
ture for recovered water was 49°C; approximately 50%
of the energy added to the aquifer above 49°C (33% of
the total energy stored) was delivered to the ASVM
building. Approximately 15% of the usable (10% of the
total) energy stored was actually used in the ASVM
building. Operations during heat recovery with the
ASVM building's reheat system were troublefree.
Integration into more of the ASVM (or other) building's
mechanical system would have resulted in significantly
increasing the proportion of energy used during heat
recovery. The cost to connect to other ASVM building
systems for this experimental cycle was the main reason
for not incorporating other building systems into the FTF.

The FTF ion-exchange water softener reduced
hardness of the source water to <5 mg/L as CaCO, prior
to heating, allowing successful operation. Water chem-

istry is critical to the operation of the University of
Minnesota FTF, or any ATES facility.

This work was conducted for the U.S. Department
of Energy through its Pacific Northwest l_aboratory.

INTRODUCTION

The objectives in building the University of Minne-
sota ATES FTF were to design, construct, and operate
the facility in order to study the feasibility of using ATES
in a confined aquifer at temperatures up to 150°C. The
FTF is located on the St. Paul campus of the University
of Minnesota. The FTF was designed to inject and
recover heat at a rate of 5 MW(thermal) using a well
doublet spaced at 255 m, operating at an injectiony
recovery rate of 18.9 L/sec (68.0 m¥%hr). The wells are
completed in the Franconia-lronton-Galesville (FIG)
confined aquifer at a depth of from 182 to 244 m and
have static water levels about 55 m below land surface.
Heat source for the FTF is the St. Paul campus steam
plant. Figure 1 is a generalized diagram of the FTF.

Summary results of the experimental ATES cycles
conducted at the FTF are presented in Table 1. Results
ot previous cycles have been reported previously (1-4).
For the previous cycles the heating load was a water-to-
air radiator located on the storage site (Figure 1).

When the previous cycles had clearly demon-
strated that >100°C ATES was feasible, it was deter-
mined that one (or more) additional cycle(s) during which
the recovered heat would be used on the campus would
be desirable. Additionally, it was desirable from a
modeling perspective to simplify the configuration of the
storage and source wells.

PREPARATIONS FOR LONG-TERM CYCLE 3

New operating and discharge permits, selecting an
appropriate heating load in a nearby building, designing
and constructing the connection to the FTF, and modify-
ing the storage ard source wells were required for LT3.

Permits necessary for operation of the FTF for LT3
required going through the entire permitting process.
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Table 1. Summary of ATES Cycles at the University of Minnesota FTF

Duration (days)

Injection - Pumping
Injection - Total

Storage

Recovery - Pumping
Recovery - Total
Temperatiire (°C)

Source water

Injected Water

Recovered Water
Returned Water

Flow Rate (L/sec)

Injection

Recovery

Volume (10° m?)

Injection

Recovery

Energy Recovery Factor
(using source temperature)
(using ambient temperature)

Shont-Term Cycles

1

5.2
17.0
13.0

5.2

5.2

11.0
89.4
59.2
29.0

18.4
18.1

8.3
8.1

0.59
0.59

2

8.0
10.0
90.0

8.0

8.0

20.5
97.4
55.2
54.4

17.6
17.8

122
12.3

0.46
0.52
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3

7.7
10.4
9.7
7.7
8.0

36.1
106.1
811
76.6

18.3
17.3

12.2
11.8

0.62
0.71

Monitoring
Welis
Long-Term
4 1 2
7.7 59.1 59.3
12.0 74.7 65.0
10.1 64.0 59.1
7.7 580 597
7.7 58.8 59.8
52.6 19.7 33.1
114.8 1085 117.7
89.1 74.7 85.1
75.7 68.0 60.4
17.9 180 183
17.8 184 179
11.9 92.1 93.9
11.9 822 921
0.58 062 0.62
0.78 0.65 0.69

-_
.

Exchanger

.""Waste Heat"’
Radiator

cles

3

47.2
47.8
21.4
61.2
85.8

20.2
104.7
76.5
68.1

15.3
12.5

63.2
66.0

0.67
0.70



Necessary permits from the Minnesota Pollution Control
Agency, Minnesota Department of Health, and Minne-
sota Department of Natural Resources for the operation
of injection wells, discharge of waste water, and appro-
priation of ground water for two experimental cycles
having no more than 90 days of heated water injection,
temperatures no higher than 150°C, and injection rates
no higher than ~17.6 LUsec (63.4 m%hr) were obtained in
September 1989. Site closeout conditions included final
temperature of the aquifer and sodium concentration of
the ground water. Modeling of the planned cycle(s) and
well modifications were significant factors in setting
conditions of the permits.

For LT3 the FTF was connected to a nearby
campus building to evaluate the high-temperature ATES
FTF's ability to meet a real heating load. Several
possible nearby buildings were considered for tie-in to
the FTF for LT3 (4). Distance to the building, type of
building heating system, heating system capacity and
cost to tie-in were considerations. The Animal Sciences
Veterinary Medicine (ASVM) building was connected to
the FTF. The FTF was tied into the reheat system of the
ASVM (Figure 2), a relatively constant load. The charac-
teristics of an ATES system, with highest temperature
water being recovered initially and relatively complicated
startup/shutdown and reversal procedures, strongly
suggested that replacing a base load portion of heating
need would interface more simply to the FTF. Replacing
peak loads would have required much more extensive,
and more costly, modification to the FTF. These would
probably have included variable speed pumps and a
complicated pumping procedure. Replacing a relatively
constant demand part of the heating system allowed a

nearly constant speed operation and a relatively simple
tie-in. No new control systems were required on the
aquifer water side of the system. The fine control of the
reheat system was taken care of by the already existing
ASVM building systems. The FTF was tied into the
building system upstream of the building’s reheat
condensers, The only modification required on the
building side besides piping to the FTF and installing a
double-wall heat exchanger, was simply adjusting alarm
points on the ASVM reheat system. The tie-in was
completed in December 1989, after LT3 had begun.

The storage and source wells were originally
completed with two screened intervals in the FIG aquifer,
the upper Franconia (UF) and the ironton-Galesville (1G).
Modification of the injection/recovery wells consisted of
removing the UF well screens and replacing them with
blank pipes (Figure 3). This ieft only the IG part of the
aquifer, the most permeable part of the aquifer,
screened to the wells. The capacity of the wells was
reduced samewhat. This modification simplified model-
ing of the aquifer because the UF and |G parts of the
aquifer have significantly different mineralogy and
permeability (1). Additionally, using only the |G part of
the aquifer for storage simplified the geometry of the
thermal injection/recovery zone around the storage/
recovery well, tending to reduce heat loss to the aquifer
and adjacent confining beds.

While the wells were being modified, the pumps
were removed and inspected. Inspection revealed that
the pump in the injection/recovery well required replace-
ment due to wear from the previous experimental cycles.
Replacement considerations included the capacity
reduction of the wells due to removal of the UF screens

l
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Figure 3. Configuration of the Storage and Source Wells
Following Modification

and the required heating need for the ASVM. The
required pumping rate for recovery was determined to be
approximately 12.6 L/sec (45.5 m¥hr) instead of the 18.9
Usec (68.0 m¥hr) originally installed. The replacement
pump in the injection/recovery well was sized for the
needed recovery rate rather than the original rate.

LONG-TERM CYCLE 3

LT3 was planned to consist of 90 days of injection
of 104.4°C water at a rate of 15.8 L/sec (56.7 m¥hr).
Recovery was to be continued until a volume of water
equal to that stored was recovered. The recovered
water was to be used to supply heat to the ASVM
building as long as the water temperature was high
enough to be useful.

CHRONOLOGY - LT3 was conducted over 155
days between October 1989 and March 1990. Table 1
summarizes data for LT3 and previous cycles; Figure 4
presents LT3 flows and temperatures. Injection was
conducted from October 25 until December 12, when
low temperatures (<-18°C) hit the area and the water
softener control system froze, causing the system to
shutdown. Restarting injection was not feasible at that
low an air temperature. Heat recovery was not possible
at that time because the ASVM building tie-in was not
yet completed. The ASVM building connection was
completed and tested in late December. Heat recovery
began on January 2. Unseasonably warm weather hit
the area, and on January 5 heat recovery was halted
and restart of injection was attempted. However, the
source well pump did not operate properly and recovery
was continued. Each switching of system modes
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(recovery to injection and injection to recovery) took less
than four hours. When the unseasonably warm January
weather continued, it was necessary to halt recovery
because the attainable temperature drop across the
ASVM heat exchanger did not lower the return tempera-
ture to less than the maximum temperature for the
source well design (85°C). With this interruption,
inspection and repairs at the source well were under-
taken. Partial repair was not completed until late Janu-
ary when seasonably cold weather had returned. Heat
recovery was restarted January 31 and continued
through March 29.

PARAMETERS - Figure 4 and Tables 1 and 2
summarize the data and results for LT3. There were
only 47.2 days of injection because of problems with the
source well pump. Source water temperatures were
20.2°C, a result of the previously completed pumpout to
atemperature of ~20°C in 1988 (5). A total volume of
63.2 x 10° m? of water was injected at a rate of 54.95
m?/hr into the storage well at a mean temperature of
104.7°C from October through December 1989. A total
of 6.21 GWh were added to the source water and stored
inthe aquifer. Of the total, 2.11 GWh were necessary
to raise the water temperature to 49°C, and 4.10 GWh
were added to raise the water temperature to 104.7°C.

A total volume of 66.0 x 10° m? of water was
recovered at a rate of 44.83 m¥hr from the storage well
at a mean temperature of 76.5°C from January through
March 1990, Highest and lowest tamperatures of
recovered water were 100.0 and 47.8°C, respectively. A
total of 4.13 GWh were recovered from the aquifer. The
mean return water temperature was 68.1°C,

lon-exchange water softening was used during
injection to prevent scaling and blocking of the heat
exchangers and the storage well during the cycle.
Operation of the softener during injection was nearty
troublefree. The major change to the water was from a
calcium-magnesium bicarbonate water to a sodium
bicarbonate water. Source water had a hardness of 174
mg/L as CaCO,; the injected water had a hardness of <5
mg/L as CaCO,. Sodium concentration was changed
from 19 to 101 mg/L by the water softener. Recovered
water had an average hardness of 48 mg/L as CaCO,
and a sodium concentration of 87 mg/L.

PERFORMANCE - Table 2 presents the energy
performance for LT3. In reporting energy recovery, it
must be remembered that the source water was consid-
erably cooler than would be optimal for this system.
Approximately 66% (4.13 GWh) of all of the energy
added to the water was recovered; approximately 50%
(2.07 GWh) of the energy added to the water above -
49°C (33% of the total energy stored) was delivered to
the ASVM building. Approximately 15% (0.64 GWh) of
the usable (10% of the total) energy stored was actually
used in the ASVM building. The remainder of the energy -
recovered, 3.49 GWh (above 20.2°C) or 1.43 GWh )
(above 49°C), depending upon the base used, was
returned to the source well. The useful minimum
temperature for recovered water was 49°C. Operations
during heat recovery with the ASVM building's reheat
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system were troublefree after adjusting the alarm points DISCUSSION

on the ASVM reheat system.

Temperature drop on the aquifer side of the heat
exchangers in the ASVM building averaged 8.4°C, witha
maximum drop of 14.7°C. The building reheat side had
a temperature rise of approximately double the aquifer
side temperature drop. When the heat demand was low
and when the recovered water temperature was ap-
proaching the lower limiting temperature, the tempera-
ture drop was less (Figure 4).

Table 2. Energy Summary of Long-Term Cycle 3

Added Recovered

To Aquifer  From Aquifer Percentage
ENERGY - GWh
above 20°C 6.21 413 66.5
above 49°C 4.10 2.07 50.5
Energy used in ASVM building 0.64
Energy used in ASVM / Total energy added 10.3
Energy used in ASVN: / Energy added >49°C 15.6
Energy supplied ASVI4 > 45°C / Total energy added  33.3
Energy supplied ASVM / Energy added > 49°C 50.5
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The ASVM building was able to use only about
one-third of the possible heat supplied. |f variable
pumping rates had been possible, significantly more of
the supplied heat could have been utilized. Integration
into more of the ASVM (or other) building's mechanical
system would have resulted in a significant increase in
the use of the energy supplied during heat recovery.
The cost to connect to and modify other ASVM building
systems for this experimentai cycle was the main reason
for not incor .orating other building systems into the FTF.

The ion-exchange water softener reduced hard-
ness to <5 mg/L. as CaCO,, allowing successful opera-
tion; control of the water chemistry is critical to the
operation of the University of Minnesota FTF, or any
ATES facility.

CONCLUSIONS

LT3 did demonstrate that ATES in a confined
aquifer at temperatures above 100°C can be effectively
tied into a conventional building heating system. Al-
though approximately 66% of the energy added and
stored was recovered from the aquifer, and 33% was
celivered to the ASVM building, only 10% of the total
energy added to the water was used in the building.
Approximately 50% of the energy added above the
usable minimum temperature (49°C) was delivered to
the ASVM building. The delivery of heat from the
storage system to the targeted use is reasonably predict-
able if the parameters of the aquifer and operating
scheme are well characterized. The systemn as operated



for this cycle would not be cost-effective during an initial
cycle, but with continued use and an appropriate inter-
face, it can be cost-effective.

lon-exchange water softening was effective in
preventing scaling in the heat exchangers and the
storage well. Chemistry of the ground water is critical to
the operation of an ATES system.
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Heat Storage at SPEOS (Swiss ATES Pilot Plant):
Chemical and Microbiological Aspects and Problems
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La Chaux-de-Fonds, Switzerland

ABSTRACT

The Swiss ATES pilot plant,SPEOS,is located in
Lausanne near Lake Geneva. The installation consists
of a large central well with a network of horizon-
tal drains in each of two successive sandy aqui-
fers. Water goes frur e level to the other dur-
inr the injection and production cycles.

Slight changes in the chemistry of the aquifer
have been observed, generally with a low impact.
Scaling and clogging by calcium carbonate preci-
pitation are the biggest problem. Many experiments
have been performed to find a good solution. Dif-
ferent types of heat exchangers have been tested:
rulnlar, plate, and fluidized bed. Several water
t-eatment methods were also investigated: mecha-
nical, electromagnetic conditioning and injection
of chemicals. The fluidized bed heat exchanger is
currently running in SPEOS. Continuous injection
of X1 (hydrochloric acid) was an effective solu-
tici for scaling prevention but it resulted in an
1icrease in chloride concentration and in corrosion
of the equip ert (including stainless steel).
Thererore, a better solutica nwust be chosen,
possibly without the use of chemicals, which may
lead to environmentai impacts.

Microbiological studies were performed to help
understand the behaviour of the aquifer microflora
to an increase in temperature and possible other
changes provoked by the aquifer's exploitaticn as
a thermal storage. Up to now, the hygienic quality
of the water has not been altered. But same poten-
tially pathogen microorganisms like Legionella may
represent a biological hazard. Therefore, it is
necessary to evaluate disinfection methods.

SPEOS PLANT

The Swiss ATES pilot plant, SPEOS (Stockage
Pilote d'Energie par Ouvrage Souterrain), was
created for scientific researches, within the IEA
(International Energy Agency) programme on aquifer
thermal energy storage. The researches are spons-
ored by the Swiss Federal Office of Energy. The

plant is located in Lausanne near Lake Geneva.
The design of the installation is very unusual and
consists of a large diameter central well, from
which two networks of six horizontal drains are
driven into the soil at the level of two sandy
aquifers. During the injection cycle, the water
is extracted from the upper level and stored,
after heating, in the lower aquifer. During the
production cycle, the hot water is taken from the
lower level and injected, after heat extraction,
in the upper one. At the beginning (1982-1985),
the hot aquifer was not the lower but the upper
one. Since 1985, the system has been working as
described above. SPEOS is linked to a heat producer
(waste water treatment plant) and to a consumer
{University Sports Centre).

SPEOS characteristics are as follows :

Central well diameter 2.2 [m]
Depth of the upper aquifer : 7 [m]
Depth of the lower aquifer : 24 [m]
Length of each drain : 25 [m]
Drain diameter : 0.2 [m]
Storage volume : 100,000 [m3]
Aquifer's texture : silt and sand
Upper aquifer permeability : 1xe-4 [m/s)
Lower aquifer permeability : 5.7xe-4 [m/s]
Injection temperature : 40 -80 [°C)
Flow rate : 5-20 (m3/h]

Moreover, numerous measuring points were set up
for checking and regulation :
- 43 piezometers (aquifers level and pressure,
water sampling),
- 10 thermometric tubes (temperature reading),
- 6 vertical microwells (to irxrease the perme-
ability through the two aquifers).
Figure 1 shows a schematic of the working
process of SPEOS.

CHEMICAL ASPECTS AND PROBLEMS
SPEOS WATER - Initial quality of SPEOS water

has been analyzed since 1979. Water from the
upper and lower aquifers were qQuite similar.



Main parameters were as follows :

Temperature : 12 fec]

p :7.2-1.6 [/]

Alkalinity : 250 - 300 [mg/l] as CaC03
Calcium 62 - 100 [mg/1)
Magnesium 15 - 33 [mg/1]

Sodium 9 - 16 [mg/l]

Silicon 4- 9 [mg/1]
Sulphate 36 - 100 [mg/1]
Chloride 25 - 35 [mg/1]

Dis. axygen 3- 6 [mg/l]

Preliminary 'in vitro" tests involving SPEOS
water and sand showed that, during the loading
cycle, calcium carbonate precipitation and clay
weathering occured. Then, during the cooling cycle,
silica gel reprecipitation was expected.

WATER TREATMENT METHODS TESTED - Scaling and
clogging have occured several times, particularly
during injection. Silica gel precipitation did not
occur inside the equipment during production. Many
experiments have been performed to find the best
solution to avoid scaling. Three types of heat
exchangers have been tested : tubular, plate and
fluidized bed. Several water treatment methods
were also investigated : mechanical, electromag-
netic conditioning, and injection of chemicals
such as HC1l (hydrochloric acid) and NaOH (sodium
hydroxide) . Some of these experiments have been
cambined. Table 1 provides a summary of the
systems tested from 1982 through 1992.

Tubular Heat Exchanger - Tubular heat exchan-
gers (eight in parallel) with a periodic washing
process by HCl in a closed circuit, were tested
first. Washing processes became too frequent. The
exchangers were blocked with deposits containing
calcite (calcium carbonate), iron cxides-hydroxides,
manganese oxide and other fine particles due to the
weathering of clays (Miserez, 1989). Moreover the
permeability of the drains decreased, also due to
scaling.

Plate Heat Exchanger and HCl - After that, it
was decided to continuously inject HCl into the wa-
ter before heating. The resulting pH was about 6.5
to 6.8. This method was very successful in keeping
the exchanger clean and maintaining a good perme-
ability in the drains. But it resulted in an in-
crease in chloride concentration in the aquifer
ard 1n corrosion of the equipment. Even plates of
the heat exchanger made of stainless steel (V4A)
were damaged by pitting corrosion (Miserez, 1989).
Therefore, a better solution must be chosen,
possibly without the use of chemicals, which may
lead to environmental impacts.

Electromagnetic Conditioning - Several types
of physical conditioning like electramagnetic
field, permanent magnets outside or inside the
tube were tested at the inlet of the plate heat
exchanger. The formation of macramolecules of
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calcium carbonate, which do not form deposits,
was not observed with any of these devices.

Plate Heat Exchanger and Self-Scrubber Balls -
The self cleaning system is a mechanical one and
consists of polystyrene microballs, which recir-
culate continuously inside the exchanger. Turbu-
lence and erosion destabilize the deposits and
remove them. A barrel with two baskets is used
to guide the balls inside the exchanger and filter
them from the outlet. The results with hard depo-
sits such as calcite were not as good as with soft
deposits like organic matter. The balls were very
often blocked inside of scale, particularly in dead
Zones. Moreover, scale taken out from the exchanger
can clog the equipment downstream and the aquifer.

Fluidized Bed Heat Exchanger - The fluidized
bed heat exchanger is based on the same principle.
It consists of a tubular exchanger with a fluidized
bed (quartz sand) outside the tubes. Sand parti-
cles increase turbulence and avoid the growth of
deposits in the exchanger by breaking them. The
exchanger system works without scaling or clog-
ging. Peeled off deposits of calcium carbonate are
partially held in a cyclone device. The problem
is that aquifer permeability tends to decrease
by clogging. Thus, it is necessary to wash the
drains periodically with HCl (Miserez, 1990).

Heat er with ial Coating - A tubular
heat exchanger with PITE (polytetrafluorcethylene)
coating was tested with hard water similar to the
water found at SPEOS. Scaling did not occur inside
the exchanger because of the antiscaling effect,
but small flakes were observed downstream. This
could surely result in clogging of the drains
within SPEOS. In addition, heat transfer coefficient
is so low that the volume will become prohibitive
for a high outlet temperature (Jollien, 1991).

Fluidized Bed Heat Exchanger and NaOH Injection -
NaOH was injected at the exchanger inlet to
increase the precipitation rate of calcium
carbonate, so that the scale will grow inside
the fluidized bed on the surface of the particles
(quartz sand). The pH of the exit water increased
to about 8.5 to 9. Calcium carbonate precipitated
Quantitatively not only in the exchanger but
but also in the aquifer. Clogging was observed.
However the scale contains more aragonite than
calcite. Vaterite formation was also observed
but not systematically.

Tubular Heat Exchanger and 002 - Within the
IEA Annex VI programme, Subtask F, the German
group 1s currently performing field experiments
with CO2 (carbon diaxide) injection in SPEDS.

C02 1s used instead of HCl to acidify the water,
keeping it in equilibrium after heating and thus
avoiding scaling. The first results are quite
promising.

WATER TREATMENT METHODS AVAILABLE - To date
at SPEOS, only a few methods can be used while



1njection cycles are operating. (Production cycles

do not need water treatment):

- Heat exchanger with continuous hydrochloric
acid injection.

- Fluidized bed heat exchanger with periodic
washing of the drains by HCl.

Neither method is perfect, but the disadvantages

can be overcome easily. The second method is

running at the moment in SPHOS.

The method using NaOH injection can not be applied -

without an additional device, which can quanti-

tatively capture the flakes of carbonate at the

exchanger outlet, for example, by using centri-

fugal force.

EVOLUTION OF THE CHEMISTRY - Slight
changes in the chemistry of the aquifer were ob~-
served, generally with no effect on the aquifer.
More significant was the increase in chloride
concentration because of the continuous injection
of acid, with the resulting evolution of the pH
and hardness (oversaturation for calcium carbonate).
However, since about 1989, continuous injection
has been stopped and these parameters are gradually
returning to the initial values. Degradation of
clay minerals has not been as strong as expected;
dissolved sodium and silicon concentrations still
tend to increase. Figure 2 shows the evolution
of the main parameters of the water chemistry,
since 1982.

MICROBIOLOGICAL ASPECTS AND PROBLEMS

Microbiological studies were performed to help
understand the behaviour of the aquifer microflo-
ra to an increase in temperature and possible
other changes provoked by the aquifer's use as a
thermal storage. Up to now, the hygienic quality
of the aquifer, such as attested by microbiologi-
cal tests and analyses, has not been altered. "In
vitro" (using SPEOS water and sand) and "in situ"
(using drain simulators) studies on the different
flora do not show a critical situation within the
context of SPEOS environment, which is very poor
in nutrients. Mesophilic and saprophytic bacteria,
as well as allochthonous bacteria cf fecal origin,
tend to decrease because of the high temperatures,
almost near-sterilization. However, in this environ-
ment, the thermophilic flora appears to be able
to dominate the other species and thus, to provoke
a modification of the microbial ecology.

Biocorrosion and bioclogging did not occur dur-
ing SPEOS operation, although some types of iron
bacteria were detected at the beginning of SPEOS
exploitation (Miserez, 1989). Moreover the presence
of dissolved oxygen in the aquifer avoids an
extensive development of the bacteria responsible
for biocorrosion, such as sulfate reducers.

Ubiquitous thermotolerant and potentially path-
ogenic microorganisms, like Legionella, were also
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studied. These organisms may represent a biolo-
gical hazard in an ATES system, for example, near
the main well of SPEOS and in plumbing fixtures,
if specific physiochemical and biological condi-
tions are found, (temperature fram 30 to 50 °C,
for example). Legionella spp. survive quite
well in sterilized and unsterilized SPEOS water
(Montandon, 1991). These organisms can compete
with indigenous microorganisms, if temperature
is lower than 45 °C. Therefore, it is necessary
to evaluate disinfection methods (chlorination
of stored water and/or superheating at 70 °C).
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High Temperature ATES at the University of Utrecht, the Netherlands

L.M.J. van Loon
Heidemij Consultants
Arnhem, The Netherlands

K. van der Heide
University of Utrecht
The Netherlands

ABSTRACT

A long-term thermal energy storage system has
beenimplemented at the University of Utrecht campus in
the Netherlands. The project will extend co-generation
operationinto the summer beyond heatdemand periods,
resulting in increased electricity generation. The stored
heat (90 *C) is used in winter for space heating of several
university buildings. Inthis demonstration projectexperience
is being gained, among others, withgroundwater treatment
and flow-rate control in an aquifer thermal energy plant.

The storage system has been in full operation since
May 13, 1991, In this paper a short review is presented
of the technical problems that were met during the
design stage and one year of operation.

The general conclusicn is that during the first
operational period too much water had been treated so
that there was a risk of clay-swelling. This problem was
caused by a technical failure of the spit-control for water
treatment. Since the control system has been altered the
high temperature ATES has been functioning perfecty.

PROJECT DESCRIPTION

GENERAL INFORMATION - The "De Uithof" cam-
pus of the University of Utrecht was constructed in the
mid-sixties. The building area is 335 000 m2 and energy
consumption is 37 000 000 kWh electricity and 10 000
000 m3 natural gas per year. The heat required to heat
the oulldings of De Uithot is generated in two central
piarts and a numper of aecentralized plants. In each
central plant there are heat-power co-generation units.
The capacity of these co-generaticn units 1s 3.75 MW
the one plant ara 4 MW r the other. Untl 1991, neat
demand dictated production. Excess electricity was scic
‘¢ the Pubiic Utilities Services.

Hcwever, since 1991. electricity is aisc generated
rsummer. and excess heat is stored for re-use in the
N.TlEr season.

L

Project engineering and realisation was done by
Bredero Energy Systems and Heidemij Consuitants,
with support from the Netherlands Agency for Energy
and the Environment.

STORAGE SYSTEM - At "De Uithof", heat is stored
in an aquifer, a water-bearing sand layer between two
clay layers, at adepth of 210-260 m below ground level.
The principle of the system can be seen in the artist's
impression (figure 1).

Figure 1: Artis's impression
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Figure 2: Simplified diagram of the principle of the
system

In summer the aquifer is charged by pumping up
water from the relatively cold well (the well on the right in
the picture), heating this water with the residueal heat
from the co-generation units and injecting it into the warm
well at a temperature ot some 90 °C. The warm water
replaces the cold water and thus a warm bell is created
around the warm well. When the heating season
commences, the warm water is extracted and transfers
its heat to the two buildings at "De Uithot" via a heat
exhanger, after which it is injected into the cold well.

In figure 2 it can be seen that how the excess heat
from the central plant for the Veterinary Medicine Faculty
and from the centrai plant for the Mathematics and
Physics Faculty is transferred via two heat exchangers
and transported underground to load the aquifer.

During discharge, the return water from the two
buildings first passes the heat exchangerwhich is connected
tothe heat store; subsequently it may be heated additionally
by boilers.

In order to prevent wells and heat exchangers
becoming clogged by lime deposits, the groundwater is
treated, for which awatertreatment unit (Ca/Naexchange)
has been installed.

The groundwater flow rate is changed by speed
controlling the pumps and by control valves. To avoid
carbon dioxide being degassed when the pressure in the
system drops too low, injection pipes are geared to a
specific flow range. as discusses below.

More details about system design are given by van
Loon and Paul (1991). A summary of key technical
figures is given in Table 1. Thermal and chemical
environmental effects have been reported by Willemsen
and van der Weiden (1991).
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Iable 1. Key technical figures in 4th cycle
{precalcuiated)

charge discharge
(summer) (winter)
heat capacity 6.0 MW 2.6 MW
energy amount 21 600 GJ 13000 GJ
(6000 MWh) | (3600 MWh)
temperature
warm well 85-95°C 90 -> 50 °C
cold well max 50 °C max 50 °C
flow rate (max) 100 m¥h 50 m¥h
water displacement | 100 000 m¥a | 130 000 m¥a
storage depth 210-260 m 210-260 m

MONITORING PROGRAMME - The ATES-system
is being studied in a monitoring programme during a
period of two years (1991-1993). The aim is to dertemine
underground storage behaviour and to evaluate the
energy balance and economic results.

Atltogether, 70temperature sensors have been instalied
inthe four monitoring wells. With the aid of 25 observation
tubes, the groundwater level is registered and groundwater
samples are collected. These samples are analyzed with
regard to numerous substances including heavy metals;
furthermore, bacteriological activity is measured. Possible
expansion or subsidance is measured at all wells and in
the wide vicinity of the storage. To measure the volume
of displaced groundwater, two water meters have been
installed. In the above-ground system 10 heat sensors,
8gas meters, 12kWh-meters, two pressure transmitters,
11 temperature sensors, ahardness meter and turbidimeter
are used to monitor the s tem behavior and to establish
the energy balance. The data are recorded in a logbook
inwhich maintenance and experience can aiso be registered.
A final report is expected in 1993,

OPERATIONAL - The aquifer storage was tested
under natural temperature conditions late 1990. After
installation of the water treatment equipment, the system
was started up on March 14, 1991,

After several charge and recharge tests (15, 40 °C)
the system started complete operation (automatic) on
May 13, 1991 at a maximum temperature of 65 °C. From
August 29, 1991, the injection temperature was increased
to 90 °C.



