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[NTERNATIONAL ENERGY AGENCY

In order to strengthen ceoperation in the vital area of .
energy policy, an Agreement on an lInternational Energy Program
was formulated among a number of industriatized countries

in November 1974. The International Energy Agency (IEA)

was established as an autonomous body within the arganization
for Econemic Cooperation and Development (0ECD) to administer
that agreement. Twenty countries are currertly members

of the IEA, with the Commission of the European Communities
participating under a special arrangement.

As one element of the International Lnergy Program, the
participants undertake cooperative activities in energy
research, development, and demonstration. A number of new
and improved energy technciogies which have the patential
of making significant contributions to our energy needs
were identified for collaborative efforts, The IEA Committee
on Energy Research and Development (CRD), assisted by a
small Secretariat, coordinates the energy research, develop~
ment, and demonstration program.

Solar heating and cooling program

Solar Heating and Cooling was one of the technologies selected
by the 1EA for a collaborative effort. The objective was

to undertake cooperative research, development, demonstrations
and exchanges of information in order to advance the activities
of all Participants in the field of solar heating and cooling
systems. Several tasks were developed in key areas of solar
heating and cooling. A formal Implementing Agreement for

this Program, covering the contributions, obligations and
rights of the Participants, as well as the scape of each

task, was prepared and signed by 15 {now 20) countries and

the Commission of the European Communities. The overall
program is managed by an Executive Committee, while the
management of the tasks is the responsibility of Operating
Agents who act on behalf of the ather Participants.

The tashs of the JEA Solar Heating and Cooling Programs
and thear pespect ive dperat ing Agents are:

I investigation of the Performance of Seolar Heating
and Cooling Systems - Technical University of Demmark

[ Coordination of R & D on Selar Heating and Cooling
Components - Agency of Industrial Science and Techno-
logy, Japan

111 Performance Testing of Solar Callectors - Kernforschungs-
anjage Jiilich, Federal Republic of Germany

v Development of an Insolation Handbook and Instrumentation
Package - United States Department of Energy

¥ dse of Existing Meteorological Information for Solar
Energy Application - Swedish Meteorological and Hydro-
logical Institute

VI Performance of Solar Heating, Cooling and Hot Water
Systems Using Evacuated Collectors - United States
Department of Energy

VIT  Central Solar Heating Plants with Seasonal Storage -
Swedish Council for Bwilding Research

VIII Passive and Hybrid Solar Low Energy Buildings - United
States Department of Energy

X Solar Radiation and Pyranometry Studies - National
Research Council, Canada

Collaboration in additional areas in likely to be considered
as projects are completed or fruitful topics for cooperation
identified.

Task VII - Central Sclar Heating Plants with Seasonal Storage
Feasibility Study and Design

In colder climates solar energy for heating of buildings

is least abundant when it is needed most - during the winter.
A seasonal storage is needed for making solar heat gained
during warmer months available for later use. From invest-
igations of various storage methods two observations can

be made: The choice of storage method will greatly influence
the working conditions for and the optimal choice of the
solar collectors and the heat distribution system; and

based on the technigue that is available today the most
economic solutions will be found ia Targe applications,

The objective of Task VII is to determine the technical
feasibility and cost-effectiveness of such seasonal sclar
energy storage for large-scale district heating systems.

The Participants will evaluate the merits of various componer
and system configurations for collecting, storing and distri-
buting the energy, and prepare site-specific designs for
specific systems.

The work is divided in two phases, prot Dinary desige aid
parametrie study ol design alrernarives. The work during
the iest phase is undertaken in Five Subtashes:

Subtask la: System Studies and Optimization

{Lead Country: Canada)

Subtask 1b: Solar Collector Subsystems
{Lead Country: USA)
Subtask le: Heat Storage
(Lead Country: Switzerland)
Subtask td: Heat Distribution System
{Lead Country: Sweden)
Subtask le: Inventory and Preliminary Site Specific System

Design
{i.ead Country: Sweden)
The participants in this Task are Austria, Canada, the
Commission of European Communities, Denmark, Germany, the
Netherlands, Sweden, Switzerland, the United Kingdom and
the United States.

This report documents work carried out under Subtask
lc of this Task. The co-operative work and resulting regort
is described in the following section.
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EXECUTIVE SUMMARY OF THE WORK UNDERTAKEN IN SUBTASK Ic

INTRODUCTION

Within the IEA Task VII, the Subtask 1c called "Heat Storage" has
the specific goal to collect and co-ordinate research and
engineering information on heat storage systems to be considered
in the design, analysis, and optimization of Central Solar Heating
Plants with Seasonal Storage (CSHPSS).