DESIGN PROBLEMS

WATER TREATMENT - Heating groundwater before
injection means that calcite scaling can be expected: the
Saturation Index for calcite (SI ) tends to increase at this
location from 0.47 at 15 °C to aimost 1.0 at 90 °C. For

_environmental reasons Ca/Na exchange treatment prior
to heating was chosen (Figure 3). However, thistechnique

implies a risk of clay swelling and conseqeuntly an -

increase of flow resistance. From calculations by Willemsen
and van der Weiden (1991) it was concluded that a
soit-treatment of 60% i1s the maximum value that can be
used without a risk of clay swelling. This split is probably
safe enough to prevent caicite precipitation.

Figure 3: Water treatment ‘nstallations

FLOW AND PRESSURE CONTROL -

The
temperature s fa.rly constant when charging the store,
but the injection rate 1s vanable. To maintain a constant
~jiection temperature of 90 *C in the secondary (aquifer)
circuit. the grouncwater fiow requires stepless control in
summer.

Whenaiscrarging tre store, the temperature gradually
drops from an 'nitai 3¢ C to 45 “C at the end of the
neating season. However. :ne temperature demandedin
‘he buiding fluctuates greatly ~'th ambient outaoor
temperatures. so thattne grounawater flow in winter aiso
raquires siepiess control. This 1s ach.eved by means of
frequency ccniros panels. Atlow flow rates, flow resistance
diminisres corsiderapy. 3o that O,, CO. or CH, gas
cubtles may ‘- 3s a result of under oressure. 1t s
2DsCiLtely nECesSary (0 preventthis because gas duboies
can cause acute well c.ogging.

The concentrations of soluble gases in the aquifer
are: N, 16.3 mg/|; CH, 0.08 mg.}; CO, 3 mg/!.

w0

According to chemical-physical equilibrium calculations,
an absolute pressure of 2 bar is necessary at 90 °C
throughout the secondary (groundwater) circuit. This
pressure is regulated in the most critical part of the
system (injection well) by using several injection tubes
with varying diameters and thus resistances.

Atadecreasing flow rate, smaller injection tubes are
used and atavery low flow (about 10 m*h when charging)
there is a throttie valve at the end of the smallest injection
tube in order to maintain overpressure.

There are 3 injection tubes in the cold well and 2 in
the warm well,

MATERIAL SELECTION - In order to limit heat
losses, insulation is needed throughout the system. it is
difficult to insulate well-tubing at 200 m depth. A material
had to be found with acceptable and fairly constant
thermal resistivity, a strength of (200 m) 20 bar pressure,
strong adhesion force (expansion), andiwichis constructable
and sufficiently economic.

Materials with high thermal resistivity contain air and
they are generally not strong enough nor constructable at
a depth of 200 m. After a pre-study of cements, foams.
fibres and double-tubings, an optimum was found in
spherelight-cement insulation, thermal conductivity 0,12
W/mK. During construction, no problems were encountered.

MONITORING RESULTS AND OPERATIONAL
PROBLEMS

ENERGY BALANCI: - The first loading cycle is not
complete, because of agradual starting-up procedure. At
the end of the summer season (week 43, 1991) 78 257 m®
of water and 18 170 GJ of energy was stored with a
maximum temperature of 90 °C. Of this amount, 3 030 GJ
(17%) hade beendischargedduring i."¢ firstwinter season
attemperatures of 83 to 51 °C. This result is fairly good,
compared with previous calculations. It is expected that
the thermal efficiency will increase to about 55% in the
fourth cycle.

WATER TREATMENT - Water chemical compasition
was monitored on several dates. Some of the results
have been published by Willemsen (1992). The Saturation
index calculated for calcite are presented in Table 2. The
Sivalues are calculated before treatment (“before™, after
treatment (“after”) and within the warm well (aquifer).

From the results on 13-06-1891 may be concluded
that ‘ar too much water has been treated during the first
two montns of operation.

After someresearch, it was found thatthe split-control
did not function properly during the first two months.
instead of 60%, 100% of the water appeared to have
peen treated. This problem was caused by an incorrect
signal from the flow meter to the split-valve. When this



problem was discovered, the split was changed. In the
near future the split will be controlled by a water-hardness

meter.

Tabel2:Saturionindex Sl for calcite during operation

13-06-91 [29-07-91 | 30-09-91 | 05-12-91
Before  [+0.28 +0.30 +0.42 -0.40
After -0.05 -0.08 +0.10 -0.29
Aquifer |- 1.37 +0.23 -0.12 -0.22

Since then, the Saturation Index has been withinthe
proper range, and salt consumption by the softener is
according to previous calculations.

Amore detailed interpretation of the water chemistry
is given in Willemsen ({ECEC, 1992).

HYDRAULIC PRESSURES - The hydraulic pressure
inthe injection welldepends on flow rate and temperature.
If water is stored with 100 m%u (maximum flow rate) and
90 °C, the hydraulic (over)pressure in the warm well is
expected to be 1.7 ato. Monitoring resuits are presented
in Table 3.

Table 3: Measured hydraulic pressure in injection

well W, when charging the storage.
01-07-91 | 29-07-91 | 29-08-91

Flow rate m¥h 50 35 45
Temperature °C 70 65 90
Calculated
pressure (ato) 0.95 0.75 1.25
Measured
pressure (ato) 1.1 0.6 1.1
Difference (ato) +0.15 -0.15 -0.15

These results indicate that in the first two months of
operation a higher flow resistance did occur.

This phenomenon disappeared after some time
{see conclusions).

OTHERS - During operation, some minor problems
did occur concerning one pump, pipe leakage, and
frequency control problems.

During the summer period, the concentrations of
soluble gases did not change.
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Figure 4: The groundwater engine
CONCLUSIONS

During the design of the high temperature ATES at
the University of Utrecht many potential problems were
studied and safety measures were taken. During operation,
a serious problem was traced by monitcring chemical
and hydraulic features. Too much water proved to have
beent reated by a Ca/Na exchanger, entailing a danger
of clay swelling. High hydraulic pressures on 1-7-1991
indicate that flow resistance was increasing and danger
for clogging might be starting. The correlation between -
Saturation Index and hydraulic pressures have not yet
been evaluated.

After solving the technical problem of split-control,
the ATES has been functioning without problems, up to
90°C. The project will be evaluated early 1993 in a final
report.
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Abstract

In aquifer thermal energy storage (ATES) systems,
wells provide the interface between the energy storage and
use. Efficient operational wells are, therefore, essential
for the system to run at maximum (design) efficiency.
Adequate test drilling to accurately predict aquifer
properties is essential in the design phase; proper con-
struction and development are crucial; and proper moni-
toring of performance is necessary to identify the early
stages of clogging and to evaluate the adequacy of well
rehabilitation. Problems related to hydrology, well, and
aquifer properties include 1) loss of permeability resulting
from gas exsolution, chemical precipitation, and dispersion
and movement of fine-grained particles; 2) loss of recover-
able heat caused by excessive regional ground-water gradi-
ent, hydrodynamic mixing of injected and native ground
water, buoyancy flow (because of temperature-induced
differences in water density); 3) leakage up along the well
casing; and 4) "fracturing” of a shallow upper aquiclude as
a result of an injection pressure greater than the hydro-
static pressure on the aquiclude.

The predominant geochemical problems encountered
are precipitation of carbonates in some areas and iron plus
manganesc oxides in others. These precipitation problems
can be anticipated, and thus avoided, via geochemical
calculations. The likelihood of iron carbonate (FeCO,)
precipitation is less certain because of the lack of adequate
research. Corrosion is a frequent problem.

Most of the hydrochemically related clogging and
corrosion problems that have been encountered in ATES
systems can be predicted and avoided by appropriate
design, construction, and operation of new ATES systems,
assuming that a comprehensive and careful site investiga-
tion that includes appropriate hydrologic and geochemical
modeling is carried out in advance. Because of local
variations in hydrology and water chemistry, each project

must be carefully examined and the installation planned
based on a knowledge of the kind of problems that could
be encountered and site conditions. It is prudent to care-
fully consider the need for water treatment aad to antici-
pate that there will be some increase in injection pressure
and decrease of specific capacity over time. Therefore,
the design should include 1) the capability to monitor the
specific capacity, 2) an injection pressure control, 3) a
permanent backflush system, and 4) a safety valve.

INTRODUCTION

Aquifer thermal energy storage (ATES) systems
make it possible to achieve la-ge storage volumes, hence a
large potential energy transf. -, and obtain economy of
scale, particularly if local ground-water gradients are small.
A driving force for alternative energy forms is Europe's
quest for energy self sufficiency (Rybach et al. 1988,
Louwrier et al. 1988).

During the early studies of Iris (1979) and colleagues
at the Ecole des Mines de Paris, the concept of seasonally
recharging a solar/geothermal doublet was developed and
commercialized for an urban area containing 200 housing
units near Paris, France (Hadorn et al. 1990). Since then
the majority of ATES systems involve the doublet concept.
However, because of the loss in recoverable heat caused
by buoyancy flow experienced at Colombier, near
Neuchatel, the second Swiss ATES site (known as SPEOS)
utilized a novel radial drain design in separate but
adjacent aquifers.

China clearly leads in utilization of chill storage
having had "several years of experimentation” by 1965
(Yan and Woo 1981), with as many as 500 wells in
Shanghi province alone (Lundin 1990}. There are various
other heat and/or chill storage sites not included in this
review because they were not reported in our primary
sources.

(DThe U.S. portion of this work was supported by the U.S. Department of Energy under Contract DE-AC06-76RLO 1830.
Pacific Northwest Laboratory is operated for the U.S. Department of Energy by Battelle Memorial Institute.



Many ATES systems have storage temperatures in the
range of 12 to 40°C, but there have been only
six with temperatures of >85°C (Horsholm, Mobile,
Plaisir, SPEQS, St. Paul, and Utrecht; Lundin 1990, Molz
et al. 1983, Willemsen 1992).

The objective of this paper is to review the technical
design and implementation problems encountered to date
in ATES systems worldwide, examine the extent to which
these problems are unique to ATES as opposed to generic
problems known to the applicable disciplines, and identify
the solutions exploited to resolve these problems so that
they can be awoided in future ATES systems.

The scope of this seview includes those ATES systems
that have been recoidic. in the Seasonal Thermal Energy
Storage (STES) newsictter, the JIGASTICK'88 and
THERMASTOCK'91 conference proceedings, or are
included within International Energy Agency (IEA)
Annexes II1, V1, and VII and for which envugh
information was found to make a meaningful entry into
the Appendix table. Thus, the review is not all-inclusive
but does include the majority of all experimental and
commercial ATES sites. Economic and environmental
aspects of ATES systems are not considered in this paper.
The information collected on problems and solutions has
been summarized in the Appendix along with selected key
information pertinent to the problem encountered. In the
following text, ATES sites are referred to by their identifi-
cation in the table (acronym, company, or city).

WELL DESIGN AND CONSTRUCTION

In ATES systems, wells provide the interface between
the energy store and the remainder of the system;
therefore, they are critical for the successful operation of
the total system. Thus, wells need to be carefully
designed, drilled, and completed to prevent operational
problems.

DESIGN CONSIDERATIONS - In a storage system,
individual wells are generally used both for production and
injection. Thus, they are operated under both hydraulic
drawdown and pressure buildup conditions. For the latter
case, this normally means a tight well-head construction to
avoid gas escape and a pressure relief device to avoid
excessive pressure. On the other hand, if the water level
is low, a negative pressure can occur. In this case, airtight
construction is necessary to avoid oxidation of Fe'l by
atmospheric oxygen; either a set of injection tubes of
different diameters and/or a down-hole throttle may be
necessary during the injection phase to prevent exsolution
of dissolved gas and clogging of the aquifer with gas
bubbles and/or precipitates.

Because water almost always contains some partic-
ulates, most injection wells will clog with use. However, it
has been shown that well performance after clogging from
silt and sand-sized particulates can easily be restored by
backflushing (Andersson 1988). However, specific capacity
may be only partially restored if the clogging is duc to
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clay-sized material or amorphic precipitates that may
result from water clarification. If it is expected that
frequent backflushing will be needed, it is advisable to
design wells with a permanent backflushing system.

CONSTRUCTION ASPECTS - Ewen drilling a well
in an unconsolidated formation involves a risk of clogging,
especially if a non-biodegradable mud is used as a drilling
fluid. In this case, clogging is caused by fine-grained
sediment entering the more permeable parts of the
formation and lodging there (Glenn and Slusser 1970).

A loss of gravel pack permeability can cccur while
the screen and the gravel pack are being emplaced. If
these components are not carefully installed, formation
sediment may be admixed with the gravel pack, resulting
in a permanent locs of permeability. Particle migration
and bridging of pores during well operation, especially at
high flow rates, may also result in clogging (Andersson
1988).

Short-circuit flow along a casing may have been the
cause of the breaching of the upper confining at the
Mobile site, allowing the mixing of the thermally altered
waler with native ground water (Molz et al. 1978). This
occurs as a result of an inadequate seal above the gravel
pack and upwards along the casing.

It is obvious that inadequate well design, improper
drilling, or inadequate well construction can cause severe
damage to the total ATES system. Therefore, adequate
test drilling to accurately predict aquifer properties is
essential in the design phase of the project. It is then up
to the engineer and the well driller to carry out their work
skillfully. To reduce potential drilling and well construc-
tion errors, some simple but important "guidelines" can be
stated (Andersson 1990): 1) use biocdegradable polymers
instead of clay minerals (e.g., bentonite) in the drilling
fluid, 2) before setting screen and gravel pack, circulate
water until the hole is clean, 3) design screen slot size
and gravel pack carefully to avoid sand production or
clogged grawvel pack, 4) spot weld down-hole pipe connec-
tions so that they cannot loosen and allow air entry, and
5) develop the well (e.g., by airlift) until the water is free
of particulates and no sand is circulating.

HYDROGEOLOGY

FREE CONVECTION OR BUOYANCY FLOW -
Buoyancy flow is the flow in the aquifer that is driven by
the difference in density between hot and cold water (or
between saline and fresh water). Buoyancy flow occurred
at all sites where storage occurred at relatively high tem-
peratures in aquifers with a high permeability, i.e., Bunnik,
Colombier, Horsholm, Dorigny (SPEQS), Campuget, and
Mobile. Buoyancy flow can not be prevented for given
hydrogeologic and storage conditions, such as thickness
and permeability of the aquifer on the one hand, and
temperatures and amounts of water on the other hand.
However, the amount and effect of buoyancy flow within a
cycle can be reduced and the effect of buoyancy flow on



the storage efficiency can be greatly minimized by implc-
menting one or more of the following design measures:

e Inject warm water over the full height of the aquifer
and produce water only over some upper part of the
aquifer as was done at Mobile, Horsholm, and Delft.
The results from tests at Mobile and theoretical
calculations on the subject by Buschek et al. (1983)
show that this can significantly increase the thermal
efficiency of the store.

o Drill horizontal instead of vertical wells as was done
at Dorigny (SPEOS). When there are two levels of
wells and the "warm" wells are above the "cold" wells,
there will be a layered store, as with short-term
storage in tanks. In such a situation, the density
difference will cause a stable situation when the
lighter water is above the heavier, colder water. At
Dorigny (SPEOS), it was subsequently found that
there was a low-permeability layer between the hot
and the cold wells and that heat loss to the surface
could be lowered significantly by switching the cold
wells and warm wells.

o Prevent vertical flow through the (vertical) wells when
pumping is stopped. At Bunnik, it was found that
vertical flow through wells occurred and contributed
significantly to the buoyancy flow. Vertical flow was
subsequently prevented by placing a packer in the
warm well, which was manually closed when the store
was not used. In practice it was found, however, that
the packer leaked the nitrogen gas used to close the
packer. This gas caused high pressures at the top of
the warm well.

BREACHING OF CONFINING LAYER - When the
injection pressure becomes higher than the minimum
pressure required to lift the confining layer, the confining
layer will breach and the water will flow to the surface.
This phenomena is known from artificial recharge
(Olsthoorn 1982) and from injection carried out to
minimize subsidence caused by a lowering of the ground-
water table (Rijkswaterstaat 1986). In general, the rule
can be used that the injection pressure in meters of water
head above the surface level should not be larger than 0.2
times the depth of the top of the screen below land
surface. For the final design of an injection well, an
accurate calculation of the allowed injection pressure
should be made, taking into account the weight of the
total column of rock and water above the top of the
screen or above the top of the aquifer (whatewer is the
most critical point) and the angle under which the matrix
is likely to start to move. Breaching of the confining laver
occurred at Horsholm and may have occurred at Mobile.
At Horsholm, a pressure transducer that should have shut
down the system before too high an injection pressure was
reached did not function properly. This is not an isolated
occurrence, as pressure transducers at St. Paul also
failed.'>) Al Mobile, it was speculated that the failure may
have been caused by piping along a improperly sealed well

() M. Hoyer, Oral Communication.

casing rather than breaching the aquiclude (Molz et al.
1978).

In general, breaching of the confining layer can be
prevented by an adequate design of the storage system.
Account should be taken of the necessary injection pres-
sure during maximum fiow and of possible clogging. Also,
safety measures should be taken such that the system shuts
off above a certain injection pressure. These safety
measures should not depend on a single pressure
transducer. :

THERMAL BREAKTHROUGH - The injection and
production wells should be at an optimum distance from
each other that should allow for the maximum required
amount of energy to be stored. Whether any influence of
one side on the temperatures at the other side is desired
depends on the injection temperatures with respect to the
natural ground-water temperatures. If the injection
temperatures at the "warm" and "cold" sides of the store
are such that the natural ground-water temperature is
between those temperatures, then thermal breakthrough is
undesirable. Undesirable thermal breakthrough occurred,
for example, at Kristianstad. If, on the other hand, "warm"
and "cold" sides have injection temperatures that are both
below or above the natural ground-water temperature,
then some thermal breakthrough is wanted. Kowalczyk
and Havinga (1991) performed calculations on the thermal
efficiency of a store as a function of well distance. They
showed that the optimum well distance depends on the
tvpe (heat, cold, or combined) and the temperatures of the
store. In case the injection temperatures are on both sides
of the natural ground-water temperature, the radius of
influence of cold and warm well (Rth) should not reach
each other (well distance larger than 3 times Rth). In the
other case the wells should be in each other's range of
influence (well distance approximately 1 to 2 Rth). The
potential for thermal breakthrough depends of course also
on the regional flow, the direction of this flow with respect
to the locations of the wells and on the existence of pref-
crential flow paths.

PREFERENTIAL FLOW PATHS - Aquifers
normally exhibit higher permeability in some layers than in
others, resulting in a greater volume of water being inject-
ed into the higher permeability layer(s). The effect of
variable permeability layers is to increase the surface area
of the store and, therefore, the thermal losses. The flow
of thermally altered water to a greater distance in some
layers than other, cannot be prevented, but the following
countermeasures can be taken to prevent excessive losses
caused by preferential flow paths.

e If feasible, use (screen) only the part of the aquifer
exhibiting similar permeability values.

e Contrary to the standard practice with water pro-
duction wells of using the maximum slot size and
gravel pack grain size that is allowed by the grain size
in the aquifer, for ATES wells an (small) increase in
resistance (o flow across the screen and gravel pack
may be beneficial by causing the injected water to be
distributed more uniformly over the various aquifer



layers. This approach will, of course, reduce the specific
capacity.

REGIONAL FLOW - Where regional gradients in
pressure head in the aquifer arc relatively large and the
permeability of the aquifer is high, there will be a signifi-
cant regional flow that will cause part of the stored energy
to be lost. Significarit losses from regional flow occurred
at Bunnik, Dorigny (SPEOS), and Tuscaloosa (Schaetzle
and Brett 1989). The losses caused by regional flow can
be minimized by altering the upstream head or effective
permeability by developing

® An active gradient control or "bypass" for the regional
flow wherein the upstream head is reduced by pump-
ing from one or more wells upstream of the store to
one or more downstream wells (transfer to surface
water as is now done at Tuscaloosa). Willemsen and

Groenewveld (1989) showed with computer calculations

that such a bypass can effectively reduce the effect of

the regional flow on the thermal efficiency of the
store to zero.

® Passive gradient control wherein the impact of
regional {low is minimized by judicious control of
pumping schedulcs can be effective if the regional

flow is not too great (Schaetzle and Brett 1989).

Both of these methods to decrease the extent of the re-
gional flow through the aquifer store require significant
investments, and care must be taken to ensure that they
are cost effective. A low-permeability screen is only feasi-
ble in shallow aquifers. Other methods that may be used
to reduce the loss in the efficiency of the store without
actually reducing the regional flow itself are to

® Inject into the store upgradient of the recovery well.

This requires that the quality of the energy in the

upstream part is higher, the wells are in line with the

regional flow, and that the warm and cold sides are
both higher or lower than the natural ground-water
temperature. Otherwise, steps must be taken to
minimize thermal breakthrough, which means that the
wells have to be placed orthogonal with respect to the
regional flow.

® Inject more water in the upstream than downstream
well and/or produce more from the downstream than
in the upstream well. This implies that the wells on
each side have to be placed in the direction of flow.

However, application of these methods may also involve

significant cost.

GEOCHEMICAL SCALING AND CLOGGING

As is evident from the Appendix table, scaling of heat
exchangers and clogging of wells, gravel pack, adjacent
aquifer caused by chemical precipitates has been
frequently encountered in existing ATES systems, especial-
ly the precipitation of carbonates in the systems operating
above 85°C and Fe and Mn oxides in low temperature
{ <40°C) systems.

CARBONATES - Scaling (i.e., precipitation within
the above-ground portion of an ATES system) and

o
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precipitate-induced aquifer clogging (i.e., reduced aquifer
permeability caused by precipitation within the aquifer)
results from carbonate and Fe plus Mn oxide precipitation.
Problems with carbonates has occurred at St. Paul,
Dorigny (SPEOS), Horsholm, and Plaisir (Appendix).
Extensive clogging occurred at St. Paul because the
engineers and geologists involved were unaware of the
inverse solubility of carbonate minerals with temperature.
Subsequently, the quantity of carbonate available for
precipitation was underestimated; hence, precipitation
cylinders clogged within a day or so because of the
extensive precipitation that cccurred. A Na-ion exchange
system was subsequently installed that has been essentially
trouble-free. At Dorigny (SPEOS), carbonate
precipitation was prevented by adding acid for some years;
but, the acid addition was terminated because of
increasing Cl concentration and hardness levels of the
water. Since then, there has been continuing
experimentation with a variety of physical approaches
("non-sticking heat exchanger coatings," recirculation of
plastic balls), alkali addition to raise the pH, and fluidized
bed heat exchangers. However, these treatments resulted
in fine-grained carbonate precipitates that have frequently
zlogged the well/aquifer interface. At Horsholm, as at
Dorigny (SPEOS), acid addition was used to prevent
carbonate scaling. Aquifer clogging at Plaisir occurred
when the treatment control system failed. In the later
stage of this project, a cation exchanger was installed and
no further carbonate clogging was encountered.

Thus, Na-exchange resins provide a trouble-free
method of avoiding carbonate scaling and clogging, as long
as care is taken to ensure that clay swelling and/or disper-
sion does not occur and the disposal of the acid or sait
used to recharge the resin is not a problem. The likeli-
hood of clay swelling/dispersion can be estimated from
the sodium adsorption ratio and used in conjunction with
the salinity of the water. An environmental consequence
of the cation exchange method is that sizable amounts of
either salt or acid, used in recharging the exchange resin,
must be discharged to surface or ground water.

Although not yet implemented in other than an
experimental mode, a fluidized bed heat exchanger with an
in-line activated carbon column to remove dissolved
organic carbon has recently been successfully tested.(>)

IRON AND MANGANESE HYDROXIDE
PRECIPITATION - The precipitation of Fe and Mn
oxides is caused by a change in water chemistry. Precipi-
tation of Fe'!! oxides can be induced by increasing either
the redox potential (Eh) or the pH. As illustrated in the
Fe stability field diagram shown in Figure 1, if either the
Eh or pH of a slightly reduced water (point A in the
diagram) is increased, precipitation of Fe oxides is likely.
Not shown on this figure is the effect of Fe concentration;
as Fe concentration increases, its oxide will precipitate at
progressively lower Eh and pH values. In practice, there

() A. Willemsen, Unpublished Data.



are at least three processes involved to create the Eh and
pH changes. Those are (Andersson 1990) 1) oxygen is
added from some source and the Eh value is increased
(displacement from A to B in Figure 1); 2) waters differ-
ing in their Eh status are mixed upon entering the well
causing either an increase or decrease in Eh and possibly
pH (A to B or B to A); or 3) carbon dioxide escapes from
the water, increasing the pH-value (A to C). The latter
process is also believed to be one of the main factors
causing the precipitation of carbonates in a production
well with little or no scaling in the heat exchanger. Where
there are significant Fe concentrations, Fe carbonate
rather than Ca carbonate may precipitate. Although
definitive information is not yet available, the precipitation
of Fe carbonate is suspected at several locations in
Sweden (e.g., Lomma). The Fe carbonate precipitate in
these cases is not readily solubilized by acid treatment of
the well.

Shallow, unconfined aquifers generally have levels of
Fe and Mn that are likely to yield oxyhydroxide piecipi-
tates if air is allowed to enter the ATES system. Some Fe
oxide, along with pyrite, was found on the heat exchanger
at Horsholm, presumably the result of partial oxidation of
dissolved sulfides caused by air leaking into the system.
An air leak in the ATES system at Bunnik caused Fe and
Mn scaling of the well screen. Iron oxide precipitation
was presumed to be the cause of clogging at Klippan.

However, none of the processes causing Fe oxide
precipitation need occur during injection if the system is
airtight, and the aquifer is selected or the hydrology is
controlled to eliminate the mixing of dissimilar waters
near the well. For these reasons, the likelihood of Fe
oxide clogging during injection is low in a properly de-
signed system. If for any reason an airtight system is not
feasible, any one of a number of iron removal methods
may be used (Vail et al. 1992). The principal processes
leading to a greater likelihood of clogging in production
and injection wells with water containing elevated levels of
Fe are illustrated in Figure 2.

CLOGGING BY MICROBIAL GROWTH -
Clogging by biofilm or microbial slime is a well-known
phenomena in the water-well industry (Driscoll 1986).
The most frequent biologically caused well clogging is that
associated with iron bacteria, especially the ones belonging
to the Gallionella family. However, in a highly reduced
environment, clogging can also be associated with sulphur
bacteria. In ATES applications, clogging by iron bacteria
slime will is a potential risk mainly in low-temperature
systems (less than 25°C) and in waters with an iron con-
tent of at least 1 mg/L. Other conditions that favor major
bacterial growth are Eh values between 200 and 400 mV
and pH values between 5.5-7.5.

GAS CLOGGING - Gas clogging may occur as 4
result of the exsolution of gases present in excess of the
amount that would be present at equilibrium with the
lowest pressure in the system. This occurred at Delft
because of the methane overpressure in the source/
storage aquifer, and presumably at Scarborough (see
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Appendix), but did not occur at Utrecht, because a total
pressure sufficient to maintain the dissolved gas in solution
was maintained at the latter site.

CLAY DISPERSION - Swelling and dispersion of
clays contained within the aquifer sediment occurs when
the Na saturation exceeds an amount determined by the
ionic strength (i.e., conductivity) of the water (Willemsen
1992). Clay swelling and dispersion are unlikely to pose a
problem in consolidated or silica-cemented aquifers even
when the water is passed through a Na ion exchanger
repetitively, as at St. Paul. Howewer, it is the suspected
cause of the last clogging problem encountered at
Plaisir.) Clay swelling and/or dispersion has been
avoided at Utrecht, by treating the minimum fraction of
the water necessary to prevent carbonate scaling; no
scaling is observed at a calcite saturation indices of 0.6 to
0.7 (Willemsen 1992). A large amount of sediment was
recovered at Mobile (Molz et al. 1983). The amount of
suspended sediment may have been increased by the use
of a foreign water (i.e., local surface water) into the
aquifer and/or the inadequacy of the gravel pack.

CORROSION

Both chemical and electrochemical corrosion occur in
ATES systems. Chemical corrosion is induced by
constituents such as CO,, O,, H,S, dissolved sulfide,
chloride, and su'phate. Sites that have used HCl to re-
move or prevent carbonate precipitation, €.g.. Dorigny
(SPEOS) and Horsholm, have experienced significant
corrosion. Corrosion was also experienced when a pipe
connection was not sufficiently tight and allowed a small
amount of water to seep through the threaded joint and - .
react with air in the annulas between the riser pipe and
the well casing. This leakage water with its dissolved Fe
partially oxidized was drawn down to the submersible
pump inlet causing Fe precipitation and promoting corro-
sion (Andersson 1990). Electrochemical corrosion appears
to be more frequent than chemical corrosion. Electro-
chemical corrosion is caused mainly by joining metals with
different electrochemical potentials but electrochemical
corrosion also occurs on monometallic components that
have been stressed, e.g., welded joints, cut surfaces or
damaged coatings. Further, it seems that electrochemical
corrosion causes loss of material only on parts of well
screens and casings. Usually it occurs in water that is
slightly acidic and with total dissolved solids greater than
about 1000 mg/L (Driscoll 1986).

Protection against corrosion is in most cases
dependent upon the choice of materials for each specific
system. For instance, different steel alloys may cope with
expected corrosion, as well as plastic materials, ceramics,
or corrosion-resistant coatings. A world-wide method for
galvanic corrosion protection of wells is to use a cathodic
protection system, normally zccomplished by connecting a
sacrificial anode to the well casing (Driscoll 1986).

4) A. Vinsot, Personal Communication.



600

Oxidized a) Production b)
Air Entry
=\
300 Fe(OH)s ITI
o= drm e - AL P
Eoll i %o, 4 { o, /,'\f' |
ok ! N B TSR Pieaomgtnc
A £ / eal
I | \ AN
: = = ) AR
(mv) I = En
. f u c pH‘
.300} l F'aCO3 S /
i ' oS 'of= o oy ,’/o oc O o S
vl P <1035 32 o |of S+ En 52 R = o)—» 3
! . SE-wol= |owg PH §24of= |oiEn*E En°
N 28 o= o S «--- €9 0= loipH* § pK?
-600= 081 N, N 8 2 o= |0 o 8-9 o= |ol—pd P
Peo, = 10— QS & o= lo E e 'lof= |o! o—*
PCO - 10'27 —/(.l\ :o : o: g v~ S~ — :O : O:
| lReduced' O 1 9 1° o
-900 .
4 6 8 10 12
pH

Figure 1. A portion of the Eh versus pH
stability field for iron illustrating the likely
precipitation of ferric hydroxide and/or ferrous
carbonate (siderite) as result of a change in EH
or pH (ag, = 10* M, temperature = 25°C; after
Jenne 1968).

CONCLUDING DISCUSSION

Most of the hydrochemically related clogging and
corrosion problems that have been encountered in ATES
systems can be predicted and avoided by appropriate
design, construction, and operation of by performing a
comprehensive and careful pre-investigation. Because of
local variations in hydrology and water chemistry, each
project must be carefully examined and the installation
planned on the basis of a knowledge of the kind of dis-
cussed in this paper that could be encountered and specific
site conditions.

Virtually all common hydrologic and geochemical
problems have been encountered at one or another of the
ATES sites (e.g., buoyancy flow, breaching of confining
layer, gravel pack failure, particle clogging, air clogging,
methane clogging, precipitation Fe and Mn oxides), in
addition to carbonate precipitation which is somewhat
unique to ATES and geothermal systems. It is prudent to
anticipate some build-up in injection pressure and
decrease of specific capacity over time and therefore, to
include in the design 1) the capability to monitor the
specific capacity, 2) an injection pressure control with
more than one transducer, 3) a permanent backflush
system, and 4) a safety valve.
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Figure 2. Tllustration of hydrologic and geochemical
processes that facilitate the precipitation or dissolution of
carbonate and/or Fe and Mn oxides in or close to (1) pro-
duction well in an unconfined aquifer (carbonate and Fe/
Mn oxide precipitation) as contrasted to (b) a well where
oxygen-containing water that is undersaturated with respect
of Fe oxides (e.g., surface water or treated ground water)
and carbonate is injected into a confined aquifer.

Clogging is the most frequent problem encountered
in ATES systems. Rapid filtration (e.g., sand, fiber filters)
and frequent backflushing is effective against particle
clogging. Backflushing may need to be done as frequently
as twice daily, as in the chill storage wells in Shanghai
province during charging (Lundin 1990). Bacterial bio-
films or slime are rarely a problem unless the water being
stored is a surface water or has been enriched in nutrients
and/or energy substrates. It is presumably for this reason
that the water used to cool the cotton mills in Chanzhou is
not only filtered three times but is chlorinated twice (Shen
1988, Yong-Fu et al. 1991). Where Fe precipitation is a
potential problem, confined aquifers are preferred and
care should be taken that CO, is not allowed to form a
separate gas phase nor to escape. It is also desirable to
limit the drawdown to the minimum extent possible.

Iron oxide and Ca carbonate solubility, as well as clay
swelling and dispersion calculations have been found
reliable in predicting when these problems will not occur.
However, not enough experience has yet been gained to
allow the prediction of Fe carbonate precipitation.
Research on this problems, as well as on the effects of
kinetic inhibitors (e.g., DOC, PO,, Mg) on Ca carbonate
precipitation and complexation with dissolved organic



carbon on the apparent oversaturation of Fe oxides is
underway within Annex VI of the [EA.

Steps to detect and avoid corrosion include 1) not

allowing contact between metals or alloys with differeat

electrochemical potentials, 2) not allowing oxygen to enter

the system at any point, and 3) avoiding the use of acid to

prevent scaling and clogging, and 4) installing a corrosion

detector.

CONCLUSIONS

o There is an acute need for greater use of multi-

discipline experience in the design and implemen-

tation of ATES because most technical problems

encountered to date could have been avoided if they

had been anticipated in the design, construction, and

implementation stage and the appropriate steps taken

to prevent their occurrence.

e From a hydrogeological point of view, confined

aquifers are strongly preferred over unconfined

aquifers, because the potential for mixing of

reduced and oxidized waters is much reduced.

e Minimize buoyancy flow losses by injecting thermally

altered water over the full height of the aquifer but

produce only from the upper part of the aquifer, or

drilling horizontal instead of vertical wells.

o Use best available hydrologic modeling to optimize

distance between warm and cold wells.

e Losses from excessive regional flow can be minimized

tkrough lowering the upstream head by pumping an

appropriate distance upgradient of the recovery well

and/or by injection at an appropriate distance

downgradient.

e Multiple pressure transducers should be included in

the design to shut down the system before excessive

pressures can cause a breaching of the confining layer.

e Closed and over-pressured systems are generally

essential to avoid loss of carbon dioxide and

entrance of air.

o Where the ground water contains considerable

dissolved gases, a sufficient overpressure must be
maintained to avoid the exsolution of these gases to

form a discrete gas phase, which can clog the aquifer.

¢ The drawdown of an aquifer containing significant Fe
concentrations during production should be limited to
the extent possible, to avoid local degassing and a
possible pH rise, by using highly permeable aquifers
or additional wells.
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Injection of CO, for the Inhibition of Scaling in ATES Systems

M. Koch and W. Ruck
Universitiit Stuttgart
Stuttgart, Germany

ABSTRACT

A new water treatment method for the preven-
tion of carbonate scaling is described. This method
uses carbon dioxide for adjusting the water to fulfill
Tilmans Equilibrium. The pH is lowered and there-
fore no scaling occurs.

The experimental plant used in the experiments
is sketched and results of a field test in a Swiss
ATES system are presented. This water treatment
method proved to be economical, effective and
environmentally beneficial.

INTRODUCTION

Scaling in heat exchanger and piping systems
due to the precipitation of carbonate minerals is a
problem in many ATES systems with high tempera-
tures (Wagner et al.,, 1988). As a part of the
International Energy Agency Implementing Agree-
ment for a Programme of Research and Develop-
ment on Energy Conservation Through Energy
Storage - Annex VI "Environmentai and Chemical
Aspects of 1nermal Energy Storage in Aquifers and
Research and Development of Water Treatment
Methods" the German working group developed a
new water treatment method for the prevention of
this scaling. The objective of ATES is the saving of
energy and therefore protection of the environ-
ment. If a conventional water treatment method is
needed to prevent carbonate scaling, this goal is
endangered at least partially. The water treatment
method using CO, was developed to avoid negati-
ve effects to the environment.
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PRINCIPLE

Difficulties with chemical precipitation in heat
exchanger and piping systems are mainly caused
by displacements of Tillmans Equilibrium.

caco, + CO, + H,0 = Ca?' + 2 HCO,

Shifting this equilibrium to the left will cause
precipitation of calcium carbonate (CaCO,); shifting
to the right leads to the tendency to dissolve
CaCO0, from deposits. With increasing temperature,
the equilibrium also will change and CaCO; will
precipitate. The basic principle of the new water
treatment technology is to control the carbon
dioxide content of the water. It was well known
from water supply technology, that it is possible to
adjust water chemistry to fulfill Tillmans Equilibrium
by adding or stripping carbon dioxide (CO,).

During the loading cycle of the ATES system
(heating of the ground water), the addition of CO,
lowers the pH, but this should be done only to such
an extent that no excessive carbonic acid is for-
med, which could destroy the protection coatings
of the pipes. Therefore injection of CO, must be
controlled. The necessary amount of carbon dioxide
depends on the temperature difference, the water
hardness, and the flux. Because of frequent chan-
ges in flux and sometimes in temperature, online
measurement and controlling are absolutely neces-
sary.

EXPERIMENTAL PLANT

As a first step a small-scale experimental plant
was constructed for the loading cycle of an ATES
system (about 1 m3/h water). This plant consists of



carbon dioxide :
Controller

|

Lt
o

il

measurement

R

cold heated
groundwater groundwater
heat supply
FIG. 1% Principle of an ATES carbon dioxide water treatment plant
Co ,
2 outlet for excessive
l " or stripped gas
water from
cold well
jet pump
to heat
s> oxchanger
B gas water
separation tube
— e d et L
mixing tubes
FIG. 2: Schematic of the injector
three parts: - mixing gas and water
injector for CO, - increasing the flow velocity in the mixing
measurement devices tubes
control unit - recirculation of eventual undissolved CO,.
In Fig. 1 the principle of a water treatment plant The mixing tubes {%2" in diameter) increase the
is depicted. turbulence and allow time for the dissolution of the
gas. The separation tube (2" in diameter) lowers
INJECTOR - The CO, has to be vigorously the flow velocity and enables the separation of gas
mixed with the water. Fig. 2 shows a schematic of bubbles. A valve is placed on top of the injector as
the injector used. A jet pump installed in the injec- an outlet for excess gas, primarily stripped nitrogen
tor had various functions: and oxygen. The material of the injector should be
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resistant to corrosion caused by CO,-aggressive
water. In the experimental plant stainless stesi was
used, but plastic tubes would aiso be sufficient.

MEASUREMENT - A key factor for measure-
ment is pH. There are two possibilities. On one
hand, the necessary pH after the injection can be
calculated from the temperature after the water
exits the heat exchanger and from the calcium and
hydrogencarbonate content. in Fig. 3 the calculated
pH for a water with a calcium ion content of 2.87
mmol/l, hydrogen carbonate content of 3 mmol/l,
and ion strength of 11.95 mmol/l is plotted versus
the temperature.

Measurement 1 in Fig. 1 provides the actual pH
and temperature after the injection. This signal can
be obtained very fast and therefore can be used for
controlling of the CO, dosage.

Another possibility is to take a small part of the

pH

6,5 e

6

0 10 20 30 40 50 60 70 80 90 100
temperature in °C

FiG. 3: Example for calculated pH versus tempera-

ture ((Ca?*] = 2.87 mmol/l, (HCO;] =

3 mmol/l, ion strength = 11.95 mmol/l)

heated water and pass it through an analytical
column filled with calcite (measurement 2, Fig. 1).
In this column the dissolution or precipitation
reactions are accelerated (Axt, 1965}, The resultis
a change in the pH-value. This pH difference is a
direct measure of the scaling or dissolving tenden-
cy of the water. Although this signal would be the
best method to control the water treatment, it's

- *“T“"pH' e
— T~ pH -
- calcite
from heat exchanger  toaquffer

FIG. 4: Schematic of the measurement 2 device

not suitable for direct controlling because of the
time delay before the corresponding signal is
available. However, it seems feasible to use it as a
master controller to regulate water treatment. Fig.
4 shows a schematic of the necessary measure-
ment 2 device.

CONTROLLING - A computer was instalied for
data logging, calculation and controlling. The flow
of carbon dioxide was adjusted with a mass flow
controller. For an upscaled version of the treatment
method, an automatic calibration of the pH elec-
trodes is planned.

FIELD TEST

With the equipment described above, two field
experiments with a total duration of 5 weeks were
carried out in the ATES plant SPEOS (stockage
pilote d'énergie par ouvrage souterrain) (Saugy,
1990) in Lausanne, Switzerland. A tube heat
exchanger with stainless steel pipes and a glass
outer wall was used. So scaling on the hot tubes
could be inspected visually. In addition, it was
possible to clean the heat exchanger with formic
acid and analyze the Ca?* content of the cleaning
solution. From this, the total amount of precipitated
minerals could be calculated. The water was
heated from 25°C to about 75°C using heat from
the district heating system. The temperatures of
this primary circuit were about 105°C and 80°C
respectively.

During the tests, temperatures and pH-values
were measured every 3 seconds and the mean
values were recorded each minute. The pH after
the injector was set automatically to the calculated
value (see above). To this, a term (pH,44) was
added. The term was varied for each test to chan-
ge the saturation state of the water according to
Tillmans Equilibrium. A positive pHaqq means that
the amount of CO, injected will be less and the
saturation index of the water will increase. On the
contrary a negative pH,yq means a surplus of CO,,
so the saturation index will decrease. In addition,
blind tests without injection were carried out.

The experiments were started with an over-
pressure of about 0.5 bar in the heat exchanger. At
this pressure many gas bubbles could be seen in
the heat exchanger and the following sand filter.
Analysis of the gas showed that only about 20% of
the gas was CO,. Nearly 80% was nitrogen and
oxygen from the water. So, in the second phase of
the experiments the overpressure was increased to
about 2 bar. After that, all gas bubbles disappeared
and all of the air and the CO, were kept in solution.
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Table 1 shows the combinations of pressure
and pH,q4 that were investigated.

TABLE 1: Combinations of pressure and ad-
ditive pH term (pH,,4), investigated
at SPEOS.

Pressure Additive pH term Duration

(bar] PH,4q {hours]

0.5 0 12.7
0.5 blind test, 58

0.5 0 61.3

2 -0.3 20.6

2 0 76.9

2 +0.25 20.6

2 +0.4 16.6

2 blind test 21.3

After each test period with scale formation the
heat exchanger was cleaned and the amount of
precipitated CaCO3 was calculated based on the
content of Ca2* in the cleaning solution. From the
duration of the test period the scaling rate (in g/d)
under these special conditions was calculated.

In Fig. 5 these scaling rates are plotted versus
the term pH,y4. The empty boxes represent the
values at 2 bar and the full boxes the 0.5 bar
values. The water flow at the low pressure was
about 1000 I/h, at the high pressure only 550 I/h.
These different flows are one reason why the
scaling rate at the low pressure is higher. Therefo-
re, for a rough correction, boxes with dotted lines
are drawn to illustrate the normalized scaling rates
at one flow rate. Another point is that a part of the
CO, is stripped in the heat exchanger and, therefo-
re, the oversaturation is higher. The figure shows
a clear dependence of the scaling rate on the
additive term. At pH,44 = O, scaling still could be
observed. This results from the high temperatures
at the walls. Temperature of the district heating
system water used in the heat excHanger was
about 105°C and the groundwater was heated to
about 75°C. So the temperature of the walls was
nearly 100°C. The pH, however, was calculated
only for 75°C.

The average of the ApH values resulting from
the second measurement device was calculated for
each period and are shown in Fig. 6. Again, the
empty boxes represent the 2 bar values and the full



boxes the 0.5 bar values. A clear dependence can
be seen. At pH,q4q =0, the ApH signal should also
be equal to 0. The fact that it is not might be due
to miscalculations of the necessary pH. But this
means that the signal of this measurement device
can be used for correction of the calculated pH.

In Fig. 7 the good correlation between the ApH
signal and the scaling rate is shown for the tests
with 2 bar. The absolute values shown in this
figure, however, are valid only for this system at
one specific flow rate and orie pressure. But it
clearly shows the usefulness of this measurement
device.

ENVIRONMENTAL BENEFITS AND RISKS

The main environmental benefit of every ATES
system is saving energy. In some cases the hard-
ness of the water causes problems so that a water
treatment process is necessary. Conventional
treatments use hydrochloric acid, sodium hydroxide
or ion exchange {(with a consumption of regenera-
tion chemicais in excess). This means either conta-
mination of the underground or raising of the salt
load of the surface water. Water treatment with
CO, offers the possibility to avoid this.

CONSIDERATIONS ABOUT THE GREENHQUSE
EFFECT - The emission of CO, into the atmosphere
is the main cause for the greenhouse effect. ATES
systems reduce these emissions by saving energy.
The use of carbon dioxide water treatment does
not destroy this positive effect. Technically used
carbon dioxide comes either from natural sources
{springs) or is a byproduct of chemical processes
(e.g. synthesis of NH;). Thus, no CO, is produced
especially for sale and use in technologies, such as
that proposed in this paper.

In addition, the amounts of CO, needed are
very small. If the water of the ATES system in
Lausanne would be treated by the CO, method,
there would be a consumption of about 54 kg/d of
carbon dioxide for a performance of about 870 kW.
In comparison, an automobile with a gas consump-
tion of 15 /100 km (about 16 miles/gallon) pro-
duces 37 kg of carbon dioxide per 100 km (62,1
miles). The amount consumed at SPEOS per day is
the same as emitted from a car every 146 km (90
miles).

ECONOMICS

Water treatment with CO, is very cheep. The
injecting system 1s very easy to build and the
operating costs are very low. 100 kg of CO, cost
about 90 DM (about $ 55). Depending on the heat
recovery from the underground, this results in costs
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of about 0.003 to 0.007 DM/kWh.

POTENTIALLY NECESSARY ADDITIONAL
MEASURES

At ATES sites with a very low ground water
flow, it is possible that the injection of CO, might
cause an increase in hardness after a few loading
cycles. If this turns out to be a problem, a carbon
dioxide stripping unit should be installed to remove
the excess CO, during the discharging phase.

CONCLUSIONS

The data presented show that the proposed
scaling inhibition with carbon dioxide is an econo-
mical, effective and environmentally beneficial
water treatment method for high temperature ATES
systems that experience carbonate scaling pro-
blems.
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Microbiological and Environmental Effects of Aquifer Thermal Energy Storage

Studies of the Stuttgart Man-Made Aquifer and a Large-Scale Model System

M. Adinolft and W. Ruck
Universitéit Stuttgart
Stuttgart, Germany

ABSTRACT

The storage of thermal energy, either heat or
chill, in aquifers or impoundments creates local per-
turbations of the indigenous microfiora and the en-
vironmental properties. Within an international wor-
king group of the International Energy Agency {IEA
Annex VI') possible environmental impacts of
ATES""-systems were recognized and investigated.
Investigations of storage systems on natural sites,
man-made aquifers and large-scale models of im-
pounded aquifers showed changes in microbial po-
pulations, but until now no adverse microbiological
processes associated with ATES-systems could be
documented (Winters, 1992). However, examina-
tions with a model system indicate an increased
risk of environmental impact. Cherefore, the opera-
t  of ATES-systems should be accompanied by
chemical and biological investigations.

ATES-SYSTEMS AND MICROBIOLOGY

Thermal energy storage in an aquifer leads to
changes of the geochemical properties, mainly by
dissolving and precipitating minerals. These proces-
ses lead to environmental changes, especially for
‘autochthonous bacteria and other microorganisms.

*International Energy Agency implementing agree-
ment for a programme of research and develop-
ment on energy conservation through energy sto-
rage - Annex VI: Environmental and chemical as-
pects of thermai energy storage in aquifers and re-
search and development of water treatment me-
thods.

"*Aquifer Thermal Energy Storage
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The local changes of the subsurface and surfa-
ce environment have the potential for creating four
broad biochemical, geological and microbiological
phenomena (Fig. 1).

BIOFILM

@/ \CD

MICROBIOLOGICAL
PROCESSES

CORROSION I l SCALING

'\‘ PHYS.-CHEM. /

PROCESSES
@

©)]
\’CLOGGING/

Fig. 1 Biochemical, geochemical, and microbiolo-

gical interactions in ATES-systems

1 Conditioning of surfaces by microorga-
nisms prior to scaling; biofouling on
aquifer material and heat exchangers

2 Clogging by inorganic scales in aquifers,
wells and drains

3 Clogging by corrosion products in wells
and drains

4 Microbially induced corrosion (MIC)

If an aquifer is used, which is contaminated by
pathogens and/or opportunistic pathogens, human
exposure to these microorganisms could occur by
ingestion of the water or by inhalation of aerosols,
i.e. when such aerosols are generated by cooling
towers in the vicinity of human activities. Microor-



ganisms within the circulating system of an opera-
tional ATES plant live in the water or as biofilms on
surfaces. They may lead to biofouling, especially of
heat exchangers, or to microbiologically induced
corrasion (MIC) (Adinolfi et al., 1990b; Wagner et
al., 1988). Another anticipated hazard is the pos-
sibility of a mass development of microorganisms
in the underground (Ruck et al., 1990). This can be
due to temperature increases and lead to clogging
and decrease of the groundwater current. Investi-
gations of these potential problems were performed
by an international group of researchers in the IEA
Annex VI (Winters, 1992). The observations made
to date indicate that current ATES system opera-
tion is not significantly affected by these problems,
and adverse environmental effects caused by mi-
croorganisms were not observed in the ATES sy-
stems examinea.

THE STUTTGART MAN-MADE AQUIFER

In Germany groundwater is the main source of
drinking water. Therefore relatively strong legisla-
tions and recommendaticns do not allow any
change of the groundwater quality. In special ca-
ses, the extraction of the water is allowed, but not
the injection or reinjection into the ground. Conse-
quently ATES-systems, using natural aquifers, do
not exist.

in 1985 a man-made aquifer was constructed
mainly for thermodynamic studies at the University
of Stuttgart. This pilot plant (Fig. 2) provided a
unique opportunity to examine the effects of the

ATES system operation on the microflora of an
aquifer.

The store was impounded to prevent ATES
system interaction with tha surrounding subsurface
environment. It consists of a volume of 1,050 m3
filled with gravel from the River Rhein and water
from Lake Constance. The storage volume is im-
pounded with a high density polyethylene (HDPE)
liner, which is relatively inert with respect to
common aquifer organisms (Winters, 1992). The
system parmits control of the chemical composition
of rock/sediment and water and of the water flow
characteristics., The disadvantage of the system
was that the storage cycles were controlled by
concurrent thermodynamic studies and, therefore,
could not be manipulated specifically for microbio-
logical examinations. As a compromise a monito-
ring program of the current operation was per-
formed.

MICROBIOLOGICAL SAMPLING - The ATES-
system was sampled by drawing water from the
circulating system (between the store and the heat
exchanger) and from a slotted sampling tube which
was inserted near the middle of the store. Both
sampling points are not optimal for microbiological
study purposes. The polypropylene sampling tube
within the store may not give representative resuits
in bacterial density. Flow characteristics, surface
properties and therefore also the biofilm popula-
tions in the sampling tube are different to those in
the sediment filled storage volume. The other sam-
pling point, which is situated in the circulating
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FIG. 2 Impounded ATES-system at the University of Stuttgart
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system, is located about 20 m from the store. De-
pending on the distance to the store, flow rates,
materials used and the occurrence of dead legs
within the piping system, the microbiological data
obtained may not give a completely representative
view of the microbiological conditions as they are
within the store.

MICROBIOLOGICAL METHODS - Colony for-
ming units (cfu) of heterotrophs in water samples
were determined after dilution in sterile sodium
chloride on CPS Agar (Collins and Willoughby,
1962; Jones, 1970) using a spread plate techni-
que. The plates were incubated at 20, 30 and
37 oC for 2 weeks. The higher incubation tempera-
tures were used, when samples from zones with
higher temperature were investigated. The standard
identification methods were used as described by
Samuth et al. (1987) and in Austin (1988). Fur-
ther methads for the taxanomic classification were
applied as described in Bergey’'s Manual of Syste-
matic Bacteriology (Krieg and Holt, 1984; Sneath
et al, 1986) or in Starr et al. {(1981).

For biofilm investigations, gravel samples were
taken into sterile bottles with sodiumchloride (NaCl
solution. The samples were treated with ultrasonic
vibration in order to detach bacteria from the gravel
surface. The ssolutions were then treated like the
water samples.

RESULTS OF THE MONITORING - Within the
sampling period from 1985 to 1990 sampling was
performed monthly, in 1991 quarterly. The storage
temperatures varied between 3 and 55 °C and
were dependent on seasonal cr short term cycles
of operation. The temnersture difference between
the two sampling points (Storage and Circulation)
averaged 1.2 °C. Water specimens were analyzed
for colony forming units (cfu/ml), which is an esti-
mate of overall microbial growth in water, and
examined for the representation of individual
taxonomic groups of bacteria.

The water drawn from the store showed con-
sistently higher cfu/ml than the circulating water.
Both sampling sites demonstrated the same overall
patterns of microbial growth levels (Fig. 3). The
difference in cfu may depend on a filter effect of
the aquifer. The biggest part of bacterial activity in
aquifers and other aqueous environments is situa-
ted in biofilms which consist of settling bacteria
and extracellular polymeric substances (EPS) which
are produced by these organisms (Costerton et al.,
1987: Marshall, 1992). Between biofilm and water
a permanent interchange of bacteria exists. The
cfu/ml are higher in the direct vicinity of the surfa-
ces. Therefore in water samples, drawn from the
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FIG. 3 Colony-forming units {cfu) of heterotrophic

bacteria at the Stuttgart man-made aquifer

store with great sediment surface and low flow
rates, a higher amount of bacteria is found.

When the water temperature was increased to
35 9C to 40 °C organisms, which had the ability to
form colonies at 37 °C appeared. The taxonomic
representation within the microbial population
shifted as well. When the temperature of the
ATES-system was decreased again, organisms ca-
pable of growing at 37 oC disappeared within a
few weeks. This is very important, because many
pathogenic bacteria or opportunistic pathogens,
favor temparatures near 37 °C. The system was
checked for enterobacteriaceae, fecal coliforms and
other indicator organisms for fecal pcllution and
additionally for a respiratory tract pathogen, Legio-
nella. During the monitoring period from 1985 to
1991 neither Legionella nor other pathogenic bac-
teria could be found in the system. Extensive che-
mical investigations of the water showed constant
low nutrient contents (Adinolfi et al., 1990a). In
contrast to open or natural aquifers there is no
groundwater which may carry additional nutrients
into the system.

SIMULATION EXPERIMENTS IN A LARGE-SCALE
MODEL SYSTEM

The Stuttgart man-made aquifer showed no ad-
verse microbiological processes. Therefore a large-
scale model of the Stuttgart ATES system was
constructed to establish a model of the system that
could be manipulated by microbiologists for the
investigation of undesirable processes (Fig. 4).

The large-scale model consists of a 4.0 m high
stoneware column with an inner diameter of
4% cm. The column was filled with the same gravel
and water that was used in the impounded aquifer.
A heat exchanger was installed in the circulation
loop to control the temperature of the water.
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FIG. 4 Large-scale model of the Stuttgart man-made ATES-system

Sampling ports were included over the length of
the column to allow gravel specimens to be taken
throughout the temperature stratification that
builds-up in the column. The column was fully in-
strumented for temperature measurements within
the water and gravel bed at different heights in the
column. The flow velocity (5-10 m/d) was designed
to approximate the flow rates of the man-made
aquifer.

For the investigation of the microbial popula-
tions it was very important to avoid material which
would attract cr favor microbial species that were
uncommon for aquifer stores. Therefore stoneware
was chosen for the column body. This material is
very similar to the gravel used relative to its chemi-
cal and surface properties. Qrganic materials, as
well as metals were avoided in the construction of
the column system. It consists only of stoneware
and glass with joints made of concrete. The only
metal contacting the water was galvanized steel in
the heat exchanger.

The model was run for a 15-week period with
a water temperature of 18 °C to 23 °C to estab-
lish an equilibrated microbial flora. The cfu/ml of
the water leaving the column during circulation for
equilibration (cycle 1) were about ten-fold higher

/2

than the cfu of the raw water (Table 1).

TABLE 1 Colony-forming units of water sam;
. ples at different cycle temperatures
cycle durat—io:- T (°C) cfu/mi
(weejL (20 °C)
T™W 14 300-2500
1 15 18-23 3200-27500
2 15 20-40 540-11300
3 24 20-55 200-2000
4 12 20-75 100-1200

TW = Water which was used to fill the column
T = temperatures within the column;
high temperature at the entrance of the co-
lurrin {input water), low at the exit.

The taxonomic groups represented in the cir-
culating water were slightly more diverse to those
found in the raw water. No unusual taxonomic
groups were found and the observed organisms



represented in the column closely resembled those
of tha impounded aquifer. Additionally microorga-
nisms adhering to gravel samples were released
from the surface by ultrasonic treatment.

The numbers of microorganisms adhering to the
gravel (biofilm) exceeded in all cycles the number
in the adjacent water phase by at least 100- to
1,000-fold. The representative taxonomic groupsin
the biofilms were slightly different when compared
to the water populations. Gram negative bacteria
were the predominate species in all samples. Coli-
form bacteria, which are indicator organisms for
fecal poliution, were found in all cycles at constant
low levels. These enteric bacteria originate from
aerosols of sewage treatment test plants that are
in the immediate vicinity of the large-scale model.