In Subtask 1c three main fields were covered:
1. Seasonal heat storage simulation models
2. Cost data and cost equations for heat storage concepts
3. Basic engineering information for seasonal heat stores

The basic information collected in the Subtask among the ten
participating countries has been analysed and presented in three

reports dealing with each identified field. The Subtask work concurrently
allowed the participants to select heat storage models suitable to

the needs of Subtask ta: "System Studies and Optimization", as well

as adequate cost equations and cost parameters describing the

various types of storage systems considered in the Task.

The purpose of this Executive Summary is to give an overview of
the work accomplished in Subtask 1c, and of the three detailed
reports which resulted from the cooperation and discussions among
participants.
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HEAT STORAGE CONCEPTS CONSIDERED IN TASK VII

Dealing with large-scale seasonal heat storage for solar heating
" plants, and considering the past and present developments in this
field, the participants in Task VII decided, in 1980, to consider
storage systems in which:

Seven storage types were identified as concepts to be investigated.

the sensible heat of materials only is used

the transfer medium is a liquid

the annual variations of temperature are between

10°C and 100°C approximately

They are the following:

1. Tank insulated and/or uninsulated
2. Pit insulated and/or uninsulated
3. Cavern insulated and/or uninsulated
4, Aquifer confined or unconfined
5. Earth disturbed or undisturbed
6. Rock undisturbed

7. Solar controlled gradient pond

As the interest in solar ponds was not widespread among participants

it was later decided not to consider these.

Hence, six concepts, mainly underground storage, have been considered

in Subtask 1lc.
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HEAT STORAGE MODELS AND THEIR SELECTION

The aim of this part of the Subtask work was to gather
information concerning seasonal heat storage simulation models,
their capabilities and availabilities, to present in some

detail several models suitable to the needs of Task VII, and,
finally, to select models compatible with the optimization tool
(the MINSUN program) and the analytical tool {the TRNSYS program)
chosen in Subtask 1a.

In the resulting report, a general overview of about 50 existing
heat storage models in the ten participating countries in 1981
is presented.

The information was processed by Lead Country 1c, based on
questionnaires which were distributed to the particpants at the
beginning of the Task.

Considering this basic information, a more precise analysis was
performed for about 20 models, which were identified as being
available.

A detailed analysis was then executed for 15 models classified
in 3 categories:

- models for water tank, pit, and cavern storage systems
- models for earth and rock storage systems
- models for aquifer storage systems,

and typical test cases were submitted to the authors of the
models.

Considering the capabilities, size, and results of each evaluated
model, and keeping in mind the specialities and constraints of
Task VII, the participants decided to choose a set of programs
developed in Sweden by Lund University. These are the following:

SST: Stratified Storage Temperature Model (for tanks,
pit, and cavern)

DST: Duct Storage Model (for earth and rock storage)
AST: Aquifer Storage Model (for aquifer storage)

These models are based on 2-D explicit finite differences, and
they basically solve the heat conduction equation in soils.
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For water storage in tanks, pits, and caverns, vertical
stratification is accounted for.

For earth and rock storage, the local processes around pipes or
ducts, and the global processes (storage losses) are treated
with a superposition method.

For aquifer storage, a special technique is used to take into
account the convective terms in a one~well ordoublet system
with prescribed horizontal water flow.

The models have the basic advantage to be complete (with few
restrictions), while not consuming too much computer time.
Furthermore, they are at least partly validated,.

The integration of the models into TRNSYS and MINSUN, by their
authors directly, started in Sweden in 1982 with a lower priority
for AST, due to time constrainis.




COST INFORMATION AND COST MODELS FOR HEAT STORAGE CONCEPTS

The optimization program for Central Solar Heating Plants with
Seasonal Storage needs storage models used as subroutines, as
well as cost equations describing the various storage components
to be optimized.

For this main purpose and also for storage cost comparisons,
the Subtask participants were asked to provide cost information
concerning the storage types they were mostly interested in,

as well as the distribution of investment costs between the
storage main components.

After a general cost comparison among participating countries, cost
equations were developed describing in terms of the MINSUN
independent variables the total investment cost for each identified
type of storage.

Typical values of the parameters involved in the equations
(mainly specific costs) were then given - usingthe basic cost
information provided by the participants - to the Subtask group
responsible for optimization studies.

This work should be considered as a first attempt to give future
cost projections since few large-scale storage systems have been
built in the participating countries in 1981/1982.

Furthermore, as a result of the IEA cooperation, the Task participants
are able to investigate, with some restrictions due to national
conditions, the economic competitiveness of storage types with which
they do not have much experience.
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HEAT STORAGE CONCEPTS AND ENGINEERING DATA

The purpose of this part of the Subtask work was to gather
information among the participating countries about engineering
aspects of some major concepts of seasonal heat storage considered
in the Task.

The aim was not to produce a "heat storage handbook", but rather
an overview of the applicability, the existing experiences, and
the future of the storage concepts.

To reach these objectives, the final report is organized into
three main parts:

- the general design, applicability, and past experience
of each storage type is outlined in a brief description
written by some participants

- an overview of the national activities and specific
interest in seasonal storage of each participating
country is presented

- and, finally, based on guestionnaires that were
distributed to the participants during the Subtask work,
a compilation of some interesting heat storage projects
in participating countries was made, using a summary
sheet for storage projects developed in the framework
of similar EC work

More than 25 actually constructed projects or design studies in
the field of large-scale seasonal storage are briefly presented,
together with references and contact persons.










INTRODUCTION

The main purpose of Task VII of the IEA Solar Heating and Cooling
Program, "Central Solar Heating Plants with Seasonal Storage",

is to determine the technical feasibility and cost effectiveness

of seasonal storage combined with large scale solar district systems.

During the past ten years, a great deal of studies and experiments
has been achieved over the world in the field of seasonal heat
storage.

Seasonal storage can be considered, in colder climates, as the
only way to reach high solar fraction of domestic heating loads
in an active solar system, and even in a hybrid system.

Moreover, seasonal heat storage can allow important savings (30-50%)
on the total amount of solar collectors needed to meet a given
part of a heating load.

Within Task VII, the Subtask 1c called "Heat Storage" has the specific
goal to collect and co-ordinate research and engineering information
on heat storage systems to be considered in the design, analysis,

and optimization of Central Solar Heating Plants with Seasonal

Storage (CSHPSS).

In Subtask 1c three main fields are covered:

1. Heat storage simulation models

2. Cost data and cost equation for heat storage concepts

3. Engineering data for heat storage concepts
The purpose of this report, covering the second item of Subtask lc,
i.e, "Cost Data" is to gather information among the ten participating
countries about the cost of heat storage, and to describe the cost
equations developed by Lead Country l1c, to be used in Subtask la
for the optimization of CSHPSS by the MINSUN program.

The report is organized in three main sections:

1) Comparison of cost data in the participating
countries (Chapter 3}

2} Cost equations to be considered in the CSHPSS optimization
procass (Chapter 5)

3) Typical values of cost equation parameters for preliminary
CSHPSS optimization studies {Chapter 6}







HEAT STORAGE CONCEPTS CONSIDERED IN TASK VII

Dealing with Targe scale seasonal heat storage for solar heating
plants, and considering the past and present developments in this
field, the participants in Task VII decided to consider storage

systems in which:

the sensible heat of materials only is used

the transfer medium is a liquid

the annual variations of temperature are between

16°C and 100°C approximately

the charging temperatureis between 10°C and 150°C

Seven storage types were identified as concepts to be investigated:

1. Tank insulated and/or uninsulated
2. Pit insulated and/or uninsulated
3. Cavern insulated and/or uninsulated
4. Agquifer confined or unconfined
5. Earth disturbed or undisturbed
6. Rock undisturbed

7. Solar contrclled gradient pond

As the interest in solar ponds was not widespread among participants

it was decided not to consider these.

Hence, six concepts, mainly underground storage, have been considered

in Subtask Ic.
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COMPARISON OF COST DATA IN THE PARTICIPATING COUNTRIES

This section is devoted to a comparison of cost data for each storage

concept.

The data has been provided to Lead Country 1c¢ by the

participants in Subtask lc.

We have tried to express the cost data on a common basis, i.e.
- when possible - with a reference volume as parameter.

When comparing data one must keep in mind that:

1.

The provided costs did not necessarily include the same
components

The set of units was often different, and assumptions
have been made for comparison purposes {average efficiency...)

The cost figures provided have not necessarily been developed
for the same control strategies

Special features are involved in each country for each
storaage type

A reference volume of storage can be defined in different
ways for non-contained storages (such as aquifer, earth,
rock...)

Few large storages have been built yet, and the cost
functions are mostly cost projections

The currency exchange rates have varied much during our
study. For comparison purposes we have used the exchange
rates of July 1980. These values are the following, expressed
in national currency unit per US$:

Austria 12.40
Canada 1.15
Denmark 5.41
FRG 1.75
The Netheriands 1.91
Sweden 4.13
Switzerland 1.61
UK 0.422

USA 1.0




The cost Tevel used is that of July 1980

The points shown on the cost curves in this chapter
do_not represent special built projects, except
when specified.




3.1.

Water tank storage

The cost function for this storage system is certainly one of

the easiest to predict since quite a lot of experience can be found
in many countries in the field of district heating or oil products
storage.

Moreover, the storage efficiency is rather independent of the site,
and a reference volume is obvious to define.

Figure 1 shows the total capital costs of tank stores in different
participating countries as a function of storage capacity.