In a second cycle the temperature of the input
water was switched to 40 °C and the microorga-
nisms were allowed to to adapt for approximately
2 weeks. The cfu/ml and the taxonomic groups de-
tected in the water did not change significantly du-
ring 15 weeks after the temperature shift. Gram-
negative bacteria remained predominant among the
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FIG. 5 Combined plot of gram-positive bacteria in
% of heterotrophs and temperature at
different strata of the model system
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heterotrophic microflora in both, water and biofilm
populations (Fig.5). At the lower sampling points,
associated with lower temperatures, increased re-
presentation of gram-positive bacteria was obser-
ved.

In a third cycle with an input water temperature
of 50°C to 55°C and an exit temperature of 20°C,
only a slight decrease of the cfu/ml was noticed.

After switching the input water temperature up
to 65 to 75 °C (cycle 4) and adaptation of the mi-
crobial populations, gram-positive bacteria were in
the majority, especially in the warmer strata of the
column (Fig. 5). .

While the predominance of gram-negative bac-
teria is typical for water samples, gram-positive
bacteria are kown to be found in higher percen-
tages in soil (Gottfreund et al., 1983). Many gram-
positive bacteria are known to be pathogenic.
Pathogenicity of gram-positive bacteria is extremely
species-specific. Thus, the increased representation
of gram-positive bacteria in the effluent water of
the large-scale model may or may not indicate an
increased risk for infectious diseases. The fact, that
coliform bacteria were always at a low level, de-
monstrates however, that continued ATES system
operation under a variety of temperatures does not
increase the levels of enteric bacteria within the
ATES system.

All taxonomic groups of heterotrophic bacteria
which were found in the model system and the
impounded aquifer are listed in Table 2.

TABLE 2 Taxonomic groups of heterotrophic
bacteria found in the impounded
aquifer and in the model system

groups gram l

pseudomonads -
Flavobacter/Cytophagales
Acinetobacter
Alcaligenes
Spirillum/Azospirillum
Vibrio

Hyphomicrobium

Arthrobacter ) +
Nocardia
coryneforms

Kurthia

Micrococcus
Bacillus/sporeformers
actinomycetes




CONCLUSIONS

Monitoring of animpounded (man-made} aquifer
and simulation experiments in large-scale model
plants did not show adverse microbiological pro-
cesses in closed ATES-systems. Neither biofouling
or mass development of bacteria nor a significant
increase in pathogenic or opportunistic bacteria
could be found. Closed storage systems seem not
to be susceptible to microbiologically induced
hazards, mainly because the nutrients are limited.

For open ATES-systems using natural ground-
water the situation may be different, because the
groundwater flow may permanently provide the
storage area with new nutrients and microorga-
nisms. It is possible, that in cases without nutrient
limitations mass development of bacteria leads to
an environmental impact. Although no adverse mi-
crobiological problems associated with operating
ATES-systems were reported to date, because of
the manyfold biological and biochemical activities
of microorganisms, investigators should continue to
be vigilant for potential microbiological problems.

The authors would recommend accompanying
chemical and biological investigations for all ATES-
systems. It is also very important, that before con-
structing an ATES system, whether it is man-made
or on a natural site, appropriate sampling facilities
are designed. In case of doubt, biologists and che-
mists should cooperate during the planning phase.
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Geohydrologic Characterization for Aquifer Thermal Energy Storage

S. H. Hall and J. R. Raymond
Pacific Northwest Laboratory
Richland, Washington U.S.A.

ABSTRACT

Successful operation of an aquifer thermal energy storage
system depends on three elements: 1) the presence of a
suitable aquifer for ground-water supply and energy storage;
2) the availability of a source of free or low-cost thermal
energy, such as industrial waste heat or environmental chill;
and 3) a temporal mismatch between thermal energy availabil-
ity and thermal energy use. Using conventional hydrogeologic
methods for aquifer characterization, the presence of a suitable
aquifer is the most difficult of these three elements to assess
quantitatively. By combining conventional methods with
drift-and-pumpback and point-dilution single-well tracer tests,
however, the rate of ground-water flow, the effective porosity,
and the vertical distribution of hydraulic conductivity of the
aquifer can be estimated quickly and economically.

Storing thermal energy in ground-water systems (aqui-
fers) is an energy conservation concept designed to partly
replace costly or scarce primary energy sources, such as
petroleurn, with abundant and inexpensive heat or chill. For
example, industrial waste heat can be stored in an aquifer for
later use in comfort heating, Similarly, the chill of cold winter
air can be stored for air conditioning during summer months.
An aquifer thermal energy storage (ATES) system in its
simplest form is composed of a pair (doublet) of fairly
conventional water supply wells drilled into an aquifer.
Geologic materials are good thermal insulators, and poten-
tially suitable aquifers are widely available throughout the
United States.

During operation of an ATES system, ground water is
withdrawn from one well, heated or chilled in a heat ex-
changer, and then retumned for storage to the same aquifer via
a second well (Figure 1). For recovery of the stored thermal
energy, the second well is pumped, and the hot or cold water
is again circulated through a heat exchanger and then retumed
to the aquifer through the first well. The recovered thermal
energy can be used for space or process heating or cooling,
thus reducing the need for primary energy. The cycle is
repeated on a seasonal or other temporal basis. The ATES
system is simple, inexpensive, and relatively efficient.

Successful design and operation of an ATES system
depend on three elements: 1) the presence of a suitable
aquifer for ground-water supply and energy storage; 2) the
availability of a source of free or low-cost thermal energy; and
3) a temporal mismatch between thermal energy availability
and thermal energy use.

Element 1 is usually the most difficult component of an
ATES system to assess quantitatively. In this paper, we
present a practical and economic method for characterizing
geohydrologic systems for ATES applications. The method
combines conventional hydrologic testing with single-well
geochemical tracer tests and is illustrated by a case swdy of an
existing ATES installation in Tuscaloosa, Alabama.

Aquifer characterization is important to the engineering
design of an ATES installation; that is, the aquifer must be
considered as one important component of the ATES heating
or cooling plant. However, unlike the pumps, heat exchang-
ers, and other mechanical components of the system, the
aquifer cannot be altered to meet design specifications. Thus,
to some degree, the ATES plant must be designed to accom-
modate the aquifer. -
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Figure 1. Simplified aquifer thermal energy storage system used
for air conditioning. The cooling tower is used to chill water
drawn from the warm well during the winter. The chilled water
is stored in the aquifer via the cold well, and Is recovered during
the summer and passed through a heat exchanger to cool warm
air. (After Schaetzle and Brett, 1989)



For example, the capacity of the aquifer to accept or yield
water limits the flow rate that can be used in an ATES plant.
Also, the effective porosity of the aquifer affects the volume
of aquifer required to store a given volume of heated or chilled
water. This in tumn affects the size of an ATES well field.
The direction and rate of ground-water flow similarly affects
the size, shape, and operation of the well field.

" The aquifer’s hydraulic conductivity, which is a measure
of the ability of the porous geologic media to transmit water,
is of first-order importance in design and evaluation of ATES
systems, and is dependent on the size and shape of the media
pores. Hydraulic conductivity (K) multiplied by aquifer
thickness (b) equals aquifer transmissivity, which is a measure
of the rate at which water moves through the aquifer under a
unit hydraulic gradient. A high hydraulic conductivity (and
ransmissivity) is desired to produce the largest volume of
water from a well with the least drawdown of ground-water
level. However, paradoxically, low hydraulic conductivity is
desirable for decreased regional ground-water velocity and
prevention of excessive tilting of the thermecline from
viscosity/buoyancy effects in high-temperature ATES sys-
tems. [sotropic aquifer media (having the same hydraulic
conductivity in all directions) are desirable to obtain maxi-
mum water supply from a well with minimum drawdown.
But, conversely, anisotropic conditions (with vertical hydrau-
lic conductivity being much less than horizontal hydraulic
conductivity) are desirable for high-temperature ATES
syslems (o resist tlting of the thermocline.

Porosity of geologic media is expressed as the ratio of the
pore volume (o the total volume of the rock. With regard to
the movement of water in a porous medium, only the system
of interconnected interstices (effective porosity) is important.
The effective porosity of the aquifer matrix is also of first-
order importance in ATES systems because it determines the
amount of heated or chilled water that can be stored per unit
volume of the aquifer. Porosity also is importarit because it,
along with hydraulic conductivity and hydraulic gradient,
controls ground-water velocity. Ground-water velocity in a
porous medium is proportional to the hydraulic conductivity
and gradient (slope of the water table or piezometric surface)
and inversely proportional to the porosity.

“ Areal aquifer boundaries and aquifer thickness, along
with effective porosity, determine the volume available for
storage of heat or chill. Aquifer volume generally is much
greater than the required storage volume, but boundary
location may be of interest if the proposed ATES storage site
is near zones of recharge or discharge, or on the periphery of a
ground-water system.

Thermal characteristics of the aquifer are important in
determining the heat capacity of the system and conduction of
heat out of the storage volume. Thermal conductivity is the
quantity of heat conducted in unit time across an element of
surface under a given thermal gradient Porous geologic
materials, saturated with water, do not vary widely in thermal
conductvity values. Basicaily, earth materiais are good
insulators under ATES conditions, and differences in their
thermal conductivites are reladvely small. Thus, thermal
conductvity is of second-order importance in geohydrologic
characterization. Thermal capacity (specific heat) of a
material is the quandty of heat required to produce a unit
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change of temperature in a unit mass of media. Variation in
thermal capacity of earth materials, as with thermal conductiv-
ity, is small, so characterizing thermal capacity is also of
second-order importance.

The following case study is an example of a combined
program of conventional and tracer testing. It also illustrates
some methods and techniques for conducting the tracer tests.
The testing methods presented here can be used to address all
of the factors of aquifer characterization noted above except
for thermal characteristics.

EXPERIMENTAL

An ATES system has been in operation since 1985 at the
University of Alabama Student Recreation Center (UASRC),
located on the university campus in Tuscaloosa, Alabama. In
this ATES system, ground water is circulated between heat
exchangers and the unconfined aquifer via a well field
consisting of six production wells. During cool months, the
water is chilled and injected into the aquifer. During warm
months, the stored water is withdrawn from the aquifer to
serve as a heat sink to cool the air in the UASRC building.
The production and w=icr-level monitoring wells used for this
test are shown in Figure 2.

In November 1991, Pacific Northwest Laboratory (PNL)
conducted a series of field tests at the UASRC site to deter-
mine aquifer characteristics including the direction and rate of
ground-water flow, formation effective porosity, hydraulic
conductivity, vertical distribution of flow within the aquifer,
and the specific capacity of wells during both injection and
withdrawal (Hali and Newcomer, 1992). The purpose of this
series of tests was to provide design data for expansion of the
well field. All tests were performed at the ambient ground-
water temperature of approximately 17°C.

The unconfined aquifer at the UASRC site is within
unconsolidated alluvium consisting of sands, gravels, and
clays from the nearby Black Warrior River (Schaetzle and
Brett, 1989). These deposits are believed to be 10 to 30
thousand years old, formed during the final phases of the
Wisconsin Glaciation. The sediments overlie the Pousville
Formation, which consists of well-indurated shales and
limestone, is of low permeability, and provides the lower
boundary of the unconfined aquifer. In the vicinity of the test
site, the sediments are typically 24 t0 27 m thick, and the
lower 9 to 12 m are saturated with ground water.
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Figure 2, Test weils at the University of Alabama Student
Recreation Center (after Hall and Newcomer, 1992).



Production wells 1 through 6 were drilled with a 0.43-m
(17-in.) diameter bit and completed through the sediments and
slightly into the Pottsville Formation (Schaetzle and Brett,
1989). In each case, 0.25-m (10- in.) diameter PVC screen,
with 8.1 x 10#-m (0.032-in.) openings, was installed in the
fower 15.2 m of the well. The screen was gravel-packed to
just abave the screen/PVC casing connection, and then
grouted with concrete to the surface. Each well was devel-
oped by pumping fo: a period of approximately one day at a
rate of 1.3 x 107 t0 1.6 x 10® m%/s (200 to 250 gpm). The
monitoring wells were constructed using 0.051-m (2-in.) PVC
casing, and screened and sand-packed near the bottom of the
aquifer.

Hydraulic gradient and the direction of flow were
determined from water- level measurements taken from well
41, well #4, and well #5, and from survey data provided by the
University of Alabama. The water levels were measured from
the top of the well casings with a steel tape just before the start
of the aquifer tests. The resulting hydraulic gradient was
0.0045. The direction of flow relative to the layout of the well
field is shown in Figure 2. A step-injection test was per-
formed at well #1 to determine the injection capacity of a
typical production well. Well #4 was used to supply water for
injection at well #1, and pumping at well #4 was treated as a
concurrent step-drawdown test. Pressure transducers were
instailed in both wells for monitoring water level change. The
discharge end of the supply line leading from well #4 to well
#] was placed below water level in well #1 to prevent frothing
and the resulting injection of ¢ntrapped air into the aquifer.

The test was started with an initial pumping rate of 5.0 x
10 m%/s (80 gpm), increased in 2.5 x 10 m¥/s (40 gpm)
increments up to 1.26 x 10* m%/s (200 gpm), and followed by
a final increase w0 1.77 x 10 m?/s (280 gpm). Each increment
was maintained for approximately one-half hour, except for
the final pumping rate, which was maintained for approxi-
mately one hour. Figure 3 illustrates the changes in water
level observed during the test. Note that after approximately
65 min of injection, during the 1.0 x 10 m%/s (160 gpm) flow
step, the water level in well #1 rose above the level of the
screen.

The specific capacity of each well was determined using
the method of Jacob (1946), where change in water level is
expressed as a function of flow as follows:

S =BQ+CQ (1)

where S = drawdown in m
Q = flow rate in m*/s
B = formation loss coefficient
C = well loss coefficient

The graphical method described by Driscoll (1986) was
used to determine the values of the coefficients B and C. This
method uses a rearranged form of EQ (1), where a best-fit
straight line through a plot of $/Q versus Q yields a slope
equal to C and an ordinate intercept equal to B. Figure 4 illus-
trates such plots for the test wells. At well #1, it is seen that,
depending on flow rate, ground-water mounding will occur at
the rate of approximately 500 to 600 m per m’/s (~0.1 ft/gpm).
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Figure 3. Water-level changes during the step-injection and step-
drawdown tests (after Hall and Newcomer, 1992).

A constant discharge pumping test was started at well #4
approximately 18 h after completion of the step-injection test.
Based on the results of the step-injection test, a discharge rate
of 1.77 x 10* m¥/s (280 gpm) was chosen, and that rate was
maintained for a duration of 8 h. After pumping was stopped,
water level recovery was monitored for 15 h.

Wells H2N and H3N, located 152 m and 19.5 m,
respectively, from well #4, were used as the principal observa-
tion wells. Downhole pressure transducers were used o
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Figure 4. Change [n water leve( normalized to pumping rate
versus pumping rate for the step-injection and step-drawdown
tests (after Hall and Newcomer, 1992).



monitor drawdown and recovery in the pumping and observa-
tion wells. Near the end of the 8-h pumping phase of the test,
the maximum drawdown observed in the pumping well was
6.94 m. Maximum drawdown in the cbservation wells was
1.14 m in well H2N, and 0.90 m in well H3N, The test data
were corrected for aquifer dewatering prior to analysis using
the following equation:

H=H'- (H'%2b) 2)

where H' = uncorrected drawdown in m
b = aquifer thickness, in m, prior to pumping

A combination of pressure derivatives (Bourdet et al.
1983: Bourdet et al. 1989), straight-line solutions (Jacob,
1946), and type-curve matching techniques (Theis, 1935;
Novakowski, 1990) was applied to the corrected data to
estimate values of transmissivity, storage coefficient, and
specific yield.

Analysis of drawdown data yielded a value of storativity
of 0.0002 0 0.0005, specific yield of approximately 0.1, and
transmissivity of 280 m%day to 320 m¥/day. A similar
analysis of recovery data confirmed these resuits.

Approximately 19 h after pumping ceased during the
constant discharge test, a point-dilution test was initiated at
well #4 by emplacing a bromide tracer into the well bore. A
point-dilution test, as described by Kearl et al, (1988) is used
to estimate ground-water velocity. (The rate at which the
concentration of a tracer in a well bore decreases over time is
a function of ground-water velocity.) For this test, point-
dilution was used Lo estimate the distribution of flow velocities
with depth by monitoring bromide concentrations at several
depth intervals.

To emplace the tracer, a 1.6 x 10?-m (5/8-in.) ID hose,
open at both ends, was suspended in the well o0 the bottom of
the aquifer. The hose was weighted with a plastic jug having a
radius of approximately (.18 m. Gravel was added to the jug
as ballast. The contained vlume of the hose, from water table
to the lower end, was 2.2 L, ¢ this volume of distilled water
was used to dissolve 125 g of i.1ium bromide (LiBr). The
solution was poured into the top of the hose, displacing well
water from the hose. The hose was then withdrawn from the
well, leaving the tracer solution in place. The jug used t¢
weight the hose also served 10 mix the wacer within the weil
bore as the hose and jug were withdrawn.

Based on the 0.25-m well diameter and the 11.3-m
etfective aquifer thickness, the predicted bromide concentra-
tion immediately after tracer emplacement was 202 mg/L.

Following tracer emplacement, the bromide concentra-
tion in the well bore was monitored as a function of time and
depth. Downhole measurements were made at 0.9-m (3-ft)
intervals over a period of 5 h. The measurements were made
using an Ag/AgBr ion-selective electrode and a submersible
double-junction reference electrode of the Ag/AgCl type
having an inner filling solution of 4 M KCl (sawrated with
AgC) and an outer filling solution of 10% KNO,. The
reference electrode is of a new design, which was developed at
PNL specifically for deep, in situ electrochemical measure-

ments. The electrodes were connected to a Hach One pH/
millivolt meter with 30 m (100 ft) of dual-conductor insulated
wire. Figure 5 illustrates the results of measurement.
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Figure 5. Bromide lon-selective electrode response at 12 depth

Intervals during the point-dilution test (after Hall and Newcomer,
1992).

The electrodes were calibrated just prior to the point-dilution
test using a concentrated solution of lithium bromide and a
sampie of natural ground water collected from well #4, Well
water spiked to a bromide concentration of 10 mg/L yielded a
response of 62.1 mv. Based on previous testing, the bromide
sensing electrode used in this experiment was known 0
consistently respond with -56 mv per decade of increasing
concentration (i.e., 95% of the theoretical Nernst slope) in the
range from 10 to 1000 mg/L. Therefore, millivolt readings for
the test may be converted to bromide concentrations using the
following equation:

A = 100«8L1-Bvs8) ’ 3

where A =bromide concentration in mg/L
E = millivolt reading

Inspection of Figure 5 shows that the bromide tracer was not
quite evenly distributed at the ime of emplacement. That is,
the millivolt responses for each test depth, when extrapolated
to zero time, are not all equal. The extrapolated potentials
range from -8 to -16 mv, Each of these potentials represents a
0.9-m segment of well bore, except for the deepest test
interval, which represents 1.2 m of well bore. Converting the
zero-time potentials to brornide concentrations and weighting
each according to the length of borehole segment that it
represents yields a mean calculated bromide concentration of
206 mg/L. This compares quite favorably to the predicted
concentration of 202 mg/L.

To calculate flow velocides, the following equation,
modified from Hall et al. (1991a) with EQ (3) above, was
used: .

dE/dt = .0846V* )



where  dE/dt = the slope of the plot of mv versus time in
minutes
V* = ground-water flow velocity through the well

bore in m/day

The theory describing a point-dilution test requires that, in a
valid experiment, the slope dE/dt be a straight line (Hall et al.,
1991a). Inspection of Figure 5 shows that, at all test depths,
the data support a straight-line interpretation. (At some of the
test depths, e.g., 8.7 m, there is some curvature in the plot of
mv versus time early in the experiment. This curvature may
have been caused by initial non-ideal distribution of the
bromide tracer between the well bore and the gravel pack,
which is effectively part of the well installation. Alternatively,
the curvature may be an artifact of vertical mixing within the
well bore caused by frequent movement of the sensing
electrode assembly early in the experiment.) However, the
theory also requires that the tracer be at all times evenly
distributed in each test interval within the well bore. That is,
mixing within the bore must be fast compared i0 the rate of
ground-water flow through the bore. If this condition is not
met, EQ (4) becomes invalid. A plot of mv versus time would
then reflect a plug flow component, and the plot would tend
toward a step function rather than a straight line.

In conventional practice, a point-dilution test is con-
ducted by isolating a test interval, such as with packers, and by
using some mixing device installed in the test interval to keep
the composition of the solution homogeneous (Kearl et al.,
1988). In this test, and in the test described by Hall et al.
(1991a), it was assumed that the nawral turbulence in the well
bore and gravel pack would provide sufficient mixing. The
straight-line slopes seen in Figure 5 support this assumption.
Further, the assumption was tested during the conduct of the
experiment by moving the sensing electrode to four different
positions in the well bore at given depths. At Il min and at
66 min into the test, at a depth of 0.5 m below the water table,
millivolt readings were made adjacent to the well screen on
the upgradient side, the downgradient side, and the “left” and
“right” sides. This procedure was repeated at the 8.7 m depth
at 69 min and 240 min. In no case did the difference between
the upgradient and downgradient measurements exceed 0.2
mv, which in the context of this experiment is negligible.
Therefore, an assumption of adequate mixing must be taken as
correct.

The flow through the well bore, V*, calculated from EQ
(4) is related to seepage velocity within the aquifer as follows:

V* =Vna (5)
where V = seepage velocity

n = effective porosity
a = flow distordon factor

The flow distortion factor, a, arises because the hydraulic
conductivity of the well is considerably greater than that of the
aquifer, thereby causing the flow net (within the horizontal
plane} to converge toward the well (Raymond, 1955). For this
analysis, the factor will be considered invariant with depth.
Because it is difficult to evaluate effective porosity variations
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at the various test intervals, calculation of meaningful seepage
velocities for the intervals is similarly difficult. However. if
the flow distortion factor is truly a constant, then V* js
directly proportional to net flux (volume per unit time) for
each test interval, Figure 6 illustrates the relative discharge for
each test depth in relation to the 6.9-m depth, which showed
the highest V*. The stratigraphy at well #4, determined by
particle-size analysis of drill cuttings collected at 1.5-m
intervals, is also included in the figure. The correspondence
between observed stratigraphy and the results of the point-
dilution test is quite good. The greatest ground-water flux is
through the relatively clean sand, and the least flux is through
the clayey, poorly sorted sediments.
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Figure 6. Relative horizontal ground water flux (Q) through the
well bore at 12 depth Intervals. Aquifer stratigraphy Is based on
examination of drill cuttings. (After Hall and Newcomer, 1992;
and Schaetzle and Brett, 1989)

As noted above, the point-dilution test is conventionally
performed in an isolated interval. In this test and in that
described by Hall et al. (1991a), there was no auempt o
isolate depth intervals. It was assumed that in an aquifer
dominated by horizontal advective flow, vertical mixing
within the well bore would be negligible compared to horizon-
tal flow vectors. The contrast in calculated reladve discharge
between the 9.6- and 10.5-m test depths in Figure 6 shows that
this assumption is reasonable.

The tracer emplacement for this test also served as the
beginning of a drift-and-pumpback test, as described by Hall
etal. (1991b). In a drift-and-pumpback test, the tracer is
atllowed to drift away from the well under natural gradient for
a period of days. Then, the well is pumped to recover the
tracer. The time required to recover the center of mass of the
tracer is then used to calculate net seepage velocity and
effective porosity of the aquifer using the following equations:

n = tbK*IFT/Qt (6)



where n = effective porosity

b = aquifer thickness (11.3 m)
K = hydraulic conductivity (24.6 m/day to 28.0 m/day)
I = hydraulic gradient (0.0045)

t = pumping time to recover center of mass of tracer in

days
T = drift time plug t in days
Q = pumping rate in m*/day

and V=QrbTKI Q)
where V = seepage velocity in m/day

The drift time for this test was 2.039 days. Pumping rate
during recovery of the tracer was 327 m’/day. Bromide
concentration during pumping was monitored using a conven-
tional bromide ion-selective electrode and a double-junction
reference electrode. Figure 7 illustrates the results of bromide
measurements. The concentration curve in the figure was
integrated, and it was calculated that the center of mass of the
bromide tracer was recovered after 50.6 min, or 0.0351 days.
Applying EQ (6) and EQ (7) resulted in a calculated net
effective porosity of 16% to 21% and net seepage velocity of
0.6 10 0.7 m/day at well #4,
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Figure 7. Bromide concentration versus time during the

pumpback stage of the drift-and-pumpback test (after Hall and
Newcomer, 1992).

DISCUSSION

The flow determined through this series of tests, 0.6 to
0.7 m/day, is greater than the apparent flow rate observed by
monitoring the migration of “chill” in the aquifer during actual
use of the ATES installation, which is approximately 0.45 m/
day. Some difference was expected because the chill is
effectively retarded by heat exchange between the injected
cool water and the sediments and entrapped water of the
aquifer. (The volume of entrapped water in the sediments is
reflected by the difference between effective porosity and total
porosity.) Thus, in designing future ATES installations in
similar sediments, or in designing the expansion (o the
UASRC well field, assuming a retardation coefficient of
approximately 1.3 1o 1.5 would be reasonable.

The effective porosity of 16% w0 21% is greater than the
6% to 12% values measured for other sites in this aquifer
(Cronin et al., 1989; Hail et al., 1991a). However, the higher
porosity is reasonable because the hydraulic conductivity at
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the UASRC site is also greater. Finally, the results of the
point-dilution test warrant additional comment. In EQ (5) it
was shown that the mean flow velocity through the well bore,
V*, is proportional to seepage velocity, V, effective porosity,
n, and a flow distortion factor, a. In conventional practice, the
flow distortion factor is determined by laboratory calibration
of some given combination of screen and gravel pack by
comparing measured V* against a known velocity, V, for a
“well” established in a laboratory-scale “aquifer” (Kearl et al., |
1988). Then, a velocity, V, for a real aquifer is obtained from
field measurement of V* and by estimating porosity, n. That
is, the flow distortion factor is considered to be strictly a
function of well construction, and t0 be independent of the
nature of the aquifer.

In this test, laboratory calibration was obviously not
necessary. Velocity and porosity are known from the results
of the companion tests, and the mean V* (0.91 m/day) is
easily calculated from the experimental data. Therefore, from
EQ (5), the flow distortion factor must be equal to approxi-
mately 7 to 8. If the flow distortion factor is truly independent |
of variation within the aquifer, then Figure 6 accurately
depicts the relative flux, and also the relative hydraulic
conductivity, for each test depth,

However, laboratory tests as well as computer simula-
tions have shown that the flow distortion factor should be
approximately 2.0 (Raymond, 1955). In this test, the value for
that factor was approximately four times the expected value,
Further, even higher values have been reported in the literature |
(Kearl et al., 1988). We interpret the disparity between -
laboratory experiments and field measurements as follows.

Laboratory experiments with porous media are of small
scale, both in time and space, compared to real aquifers, and
the media used in such experiments to simulate aquifers are
often uniform and well sorted. Within the conduct of an
experiment, the laboratory-scale well will not undergo
significant development. (Certainly this is also true for
computer simulations, where aquifer charactaristics are fixed.)
However, a real well is developed cver time, every time it is
pumped, and progressively more fine-grained material is
withdrawn from the aquifer near the weil bore. That is, in the
vicinity of the well, the aquifer is more conductive than the
rest of the aquifer, and the sediments are better sorted.

Thus, in the laboratory tests and computer simulations,
but not at a real well installation, the assumption of a uniform
aquifer immediately adjacent to, and extending from, the well
is a valid assumption. Therefore, the pattern of flow distortion
ata real well is probably not accurately represented by the
results of laboratory-scale or computer experiments.

For the present test, there is an important consequence. It
is unlikely that the relative development of poorly sorted
sediments, such as the material near the bottom of the aquifer,
will be the same as that of the overlying sand stratum. That is,
the hydraulic conductivity of well-sorted sand will be less
affected by well development than the poorly sorted material,
so the flow distortion factors of the two strata will probably be
different. [t seems intuitively likely that the relative rates of
flow (i.e., the relative hydraulic conductivities) shown in
Figure 6 for the poorly sorted sediments are too high com-
pared to the sand layer. The figure taust be taken as a semi-
quantitarive representation of the vertical distribution of flow.
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Prediction of Long-Term Operational Conditions for
Single-Well Groundwater Heat Pump Plants

S. N. Sorensen and J. Reffstrup
Technical University of Denmark
Lyngby, Denmark

ABSTRACT

When using groundwater as a primary energy source in

combination with heat pumps, the groundwater is
pumped from the groundwater zone, cooled in the heat
=xchanger of the heat pump, and then reinjected into
the proundwater zone.

The design of traditional groundwater heat pump
plants is based on the use of a separate pumping and
reinjection well. An alternative design is to use a single-
well for both pumping and reinjection. However a mini-
mura distance between well screens is required in order
to prevent break-through, caused by short-circuiting of
the cooled groundwater.

The present paper describes a simplified mathemati-
cal model to be used to analyze steady-state operational
temperature conditions for a single-well groundwater
heat pump plant. The model is based on a finite element
solution of the temperature distribution in the pumping
and reinjection zones of the groundwater reservoir.

Furthermore, a model for the calculation of the ratio
of the vertical to the horizontal permeability is presented
in the paper. This ratio is one of the important parame-
ters in the design of a single-well groundwater heat
pump plant.

Both models have been tested against data from a
full-scale experimental plant on the campus of the
Technical University, where the hydrogeological con-
ditions are familiar. The results of a comparison be-
tween model predictions and experimental field data are
included in the paper.