To produce single curves for water tanks, the participants have
made several assumptions, namely about the aspect ratio of the
tank, the choice and thickness of thermal insulation, as well as
about foundation systems (Reference 6) and control systems. For
instance, small steel tanks can be built with "optimum" aspect
ratio, but for large volumes the height of the tank is restricted
to a maximum of about 20 m by the strength of the foundation, and
the maximum thickness of steel which can be welded on the site
(Reference 7).

Furthermore, the basic cost of steel tanks seems to be proportional
to the surface area of the tank to a higher degree of correlation
than to the tank volume (Reference 6 ).

However, to assess a cost comparison in the Subtask, the storage
volume has been used in Figure 1 as the reference variable.

The cost functions are quite close for Germany, Denmark, and U.K.,
whereas Swedish tanks appear to be cheaper. Data for buried concrete tanks
based on a recent Canadian study (Reference 5) also compares well

with the steel tank costs.




Figure 1: Cost function for steel and concrete tanks IEA Task VII, Subtask 1c, 1982
Cost level and currency rate as per July 1980
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Typical cost component breakdowns for water tanks are the following:

Steel tanks above ground Buried concrete tanks
between 10'000 m3 and between 10'000 m3 and
50'000 m3 {Germany) 100'000 m3 (Canada)

Tank 40% 49% Tank

Foundation 7% 6% Excavation

Insulation 15% 10% Insulation

Tubing, valves, pumps 29% 18% Tubing, valves, pumps
Measuring and control 9% 14% Measuring and control
Total 100% 100% Total

These two cost distributions are represented in Figure 2 and 3.
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Water pit storage

Comparing cost functions for pit storage becomes more difficult
since the design is quite different in each country, and for each

particular system.

For example, the pit can be semi-excavated with retaining banks,
or completely excavated, and insulated all around or with a floating
insulated roof only, or with a support structure.

The cost functions plotted in Figure 4 mainly represent the following:

for Denmark:

for the United Kingdom:

for Sweden:

for the United States:

semi-excavated pit with floating

top insulation only and plastic liner,
including heat exchangers, pumps

and controls, without designing and
land costs

semi-excavated pit with insulation

on top, sides and bottom (polyurethan
blocks), to give a storage time constant
of five years, including a butyl

liner with polyester, for a fixed

depth of 10 m and sides of gradient

1 in 3, including heat exchangers,
pumps, and control equipment, and

a 10% consultancy charge

gravel water basin (excavated, insulated
and refilled}, without land cost,
interest during the construction

period, operation and maintenance

costs, and assuming an average yearly
recovery factor between 0.5 and 0.8

for storage temperature variations
between 30°C as a minimum and 85°C

as a maximum

semi-excavated pit storage with steel
frame roof, with 15 cm polyurethan top
insulation, including rubber liner
cost, engineering and contingencies.

A1l costs given in Figure 4 are cost projections based on estimations.

A possible cost component breakdown for pit without side and bottom
insulation is as follows (Denmark, pit between 10'000 and 40'000 m3):

Excavation
Liner

Floating top insulation

17%
15%
45%

Heat exchangers, pumps, controls 23%

Total 100%
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Rock cavern storage

Figure 5 shows a cost function given by Sweden for uninsuiated rock cavern stores
filled with water. The cost does not include costs for land use,
interest during the construction period, operation and maintenance,
and value added tax.

The information is based mainly upon existing rock caverns, since large
scale underground cavern storage facilities have been designed

and constructed in Sweden during the past twenty years, most of

them for petroleum products.




Figure 5: Cost function for rock cavern IEA Task VII, Subtask lc, 1982
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3.4.

Earth storage

A cost comparison is difficult to achieve since earth storage systems
are very dependent on local geological conditions.

The cost data gathered in Figure 6 for this type of storage concerns
different systems, with the following main features:

- for the Netherlands: storage in sandy soil without excavation,
with vertical plastic tubes inserted from the ground surface,
with a top insulation consisting of 0.10 m of foamglass and
0.40 m of expanded clay, extending 7 m beyond the side of the
storage;

for this system, the specific cost decreases with the
height of the storage due to the particular way of construction;

- for Switzerland: excavated storage with horizontal layers
of plastic tubes, with side and top polystyren insulation
{0.60 m on top, 0.30 m on side), and water-tightness.

The point given by Switzerland and.the one given by the Netherlands,
for 23'000 m3 and a height of 20 m, represent built systems.
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A possible cost component breakdown is as follows:

The Netherlands Switzerland
(25'000 m3, not {3'500 m3,
excavated) excavated)

Storage material 5% 3%

(land price)

Ground works 3% 40%

Containment 12% (plastic sheets
and vapour barrier)
Insulation 41% (foamglass and 20% (expanded
expanded clay) polystyren)
Tubes and network 46% 22%
Miscellaneous 5% 3%
Total 100% 100%

{540° 000 US$)

(170'000 US3)

For bigger systems, Sweden indicated 2 US$ / m3

in the range of volume

between 50'000 and 1'000'000 m3 for vertical tubes systems in clay

{low temperature storage).