INTRODUCTION

The use of groundwater and aquifers in connection
with improved energy utilization has aroused increased
interest over the last decade. The groundwater aquifers
have been used both for energy storage [1] and as a
natural energy resource in combination with heat
pumps.

Groundwater aquifers located at greater depths have
thus been used for the storage of hot water at approxi-
mately 100°C [2], {3]. Higher-located aquifers have been
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used extensively for the storage of warm water as well
as chilled water, utilizing the same basic principles of
energy exchange between the water and the porous
matrix. [4], [5].

When groundwater is used as a natural energy re-
source, it is supplied from a reservoir and cooled in the
heat exchanger of a heat pump. The groundwater is then
reinjected into the ground. In such systems, the long-
term steady-state operational conditions require, that
energy-is supplied to the aquifer from which the ground-
water is pumped at the same rate as that which energy
is produced. This supply of energy to the groundwater
zone is mainly obtained thrcugh the energy inflow from
the surface. To obtain steady-state operational condi-
tions at acceptable operational temperatures, requires a
large area to volume ratio of the groundwater zone
affected by this operation.

Because of the requirement that drinking water
reservoirs should not be affected, it is necessary that a
mass and energy balance is maintained locally. Such an
operational constraint is usually met by using a double-
well configuration, where two wells are sufficiently sepa-
rated, $o as not to create an interference. Water is then
ptmped from one well, returned from the heat pump
and reinjected through the other well. Furthermore, it is
normally required that a minimum distance to drinking
water supply wells is kept in order to avoid thérmal
pollution [7].

An alternative design may be to use the same well
for both pumping and reinjection, but with a depth
interval to separate injection and production zones [8].

This single-well configuration has many advantages
over the double-well solution; primarily the potential for
a lower implementation cost and, in addition, the fact
that the plant will be thermally neutral within a smaller
area. The single-well concept however requires a much
more careful design so as to minimize the risk of opera-
tional problems, such as short-circuiting between the
production and injection zones. In the present paper,
design criteria for such a single-well plant is discussed
and design tools in the form of models and parameter
curves are presented.



THE SINGLE-WELL MODEL AQUIFER.

The model aquifer shown in figure 1 is used as a
basis for the derivation of the mathematical models de-
scribed in the following chapters. In the model aquifer,
it is assumed that the aquifer is confined and consists of
an upper and lower confining layer and that the perme-
able layers are separated by a third layer. The height of
the two permeable layers is H,.
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Figure 1. Model Aquifer for a Single Well Heat Pump
Plant.

The upper confining layer has a thickness of H_, and
the height of the separation layer is H, Water is
pumped from the lower layer and sent to the heat ex-
changer of a heat pump, cooled down a few degrees
and then returned to the upper layer. Heat inflow to the
upper aquifer is assumed to be by heat conduction only,
and from the lower layer by both heat conduction and
convection. Energy inflow as geothermal heat is disre-
garded and thus the model will give a conservative
estimate of the injection temperature. The flow in both
the upper and lower aquifer is assumed to be horizon-
tal without a vertical flow velocity component. The mass
exchange between the two aquifers is handled as a
leakage term in the flow equation for the upper aquifer,
and as a source term in the lower aquifer. This flow
direction will give the best conditions for the reheating
of the water returned from the heat pump evaporator,
since the heat influx to the upper layer will normally be
greater than the geothermal heat influx from below.

MATHEMATICAL MODELLING.

GOVERNING DIFFERENTIAL EQUATIONS -
To predict the operational conditions for the plant,
mathematical models for the flow and =nergy transport
in the aquifer were developed.

The models are based on a combination of an analytical
and a numerical solution of the conservation equations
for mass and energy.

The solution domain for the equation is defined in
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chapter 2 and illustrated in figure (1).
Dimensionless radius, piezometric head and flow
rate are defined as follows:

LA YL R} (1)
”Q Ha Kﬂ

Dimensionless injection temperature is defined as:
et

- )
AT,

where T, is initial groundwater temperature. Since only
steady-state conditions are considered, time does not
enter into the problem. Dimensionless groups arising
from these dimensionless variables are defined at the
end of this chapter.

It is assumed that the temperature variations in the
aquifer are so small that the influence on the ground-
water density can be disregarded.

Based on this assumption, the mass conservation equa-
tion in dimensionless form can be written:

1 d(rup(r)
=2 +u,(r)=0 €)
r dr el

In this equation, up represents the Darcy velocity
and ug leakage from the aquifer. These velocities are
expressed by equation (4).

&
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NL is a uimensi~nless leakage factor. Combining equa-
tion (3) and equations (4) gives the following equatxon
for the piezometric head in the aquifer:

zaﬂh a2 Zrih=0 (5)
dr* dr
Equation (5) is the modified Bessel differential
equation of order zero. The general solution to this
equation is given by equation (6) [8]:

h=C (N, +CK,(N,r) B (6)

The coefficients in equation (6) are determined from the
boundary conditions for the problem. The boundary
condition used for the flow problem is a Neumann
condition specxﬁed at the well, i.e. dh/drr w = Nqis
specified. Ny is a dimensionless injection number
defined by cquation (9) with other dimensionless groups. .
At the outer radius, a dirichlet condition specifying that



h = 0 at r ~ = is used. It is further assumed that the
leakage from the upper aquifer to the lower aquifer is
proportional to the difference between the piezometric
heads in the two aquifers. Because of symmetry the rela-
tionship between the piezometric head in the two aqui-
fers is: hy(r) = - hy(r), where h; is the piezometric head
in the lower aquifer.

The energy equations for the upper and lower aqui-
fers have the following form:

T, aT
%%(r?’l)-N,uD—aT‘-(N.,+N_,)T,¢N.2T2=0 ™

19, 9T, o7,

2202y Nyu.—2

r 6r(r or )+Npkp or (8)
-(N“Z+Npu,)T2+(Nuz+N,u,)Tl=0

The additional dimensionless coefficients used in
equations (7) and (8) are defined by equations 9 and 10.
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Np is a modified Peclet number describing the con-
vective heat transport in the aquifer. N ; and N, are
modified Nusselt numbers for the confining layers and
the separating layer between the two perforations.

The boundary conditions used for the upper aquifer
were specified temperature at the well and a no-flux
boundary condition at the outer radius . The boundary
conditions used for the lower aquifer were natural
groyndwater temperature at the outer radius and a zero
heat flux at the well.

SOLUTION PROCEDURE - The governing
equations described in section 3.1 were solved by using
an analytical solution technique for the flow equation
and a numerical technique for the temperature equa-
tions.

The mass conservation equation as expressed by
equation (5) was solved analytically. The solution to this
equation may by found in [8] and is given by:

h(,):fg_@é_r_)_

(11)
N, K N,r)

85

Ky is the modified Bessel function of the 2. sort,
zero order and K, is the modified Bessel function of the
1. sort 1. order. In this equation Nq denotes a dimens-
ionless injection number defined by equation ).
Differentiation of equation (11) gives the following
expression for the dimensionless Darcy velocity:

KN

up(r)=N, Q————K; NrD

(12)

By inserting the expression for the Darcy velocity
given by equation (12) into equations (7) and (8), the
Np and N, dimensional numbers may be combined to
give a characteristic Peclet number for the energy
transfer in the aquifer. This Peclet number P, is defined
as follows:

»0,Q
FeNety= 2nd f,

(13)

The energy equations for the upper and lower
aquifers were solved by using the finite element method
with quadratic interpolation and weighting functions.
The upper and lower aquifers were discreticized sepa-
rately and the two coupled energy equations describing
flow of heat in the aquifers were solved simultaneously,
The coupling terms in the two equations describe the
entrgy and mass flow from the upper to the lower
aquifer. Hence, this essentially two-dimensional problem
was reduced to two one-dimensional problems, by the
introduction of the coupling term as a source-sink term
in the two' equations.

DESIGN PROCEDURE FOR SINGLE WELL
GROUNDWATER HEAT PUMPs.

HYDRAULIC DESIGN PARAMETERS. - The
criteria used in the design of a single-well heat pump
plant are optimal operational conditions for the heat
pump and minimum environmental affect. Both aims are
met by ensuring that the temperatures in the aquifers
reach a steady-state level that will allow an economic
operation of the heat pump, without having a negative
effect on the environment.

The design parameter, that to a large extent controls
the steady-state operational conditions, is the hydraulic
interaction between the upper and lower acuifers,

The hydraulic conductivity between the two aquifers
may be estimated by using the aquifer flow model dis-
cussed in section 3. From equation (11), the pressure
required to inject water at a given injection rate may be
calculated by substituting r = r,,. Rearranging then gives
the following expression for a dimensionless pressure
coefficient Np:
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where N, is defined by: Ny = Ny ry, is called the aniso-
tropy number of the formation.

From equation (14), it can be seen that this pressure
coefficient is a function of the anisotropy number N,.
However, it is the inverse function N4 (Np) that is used
in practical applications, and this function is shown in
figure 2.
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Figure 2. Anisotropy number N, as a function of the
pressure coefficient Np.

The model may therefore be used to calculate the
vertical to horizontal permeability in an aquifer, based
on a measured pressure difference in a pumping test
from a well with two separate perforation intervals. The
pressure coefficient is calcuiaicd on the basis of the data
from the pressure test. The anisotropy number N, can
then be read from the graph. From a known value of

"N, the ratio between the permeability in the aquifer,
and the vertical permeability in the aquitard can be
calculated.

The absolute value of the aquifer hydraulic conduc-
tivity must be estimated by traditional well-testing
methods.

OPERATIONAL CONDITIONS FOR THE
SINGLE-WELL PLANT - The energy equations
describing the temperature distribution in the upper and
lower aquifers were solved numerically using the finite
element method and for different values of the dimensi-
onless parameters. Some of the results of this parameter
study are shown in figure 3.
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Figure 3. Dimensionless injection temperature as a
function of P, and tke leakage factor Ny for
Ny =0land N, =02

The data represented in the figure is the dimension-
less injection temperature T, as a function of the
dimensionless injection number P,, for different values
of the dimensionless parameters N,; and N ;,. The vari-
able Ny is the dimensionless leakage factor and is a
measure of the hydraulic conductivity between the
aquifers. From the figure it can be seen, that the aquifer
parameter Ny is extremely important for the operation
of the plant.

The influence of the two parameters N; and N, is
of less importance.

EXPERIMENTAL RESULTS AND COMPARISON
AGAINST MODEL RESULTS.

EXPERIMENTAL TEST FACILITY - In order to
allow thermal break-through phenomena to be studied,
a full-scale test stand for single-well groundwater heat
pumps has been set up on the campus of the Technical
University of Denmark.

The reservoir contains 3 instrumentation wells, which
were established for temperature and pressure measure-
ments.



Figure 4. Illustration of single-well design used at
the University test facility.

The design of the well is illustrated in figure 4.
Groundwater was produced from the aquifer through a
screcn at a depth of 38-43 metres below surface and
injected through a screen at a depth of 29-34 metres
below surface. The two screens are separated by a
packer.

The well was drilled with a diameter of approximate-
ly 0.40 m to a depth of 45 metres. The technique used
was flush-drilling with reversed drilling-water circulation.

The groundwater was produced and circulated with
the help of a submerged pump placed 2 metres above
the well-screens. The flow-rate was 1.5 to 3.0 m>/hour.
In the heat pump installation, the groundwater was
cooled 2-3°C before reinjecting into the reservoir. The
initial groundwater temperature was 8.8 oC. The heat
capacity of the heat pump was 10 kW. After each test
run, the flow direction was reversed and the groundwa-
ter was reheated to its natural temperature by the use of
a 24 kW electrical heater device. In total, 4976 m> of
groundwater was cooled and 5156 m> of groundwater
was rcheated, which corresponds to an extraction of
62514 GJ of heat from the reservoir and a reheating
amount of 27403 GJ into the aquifer.

COMPARISON BETWEEN MODEL PREDIC-
TIONS AND EXPERIMENTAL DATA - The mathe-
matical models described in the previous chapters were
used to predict the operational behavior of the well. The
relevant data for the test stand is shown in table 1.

[n order to estimate the vertical to horizontal
permeability ratio, the pressure required to inject water
and produce water in the well dipole at a specified rate
was recorded. Based on this data, the factor of aniso-
tropy N, could be read from figure 2, and the dimen-
sionless leakage number Ny could be calculated.

R7

Data for single-well installation

Aquifer height Ha 5 m
Distance between well screens Ho, 4 m
Aquifer horizontal permeability Ka 107 m/s
Heat conductivity : 3 WK
Average groundwater temperature 8.8 c°
Specified temperature difference in :

heat pump evaporator 2.2 c°

Effective well radius ry,
Injection rate Q

0,25+0,05 m
463 10°% m’/s

Values of parameters used at anisotropy test.

0.031 bar

Injection pressure
278 107 m¥/s

Injection rate Q
Table 1. Key data for the singie-well test stand.
Based on the data listed in table 1, the limits for Ni_

were calculated to 0.47 and 0.70 and for P, to 511 and
341. The values of N, and N, were 0.15 and 1.25.
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Figure 5. Dimensionless injection temperature as a
function of the injection number P, for the
two limiting values of the leakage number
N; and Nu; = 0.15, Nu, = 1.25.

The relationship between these parameters is
illustrated in figure 5, which shows dimensionless
temperature as a function of injection number P,.

The the measured temperature of produced gro-
undwater as a function of time is shown in figure 6
which also shows the calculated steady-state tempera-
ture level. As can be seen from the figure, the mea-



sured temperature is within the estimated upper and
lower limit of the steady-state operational temper-
ature.
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Figure 6. The figure shows the measured tempera-
ture of produced groundwater as a function
of time and the calculated upper and lower
limit of the steady-state groundwater tem-
perature T,.

CONCLUSION.

The use of groundwater as an energy resource has
aroused increasing interest. Natural groundwater is to-
day used in combination with heat pumps for private
home heating. Normally such heat pump installations
consist of a production and a reinjection well. By dril-
ling only one well for both the pumping and the reinj-
ection of the groundwater, however, the installation
cost can be considerably reduced. It has been demon-
strated that the long term operational conditions of a
single-well groundwater heat pump plant can be pre-
dicted by the models presented in the paper and these
can therefore be used as tools in the design proce-
dure. An estimation of vertical to horizontal perme-
ability is particularly essential in the design procedure.
A comparison between model prediction and data
from a long term operation of a single well at the
Technical University of Denmark has demonstrated
good agreement between predicted and measured
performance.
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LIST OF SYMBOLS

C  Specific heat capacity.

H Height of geological layers.

h  Piezometric head.

N, Anisotropy number.

Ny Leakage number.

Np Pressure coefficient.

Nq Injection number.

Nu Modified Nusselt numbers.

P, Peclet number.

Q Injection-production rate.

r,  Well radius.

r  Radius,

T  Temperature.

AT; Temperature difference over heat pump
evaporator.

up Darcy velocity.

u;  Leakage velocity.

Subscripts:

a  Agquifer.

d Darcy.

C  Confining layer.
L Lecakage.

w o Well,

Variables with dimension.



PHREEQM-2D: A Computer Model to Calculate Geochemical Reactions During
Transport of Groundwater; Model Description and Application to the
Utrecht University ATES
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ABSTRACT

When hot water is injected into an aquifer, the water
will react with the minerals present in the aquifer. The most
important processes are cation exchange, precipitation/disso-
lution of carbonates, and dissolution/precipitation of silicates.
If the redox condition of the water is changed during the pro-
cess (e.g., because of conmtact with oxygen in the air or
because of mixing of water with a different redox status)
redox reactions will be important as well.

[n many cases, the water will have to be treated to
prevent carbonate scaling during heating. This treatment will
influence the reactions in the aquifer. Because the water is (at
least partly) reused each cycle, the reactions in the aquifer
may cause an increase or a decrease in necessary treatment in
subsequent cycles. Also, the treatment and the reactions in
the aquifer may have an influence on the environmental
impact of the store because the quality of the water lost from
the store is changed.

To be able to assess the relevance of these processes, a
model has been developed that calculates the chemucal reac-
tions during transport of groundwater. An exampie of use of
the model is given for the Utrecht University ATES system.
At this site, a split treatment of Ca-Na softening is used to
prevent. carbonate sealing. The calculations have helped to
make decisions on how to proceed with water treatment.

INTRODUCTION

For ATES, groundwater 15 withdrawn (from the ‘cold
well(s)) in penods of heat surplus, heated, and injected back
into the aquifer (using the 'hot well(s)). In periods of heat
Jemand. the heated water will be withdrawn again, cooled,
and injected back into the ‘cold well(s)'. When the water is
heated and cooled, chemical reactions might occur because
the water contains dJissolved solids and the relevant equilib-
rium constants (complex association constants and mineral
solubility products) are generally temperature dependent.

3Y

During heating in the heat exchanger, these reaction may
cause severe scaling problems. Calcium carbonate scaling
during heating is a very common problem, encountered in
many cases where (hard) water is heated. Silica scaling is
encountered where groundwater is cooled down from high
temperatures, especially in geothermal operations. During
ATES, calcium carbonate scaling can be a severe problem. It
has been encountered at many projects, for instance at St.
Paul (Holm et al., 1987) and at SPEOS (Saugy et al., 1988).
Further information on geochemical problems encountered at
existing projects can be found in Jenne et al. (1992).

Formation of calcium carbonate scale can be prevented
by different water treatment techniques. Previous analyses
(Willemsen et al., 1988a; Willemsen, 1990) of water treat-
ment methods to prevent calcium carbonate scaling for ATES
have shown that the treatment techniques that remove solutes,
like Na exchange and precipitation with lime, decrease in
intensity with each cycle. Ca-Na exchange is the treatment
technique that is used most frequently for ATES. It has a
relatively low impact on the groundwater quality; it has a de-
creasing intensity with cycles; it is commercially available
and it can operate fully automatically. Drawbacks of Ca-Na
exchange are the discharge of salt to the sewage and the
potential for clay swelling in the aquifer. Clay swelling, fol-
lowed by migration of the clay particles and subsequent
clogging of the pores is a phenomena that is among others
encountered when fresh water is injected into aquifers con-
taining brackish/salt water (Olsthoorn, 1982). The potential
for clay swelling is generally calculated with the Sodium
Adsorption Ration (SAR; Appelo and Postma, 1992).

Ca-Na exchange significantly influences the SAR.
Because future development of the SAR at the Utrecht Uni-
versity ATES also depends on the reactions in the aquifer,
PHREEQM-2D is used to predict the future behaviour of the
SAR.



PHREEQM-2D

The model PHREEQM-2D (Willemsen. 1992) is a coupled
chemucal transport model that couples a groundwater trans-
port model (HST2D. Hagoort, 1989, derived from HST3D,
Kipp, 1987) to a geochemical reaction modei (PHREEQE,
Parkhurst et al., 1980). HST2D calculates the solution to the
flow equations using finite differences and writes information
on temperatures and flow velocities across boundaries into a
file.

This file is later read by PHREEQM-2D. In
PHREEQM-2D, up to 30 solutes can be transported and
diffused, also using finite differences. Reactions among these
solutes and with solids and a gas phase can be calculated with
PHREEQE. Reactions that can be calculated are equilibrium
dissolution/precipitation for up to 20 minerals simultaneously,
kinetic calculations for | mineral, cation exchaange, redox
reactions, aqueous complexation and calculation of the gas
composition of a bubble formed by the water.

PHREEQM-2D uses an established procedure to correct
numerical dispersion. Other coupled chemical transport
mode!s do not correct at all (e.y., Appelo and Willemsen,
1987; Liu and Narasimham, 1989;). Some use iteration
between transport and chemisty to improve the accuracy
(Sequential Iteration Approach, e.g., Forster, 1986; Ceder-
berg et al., 1985). Others solve the total system of coupled
equations directly (e.g., Lichtner, 1985). The direct solution
to the complete set of equation is very time consuming. In
general, the Sequential Iteration Approach is considerably
faster (Yeh and Tripathi, 1989). However, iteration between
tranport and chemistry may result in severe problems with
respect to convergence. The method of fractional steps (with
" correction for numerical dispersion) that is employed by
PHREEQM-2D is unconditionally stable and second order
correct within certain limits. The models that do not iterate
and do not correct for numerical dispersion like the

Table 1. Fractional steps in PHREEQM
2D for each time-step

step calculation of

transport in x-direction
reactions (PHREEQE)
dirfuse 1n x-direction

reactions (PHREEQE)
transport in y-direction
reactions (PHREEQE)
diffuse in y-direction

reactions (PHREEQE)

= Wt —
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PHREEQM/CHARM! model (Appelo and Willemsen, 1987
Nienhuis et al., 1988; Willemsen et al., 1988b) suffer fron
numerical dispersion when the grid sizestime step is tos
large.

PHREEQM-2D uses eight fractional steps per time step
These steps are shown in Table 1. This table shows that fo.
all cells, PHREEQE is called 4 times per time step. If then
are 100 cells and 100 time steps, there are 40,000 calls &
PHREEQE. On a 16 MHz 386 SX-machine with 387 coproc
essor, a call to PHREEQE takes approximately | second (thi:
will depend on the chemistry of the problem), which woulc
mean that this simulation would take about 11 CPU-hours t
run. This calculation time can ‘be reduced by callin;
PHREEQE only if a solute concentration has changed signifi
cantly.

PHREEQM-2D is a second order correct transpor
model by correcting for numerical dispersion caused by the
backwards in space (BIS), forward in time (FIT) approxima
tion to the transport and by the backwards in time (BIT
approximation to the reactions. The numerical dispersion
caused by the BIS, FIT approximation to the advection i:
related to the grid size and time step (Abbott and Basco,
1989).

D = rzf(Ax-va:) (1)

num.advection,x

(See Notation section for definition of terms).

The numerical dispersion caused by the BIT approximation tc
reactions is equal to

' v, Rx—l
D = = v At )

num,reactions X 2 R
x

{Willemsen, 1992; Herzer and Kinzelbach, 1989),

“ombining these two gives

VAT
xv-\

Ve
- Fax - 2L @)

4

D

num sotal x



Ditfusion 15 now calculated usinyg a corrected D, .

Dmodel,x = Dphysu:al.x_ numerical x (4)

For the y-direction the calculation is similar.

The retardation factor R, will be different for different
processes that can be active in any cell in the finite difference
gnd at any time. This means that there can be several differ-
ent R's simultaneously.

To prevent errors in the electncal neutrality (which is
used to calculate pH in PHREEQE) only one value for D,
ts used for all solutes. Therefore, the R, used in equations (2)
and (3) is constant. The R used is the R, for the solute with
the largest change in concentration with time. This implies
that PHREEQM-2D is secoad order correct if there is only
one reaction front or, if there are more fronts, if froats are
fully separated. The limits for grid and time step for PHRE-
EQM-2D are as follows:

c v Al { )
r = <
x Ax
vax
Pe = ) <2 (6)

and simular for the y-direction. Above Cr=1, the model will
be unstable; above Pe=2. there can be aumerical dispersion.
For a more complete descripuon ot PHREEQM-2D, includ-
ing model venficanon and a companson to other coupled
models, the reader is referred to Willemsen (1992).

UTRECHT UNIVERSITY ATES

At the Utrecht University, an ATES system has recently been
implemented. This system can store about 6000 MWh of
thermal energy per vear. For a Jdescniption of the system and
the general performance during the first vear. the reader is
referred to Van Loon and Van der Heide (1992) and to Van
Loon and Puaul (1991). The most significant data are given i
Tuble 2.

Table 2. Some data on the Utrecht University ATES

T pecton l0ading 90°C
Tipecuon Unloading 45°C
m® water loaded ca 100,000
m’ water unloaded ca 100,000
T ruurmaen USable 30°C
distance hot 'cold’ well 60 m

To prevent caicium carbonate scaling during loading of
the store, a conventional Ca-Na ion exchanger has been in-
stalled for water treatment. It was recognized that this type of
water treatment creates a risk of clogging of the aquifer by
clay swelling (Willemsen and Van der Weiden, 1991). This
risk is minimized by keeping the SAR below 11 by split
treatment: 60% of the water is treated and 40% is not
treated.

RESULTS OF FIRST CYCLE - During the first storage
cycle, no clogging has been observed, in either the wells the
or the heat exchanger. Analyses of water samples taken from
the injection and production cycles are shown in Table 3.

From other samples (Heidemyj, 1992; Willemsen and
Van der Weiden, 1991) it is known that a fresh/brackish
water quality boundary is located in the aquifer used for
storage. This explains why during charging, the water quality
of the recovered water changes. From the measurements it
can be concluded that gradually more water is produced from
the decper, higher layers.

The amount of Ca and Mg removed during charging is
approximately 60%, coinciding with the split of the treatment
(see Tabel 3). The injected Ca, Mg, Na and X concentrations
are fairly constant. There is one analysis of K that shows an
anomalously high value.

The most striking feature is the drop in pH combined
with an increase in alkalinity during discharging. This implies
an increase in Total [norganic Carbon content (TIC). This
could be explained by acidification of the water followed by
carbonate dissolution. The acidification could conceivably be
caused by CO.-production as a result of decomposition of
organic matter (Brons et al., 1991) and/or by proton buffer-
ing. The only other realistic explanation seems to be that the
incoming water from below has a higher CO, content. This is
not considered likely because the chloride-content hardly
changes from 30/9/91 to 5/12/91. However, the presence of
different water qualities in the aquifer makes a proper distinc-
tion between the reactions difficuit, if not impossible. Maybe



Table 3 Water composition duriny first cycle (in mg/l)

tunction . charginy charging  charging  charging
sample Jate 25/5/89  13/6/91 13/6/91 29/7/91 29/7/91
location (well) cold cold warm cold warm
pH (at 20°C) 3.1 8.0 3.1 3.0 3.0
Ca 42 48 17 50 20
Mg 15 20 1l 28 11

Na 140 210 280 210 280

K 16 24 10 15 11
HCO, 211 196 196 190 191

Cl 240 275 a.d. 390 n.d.
SAR 4.7 6.4 13.0 5.9 12,5

charging charging  discharging  discharging  discharging

30/9/91 3019/91 5/12/91 28/1/92 J1/3/92

cold warm warm warm warm
8.06 8.13 744 7.68 7.95
St 21 25 30 32

25 11 1l 11 12

210 280 300 285 290

29 1M 2l 29 23

218 220 284 285 260

380 n.d. 390 410 415
6.0 12.3 12.6 11.3 11.1

n.d. not determined SAR = Na (Ca + Mg)??; vaiue in mmol/l

future cycles will provide more information, when the water
quality in the aquifer is more homogeneous.

During production, the Ca. Na and K concentrations
increase. The calculated SAR of injected and produced water
is between 11 and 13, which is too high. It is also higher
than expected. The increase is caused by the inflow of other
water. From these data, and from previous work on water
treatment for the Utrecht University ATES system (Will-
emsen and Van der Weiden, 1991), the following concerns
arise.

During discharge the cooled water is injected without
treatmeat. [n the next cycle, the water is treated again. This
will cause an increasing SAR. At present no well clogging
has been observed, although the SAR has increased to 13.
At the Plaisir Project (Pfiffer et al., 1991) wells became
clogged after Ca/Na exchange. The water withdrawn from
the clogged wells had a very high clay content. Although
Pfiffer et al. (1991) did not attribute the clogging to clay
swelling, all facts point towards this cause. It is, therefore, of
importance to predict the future behaviour of the SAR in the
storage aquiter at the Utrecht University.

The water i1s injected with a positive saturation index
with respect to calcite (Willemsen and Van der Weiden,
1991). In the aquiter. this supersaturated calcite might pre-
cipitate. The amount precipitated mught be enhanced by back-
exchange of Ca for Na from the cation exchange complex
{cec) i the aquifer (this was calcuiated by Willemsen et al.,
1988a). This precipitate may ecventually clog the aquifer
around the well. It 1s. therefore, important to know the
amounts of precipitate.

[f the water becomes undersaturated with respect to
calcite dunnyg cooling, calcite dissolution mught occur around
the cold well. If the amount dissolved per cycle 1s more than
the umount precipitated (because Ca 1s removed by the treat-
ment cach cycle), this couid cause a4 continuing increase n
pH and alkalinity. Apart trom the SAR-problem mentioned
above. such an increase n pH and alkalinity would not

constitute a problem because calcite dissolution would soou
decrease due to this increasing pH. The process is self-stabil
izing. However, an increasing pH could increase the risk o
clay swelling. Adding hydroxide is a technique that is used i
the laboratory to peptize clay.

Calculations have been performed with PHREEQM-2L
to get answers to the concerns mentioned above.

CALCULATIONS PERFORMED - The most signifi
cant data on the store are shown in Table 2. Other data use:

in the calculations are shown in Table 4.

Table 4. Data used during Calculations

[nitial temperature 15 °C
Effective thickness aquifer 20 m
Longitudinal dispersivity 5 m

Transversal dispersivity 0.5m
Porosity 5%

Table 3 cold well 29/7/91
100 meq/l water
1000 meq/! water

Water composition
CEC (estimated)
Original amount
calcite

During charging of the store, the water is taken fror
the cold well. The water is changed in composition (60% Ca
Mg, Fe to Na exchange on equivalent basis) and injected int
the warm well at a temperature of 90°C. During discharg
the water is taken from the warm well and injected into th
coid well at a temperature of 45°C, without treatment. Thl
amounts of water are given in Table 2.