The cost is almost independent of the volume for this kind of system.







3.5.

Rock storage

A cost function for multiple-well systems drilled in solid rock,
given by Sweden, is represented in Figure 7.

The provided costs do not include costs for heat pumps installation,
land use, interest during the construction period, operation and main-
tenance, and value added tax.

The information is based upon cost estimations for high temperature
systems. When using low temperatures, the material for installations

becomes significantly less expensive. Therefore, the costs per m3

for low temperature systems could be well below the curves indicated
in Figure 7.




Figure 7: Cost function for high temperature drilled rock IEA Task VII, Subtask le, 1982
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Aquifer storage

Cost data for aguifer thermal energy storage (ATES) is more difficult
to assess in terms of "container" cost than the other storage

technologies, because in most cases the use of the aquifer is essentially

free. ATES "container" and storage costs are not directly related to
the total stored water volume or to the aquifer volume or to the total
amount of energy stored.

Rather, storage costs are proportional to the rate of water storage
or retrieval. It is the rate of water injection and withdrawal

that determines the number and size of wells, pumps, valves, and
associated equipment. These costs constitute the largest portion

of the capital cost for typical ATES systems. The ma jor container/
storage capital costs for the other storage technologies are related,
as seen previously, to container materials, fabrication, excavation,
and erection,

Although direct analogy cannot be made for ATES container/storage
costs with the other technologies, a comparison can be made by
assuming that the cost of obtaining access to the container (aquifer)
is equivalent to a container cost, as defined for tank, pit, and
cavern storages.

These costs include well drilling and completion, downhole pumps
and Tand acguisition if necessary.

J.R. Raymond, from the USA, has made a cost assessment on this
basis for a hypothetical ATES system to allow a rough comparison
with the other technclogies. The system factors and assumptions
are as follows:

System parameters

Operation temperature 144°C
Steady-state temperature differential 70°C
Aquifer thickness 30 m
Well depth 183 m
Well diameter 30.5 cm
Pumps, lineshaft turbine 20.3 ¢cm
Water injection/withdrawal rate 44 1/sec

Injection/withdrawal time 90 days
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5

Volume of stored water 3.45 x 107 m3
Required aquifer volume at 20% porosity 1.76 % ]06 m3
Surface land requirements 2.5 hectares
Nominal system power (heat input/output) 12 MW
Total heat storage 26 GWh

With the following cost assumptions, typical for the US mid-continent,
expressed in US$ July 1980:

Well drilling (@ 30.5 cm) 480 US$/m
Pumps, valves, piping for one well 32'600 US$
Land cost 1'235 US$/m2

the system costs become:

Well doublet 176'000 US$ 65%
Pumps, valves, piping 65'200 USS 24%
Land cost 30'900 US$ 11%
Total cost of the system 272'100 USS 100%

Using these system parameters and assumptions, derived from ATES
research and investigation in the USA over the past few years,
the specific cost of storing water is 0.79 US$/m3, considering
only the capital cost of the "container", or 0.15 US$ per m3 of
aquifer volume.

The unit power cost is 22.7 US$/kW, and the unit energy cost is
10.5 US$/Mih.

If lTarger amounts of heat were needed, additional doublets would
be required.

To give an idea of the considerable economies of scale possible
for ATES systems, for a 6 MW system (half the nominal system power)
with all parameters identical to the ones of the system described

- except for the reduction of the injection/withdrawal rate to

22 1/sec - the cost of storing water would be 1.37 US$/m3.

0f course, the cost data given here can vary widely in time and
space, and must be used with some caution in the evaluation of
the proposed site-specific systems,
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Costs for other items such as site exploration, monitoring wells
and instrumentation, heat exchangers, control equipement, etc.,
are not included in the above discussion.

A more comprehensive evaluation of ATES costs Tinkad to a system
can be found under References 1, &, and 9.

Further, cost information about ATES was provided by Austria,
indicating the cost of access to a natural aquifer such as follows:
0.8 US$/m3 for an aguifer volume of 107 m3, and 4.0 US$/m3 for

an aquifer volume of 106 m3.

In terms of volume of stored water, assuming a 20% porosity, these
costs yield to:

4.0 US$/m3 for a water volume of 2100 m3
20.0 US$/m3 for a water volume of 2.105 m3

For a man-made aquifer {artificial), Austria indicated a specific
cost of 16 US$/m3 for aquifer volumes around 108 m3.

In Switzerland, the specific cost of the SPEOS pilot plant project

is around 10 US$/m3 for a reference aquifer volume of 60'000 m3.

The reference volume is twice that of the cylinder delimited by

the two levels of horizontal radiant drains, the effectively influenced
volume being 2 to 3 times larger.

Considering the volume of water injected and withdrawn (60'000 m3)
the specific cost is around 10 US$/m3.

For a bigger system (aguifer volume over 10% m3) it is foreseen
that the specific capital cost of such an ATES system could be
divided by a factor of 5.

Due to the particularities of ATES systems compared with the other
technologies, no reliable cost function in terms of a reference
volume will be assessed in this report.
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General cost comparison

What is interesting about gathering cost data is to try to assess
a general comparison between each type of storage.

Curves of average specific construction costs as defined previously
are plotted against a reference volume in Figure 8.

Since the storage cost functions have been derived with different
assumptions for each storage type, one must be careful when interpreting
the results of such a comparison.

Indicative points only are given for the aquifer storage due to
the particularities discussed in Section 3.6.

Obviously, specific capital costs in terms of a volume cannot allow

a direct comparison of storage technologies, even if the same components
are included in the data, since the energy recovery factors of

the various types of storage are different.

Moreover, these recovery energy factors are, for some of the heat
storage technologies, site-dependent, and, for nearly all of them,
system-dependent.

In addition to these difficulties, the temperature levels of the
withdrawn energy play a special role in the definition and the
choice of the back-up systems required. From this point of view
a relevant cost comparison of storage technologies should involve
an exergy recovery factor rather than a "simple" energy recovery
factor.

This kind of exergy recovery factor being somewhat difficult to
define, we have tried to use typical energy recovery factors to

assess a more relevant cost comparison than the one based on reference
volumes.

Figure 9 shows such a comparison of specific construction costs
based on recovered energy. To define these specific costs, the
following equation has been used:

SC,,
SCy =
ij . AT .Q
where:
SCe = specific construction cost based on recovered energy  US$/kllh
5C, = specific construction cost based on reference storage volume

US$/m3 given in Figure 8 for each type of storage considered




Figure 8: General comparison of specific costs based on a reference volume IEA Task VII, Subtask Tc
Cost level and currency exchange rate as per July 1980 1982
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‘f = density of storage medium  kg/m3

Cp = specific heat of storage medium  kWh/kgK
AT = reference useful temperature swing defining the energy
recovered from the storage K
. = typical energy recovery factor for the storage considered

SCe can be derived from SC, by using the factor f =¢Cp . aT .
[kwh/mB] which represents a conversion factor from 1 m3 of storage

to T useful kwh.

The factors f used for each storage category to derive Figure 9
from Figure 8 are given in the next table.

Typical values have been considered to draw the table, with the
following important comments:

- the volumetric heat capacity of the storage medium depends
obviously on the medium itself, which can vary very much
for storages using the soil as medium. The figures chosen
in the table represent usual values for built systems;

- the reference AT will very much depend on the way the
storage is built (insulation...), on its size, and on the whole

system in which it is included {(presence of heat pump or not...).

A rather high reference AT has been chosen for all types of
storage (55°C), except for the vertical pipe system in clay,
where 15°C represents roughly a physical l1imit for this type
of storage.

For most of the storage types considered, 55°C can be regarded
as an upper limit, even if a heat pump is present in the
system, as it represents the AT over which the storage can
be used during the production period. The charging AT should
thus be higher than this value;

- the energy recovery factor - defined as the ratio of the energy
withdrawn from the storage during the production period to
the energy put into the storage during the charging period -
is in fact very dependent on the size of the plant ("scale
economies" of the heat Tosses), as well as on the way the
storage is built.

The figures chosen in the table can be considered as "target"
values for big storage systems.

According to the assumptions described above and to the uncertain-
ties in assessing storage cost projections in figure 8, Figure 9 re-
presents a first estimation of specific capital cost per recovered
energy during one cycle,

One must keep in mind that a lot of different assumptions have been
made to derive the cost functions, and that capitalized cost for
storage heat losses, heat pump electricity - when a heat pump is
necessary to achieve the reference AT -, as well as capital cost
for heat pumps have not been considered.
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Table 1: ASSUMPTIONS FOR THE CONVERSION FACTORS BETWEEN REFERENCE VOLUME AND RECOVERED ENERGY

WATER PIT  WATER PIT VERTICAL PIPE

STORAGE TYPE p CONCRETE & o Fully  2b pARTLY 3 ROCK 4 AQUIFER  5a EARTH oy oystEM N 6 DRLLLED