For the first cycle, the amount of water injected and th
temperature of the water are different. To be able to compar
the calculated data with the measurements, an approximatic
of amounts of water and temperatures has been used: 10
days charging 65°C. total 64,000 ar; 350 days chargin



P
i

90°C. total 14,000 m’. We have assumed that during the first
cycle, 50,000 m’ will be withdrawn from the store.

REACTIONS - The foilowing reactions have been
assumed to be operative in the store:
- cation exchange
- calcite equilibrium dissolution/precipitation.
For cation exchange, the Gaines-Thomas convention for
description of the activity of the adsorbed solutes is used
(Appelo and Postma, 1992; Willemsen, 1992). The exchange
constants used are given in Table 5.

Table 5. Cation exchange constants

reaction K, AH°®
(Kcal/mol)
2 NaX + Ca"~ - CaX, = 2 Na~ 6.3 1.0

2 NaX - Mg~ = MgX, + 2 Na~ 4.0 1.0
NaX - K- =KX + Na® 5.0 0.0

For the calcite solubility product and for relevant aque-
ous complexes the database from Smith (1988) has been
used.

In the calculations the pH of the original water is
assumed to be 7.7 instead of 8. At thus pH, the water is at
¢quilibnum with calcite at 15°C.
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Figure 1. Calculated temperatures in the warm and cold

well. ¢: charging, d: discharging of store
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[t is clear that other processes will also occur in the
aquifer. The most significant are:
- Silica dissolution (and to a minor extent: precipitation)
- Precipitation/dissolution of other carbonates, notably
FeCO,, aiso in the form of solid solutions
- Decomposition of organic matter, which increases the
amount of TIC
- Proton buffering
- Reactions with other minerals. e.g., oxides, sulfides.
These processes have been neglected, because the possible
extent of these reactions cannot be quantified without site
specific empiricai data. On the other hand, experiments on
material from other sites have shown that, in general, carbon-
ate precipitation/dissolution and cation exchange are the most
significant processes (Appelo et al., 1990a).
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Figure 2. Calculated SAR in the warm (above) and cold

well (below). Also shown is the fraction f, this is
Ca-Mg-Na+K divided by Ca+Mg (in mg/l).
Above the lines shown as lipiits, there is a clay
swelling potenuat.
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Figure 3. Contours of the calculated NaX - concentration

(in meq/! porosity) after the 4 charging cycle
(above) and the 4* discharging cycle (below).
Above 15 meg/l (= 15% CEC occupation)
there is a risk of clay swelling.

RESULTS AND DISCUSSION

Figure | shows the calculated temperatures in the warm and
cold well, where as Figures 2 and 3 show the calculated SAR
and the contours of the calculated SAR after the 4* cycle.

Figures 4 and 5 show the calculated amount of calcite
precipitated around the warm and coid well and the contours
of the calculated amount of precipitated calcite in the aquifer
after the 4 cycle.

Figure 6 shows the calculated TIC and alkalinity in the
cold well. and Figure 7 the calculated pH in the warm and
cold well.

These figures show the tollowing. The SAR increases
with cvcles to approximately 25 dunnyg the 4 cycle in the
warm well (figure 2). The SAR 1s highest dunng charging
around the warm well, but during discharging, the SAR
initially peaks to an even higher value. [f we compare this to
the measured data, we find that the measurements also show
inittally @ higher SAR during production from the warm well.
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Figure 2 also shows the fracion f. This s
(Ca+~Myg~Na+~K)/(Ca+Mg) in myl. Acco.ding to Jones
(1964) this value should be kept below 10 for injection of
water nto oil felds if clay swelling 1s to be prevented. [t is
clear that the rule according to Jones (1964), agrees very
well to the SAR-rule.

The jig-saw nature of the lines in figures 1, 2, 7 and 8
s because PHREEQM-2D has more time-steps between
HST2D-ume steps. and is also caused by the tolerance on
changes in composition before PHREEQE is called. The
amount of calcite that precipitates dunny each cycle decreases
with cycles, because gradually all the Ca in the groundwater
is removed by the treatment (figures 2 and 4). The total
amount precipitated around the warm well is about 17 mmol/}
after the 4 cvcle. This would mean that the porosity could
have been reduced from 0.35 to 0.3498 and clogging due to
calcite precipitation is not likely.

Dissolution of calcite . calculated for the area around
the cold well. The total amount dissolved is larger than the
amount precipitated. Precipitation and dissolution are oaly
calculated near the wells. At nodes some distance from the
wells, dissolution/precipitation 1s not significant. This could
be different if kinetics were included in the calculations.

The alkalinity and TIC content of the water in the store
hardly change as a result of the reactions with calcite. This
shows that reactions with calcite are relatively insignificanc
for the composition of the water and that it might be possible
to decrease the treatment intensity with successive cvcles. If
the alkalinity would increase with cycles and if this would
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Culculated alkalinity and TIC in the cold well.
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compensate the decrease in Ca, the treatment couid not be
decreased. A decreasing treatment will reduce the risk of clay
swelling.

The pH increases slightly with cycles due to the dissol-
utton of calcite. The initial drop in pH, and the difference in
pH berw. . warm and cold well, is caused by the depend-
ence of pH on temperature. The increase in pH with cycles
does not seem very significant.

EVALUATION AND CONCLUSIONS

PHREEQM-2D can be a valuable tool for designing
water treatment systems tor ATES. The model can accurately
predict the time and space-dependent behaviour of reactive
solutes during transport in aquifers, provided the data are
accurate. As all models, PHREEQM-2D needs input data. [t
needs hvdrological data on permeabilities, heat conductivities
and porosities. There is of course an uncertainty in these
duta. In general, for field problems this uncertainty in
hydrological data is significant. The uncertainty in geochemu-
cal data muyht be even larger.

Geocherrucal data like solubilities have been gathered
for 1deal systems. Natural systems may behave differently as
a result of processes like inhibition. solid solutions and unex-
pected complexion with organic components (Appelo et al..



1990a). For many dissolution/precipitation reactions, kinetics
are important but Kinetic rate constants and reaction surtace
area are seldom known.

PHREEQM-2D has been ventied on analytical solutions
(Willemsen, 1992) and validated on column-expenments.
Cation exchange and calcite dissolution kinetics have been
modelled accurately (Appelo et al.. 1990b). For cation
exchange the constants can be cstimated from literature. As
long as minerals can be assumed to be in equilibrium with
the water composition. the data can be based on literature (if
solid solutions formation i1s neglectible). For calcite dissol-
utton kinetics, however, the parameters are site dependent
and had have to be determuned empirically.

In the computations above. we have assumed calcite
equilibrium to be valid. The residence time of the water in
the cell where the well is located is more than 7 hours. If the
reaction is not inhibited, this residence time will be sutficient
tor equilibrium with calcite. In all other cells. the residence
times are even larger, so the assumption of calcite equilib-
num seems correct. Reseach performed by Grifficen (1992)
and Banck (1989) (see also Appelo et al., 1990a) has shown
that the presence of ortho-phosphate (0-PO,) and Dissolved
Organic Carbon (DOC) in the water can inhibit calcite pre-
cipitation to a large extent. Griffioen (1992) found in col-
eumn experiments that even atter 44 hours reaction tume. the
Ion Activity Product over the solubility constant (IAP/K) for
calcite was higher than 0. At Utrecht University the Dis-
solved Organic Carbon (DOC) and 0-PQ, levels are signifi-
cantly lower than at Delft (Griffioen, 1992) and at Lomma
{Banck, 1989). (Lomma: 3 to 4 mg/l DOC and 0.3 to 0.6
mg/l 0-PO,; Delft: 25 to 35 myg/l DOC (including CH,) and
10 to 15 mg/l 0-PO,; Utrecht: 0.5 to 2 mgsl DOC and 0.1 to
0.3 mgl 0-PO,). The kineucs of the precipitation reaction
will intluence the locauon ot the precipitation. If the reaction
1s fast (faster than assumed) the precipitate may be found
directly around the well. In that case clogging 1s not imposs-
tble. [t is therefore of importance to quantity this reaction
rate. However, considering the smpincal results described
above, a significantly faster reaction (faster than esquilibrium
in 7 hours) 1s not considered likely.

[t the model predictions are not correct, this mught be
caused by:

- mxing ot different water compositions
- nfluence of reactions not included n the model, like silica
dissolution and organic matter decompositon.

From this discussion we conclude that the model needs
to be vaiidated on data trom existing ATES projects. prefer-
ably from projects where water and sediment composition are
tapproximately) homogencous.

The calculations on the Utrecht University ATES system
muy not Jive an accurate prediction of future water composi-

tions: however. it does give an insight into the possible
development of the chemistry of the store. The following
conclusions may be drawn regarding future water treatment.

If the split of 60% treatment, 40% bypass is not
changed, there is a significant risk that clay swelling will
clog the aquifer in the future,

The percentage treated should be changed such that the :
SAR of the injected water stays below 11. If this means that
the saturation index for calcite after heating would increase to
an unacceptable level, experiments should be performed.
These expeniments should assess the maximum calcite satura- -
tion index at 90°C at which no scaling occurs and the maxi- -
mum SAR that can be injected without risk of clay swelling.
(It is not impossible that this would show that water treatment
is not necessary because carbonate precipitation is inhibited |
sufficiently.)

At present, work is underway to install a system that |
will regulate the water treatment split according to the Ca |
concentration in the water. The split will be regulated such |
that the injected Ca concentration is constant. The Na and
Mg concentration will be analyzed regularly so the split can |
be set in such a way that the SAR will stay below 11,
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NOTATION

Cr = Courant number (VAt/AX)

D = Dispersion coéfficient (m*’s)

D.m = Numerical dispersion coéfficient (m/s)

Pe = Cell Peclet number (vax/D)

R = Retardaton factor

T = Temperature (°C)

v = Groundwater tflow velocity (m/s)

At = Time step (s)

ax. Ay = Distance betwesn nodes in X- resp. 'y-direction (m) ¢



REFERENCES

Abbot. M.B. and D.R. Basco. (1989). Computational fluid
dynamics: an introduction for engineers. Longman Scientific
and Technical. Harlow, England. 425 pp.

Appelo, C.AJ. and A. Willemsen. (1987). Geochemical
calculations and observations on salt water intrusions, [.

A combined geochemical/mixing cell model. J. Hydrol. 94:
313-330.

Appelo, C.A.J., J. Griffioen and M.J.J. v.d. Weiden.
(1990a). Environmental and chemical aspects of thermal
¢nergy storage in aquifers and research and development of
water treatment methods. Subtask B (Bio) geochemical
reactions. Heidemij Adviesbureau, Arnhem. The
Netherlands. 91 pp.

Appelo, C.A.J. and D. Postma (1992). Groundwater,
geochemistry and pollution. Balkema. The Netherlands.

Appelo, C.A.J., A. Willemsen, H.E. Beckman, and J.
Griffioen, (1990b). Geochemical calculations and
observations on salt water intrusions [l. Validation of a
geochemical model with laboratory experiments J. Hydrol.
120 : 225-250.

Banck, A. (1989). Lomma Pilot ATES Plant:
experiences and results. Lund University of Technology,
Lund, Sweden [EA Annex VI report 29-E. 81 pp.

Brons, H.J.. J. Gnfficen, C.A.J. Appelo and A.J.B.
Zehnder (1991). (Bio)geochemical reactions in aquifer
material from a thermal energy storage site. Water Res.,
(25), 729-736.

Cederberg, G.A., R.L. Street and J.O. Leckie (1985).
A groundwater mass transport and equilibrium chemustry
model for multicomponent systems. Water Resour. Res., 21
(8): 1095-1104.

Gnffioen. J. (1992). Cauon exchange and carbonate
chemustry 1n aquifers >ilowing groundwater flow. Ph.D.
Thesis. Free University, Amsterdam. 182 pp.

Férster, R. 11986). A multicomponent transport model.
Geoderma 38: 261-278.

Hagoort (1989). HST2D-PC. Heat and solute transport
sitmulation for personal computers, Hagoort, Delft, The
Netheri{ands.

Heidemij (1992). 2¢ voortgangs rapportage
meetprogramma  warmte-opslag  Rijksuniversiteit  Utrecht
(ondergrondse deel). report 638/45617-456 19W.,

Herzer, J. and W. Kinzelbach (1989). Coupling of
transport and chemucal processes in numerical transport
models. Geoderma 44: 113-127.

Jenne. E.A., O. Anderson. A. Willemsen and LW,
Vaill (1992), Well, hvdrology and geochemustry problems
encountered in ATES systems and their solutions. This [ssue.

97

Jones. F.O. (1964). Influence of chemucal compositon
on clay blocking of permeability. J. Petr. Techn. Apnl,
1964, p 441-446.

Kipp, K.L. (1987). HST3D: A computer code for
simulation of heat and solute transport in three-dimensional
groundwater flow systems. US Geological Survey - Water
Resources Inv. Rep. 86-4095.

Lichtner, P.C. (1985). Continuum model for
simultaneous chemical reactions and mass transport in
hydrothermal systems. Geoch. Cosmoch. Acta 49 (3) 779-
800.

Liu, C.W. and T.N. Narasimhan (1989). Redox-
controlled multiple species chemical transport. 1. model
development, and 2. Venfication and application. Water
Resour. Res. 25 (5): 869-882 and 883-910.

Loon, L.J.M. van and A. Paul (1991). Aquifer thermal
energy storage at the state University of Utercht, The Nether-
lands. Proceedings Thermastock '91; Int. conf. Scheveningen
The Netherlands: NOVEM, Utrecht, The Netherlands.

Loon, L.J.M. van and K. van der Heide (1992). High
temperature ATES at the University of Utrecht, The
Netherlands. This Issue.

Nienhuis, P.R., C.A.J. Apello and A. 'Willemsen
(1988). PHREEQM - PHREEQE in a moving cell flow tube.
Institute for Earth Sciences, Free University, Amsterdam,
The Netherlands.

Olsthoorn, T.N. (1982). Verstopping van persputten
(clogging of recharge wells; in Dutch). KIWA mededeling
nr. 71. KIWA, Rijswijk, The Netherlands.

Parkhurst, D.L., D.C. Thorstenson and L.N.
Plummer, (1980). PHREEQE - A computer program for
geochemical calculations. US Geological Survey, Water
Resources Inv.: 80-96.

Pfiffer, M., M. Durin. J. Despois and B. Fritz (1991).
The heat storage at Plaisir Thiverval Grignon (France).
Thermastock '91, Proceedings Int. Conference Scheveningen.
NOVEM, Utrecht, The Netherlands.

Smith, R.W. (1988). Calculation of equilibrium at
etevated temperatures using the MINTEQ geochemical code.
PNL-6700, Pacific Northwest Laboratory, Richland.
Washington.

Willemsen, A. (1990). Environmental and chemucal
aspects of thermal energy storage in aquifers and research
and development of water treatment methods; Subtask A:
coupled geochemical tranport model. IF Technology,
Amhem. The Netherlands.

Willemsen. A. (1992). PHREEQM-2D, PHREEQE in a
multicomponent mass transport model, coupled to HST2D.
Manual and user guide. [F Technology, Amhem. The
Netherlands.

Willemsen. A.. J. Buitenkamp, M.J.J. v.d. Weiden.
P.R. Nienhus and C.A.J. Appelo, (1988a). Chemucal



reactions and eftects of water treatment durning ATES:
experime. .. and coupled chemucai transport modelling. Proc.
Jigastock. Versailles. October 1988 Volume II p. 591-397.
AFME. Pans, France.

Willemsen, A. and M.J.J. van der Weiden (1991). Heat
losses and groundwater chemistry of the Utrecht University
ATES. Thermastock '9l. Int. Conference Scheveningen.
NOVEM, Utrecht, The Netherlands.

Willemsen. A.., P.R. Nienhuis and C.A.J. Appelo.
(1988b). CHARM!, CHenmucal Aquifer Reaction Model with
[-dimensional transport. Heidermuy Adviesbureau. Armhem,
The Netherlands.



Conformal Flow Models for Warm and Cold Storage in Aquifers

J. Claesson and G. Hellstrdom
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ABSTRACT

The paper presents the thermohydraulic models for
aquifer thermal energy storage developed by the Lund
Group for Ground Heat. The basic assumption is that
the aquifer is horizontally homogeneous and that the
groundwater flow is two-dimensional without a vertical
component. The groundwater flow field is then given
by an analytical function, or conformal transformation,
which is obtained from the positions of the well, the
pumping rates, and the regional flow.

The first set of PC models concerns the groundwater
flow and the motion of thermal fronts for any set of wells
and a regional flow. The flow field, with streamlines and
stagnation points, is presented graphically on the screen.
The motion of the thermal fronts is determined by par-
ticle tracking. These interactive models have proven to
be very convenient and useful design tools.

The complete three-dimensional thermal process is
solved in the second set of PC models. The groundwater
flow is again given by the explicit analytical formulas,
while the thermal process is solved numerically. The
coupled groundwater and the heat flow process in the
aquifer is dealt with using a new entropy-conservation
technique.

The models are carefully documented and available on
PC. They have been validated against a few field exper-
iments and they are used extensively for design studies.

INTRODUCTION

Heat (or cold) storage in aquifers (ATES) involves
drilling a few wells to an aquifer stratum for circula-
tion of water between the storage region and the en-
ergy system. The aim of the thermal analyses of aquifer
heat storage systems is to predict the return tempera-
ture from the aquifer for given variations of the injection
temperature and fluid flow rate.

The injected hot water will loose heat to colder sur-
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rounding parts of the ground by heat conduction. Local
inhomogeneities in the aquifer cause a certain amount of
mixing of the water (dispersion) that results in further
thermal degradation. Convective movements, such as
regional groundwater flow and buoyancy flow, can also
lead to substantial heat losses.

An understanding of the thermohydraulic processes in
the aquifer is necessary for a proper design of an aquifer
heat storage system under given thermohydraulic con-
ditions. The main design considerations concern the
location of the wells, the loading conditions (injection
temperatures and pumping rates), heat losses, temper-
ature quality losses, thermal breakthrough time ete. It
is also important to assess the consequences of the un-
certainties associated with storage in an underground
region beyond detailed investigation.

The thermohydraulic models for warm and cold stor-
age developed by the Lund Group for Ground Heat are
presented in this paper. The objective of the first set
of models is to visualize the groundwater flow in the
aquifer and the movement of the thermal front. The
locations of the wells and their pumping rates can be
changed interactively.

The second set of models concerns the heat balance of
the store. The three-dimensionai thermal process with
combined groundwater and heat flow in the aquifer and
heat conduction in surrounding impermeable layers is
solved numerically. The models, which cover the most
commonly used well configurations in combination with
the presence of one or two hydraulic boundaries in the
aquifer, give the temperature of the recovered water.

CONFORMAL GROUNDWATER FLOW

The thermohydraulic analysis requires a calculation
of, or at least a reasonable knowledge of the groundwa-
ter flow and the temperatures in the aquifer and the sur-
rounding ground. The groundwater flow is often quite
complex. In general, it must be computed numerically



for an aquifer with its more or less complicated inhomo-
geneities. There are, however, many important applica-
tions that can be analyzed assuming that the groundwa-
ter flow pattern is given by an analytical solution or a so-
called conformal transformation (Claesson and Bennet
1987). A requirement is that the hydraulic properties
of the aquifer are homogeneous in the horizontal plane
of the flow. The most general case that can be treated
with use of this conformal technique is an aquifer with
an arbitrary number of parallel, homogeneous aquifer
strata.

THERMOHYDRAULIC EQUATIONS - The cou-
pled groundwater and heat flow processes in the aquifer
stratum are governed by the partial differential equa-
tions for the mass balance and the energy balance in
the aquifer. The darcy velocity ¢ is related to the gra-
dient of the pressure P and the gravity force g through
the empirical law of Darcy. Compressibility effects are
neglected. The divergence of the Darcy velocity ¢ then
becomes zero at each point. The groundwater flow field
is derived assuming that the effect of viscosity and den-
sity variations can be neglected and that there is no ver-
tical component of the groundwater flow. The pressure
distribution P in the aquifer then satisfies the Laplace
equation:

T 0z? ' Hy?

The aquifer temperature T fulfills the general equa-
tion for convective-diffusive heat transfer:
C%Tt—zv-(,\VT—TCwé‘) (2)
where t is the time. The volumetric heat capacities of
the aquifer (matrix plus water) and water, C and C,
respectively, are assumed to be constants. The thermal
conductivity is denoted A. The last term of (2) is due to
the convective heat flux TC, . It gives a convective dis-
placement of the temperature field with the "thermal”
velocity:

AP =0 W)

. Cy .
T =4 (3)

BUOYANCY FLOW - The validity of the models
presented in this paper assumes that the influence of
groundwater flow in the vertical direction is negligible.
One important process that may generate considerable
vertical groundwater movement is natural convection
due to temperature-induced density differences at the
thermal front. Here, we will give a criterion by which
the influence of this process may be estimated.

The groundwater flow around the wells takes place
primarily in the horizontal direction. The interface,
or thermal front, between the warm water around the
well and the surrounding cold water becomes vertical.
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The temperature-induced density difference between the
warm and cold water causes natural convection, or buoy-
ancy flow, in the vicinity of the thermal front. The
buoyancy flow is proportional to the permeability of the
aquifer and it depends strongly on the temperature dif-
ference between the warm and cold regions. If the buoy-
ancy flow is large, the thermal front tilts and the warm
water flows up on top of the cold water. The warm wa-
ter becomes more exposed to colder surroundings, which
increases the heat losses. It will also be difficult to avoid
mixing of warm and cold water in the well during the
extraction period.

Analytical solutions for the pressure distribution and
the flow field have been derived for several idealized
situations involving an injection well and a vertical
plane or cylindrical interface between two regions of dif-
ferent density and viscosity in an infinite anisotropic
aquifer bounded by two horizontal planes (Hellstrom et
al 1988a). The interface, or thermal front, between the
two regions may be either sharp or of finite width. The
buoyancy flow induced by the density difference creates
a convection cell in the thermal front region and an en-
suing tilting of the front. A characteristic time-scale t,
(s) for the buoyancy tilting rate at a sharp thermal front
is defined by:

to = HC  x*(po+m) )
kkCy 32G(po ~ p1)9

Nomenclature:

C  volumetric heat capacity of aquifer, J/m3K.
Cy volumetric heat capacity of water, J/m3K.
g  standard gravity, 9.81 m/s?.

G . Catalan’s constant (=0.915...).

H  thickness of aquifer stratum, m.

k  permeability (horizontal), m?.

k’  vertical permeability, m2.

K anisotropy factor, equal to \/k'/k.
#o  dynamic viscosity in region 0, kg/ms.
p#1  dynamic viscosity in region 1, kg/ms.
po  density in region 0, kg/m3.

p1  density in region 1, kg/m3.

The second factor on the right hand side is a function
only of the temperatures Ty and T of the two regions.
The tilting time should not be too short compared to the
length t. of the storage cycle in order to a-.id a large
tilting of the thermal front. The tilting time becomes
longer with increasing width of the transition zone. The
tilting-time criterion concerns the case of buoyancy flow
in the absence of forced convection. The combined ef-
fects of bucyancy flow and forced convection are treated
in (Hellstrom et al 1988b).



GROUNDWATER FLOW MODELS

The first set of PC models concerns graph. «| presen-
tation of the groundwater flow and the motio. -f ther-
mal fronts (neglecting thermal diffusion) for an, ..t of
wells and a regional flow. The input data (aquifer data,
regional flow magnitude and direction, well locations
and pumping rates, and graphical presentatiou data) are
entered interactively in a spreadsheet. The stagnation
points and all the stagnation streamlines to and from
these are first determined. This gives a direct picture
of the character of the flow field between all wells. Any
streamlines between the wells and equipotentials of the
pressure field may also be drawn. Finally, the motion of
thermal fronts is determined by particle tracking along
the streamlines. The result, with different colors for ar-
eas of water with different temperatures, is presented
immediately on the screen in graphics mode (EGA or
VGA) for any distribution of wells and pumping rates.

There are two versions of the model. The first one
concerns the case of an aquifer with infinite horizontal
extensions and the case with a single, straight hydraulic
boundary (closed or open). The second version differs in
the respect that there are two parallel hydraulic bound-
aries (closed or open). These models have proven to be
a very convenient and useful design tool (where to locate
wells, analysis of breakthrough, and so on).

An illustrative example is taken from a project with
both heat and cold storage in an aquifer beneath the
Sheraton Hotel in Malmo, Sweden. Figure 1 shows a
horizontal, rectangular area in the aquifer where the
four injection wells and the four extraction wells are
indicated by circles. The stagnation points are located
at the intersections of the stagnation lines, which are
drawn in black. The stream lines between the wells are
given by the gray lines. Figure 2 shows the stagnation
lines and the extent of the heated region in the aquifer
after a certain period of time. The shaded area repre-
sents the region heated by water injected during the first
half of the period, while the white area close to the wells
shows the warm region due to water injected during the
second half of the period.

COMBINED CONDUCTIVE-CONVECTIVE
HEAT TRANSPORT MODELS

The second set of models concerns the heat balance
of the store. The ground water flow is in each case
generated by a conformal transformation. The three-
dimensional thermal process with combined groundwa-
ter and heat flow in the aquifer and heat conduction in
surrounding impermeable layers is solved nnmerically
with use of the explicit finite difference method (FDM).
The numerical mesh is generated based on the stream-
lines and equipotential of the conformal groundwater
flow. The calculation is performed in the transformed
orthogonal coordinate system, so that the convective
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transport takes place along only one coordinate axis
— the streamlines. This approach, combined with the
entropy conservation technique described below, makes
the iterative calculation very fast and accurate. A large
number of cells can be used in the numerical mesh with-
out excessive execution times. The different versions of
the model, which cover the most common well config-
uration in combination with the presence of hydraulic
boundaries, calculate the temperature of the extracted
water, the temperature in the aquifer, and the heat bal-
ance.
The models have the following characteristics:

o Three-dimensional heat conduction in the aquifer
and in the surrounding ground. The thermal prop-
erties may vary in the vertical direction.

o Convective heat transport in the aquifer or aquifer
layers and crack planes. The layers and crack planes
may have different hydraulic properties.

e Thermal dispersion may be accounted for by 2
anisotropic thermal conductivity in the aquifer.

o The groundwater flow is given by analytical func-
tions (conformal groundwater flow).

e Numerical dispersion minimized by an e¢ntropy con-
servation technique.

ENTROPY CONSERVATION TECHNIQUE - A
particular problem in the numerical computation of
combined conductive-convective heat flow processes is
the so-called numerical dispersion. The effect is an en-
hanced, apparent heat conduction that causes thermal
degradation. A discussion of this problem is given by
Lantz (1971) and Claesson (1978).

The heat balance programs listed below use an en-
tropy conservation technique that eliminates the numer-
ical dispersion (Hellstrom et al 1986). The energy and
entropy content of each cell in the numerical mesh is
then represented by three parameters. This method is
used for the convective part of the process, while the
diffusive part is calculated with use of the explicit finite
difference method (FDM).

LIST OF COMPUTER PROGRAMS

There are two versions of the PC model for graphical
presentation of the groundwater flow, the pressure field,
and the motion of thermal fronts:

o CONFLOW - The basic version of the program al-
lows for 25 wells in an aquifer with infinice extension
in the horizontal direction or with a single, straight
hydraulic boundary (closed or open).

e CFSTRIP - This version has the same features as
CONFLOW, except that there are two parallel hy-
drauiic boundaries (closed or open).



Nine models have been developed for simulation of the
heat balance in aquifers. The models, which cover the
most common well configurations in combination with
the presence of hydraulic boundaries, are listed below:

e AST - Heat storage around a single well in an
aquifer stratum with infinite horizontal extensions.
The groundwater flow is assumed to be in the radial
direction from the well.

e RADFAU - Heat storage around a single well
located near a closed hydraulic boundary. The
groundwater flow field is generated by a conformal
mapping.

» RADPER - Heat storage around a single well lo-
cated between two parallel, closed hydraulic bound-
aries.

o TWOW - Heat storage with a two well system.

e REG - Heat storage with two wells in the presence
of a regional groundwater flow.

e FAULT - Heat storage with two wells located near
a closed hydraulic boundary.

e STRIML - Heat storage with two wells located be-
tween two parallel, closed hydraulic boundaries. A
connecting line between the two wells would be par-
allel to the boundaries.

o PERPEN - Heat storage with two wells located be-
tween two parallel, closed hydraulic boundaries. A
connecting line between the two wells would be per-
pendicular to the boundaries.

e DIPCIRC - This program simulates the thermal
process during water flow in a number of circular
(disc-shaped) crack planes. There is a central well
with a number of symmetrically positioned periph-
eral wells.

The models are carefully documented and available on
PC (Hellstrom et al 1986; Hellstrém and Bennet 1989).
They have been used extensively for design studies and
parameter sensitivity studies (Doughty et al 1982).
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/
Figure 1. Stagnation lines and streamlines for an aquifer thermal energy storage system
involving four injection wells and four extraction wells in Malmo, Sweden.

Figure 2. Stagnation lines and extent of heated region after a certain time period. The
shaded area represents the region heated by water injected during the first half
of the period, while the white area close to the wells shows the warm region
due to water injected during the second half of the period.
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saturation with respect to calcite in the reactor by injecting and
rapidly mixing alkali with the water. In the fluidized bed
reactor where high pumping rates cause fine sand to be
fluidized, calcite precipitation is enhanced by the high surface
area of the fine sand (van Dijk and Wilms 1990). If an

Slcalcite in €xcess of 2.5 occurs, very fine grained precipitates
may form that may pass the rapid sand filter and clog the
aquifer.