STEEL TANKS INSULATED  INSULATED CAVERN STORAGE CLAY ROCK
Storage medium
volumetric heat
capacity. $Cp 1.16 1.16 1.16 1.16 0.75 0.70 0.80 0.63
[kih/m3K]
Reference .bi\ hnn.._ 55 55 55 55 55 55 15 55
Typical energy
recovery factor 1/ 0.90 0.85 0.70 0.80 0.75 0.60 0.70 3.70
Conversion factor
?zj\sw”_ 57 54 45 51 31 23 8 24
1/

: very dependent on the

size of the plant, of the system...
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Other cost information

In the IEA program for "Energy conservation through energy storage",
Annex 1 deals with large scale thermal storage systems. In the

final report of this annex (October 1981) the cost functions provided
by the participating countries (Belgium, EEC, Denmark, Germany,

the Netherlands, Sweden, Switzerland, USA) are given (reference 12).

"They concern underground concrete tanks, man-made aquifers, steel

or concrete tanks above ground, aquifer storages and large diameter
vertical reservoirs.

The functions (Figure 10) express specific construction costs pro
equivalent water volume versus equivalent water volume of the storage
system.

The cost functions for steel tanks (N° 3) are close to the ones
proposed in our Task (Section 3.1.), represented bydots.

The information given in Figure 10 is complementary to the information
gathered in our Task since it concerns other types of storage and
is expressed in terms of the same parameter (water equivalent volume).




us $3 Cost level as per 1981

1. UNDERGROUND CONCRETE TANK
2. MAN-MADE ARQUIFER
POO ] 3, STEEL 0OR CONCRET TANK AT THE SUPFACE
3m 4. AQUIFER STORAGE
5. LARGE DIAMETER VERTICAL RESERVOIR
045
35 __M eoee STEEL TANK (OUR TASK)
=
T
3001 Z
—
<L
>
pn}
250 { &
S %
[
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TI
V4]
[ab]
J
150 { w
|
]
Lt
o
[¥a)
100 A
—— a2
50 - =
s,
O ﬂ L3 L] L ¥ T L] 1] LJ — h L L3 ¥ T L T T T _ m ¥ T -w L Ll T >rmz-dl
10° 10 10 m WATER EQUIV

Figure 10: CONSTRUCTION COSTS FOR DIFFERENT HEAT STORAGE SYSTEMS IN FUNCTION OF EQUIVALENT WATER CONTENT (1981)

From IEA Annex 1: Large Scale Thermal Storage Systems
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Cost information for built storage projects

The previous information was elaborated during 1980 and 1981, and
mainly represents cost projections for future big storage projects.
This information was based on very few plants existing at the time,
and on engineer estimations.

In 1983 some big storage projects have been built in the particip-
ating countries, and the Subtask participants felt that a present-
ation of cost data for these projects would be very useful.

Tables 2a and 2b present the basic technical data of tenstorage
plants that have been built since 1980, and for which reliable cost
information could be obtained. This cost information is given in
terms of specific capital cost per m3 of reference volume, as well
as in terms of specific capital cost per kWh of recovered energy
during one cycle or - when not available - per kWh of heat capacity.

These figures are given in the concerned country currency unit with
mention of the price level year.

In order to compare the cost data, a common basis has been used in
Tables 2a and 2b in terms of US$ 1980.

The cost expressed in US$ 1980 was derived from the cost expressed
in national currency unit, using the following relation:

Cost in national currency unit
Cost in 1980 US$ =

IF x Ep
where:
IF is the inflation factor with an inflation rate assumed to
be 9% per year in every country, so that:
Ir = 0 for cost given in 1980
Ir = 1.09 for cost given in 1981
Ir = 1.19 for cost given in 1982
Ir = 1.30 for cost given in 1383
Er is the currency exchange rate in July 1980 used as a refer-

ence and given in page 5 for each currency

This procedure is rather arbitrary and has been used only to allow

a more or less rough and rapid comparison between very different
projects. The currency exchange rates have varied very much during

the past two years, especially when considering the US$ as the reference.
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Therefore, the specific costs indicated in Table 2 in terms of

US$ and in Figure 11 do not allow one to say that the types of
storage discussed in the table could be realised in the US for the
indicated cost.

They are only meaningful for comparison purposes and no absolute
conclusion should be taken out of the Tast two Tines of Table 2
and of Figure 11.

Tables 2a and 2b are followed by notes presenting the major features
included in the given costs and main references.

Reference to the Summary sheets describing the projects with more
details and enclosed in the Subtask Ic report entitled "Heat
Storage Systems: Concepts, Engineering Data and Compilation of
Projects” (see List of Task VII Reports) is also mentioned when
available.