In a low-nitrate environment, the in situ oxidation of
reduced Fe and Mn may be accomplished with nitrate injected
upgradient from a source well. High nitrate concentrations
stimulate microbial growth, which results in Fell and MnlIl
oxidation (Vanek 1990). A cascade treatment can be used
when the aquifer is relatively shallow and unconfined. The
ground water is aerated by cascading from a trough onto a
surface covered with small rocks that promote oxidation and
further aeration. The precipitated oxides are removed by
passing the water through a slow sand filter. The treated water
infiltrates to the aquifer and creates a local body of treated water
that is used as the source water for heating and storage at a
different location in the aquifer. In the VYREDOX treatment
(Hallbery and Martinel 1976), ground water is extracted, acrated
and reinjected in an outer circle of 4-6 wells. The water flows
towards the source well, and although there is some mixing
with local ground water, the water reaching the source well is
sufficiently low in Fe. In the case of eskers-type aquifers, the
air-saturated water can be injected upgradient of the source
well, as in the nitrate method.

Acidification is generally the least desirable means of
avoiding carbonate scaling because acidification of the water
1) causes increased corrosion during heating as a result of both
increased Cl and H concentrations and injection, and 2) it must
be added each cycle before heating of water resulting in an
increased Cl concentration with each cycle. However,
acidification may be the method of choice if an aquifer contains
only traces of carbonate minerals and degassing can be
facilitated. Similarly, where siderite (FeCO3) clogging may
occur, acidification and degassing may decrease the
concentration of CO3 enough to bring the Slgyerie to zero
with little increase in dissolved iron concentration.

There are three means of reducing the required cation
exchange treatment capacity for a given water and specified
megawatts of energy storage. One means is to condition the
water by withdrawing water from the source well, passing it
through the exchanger and injecting it into the source well.
The second is to increase the storage temperature in one or
more storage-recovery cycles until the design temperature is
reached (van Loon and Holde 1992). The third is to reduce the
storage temperature and increase the stored volume.
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H2QTREAT

H20OTREAT allows a user to perform the complex
geochemical calculations that are required to design ATES
walter treatment systems using a general-purpose geochemical
model, MINTEQ, without mastering the somewhat complex
input and output data structures of the geochemical code. A
point and click screen menu is available for HOTREAT on
DOS machines. An example of an input data screen is shown
in Figure 1, For non-DOS machines the FORTRAN source
codes, the geochemical database files, and a UNIX control
script are available.

Because the quantity of available water chemistry data
varies widely, data input requirements have been divided into
"Required" and "Optional" (Table 1). "Required” data are
considered essential for a meaningful analysis to be performed.
Inclusion of certain "Optional” data may result in a significant
improvement in the reliability of the analysis.

Table 1. HyOTREAT Input Data
Required Optional
(Ca] (K]
(Mg] (NHg]
{Na] (Mn]
[804] [Feﬂ]
(1 (Felll)
pH (F]
Conductivity {PO4)
Head (NO;]
Sample Temperature (NO;)
Low Temperature (Si]
High Temperature Eh
Alkalinity pCO,
pCHy
DOC

H2OTREAT estimates the fraction of water that must be
treated by Na-exchange and by H-exchange to prevent carbonate
scale formation in the heat exchanger. To perform this
calculation, H2ZOTREAT successively increases the fraction of
the total relevant cations (Ca, Mg, Fe, and Mn) until the
saturation index for one of the significant carbonate solids
exceeds 0.3. The fraction immediately greater than the fraction
resulting in a saturation index that exceeds 0.3 is the estimated
treatment fraction required. These calculations are repeated for
the range of high to low temperatures specified by the user.
Figure 2 illustrates the change in treatment requirements as a
function of temperature for a water chemictry controlled by
calcite saturation. The ion exchange process is assumed 10 be
ideal (i.e., all relevant cations are replaced with an equal molar
amount of either Na+ or H*. H20TREAT does not consider
the change in treatment requirements that will occur after
several cycles of treatment because of the change in water
chemistry caused by the treatment process or by the change in
aquifer temperature.

10

The MINTEQ code (Felmy et al. 1984) is included in
H20TREAT. The MINTEQ code is a thermodynamic model
used to calculate solution equilibria for geochemical
applications. Version 3.00 contains formulations for
correcting equilibrium constants for the effect of temperature
from 0° to 300°C and pressure. The MINTEQ User's Manual
(Peterson et al. 1987) describes the input files, input options,
database files, and methodology for using the MINTEQ code.
However, this information is not necessary for the operation of
H2OTREAT.

CONCLUSION

H2OTREAT is a public-domain software package to aid
engineers in the design of water treatment systems for aquifer
thermal energy storage. H2ZOTREAT was developed for use by
engineers with limited or no experience in geochemistry.

This work was supported by the U.S. Department of
Energy (DOE) under Contract DE-AC06-76RLO 1830.

Pacific Northwest Laboratory is operated for DOE by Battelle
Memorial Institute.
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H2O0TREAT: An Aid for Evaluating Water Treatment Requirements for
Aquifer Thermal Energy Storage

L. W, Valil, E. A. Jenne, and L. E, Eary
Pacific Northwest Laboratory
Richland, Washington, U.S.A.

ABSTRACT

A public-domain software package is available to aid
engineers in the design of water treatment systems for Aquifer
Thermal Energy Storage (ATES). Geochemical phenomena
that cause problems in ATES systems include formation of
scale in heat exchangers, clogging of wells, corrosion in
piping and heat exchangers, and degradation of aquifer
materials. Preventing such problems frequently requires
employing water treatment systems. Individual water
treatment methods vary in cost, effectiveness, environmentai
impact, corrosion potential, and acceptability to regulatory
bodies. Evaluating these water treatment options is generally
required to determine the feasibility of ATES systems, The
H20TREAT software was developed by Pacific Northwest
Laboratory for use by engineers with limited or no experience
in geochemistry. At the feasibility analysis and design stages,
the software utilizes a recently revised geochemical model,

" MINTEQ, to calculate the saturation indices of selected
carbonate, oxide, and hydroxide minerals based on water
chemistry and temperature data provided by the user. The
saturation index of a specific mineral defines whether that
mineral is oversaturated, hence may precipitate at the specified
temperature. The saturation indices of key calcium, iron,
silica, and manganese carbonates, oxides, and hydroxides
(calcite, rhodochrosite, siderite, Fe(OH)[a], birnessite,
chalcedony, and SiOy) are calculated. User input is separated
into “‘required” and “optional” data (Table 1). Currently,
H20TREAT does not perform cost calculations; however,
treatment capacity requirements are provided. Treatments
considered include 1) Na and H ion exchangers and pellet
reactors o avoid calcite precipitation, and 2) in situ nitrate
addition and cascade precipitators to prevent Fe and Mn oxide
precipitation. The H2OTREAT software also provides

the user with guidance on other geochemical problems that
must be considered, such as SiO, precipitation, corrosion, and
environmental considerations. The sodium adsorption ratio
and sodium hazard are calculated to evaluate the likelihood of
clay swelling and dispersion caused by high Na concentrations.
(e.g., as a result of Na ion exchange water treatment used to
prevent calcite precipitation). H2OTREAT is available for
DOS and UNIX compuiers.

INTRODUCTION

The chemistry of aquifers often represents a significant
problem in the design of Aquifer Thermal Energy Storage
(ATES) systems. The precipitation of minerals in heat
exchangers can result in significant scale formation that can
make the heat exchanger less efficient or inoperable. Many
ground waters are naturally corrosive to many common
materials used in heat exchangers, pumps, and pipes. Changes
in temperature may make these waters even more corrosive. In
addition, precipitation of minerals within the aquifer or

- precipitates transported into the aquifer can clog the aquifer.

Water treatment technologies are available that can
mitigate these problems. The cost, effectiveness, and
environmental consequences of these treatment technologies
vary considerably. The seiection and sizing of the appropriate
treatment technology for a specific situation (aquifer chemistry
and design temperature) require significantly more background
in geochemistry than most design engineers who are making a
feasibility assessment for ATES are likely to possess.

A public-domain software package is now available to aid
engineers in the design of water treatment systems for ATES.
The H2OTREAT software was developed for use by engineers



with limited or no experience in geochemistry at the feasibility
analysis and design stages. The software was developed by
Pacific Northwest Laboratory for the U. S. Department of
Energy as part of the United States' contribution to Annex VI
of the International Energy Agency.

GEOCHEMICAL PROBLEMS

The most general geochemical problem encountered in
ATES systems is that of precipitation of carbonate on heat
exchangers and clogging of the injection well and/or storage
aquifer by Fe and Mn oxides or by carbonates. The deposition
of a significant amount of scale on heat exchangers greatly
reduces their thermal transfer efficiency and deposition on the
well screen, gravel pack, or in the aquifer markedly decreascs
the injection rate at a fixed pressure.

The major geochemical reactions of concern in ATES
are:

« precipitation (scale formation, aquifer clogging),

« " dissolution,
redox transformations (oxidation of reduced Fe and
Mn),
cation exchange,
swelling of expandable clays,
dispersion of fine-grained sediments, and
degassing (formation of gas phase).

The solubility of carbonate minerals decreases with
increasing temperature. Although calcite is the predominate
carbonate mineral formed, ferrous carbonate (siderite) is
suspected as the cause of reduced permieability in Swedish
ATES systems. The departure from rquilibrium with respect
to a specified solid phase can te caleil:sted by determining the
aqueous speciation of the dissolved components (e.g., Ca,
dissolved carbonate) and caiculating the ion activity product
(IAP). The logarithm of the ratio of the IAP to the solubility
value (Kgp) is known as the saturation index (SD); i.e., IAP =

Aca Aco3 and Sleaicire = log1o (TAP/K o), where Ac, =
activity of Ca and Acos = activity of CO3. At Slgaycjee values
of less than 0.3, calcite precipitation appears to be t0o slow to
pose a problem (van Dijk and Wilms 1990; Banck 1989;
Griffioen 1992; Willemsen and Appelo 1985) because of the
interference of components such as dissolved organic carbon
(DOC), Mg, and PO, with the precipitation process (Jenne
1990; Griffioen 1992). Other factors that affect precipitation
and calculation of SI's include the formation of solid solution
of CaCO3 with Mg, Fe, and Mn. If Sl jcite, cOrTectly
estimated at the temperature to which the water is to be heated,
is at or below zero no walter treatment is required. For SI
>0.3, water treatment is indicated. Because storage at a lower
temperature than originally contemplated might remove the
necessity for water treatment, it is important to estimate the
temperature at which Slcgciie is € 0.3. It is also important to
note that errors in calculated SIs for carbonate minerals may
result from the loss of CO,, with resultant rise in pH, during

pumping, sampling, and while awaiting analysis.
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The hydroxides and oxides of Fe and Mn, respectively,
hereafter referred to as oxides, precipitate upon reaction with
atmospheric O; as a consequence of oxidation of the reduced
metal. Ferrous iron, Fell, and MnII are commonly the
dominant forms of dissolved Fe and Mn in aquifers that are
depleted of O,. This is primarily a result of microbial
processes that deplete the oxygen as surface water infiltrates
and moves down gradient from a recharge area. When O is
depleted, then NO3, NO,, MnlV, FeTl, and then SO, serve in
turn as electron receptors. Because every oxygen molecule that
comes into contact with reduced ground water can oxidize 4
Fell to Fell or 2 Mn to MnlV atoms, the entry of even
small amounts of air may cause considerable oxide
precipitation. ATES systems should preclude air entry if 1)
the source water concentration of Fe or Mn is >0.1 mg/L
because O, entry may cause oxide precipitation with resultant
scaling and clogging and may also increase corrosion rate, or
2) if pCO, is greater than the value in equilibrium with the
atmosphere, then a partially open system may allow degassing
and a pH increase with resultant precipitation of Ca, Fe, and
Mn carbonates.

The dispersion of fine-grained sediment and the swelling
of clays may also reduce aquifer permeability. Dispersion may
occur as a result of physical disturbance (Molz et al. 1981),
but more generally from increased Na saturation of expandable
clays caused by use of Na-exchange water treatment or a
significant reduction in ionic strength as when a foreign, lower
ionic strength water is introduced into a saline aquifer (Jones
1964). The likelihood of clay dispersion, swelling, and reduced
permeability is characterized by a high, medium, or low Na
hazard (Richards 1954, p. 80; Jackson 1958, p. 258).

Gases are often present in ground water in amounts
greater than would be in equilibrium with atmospheric
pressure. If during injection, the pressure on the water is
reduced as a result of inadequate back pressure, the gases may
come out of solution and create a discrete gas phase that can
block aquifer pores, greatly decreasing permeability and
causing a system to fail.

TREATMENT METHODS

Sodium exchange, hydrogen exchange, and the pellet
reactor treatment methods are considered here to avoid
carbonate precipitation whereas nitrate injection, cascading, and
air-saturated water or peroxide injection treatments are included
to avoid iron and manganese oxide precipitation.

Either NaCl or HCI are used to recharge the cation
exchanger. Use of the H-saturated exchanger results in lower
pH and additional carbonate mineral dissolution during heated
water storage. Therefore, Na exchange is to be preferred to H
exchange. Additionally, the fraction of storage water that must
be treated is expected to decrease with each cycle when Na
exchange is used, but is expected to increase if H exchange is
used. The pellet reactor has been used to soften domestic water
supplies since the mid-seventies in The Netherlands (van Dijk
and Wilms 1990), achieving very rapid but not excessive over
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ABSTRACT

The application of exergy analysis (Second-Law
analysis) to aquifer thermal energy storage (ATES) sys-
tems is investigated in order to facilitate proper assess-
ments of overall system performances. The investiga-
tion involves the creadon of an elementary ATES model,
and the development of the corresponding expressions
for etficiencies and for the quantities of energy and
exergy that are injected and recovered. It is demon-
strated that ATES performance measures based ¢
exergy often are more useful and meaningful than thoue
based on energy. Exergy efficiencies account for the
temperatures associated with energy transfers to and
from an ATES, as well as the quantities of energy
transferred, and consequently provide a measure of how
nearly ATES systems approach ideal thermodynaric
performance. Energy efficiencies only account for
energy transfer quantities, and thus do not provide a
measure of approach to ideal performance. In fact,
energy efficiencies are often misleadingly high because
some of the energy recovered can be at too low a tem-
perature to be available for a useful purpose. However,
it is shown that the use of an appropriate threshold
recovery temperature can partially eliminate the inherent
misleadingness in ATES energy efficiencies.

INTRODUCTION

In use, aquifer thermal energy <"orage (ATES) sys-
tems must be integrated with other components into
larger thermal systems, and hence their characteristics
must be accurately expressed if proper analytical assess-
ments of overall system performances are to be made.
At present, however, in spite of the fact that much ATES
research has been performed (1-3], no valid and gen-
erally accepted standards have been established for the
evaluation and comparison of the performance of dif-
ferent ATES systems. In fact, conventional performance
measures, which are normally based on energy quanti-
ties, are often misleading.

1M1

The present work is part of a research program
directed towards investigating the need for considering
exergy analysis in the design and evaluation of thermal
energy storage (TES) systems. Other results of the pro-
gram have been reported elsewhere [4-7]. Here, the
application of exergy analysis to ATES systems is inves-
tigated. Exergy is defined as the maximum amount of
work which can be produced by a quantity of matter or
energy in a reference environment, and is discussed else-
where [4-7]. '

In the remainder of this paper, an elementary
ATES model is developed; expressions are developed
and examined for the quantities of energy and exergy
that are injected and recovered for an ATES, and for
energy and exergy efficiencies; the effect of introducing
a threshold temperature is considered, below which resi-
dual heat remaining in the aquifer water is not con-
sidered worth recovering; and an illustrative example
using realistic ATES parameter values is presented.

ATES MODEL

A general ATES is considered. Charging occurs
over a finite ime period, ¢, and after a holding interval
discharging occurs over another finite time period, ¢4,
which can differ from ¢,. The working fluid is water,
having a constant specific heat ¢, and assumed
incompressible. The temperature of the aquifer and its
surroundings prior to heat injection is denoted T, and is
referred to as the reference-environment temperature.
Only heat stored at temperatures above T, is considered,
and pump work is neglected.

During charging, heated water at a constant tem-
perature T, is injected at a constant mass flow rate m,
into the ATES. Then, after a storing period, discharging
occurs, during which water is extracted from the ATES
at a constant mass flow rate my. The fluid gischarge
temperature is taken to be a function of time, ie.,
T, =T4(t). The discharge temperature after an infinite
time is taken to be the temperature of the reference-



environment, i.e., T4(2) =T,, and the initial discharge
temperature is taken to be between the charging and
reference-environment temperatures, ie.,
!, ST4(0) £T,. Here, for simplicity, the discharge tem-
perature is taken to decrease linearly with time from an
wiitial value T4(0) to a final value T,. The final tempera-
ture is achieved at a time ¢, and remains fixed at T, for
all times after f;. Thatis,

T -T0~T) = , 0se<y
f

Ta® =17, L fystse (D

Other discharge temperature-time profiles are possible,
but most others would be inconveniently complex
mathematically for the present discussions. The linear
profile above is sufficiently realistic and simple to illus-
trate the importance of using exergy analysis in ATES
evaluation and comparison, without obscuring the cen-
tral ideas of the paper. The temperature-time profiles
considered in the present model for the fluid lows dur-
ing the charging and discharging periods are summar-
ized in Fig. 1.

The two main types of thermodynamic losses that
occur in ATES systems are accounted for in the model.
These losses occur between the beginning of charging
and the end of discharging, and are as follows:

. Energy losses. Energy injected into an ATES that
is not recovered is considered lost. Thus, energy
losses include energy remaining in the ATES at a
point where it could still be recovered if pumping
~ 2re continued, and energy injected into the ATES
at is convected in a water flow or is transferred
vy conduction far enough from the discharge point
that it is unrecoverable, regardless of how much or
how long water is pumped out of the ATES. The
effect of energy losses is that less than 100% of the
injected energy is recoverable after storage.

° Mixing losses. As heated water is pumped into an
ATES, it mixes with the water already present
(which is usually cooler), resulting in the recovered
water being at a lower temperature than the
injected water. In the present model, this loss
results in the discharge temperature T, being at all
times less than or equal to the charging tempera-
ture T., but not below the reference-environment
temperature T, (1.6, T, ST,(1) ST, for0 <t S oo),

ENERGY AND EXERGY ANALYSES

To perform energy and exergy analyses of the per-
formance of ATES systems, the quantities of energy and
exergy injected into the ATES during charging and those
recovered during discharging must be evaluated.

The energy flow E associated with a flow of water
at a constant mass flow rate m, for an arbitrary period of
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time, where temperature T is a function of time ¢, is

E=[EQd

4

(2)
where the integration is performed over the time period,
and the energy flow rate at time ¢ is

E@t) =mc (T() - T,) 3)

Combining the above two equations, and noting that
m, ¢ and T, are assumed constant,

E=mc[@T®)-T,) a “)
!
The corresponding exergy flow € is
e= &0 dt )
I3
where the exergy flow rate at time ¢ is
&) = mc((T() = T,) = T, In(TGYT,)]  (6)

Combining Egs. 5 and 6,
£ = rhcj'[(T(t)-To) - T, In(TNT,Hlde  (T)
{
or, in terms of E (see EQ (4)),

e=E -mcT, [ In(TENT,) dt 8)

CHARGING - The energy input to the ATES dur-
ing charging, for a constant water injection rate m, and
over a time period beginning at zero and ending at ¢, is
expressed by EQ (4) with T(¢) = T,. That s,

e
Ec=mec [ T, =T)dt = hect(T.=T,) ©9)
=0
The corresponding exergy input is expressed by EQ (7),
with the same conditions as for £.. Thus, after integra-
tion,

& = ’hc Cl [(Tc - Ta)‘ To In (TC/TO)]
Alternatively, with EQ (8),
€ = E, -~ m.ct, T, In(TJT,)

(10)

(1D

DISCHARGING - The energy recovered from the
ATES during discharging, for a constant water recovery
rate my, for a time period starting at zero and ending at
14, is expressed by EQ (4) with T(z) as in EQ (1). Thus,

14
Eq=rmgc [ Tq0) - T,) dt
t=0

(ZIf - 1)

T
= Ihd c (Td(O) - Ta) 2 (12)
f



where
0sty S I

tf S 1y S oo a3

L4 ’
T = tf '

The corresponding exergy recovered is expressed
by EQ (7), with the same conditions as for £4. Thus,

7]

eg=mac | (Tat)=To) = To M (Tu()T,))de (14)
t=0

or, with EQ (8),

e

€= Eq—mgcT, [ In (TueNT,) dt (15)
t=0
Here,
1y la
[ In(Ta)To) de = [ In(ar +b) dr
=0 =0
S 80 g+ by -t %lnb (16)
where
To - Td(o)
= — 1
a oy an
T4(0)
T, (18)

Note that when 14 2 1y, the expression for the integral in
EQ (16) reduces to

T4(0)

. 40
N To-T1,

T,

1

ENERGY AND EXERGY BALANCES - An
energy balance on any ATES taken over a complete
charging-discharging cycle states that

Energy injected = Energy recovered + Energy lost 19)
A corresponding exergy balance states that
Exergy injected = Exergy recovered + Exergy lost 20)

If fis defined as that fraction of the injected energy
E. that can be recovered if the length of the discharge
period approaches infinity (i.e., water is extracted until
all recoverable energy has been recovered), then

Ej(tg—> =) = [E. 20
From the above energy balance, (1 = f)E,. is the energy
imeversibly lost from the ATES. Clearly, f varies
between zero for a thermodynamically worthless ATES
to unity for an ATES having no energy losses during an
infinite discharge period. (Note that even if f=1, the
ATES can still have mixing losses that reduce the tem-
perature of the recovered water and consequently cause
exergy losses). Since E. is given by EQ (9) and
E4(14 — =) is given by EQ (12) with T= ¢, EQ (21) can
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be rewritten as:

myc(Tg0) =T, /2 = fm.c (T =To)tc
or, after rearranging,

(22)

ng (T40) - 7,
f= tfmd.(d() ) 23)
2ttm, (T, - T,)

Since T,4(0) can vary from T, to T., the temperature-
related term (T4(0)-T, (. -T,), like f, varies
between zero and unity. The time ratio ¢/t and muss-

flow-rate ratio my/m. can both take on any positve
values (subject to the above equality).

EFFICIENCIES AND LOSSES - For either
energy or exergy, efficiency is defined as the fraction,
taken over a complete cycle, of the quantity in~ 't during
charging that is recovered during discharging, wiule loss
is the difference between input and recovered amounts
of the quantity. Hence, the energy loss as a function of
the discharge time period is given by [E. —Ea(to)],
while the corresponding exergy loss is given by
(€. - €4(ty)]. It is emphasized that energy losses do not
reflect the temperature degradation assor. ....d with mix-
ing, while exergy losses do.

The energy efficiency n for an ATES, as a function
of the discharge time period, is

Eq(ta)  ma(Ta(0) —To) T2t —T)
E. me(Te = To)

and the corresponding expression for the exergy
efficiency vy is

n(tg) = (24)

2tf!c

€4(tq)
€ °

Note that the energy efficiency in EQ (24) simplifies,
when the discharge period t; exceeds ¢, ie.,
N(tq 2 tf) = f. Thus, for an ATES in which all injected
energy is recoverable during an infinite discharge period,
i.e., f=1, the energy efficiency can reach 100% if the
discharge period t; is made long enough. The
corresponding exergy efficiency, however, remains less
than 100% because, due to mixing losses, much of the
heat is recovered at near-environmental temperatures.
Only a thermodynamically reversible storage would per-
mit the achievement of an exergy efficiency of 100%.

W) = (23)

EFFECT OF A THRESHOLD TEMPERATURE

In practice, it is not economically feasible to con-
tinue the discharge period until as much recoverable heat
as possible is recovered. As the discharge period

increases, water is recovered from an ATES at ever .

decreasing temperatures (ultimately approaching the
reference-environment temperature T,), and the energy
in the recovered water is of decreasing usefulness.



To determine the appropriate discharge period, a
threshold temperature T, is often introduced, below
which the residual energy in the aquifer water is not con-
sidered worth recovering from an ATES. For the linear
temperature-time relation used here (see EQ (1)), it is
clear that no heat could be recovered over a cycle if the
threshold temperature exceeds the initial discharge tem-
perature, while the appropriate discharge period can be
evaluated using EQ (1) with T, replacing T,(¢) for the
case where T, £ T, £ T4(0). Thus,
[ T4(0) - T,

—_— <
Td(O) - To tf ! To s Tl = Td(o)

ly =9 (26)

0 v THO)<T,

\

Thus, the effect of a threshold temperature in practice is
to place an upper limit on the allowable discharge time
period.

ILLUSTRATIVE EXAMPLE

[n this example, experimental data are used from
the first of four short-term ATES test cycles, using the
Upper Cambrian Franconia-Ironton-Galesville confined
aquifer, and performed at the University of Minnesota's
St. Paul campus from November 1982 to December
1983 [8]. During the test, water was pumped from the
source well, heated in a heat exchanger and returned to
the aquifer through the storage well. After storage,
energy was recovered by pumping the stored water
through a heat exchanger and returning it to the supply
well.

For the test cycle considered here, the water tem-
perature and volumetric flow rate are shown as a func-
tion of time during the injection and recovery processes
in Fig. 2. The storage period duration (13 days) is also
shown. Charging occurred during 5.24 days over a 17
day period. The water temperature and volumetric flow
rate were approximately constant during charging, and
had mean values of 89.4°C and 18.4 /s respectively.
Discharging also occurred over 5.24 days, approximately
with a constant volumetric flow rate of water and
lincarly decreasing temperature with time. The mean
volumetric flow rate during discharging was 18.1 /s, and
the initial discharge temperature was 77°C, while the
temperature atter 5.24 days was 38°C. The ambient
temperature was reported to be 11°C.

In the subsequent calculations, mean values for
volumetric flow rates and charging temperature are used.
Also. the specific heat and density of water are both
laken to be fixed, at 4.2 kJ/kg-K and 1000 kg/m’,
respectively. Since the volumetric flow rate (in
litres/second) is equal to the mass flow rate (in
kilograms/second) when the density is 1000 kg/m’,
m. = 18.4 kg/s and my = 18.1 kg/s. Also, the reference-
environment temperature is fixed at the ambient tem-
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perature, i.e., T, = 11°C = 284 K,

During charging, it can be shown using Egs. 9 and |
11, with ¢ =524d=453,000s and T.= 89.4°C = :
362.4 K, that

E. = (18.4 kg/s)(4.2 kJ/kg-K)(453,000 s)
X (89.4°C - 11°C) = 2.74 x 10° kJ
and

€ =2.74x10° kJ - (18.4 kg/s)(4.2 kl/kg-K)(453,000 5)
X (284 K) In (362.4 K/284 K) = 0.32 x 10° kJ

During discharging, the value of the time tyis i
evaluated using the linear temperature-time relation of |
the present model and the observations that
T4(t =5.24 d) = 38°C and T,(0) = 77°C =350 K. Then, .
using EQ (1) with t =5.24 d,

38°C = 77°C - (77°C - 11°C) (5.24 d/ t)

which can be solved to show that ty=8.87d. Thus, with
the present linear model, the discharge water tempera- -
ture would reach T, if the discharge period was
lengthened to almost 9 days. In reality, the rate of tem-
perature decline would likely decrease, and the discharge
temperature would asymptotically approach T,. Also
the value of the fraction f can be evaluated with EQ (23)

as
= —B87d8 1 kg/s)(77°C ~ 11°C)
T 2(5.24 d)(18.4 kg/s)(89.4°C — 11°C)

Thus, the maximum energy efficiency achievable is
approximately 70%. With these values and Egs. 17 and
18, it can be shown that

a = (11°C - 77°C)/(284 K x 8.87 d) = -0.0262 4~
b = (350K)/(284 K) = 1.232

= 0.701

Consequently, expressions dependent on discharge time
period, #4, can be written for £, €4, 11 and y using Eqgs.
12 10 18, 24 and 25. Also #,-dependent expressions for
energy loss (E; - E4) and exergy loss (€. —€4) can be
written. These quantities are plotted as a function of ¢4
in Fig. 3.

Several points in Fig. 3 are worth noting. First, for
the conditions specified, all parameters level off as 1,
approaches 7, and remain constant for ¢4 2t Second,
as ¢y increases towards 1y, the energy recovered increases
from zero to a maximum value, while the energy loss
decreases from a maximum of all the input energy to a
minimum (but non-zero) value. The exergy recovery
and exergy loss functions behave similarly qualitativety, -
but exhibit much lower magnitudes. Third, both
efficiencies increase from zero to maximum values as #,
increases, with the energy efficiency always exceeding
the exergy efficiency. Further, the difference berween
the two efficiencies increases with increasing ;. This
latter point demonstrates that the exergy efficiency gives
less weight than the energy efficiency to the energy
recovered at higher ¢, values since it is recovered at tem-



[(C- Ty

peratures nearer to the reference-environment tempera-
ture.

If a threshold temperature is introduced and arbi-

trarily set at 38°C (the actual temperature at the end of

the experiment:i discharge period of 5.24 d), then the

data in Fig. 3 for t; = 5.24 d apply and one can see that

o the exergy recovered (0.127 x 10° kJ) is almost all

 (91%) of the exergy recoverable in infinite tme
(0.139 x 10° kJ), while the energy recovered
(1.60 x 10° kJ) is not as great a portion 383%) of
the ultimate energy recoverable (1.92 x 10” k).

o the exergy loss (0.19 x 10° kJ) exceeds the exergy
loss in infinite time (0.18 x 10° kJ) slightly (by
5.5%), while the energy loss (1.14x10" kJ
exceeds the energy loss in infinite time (0.82 x 10
kJ) substantially (by 39%).

o the exergy efficiency (40%) has almost attained the
exergy efficiency auainable in infinite tme
(43.5%), while the energy efficiency (58%) is still
substantially below the ultimate energy efficiency
attainable (70%).

To gain confidence in the model and the results,
some of the quantities calculated using the linear model
can be compared with the same quantities as reported in
the experimental paper (8]

® The previously calculated value for the energy
injection during charging of 2.74 x 10° KJis 1.1%
less than the reported value of 2.77 x 10° kJ.

. The energy recovered at the end of the experimen-
tal discharge period of r;=35.24 days can be
evaluated with EQ (12) as

E 5.24d) = (18.1)@.2)(77 - 11)
« 524(2x8.87-5.24)
’ 2% 8.87

which is 1.8% less than the reported value of
1.63 x 10% KJ.

° The energy efficiency at 3 =5.24d can be
evaluated with EQ (24) as

1.60 x 10° kJ
2.74x 10° KJ

which is 1.0% less than the reported value of 0.59
(referred to as the "energy recovery factor”).

86,400-%= 1.60% 10° kJ

ns.24d) = = 0.584

CONCLUSIONS

Although energy-based performance measures are
normally used in ATES assessments, it is demonstrated
using an elementary ATES model that ATES perfor-
mance measures based on exergy often are more useful
and meaningful than those based on energy. Exergy
efficiencies account for the temperatures associated with
energy transfers to and from an ATES, as well as the
quantities of energy transferred, and consequently pro-
vide a measure of how nearly ATES systems approach
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ideal performance. Energy efficiencies can only account
for quantities of energy transferred, and can often bc
misleadingly high, such as in cases where heat is
recovered at temperatures t00 low to be useful. The use
of an appropriate threshold recovery temperature can
partally avoid the most misleading characteristics of
ATES energy efficiencies. Although the analysis
presented is for a particular storage cycle, analogous
results would be expected for other ATES cycles, and
the methodology should be adaptable to a wide range of
ATES designs.

NOMENCLATURE

parameter in €4 expression
parameter in €, expression
specific heat

energy

fraction

mass

time

temperature

exergy

energy efficiency

exergy efficiency

€3 MmN~ 3Immo oh

Subscripts
charging period
discharging period
final

" reference environment
threshold

ladi VR N S Y

Superscripts
rate
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ABSTRACT

The successful widespread commercialization of
aquifer thermal energy storage (ATES) in the United
States will depend on the effectiveness with which the
experiences gained from early full-scale systems are
used as guides in the design, installation and operation of
future projects. One such early system from which both
anecdotal and quantitative information is available is the
Mid-Island Postal Facility in Melville, New York. At this
tacility, built in the mid-1980s, an ATES system has been
integrated with the building’s central heating and cooling
plant. “Cold" wells are charged with water that is cooled
during the winter by heat pump and closed circuit cooler
operation. Water from these cold wells is then used to
meet the facility's cooling load during the summer, before
being pumped back into .he ground at “Warm” wells.
Dehumidification during summer operation is accom-
plished by a liquid desiccant system that uses propane
boilers to provide a heat source for desiccant regenera-
tion. This system will also add water to the air during peri-
ods of low humidity. This paper provides an overview of
the project, and describes the analysis being performed
to assess energy and economic merits of this innovative
system.

INTRODUCTION

The U.S. Postal Service's (USPS) Mid-island
Mail Processing Facility (MPF) is located in-Melville New
York. The facility (23875 m?) services a population of 2.5
million with sophisticated, computerized mail sorting
equipment. Approximately 1200 employees work over
the course of a 24-hour day, 7 days a week. The peak
period is between 6 p.m. and 3 a.m. Monday through Fri-
day. Various types of mail processing equipment at the
facility processes approximately 5 million pieces of mail
each day.

The facility was designed and built with systems
to use minimum off-site energy, and a building envelope
designed to achieve maximum energy savings. The tacil-
ity incorporates state-of-the-art features that are
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designed to be energy efficient, aesthetically pleasing,
and economically feasible. Lighting for the workroom
area is provided by variable high pressure sodium fix-
tures, each controlied by a central computer generated
radio signal. The luminaire wattage is governed by USPS
work program needs, and is reduced as allowable by the
natural light level achieved through skylighting, which
encompasses 4% of the roof. The building envelope
includes w}ute hypalon membrane roofing, mechanically
tastenad over R-30 insulation, and exterior walls made of
insulated precast concrete.

Heating, ventilation, and air conditioning (HVAC)
of the building (Figure 1) is provided by a unique combi-
nation of grou.ad water heating/cooling with a liquid-des-
iccant syste m for humidity control. A seasonal aquifer
thermal energy storage (ATES) system was designed to
provide “cold” water to handle the cooling load during
summer and “warm” water as a heat source for a heat
pump in winter. Backup up cooling is provided by the
heat pump; backup heating is accomplished through
modular boilers. Triethylene glycol is used as the liquid-
desiccant for moisture removal from workroom supply aiv.
The desiccant system can also add water to the air dur-
ing periods of low humidity.

Conceptually, the HVAC system at the Melville
MPF offers significant operational advantages over more
conventional systems. Mechanical refrigeration for cool-
ing was downsized from peak cooling load levels, and its
operation schedule can be reduced. Thus, a sizabie
reduction in summer electric peak loading is expected
relative to conventional systems, along with a decrease
in total summer electrical usage. Downsizing of the
HVAC equipment because of desiccant dehumiditication
also reduces the amount of ozone-depleting compounds
such as CFCs that are required. Because the desiccant
system provides dehumidification, a higher temperature
(and thus higher efficiency) well cooling system can be
used than in other ATES designs. Finally, the glycol lig-
uid-desiccant system provides a much more precise con-
trol of building humidity than conventional commercial
HVAC systems. Such glycol systems also are purportedly
(Amsterdam 1988) highly effective at eliminating bacteri-



ological pollutants, and can help in the removal of air-
borne particulates.

Because of these perceived advantages and the
unique opportunity for study this innovative existing appli-
cation affords, the U.S. Department of Energy's (DOE)
Pacific Northwest Laboratory (PNL) has entered into
agreements with the USPS, the U.S. Geological Survey
(USGS), and the New York State Energy Research and
Development Authority (NYS ERDA) to evaluate the
project. PNL is operated for the U.S. DOE by Battelle
Memorial Institute.

A technical assessment of the ATES/desiccant
HVAC system at Mid-Island Mail Facility has been initi-
ated, with emphasis on predicting the operating perfor-
mance and cost-effectiveness of the thermal system.
This paper first describes the ATES/desiccant HVAC sys-
tem installed at the USPS MPF at Melville, and then dis-
cusses the approach to be taken for the technical
assessment.

DESIGN SUMMARY

- @Groynd Water System: Three wells supply coid
water to the building during the summer, and are
recharged in the winter through heat pump and
closed-circuit cooler operation. Three other wells
supply warm water during the winter as a heat
source for the heat pumps, and are recharged in
the summer by the water that has been circulated
through the building (and thus warmed).

- Heat Pump; Two 352 kW chillers are operated in
series to reduce supply cold water temperature
from the wells as required to meet the summer
cooling load. Condenser water is used for winter
heating. During the winter heating season, the
heat pumps also produce cold water to recharge
the cold water wells.

- Closed-Circuit Cooler: A roof-top closed-circuit
cooler is used to reduce warmer well water tem-
peratures in the winter (in conjunction with the
heat pumps, or alone) prior to injection into cold
wells.

- Radiant Gas Heaters ’erir eter mail platforms
are heated during cold periods with overhead
propane gas radiant heaters.

- Modular Boiiers: Back-up heating and regenera-
tion of liquid-desiccant is accomplished through
the use of modular propane boilers.

- Liquid Desiccant System: Air conditioning of
workspace supply air is accomplished using
“conditioners” supplied by the desiccant system
manufacturer (Figure 2). Heating and cooling
coils are located in each conditioner to control
supply air dry bulb temperature. For dehumidifi-
cation, triethylene glycol is sprayed over unit
cooling coils in summer, absorbing water from
the supply air stream. Water absorbed by the
glycol is removed at a central liquid desiccant
concentrator serviced by the modular boilers. In
winter the cycle is reversed, and the liquid-desic-

cant system is used to add water to the supply
air stream as necessary to increase relative
humidity.

WELL DESCRIPTION

The ATES system consists of six wells, each 55
m in depth, and made up of a 0.305-m diameter (1.D.)
steel busing fitted with a 15.2 m long screen, of 0.2 m
diameter. The screen is surrounded by an 0.46 m diame-
ter fine gravel envelope that extends 6.1 m above the
screen for a total height of 21.3 m. The casing above the
gravel pack is enclosed in cement grout. The well pump
is located within the casing above the screen and within
the water table at a sufficient distance to allow for draw-
down. Clearance of 25 mm around the pump on all sides
allows for recharge. The pump drive motor is located
above the well. The subsurtace in which the wells are
located is comprised of giacial outwash sand and gravel
sediments known as manetto gravel. The ground water
table is 12.2 m below surface grade. At the level of the
well screen the aquiter is classified as the upper glacial
aquifer.

Wells 1A, 2A, and 3A are located on the eastemn
boundary of the USPS property (Figure 3). The tempera-
ture of water from these wells prior to ATES system oper-
ation has been recorded at 17.5 €. This relatively high
temperature is considered to be a result of warm water
discharge into the ground from off-site wells located to
the north that service air conditioners of large office com-
plexes. Through regional flow of ground water, this dis-
charge impacts the aquifer below the USPS/MPF. As a
consequence, the warmest wells of the ATES system,
(the east wells) are used as the winter supply for the heat
pumps. Therefore, in summer, warm .vater return from
the USPS/MPF is injected into the ground at these wells.

Waelis 4, 5, and 6 are located on the western side
of the USPS property (Figure 3). The temperature of
water from these wells prior to ATES system operation
was recorded at 13.3 °C. These wells are not in line with
the regional flow of discharge water from the off-site wells
to the north. These wells are for summer supply of cool
water to the heat pumps and are reinjected with cool
water during winter.

WELL SYSTEM OPERATING CONCEPT

The well system is designed to supply the USPS/
MPF with cool water to meet the building cooling load
during summer and warm water for heating during winter.
The basic concept employed is that of seasonally storing
masses of warm and cool water in separate locations in
the aquifer. As it is warmed in summer, the water is
injected into east (warm) wells 1A, 2A, and 3A; as itis
cooled in winter, the water is injected into west (coid)
wells 4, 5, and 6.

Because the building envelope is well insuiated
and internal heat gains caused by equipment is high,
design calculations indicated that more cooling energy is
required on a seasonal basis than heating. To meet the



additional cool water requirements beyond what can be
produced during winter heat pump operation, water
drawn from the east wells may also be passed through
the roof-top closed-circuit cooler and redeposited into the
west wells. The roof-top closed-circuit cooler is designed
to reduce water temperatures in the winter prior to injec-
tion into cold water wells. This additional cooling capacity
is required to help offset the heat loading generated by
the mail processing operation to balance annuai heating
and cooiing ground water thermal storage. Following
seasonal changeover, a cool water mass should be avail-
abte from the west wells for summer cooling, and a warm
water mass should be available from the east wells for
winter heating. The heat losses caused by (horizontal)
regional water flow and vertical conduction, along with
other geologic factors, limit the amount of stored heat or
chill that can be recovered from the wells. As a result of
the regional flow, the southernmost west (cool) and east
{heat) wells have the coolest and warmest water, respec-
tively.

The summer cooling process was designed to
use 9.4 °C water during periods of highest temperature.
When cool water well recovery temperatures are above
9.4 °C, the heat pumps are designed to operate as water
chillers to further chill the water as required. The design
goal is to be able to obtain direct cooling with well water
without electric chillers at all, but this will be dependent
on whether the amount of cold water stored in the previ-
ous season (less recovery losses) is adequate to meet
the annual cooling load and whether recovery flow rates
can be maintained at design levels. The wells were
designed to supply water at 26 L/s. Maximum design sys-
tem operation is tor two wells (a total of 52 L/s) to be
operated simultaneously. Reinjection is assumed to be to
two wells when a single 26 L/s supply well is being
employed by the system, and three wells for a 52 L/s two
well supply to system. The design assumes wells will be
pumped only as required to meet the heating or cooling
needs of the building on a daily basis. Single-well opera-
tion occurs during moderate cooling and heating periods.
Two-well supply operation occurs during periods of high
cooling needs.

ASSESSMENT

The goal of the assessment is to develop models
to predict the annual energy costs and performance ot
the existing HVAC system if it is operated “per design”,
and compare the system's economics to a “baseline”
HVAC system model. Because the HVAC system at the
USPS/MPF has a central chilled water loop, a conven-
tional central system will be used for the base line model.
This base line model will include a water chiller, a boiler,
a cooling tower, and standard air handling units with
heating coils (for supply air heating) and cooling coils (to
provide both cooling and dehumidification of supply air).

For mathematical modelling, mechanical system
schematics, equipment specifications, and shop draw-
ings will be referred to, and necessary data needed to
define the building envelope, equipment operating
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schedules, occupancy schedules, and control modes of
HVAC system will be obtained from the USPS. A limited
amount of monitored electrical data, fuel cost racords,
and anecdotal information is also avaitable. To the extent
possible, this data will be used to support model develop-
ment and validation. In addition, algorithms will be devel-
oped to model the performance of the glycol liquid-
desiccant system using information provided by the man-
utacturer.

in the analysis of ATES systems, the coupling of
the aquifer's performance with the dynamic “load” it is
serving is often overly simplistic. Total annual heating
and cooling load estimates typically have been used to
estimate the “average” recovery flow rates from the aqui-
fer for the entire heating/cooling season and the total
“charge” of water that must be recovered over the sea-
son. Following a survey of the site, a hydrogeologic
model is then developed to predict how well a seasonal
ATES system can meet these requirements. The aquifer
models numerically solve for the thermal response of the
subsurface environment (Vail 1989), accounting tor hori-
zontal transport and vertical conduction within the aqui-
fer. However, even if the aquifer model is highly accurate,
this simplified approach to coupling the aquifer with the
building can result in significant errors in predicting of
system performance because it does not capture the
dynamic impact of changing building loads (i.e., hourty,
daily, monthly). Also, if average flow rates are used, the
analysis might falsely predict that an ATES system is
adequate when actually it might fail to produce sufficient
flows at cold enough temperatures iate in the summer,
the time when peak cooling loads generally occur. An
equally unsophisticated approach, and one that is often
used to estimate chiller annual energy consumption for
buildings with conventional HVAC systems, is the “equiv-
alent full load hours” (EFLH) method. Resuits of EFLH
analyses are overly conservative if cooling ioads vary
much from the peak. Using peak recovery flow rates to
estimate ATES seasonal performance might lead to
overly conservative well designs. '

On the other end of the spectrum, the most
sophisticated method for modeling the USPS/MPF would
link an ATES computational model created to predict
aquifer performance (i.e., flow rates, and heat/chill recov-
ery efficiency) directly with a sophisticated transient sim-
ulation model of the actual building, so that the HVAC
dynamic effects can be captured. Such an approach is
beyond the scope of the assessment described here.
Instead, PNL will precaiculate hourly building loads using
a building thermal model, and convert these loads to
required aquifer recovery flow rates. The loads will be
averaged over larger time increments (e.g., days) if
desired, to match the computational time step of PNL's
aquifer analysis program (Vail 1985). Leaving water tem-
peratures from the building will be calculated by an
energy balance based on predicted recovery flow rate.
Using this approach, the aquifer capability at the USPS/
MPF can be compared with actual required cooling and
heating water tlow rates. Whenever the aquifer is inade-
quate to meet cooling or heating needs, the balance will



be assumed to come either from increased reliance on
mechanical refrigeration (cooling) or the back-up modular
boiler (heating).

The building cooling and heating load informa-
tion can also be used to determine operation require-
ments for the closed-circuit cooler. Finally, predicted
latent heat loads will also provide a prediction of the
annual desiccant system operation. From this, an esti-
mate of annual energy usage for the desiccant system
will then be obtained, including the propane used by
modular boilers for regeneration of desiccant in the con-
centrator.

The economic assessment will be conducted
using an analysis methodology developed by PNL for
thermal storage evaluations (Brown 1987). Levelized
energy costs of the ATES/desiccant HVAC system at the
USPS/MPF will be compared to those for the base-line
system. Operating and maintenance costs for the exist-
ing system and economic parameters used in the analy-
sis will be provided by the USPS. Standard estimating
procedures will be used to develop comparative costs for
the base-line system.

An additional, supporting, investigation is being
conducted by the USGS to better understand the geo-
technical performance of the ATES wells at the MPF. The
objectives of this investigation will include defining the
local geohydrologic setting, evaluating the potential
causes of well clogging, and providing general recom-
mendations for improving overall system operation. This
data will help in the development ot a more accurate
computational model of the aquifer, which will be used for
the technical assessment.

, Finally, a desiccant system operation assess-
ment will be pertormed. The prirmary objective of this
evaluation will be to identity any performance anomalies
and provide recommendations (where possible) for
improving and maintaining the performance of the desic-
cant system. This task will include on-site monitoring and
analysis of existing operationat data (both logs and anec-
dotal data) of the liquid-desiccant system. This work will
also help support validation of the desiccant system per-
formance model being created for the technical assess-
ment.

CONCLUDING REMARKS

The ATES/desiccant HVAC system at the USPS/

MPF in Melville provides a unique opportunity for an in-
depth study of an innovative system that in theory offers
both energy and environmental advantages over more
conventional systems. The technical/economic assess-
~ent described in this paper should provide a means of
evaluating the cost effectiveness of this system. Support-
ing studies, operational logs, and anecdotal data will also
provide insights on actual performance. It is hoped that
this study and the experience gained from maintaining
and operating the system will help guide the evaluation of
designs of similar systems in the future, both at USPS
facilities and at other locations.
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ABSTRACT

The Canada Centre Building was designed to
accommodate 1,900 workers on 12 floors in a 30,000 m?
office structure in Scarborough, Canada. Its unique
energy conserving features include 700 m? of roof
mounted solar energy collectors, chillers modified to
operate as heat pumps, and an aquifer thermal energy
storage (ATES) system operating on four 60 m deep
wells producing flows of 10 to 30 L/s from a 10 m thick
fine to medium sand aquifer. The ATES and solar
domestic hot water heating systems have been used
since 1985.

Instrumentation for ATES performance monitoring
was installed during construction of the building, for
research and verification of geothermal models. Energy
monitoring, however, was implemented in 1991, to
evaluate the energy consumed in operating various
energy conserving systems. Initial data show coefficients
of performance (COP) of about 4 to 5 for the ATES and
heat pump systems respectively.

INTRODUCTION

The Canada Centre Building in the City of
Scarborough within Metropolitan Toronto in Ontario,
Canada, was designed for Public Works Canada as an
energy efficient office building accommodating 1,900
workers on 12 floors, with two levels of parking below
grade.

After completion of initial energy modelling and
design of a conventional HVAC system based on model
results, the possibility of incorporating an aquifer thermal
energy storage (ATES) system was investigated. Two
aquifers were identified beiow the building site. After
hydrogeological testing in 1981-82, it was decided to use
the lower of the two aquifers for the ATES system. In
1982, the HVAC system configuration was expanded to
include potential year-round cooling of the building using
the groundwater from the lower aquifer. Construction of
the building and aquifer groundwater wells was started
in 1982 and completed in late 1984. The ATES system
was put into operation in 1985.

122

Dueto uncertainties associated with the incorporation
of a relatively new technology into the overall energy
management of the building, a comprehensive field
research program was initiated, to verify geothermal and
hydrogeological modelling predictions, and to allow for
modification of energy management systems to optimize
the utilization of the ATES system. Fifteen observation
wells were drilled within the property limits (2.2 hectare
area), each equipped with seven resistance temperature
device (RTD) sensors and one pressure transducer. Five
RTD's are located within the aquifer at equal spacing,
and one each in the aquitard and aquiclude above and
below the aquifer respectively.

All mechanical systems, including pumps and valves,
are operated from a central computer console. The
building's HVAC system is operated in a pre
programmed energy conserving sequence, with
provisions for operator over-ride. The heating and
cooling demands of the building are satisfied using one
or more of the following energy conserving and HVAC
components:

© Two steel forced draft cooling towers with a total
capacity of 2708 kW.

© Two hermetically sealed centrifugal chillers of 1354 kW
capacity each.

® Four short term concrete storage tanks of 197,500 L
capacity each.

¢ A fine to medium sand aquifer located 60 m below
basement level, supplying 10 to 30 L/s groundwater
from each of four production/injection wells.

® Seven plate type heat exchangers, two of which are
dedicated to the ATES system.

® Two 635 kW electric resistance boilers, and one
standby 210 kW electric resistance boiler for domestic
hot water (DHW).

e Evacuated tube type solar energy collectors occupying
700 m? of the south facing portion of an A frame type
roof topping.

The solar system uses a 50-50 propylene glycol
water mixture. All DHW is provided by the solar
collectors, even during the coldest of winter days,
provided some sunshine is available.



AQUIFER AND WELL FEATURES

The ATES system and the hydrogeological features
of the aquifer have been described in detail by Morofsky
(1983) and Mirza et al. (1985). The aquifer consists of a
fine to medium sand, known geologically in Toronto as
the Scarborough formation. it is located at a depth of
approximately 60 m below ground level, and averages
about 10 m in thickness. A geological profile is shown
in Figure 1. The transmissivity of the aquifer ranges
between 150 and 200 m?/day, with a storativity of about
10*. Hence, the aquifer is fully confined. No leakages
or interfering boundaries were apparent during the
aquifer pumping tests.

The locations of four production wells (PW) and all
observation wells (OW) used in the operation and
research of the ATES system are shown in Figure 2. The
production wells are full formation penetrating gravel
packed wells.

The geophysical logs and construction details of one
production well are shown in Figure 3. All production
wells were constructed using stainless steel and welding
for the casings and wire wound screens. The 100 mm
thick gravel pack was placed several metres above the
screen level to allow for possible losses and settlement
during well development.

During grout sealing of the external casing, problems
were encountered with migration of methane from the
aquifer. The methane is generated by peat lenses within
the aquifer. During investigations, the shut-in pressure of
the methane was found to be over 300 kPa. It is
believed that the heat of hydration of the grouting cement
expanded the casing initially, which upon pumping of
groundwater, shrank, allowing methane to escape
between the casing and the grout. In future installations,
the casing will be cooled during grout sealing.

The specific capacities of the four wells, measured in
1985, ranged between 115 and 142 m%/day/m. Recent
pumping tests (Strata Engineering Corp., 1992) show the
well efficiencies have declined between 28% to 72% from
those measured in 1985. The decline in well specific
capacity is being investigated. Scaling is suspected.
Caicite scale was found on low level alarm probe tips
located in standpipes within the gravel pack surrounding
the well screens (Figure 3).

ATES SYSTEM OPERATION

1985-1989: - The ATES energy management system was
initially desiyned and intended solely to provide cooling,
based on a building occupancy of 1,900 work places.
The system design called for groundwater to be pumped
up from the "warm wells", PW3 and PW4, at an ambient
temperature of about 9-10°C, and cooled down to about
7-8°C in the cooling towers. Cooling tower freezing
problems were encountered when attempts were made
to cool the groundwater much below 6°C. The cooling
towers were aiso incapable of cooling the groundwater
much below ambient during *warm" winter days.
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During summer, the groundwater, at an average

stored temperature of between 8-9°C, was pumped up
from the cold wells to cool the building. The warm return

water, at an average temperature of about 13°C, was
then injected into the warm wells. No problems were

encountered with re-injection, since all well heads are
equipped with a vortex degassing unit.

1989-Present: - In 1989, the twvo chiller units were
modified to operate as heat pumps, at a conversion cost
of about $80,000. Since 1990, the chillers have been

used to cool the groundwater to about 3°C for injection
in the cold wells. The reject heat from the condenser

side of the heat pumps has been found to satisfy most
of the winter space heating requirements of the building.
The electrical resistance boilers have been used, but for
never more than 5 to 7 days during the severest of winter
days in 1991 and 1992,

ENERGY MONITORING

The totat electricity purchase for the building has
been fairly steady, at between 7,500 and 8,000 MWh per
annum, irrespective of the heating and cooling degree

days (18°C), which are on average, about 3,750 and 300,
respectively, for this site. The building floor area is

30,470 m®. The occupied floor area is 25,300 m®. A
review of the purchased electricity records (Hickling
Corp., 1990) showed total energy consumption values of
about 300 kWh/m? of the occupied floor space, until
about 1989. After conversion of the two chillers to heat
pump mode, the purchased energy consumption of the
occupied floor space has dropped to about 250 kWh/m?,
The energy consumed per work place has also declined,
from over 8,400 kWh in 1985 (900 work places), to less
than 5,000 kWh during 1989 (1,500 work places).

Although energy reductions may appear to be
dramatic, the efficiencies and cost savings achieved as
a result of investment in ATES and heat pumps are not
yet determined. The capital costs are known. The
operating costs of the four aquifer pumps and the heat
pumps, however, are not known. Hence, an energy
monitoring system was installed in 1991, primarily to
monitor the energy demands of the chiller heat pumps
and the aquifer pumps. Because a central computing
facility was added to the building load in 1986-87, it was
felt that the same monitoring system should aiso capture
the energy demand of this facility. _

The energy monitoring system is a modular data
acquisition unit with a proprietary monitoring and
analysis software package. Transducers isolate power
levels before connection to the data acquisition system.

Each power transducer consists of two current
transformers and three voitage readouts. Calculations for
the power factor are accounted for electrically. A
conditioned signal is sent to the data acquisition system..
in all, seven power transformers are used to read the
seven energy points (a central computing facility which
is cooled by the aquifer, the two chiller heat pump units
and the four aquifer well pumps).



The software for the system has built-in processing
and analysis capabilities, and is set up to scan each
monitoring point once every 10 seconds. The electrical
power consumption values are averaged over 5 minute
intervals and logged. They are then internally integrated
into daily values of energy consumption.

Daily energy profiles and totals are saved on disk.
The system has been designed with a modem interface,
such that a personai computer (PC) located elsewhere in
Toronto or in a remote city such as Ottawa can tap into
the data base for information on current consumption, or
previous consumption if it has not been off loaded on
disks.

INITIAL RESULTS AND DISCUSSION

Logs of energy consumption show that the average
daily (24 hour day) energy consumption, between mid-
November 1991 and mid-February 1992 is as follows:

Chiller Heat Pumps 4,500 kWh
Aquifer Pumps PW1 and PW2 732 kWh
Aquifer Pumps PW3 and PW4 1,161 kWh
Computing Facility 6,170 kWh

The central computing facility is cooled at nights and
weekends with cold water from the cold wells, PW1 and
PW2. Assuming the night and weekend cooling load of
the central computing facility to be 50 % of its average
daily load, it can be seen that the aquifer is providing a
COP equivalency of just over 4.

During the reported monitoring period, aimost alil of
the building heating load has been met with the heat

pumps (condenser heat), and the extraction of 7-8°C
temperature change (deita T) from about 12 L/s of

groundwater flow from the warm wells, PW3 and PW4,
The estimated COP of this type of operation is likely
between 5 and 6, when the potential for "“free" cooling
during the summer of 1992 is taken into consideration.
The current (May, 1992) groundwater temperature is

4.5°C in PW1 and PW2 and about 5.5°C in the nearby
observation wells. The groundwater temperature is

expected to rise to about 6.5°C by mid-June, 1992, after
storage during May and part of June, 1992. This rise in

temperature will occur due to conductive and convective

losses and mixing with the 9°C ambient temperature
groundwater, when pumping commences to meet the

cooling demand in summer.

The energy monitoring system has helped to quantify
net benefits, defined as the energy savings accruing from
the use of ATES and heat pumps, less the energy
required to operate them. The monitoring program is
also yielding a more rational explanation of how the total
purchased electricity is being used within the building.

Additional monitoring points need to be added, as
and when funds become available, to more precisely
account for the energy balance within the building. A
better accounting and rationalization of the energy and
cost savings achieved is necessary to justify future
requests for earth energy and ATES related R&D funding.
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CONCLUSIONS

Initial data from the newly installed energy monitoring
system has shown promising and interesting results, the
full impact of which can be determined after about one
year of operation and observation. Initial results show
the COP equivalency of the aquifer based cooling system
for a central computing facility to be about 4.

The COP of the heat pumps and ATES system
together is expected to be between 5 and 6, when the
summer 1992 cooling potential, with the colder stored
water, is takan into account.

The investment in the energy monitoring system
(about $30,000) is felt to be justified, in light of the
knowledge being gained about the energy demands and
costs of energy conserving systems and components. It
is hoped that better information and rationalization of
costs and savings will lead to not only better energy
management within the Canada Centre Building, but also
justify future funding requests to research operating
problems and to further experiment with similar energy
conservation technologies. '
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Figure 3. Geophysical logs and well construction details, PW1,
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