Figure 11 shows the cost comparison in terms of US$ for the 10
storage projects considered,

In general, Figure 11 compares well with Figures 8 and 10, the cost
of the built projects being slightly lower than indicated by the
projections, except for experimental research storage plants.
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EARTH STORAGE

TYPE OF STORE VERTICAL TUBES HORIZONTAL EEEELED
IN CLAY IN SAFUR. SAND TUBES

NAME OF PROJECT SUNCEARY GRONINGEN VAPLRUZ LULEA
Sweden The Netherlands | Switzerland Sueden

NOTES & REFERENCES SEE
(pp. 39-40}

SR ISR S B IS N N

| |
| | |
| | I l
| | i
| | |
| | |
| i | |
STATUS | Completed 1980 | Completed 1983 | Completed 1982 | Completed 1983
| | | I )
| I | |
REFERENCE VOLUME m3 | 851000 | 231000 | 3r500 | 1201000
Toin + Tmax °C 17«15 | 25 = 60 | 5+ 45 25 + 60
HEAT CAPACITY Mwh | 695 | [ |
or | | | |
ENERGY RECOVERED | | 450 | 108 | 11700
PER CYCLE MWh ! | | |
| | |
| | |
in national currency unit | I | |
c0sT/n3 1) | 12 seK 80 | 40 DFL 83 | 85 SFr 82 | 50 SEX 82
COST/kWh per cycle 2) | 1.4 SEK 80 | 2 oFL 83 | 2.8 SFr 82 | 3.5 SEK 82
(for seasomal storage | | |
| \ | |
l | | |
cosT/m3 1) 1980 US$ | 2.9 | 18 | 45 | 10.2
COST/kWh.cycle 2) 1980 US$ | 0.34 | 0.81 | 1.47 | 0.85
(for seasonal storage) | | [ |
| | | |
| | | |
| F | & | H | 1
| | ] |

1} The cost used in this table is the storage capital cost with features described in notes

2) The energy recovered, when available, is the energy output from the storage during one cycle

Table 2b): Cost information for built projects
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Table 2a): MNotes and references

Project A: Steel tank in Stockholm

The tank is a hot water storage tank designed and built in Stockholm, for shori-term storage
(ar1 day), in a district heating plant.

For seasonal storage, the tank cost will rise due to the higher amount of insulation needed, but
it may decrease according to reduced need for piping, valves, and pumps.

The cost component breakdown for the shert-term storage is the following:

Foundation: 12
Steel tank: 0
Insulation (300 mm}: 12
Tubing, valves, pumps: 28

£
2 o8¢ o9 ¥

&8

Design and control: 8

Total: 100% (12.5 MSEK 1981)

Project B: Rock cavern in Lyckebo

Costs include heat exchangers, pumps, water filling, and hardness softener. Refer to References
14 and 15, and to Summary sheet 5.3.2.

Project C: Experimental rock cavern in Avesta

The plant is basically intended for short-term storage (weekly) and is a research plant.

The costs given in Table 2a) include heat exchangers, pumps, water filling, hardness softener,
control equipment, connection te district heating, engineering cest, and experimental features
{such as a "research tunnel™...). Refer to References 16 and 15, and to Summary sheet 5.3.1.

Project D: Cold and hot aquifer storage in Scarborough

The costs given in Table 2a) include driliing of & cold wells (60 m deep), and 2 hot wells (40 m
deep). Refer to Reference 17, and tc Summary sheet 5.4.4.

Project E: SPEQS ~ Experimental aquifer storage

Costs include drilling of a central well (25 m deep) and 12 horizontal drains (25 m long), heat
exchangers, pipes, control equipment, and experimental features (pilet test plant). Refer to
Reference 18, and to Summary sheet 5.4.2.
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Table 2b): MNoktes and references

Project F: Project SUNCLAY in Kungsbacka
The costs given in Table 2b) include installation of pipes and connection to load. Refer to
Reference 19, and to Summary sheet 5.5.3.

Project G: The Groningen project
Costs include insertion of pipes in the sand, a 100 m3 buried steel tank for short-term storage,
connection between pipes, and top insulation. Refer to Reference 20, and to Summary sheet 5.5.1.

Project H: The Vaulruz project
Costs include ground works, plastic pipes, containment, insulation, connection to the load.
Refer to Reference 21, and to Summary sheet 5.5.2.

Project I: DOrilled rock in Lulea

Costs include drilling of boreholes, plastic tubes insertion, connecting pipes, pumps, heat ex-
changers, control equipment, engineering, some experimental features, and a heat pump. Refer
to Reference 22, and to Summary sheet 5.6.1.
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OBJECTIVES OF GATHERING COST DATA

Within Subtask la of Task VII, the optimization process needs,
as input data, the various costs involved in the CSHPSS.

The subsystems of the solar plant can be related to many configurationé
within the solar system, the size of which is to be optimized.

The MINSUN program, chosen as the optimization tool in Subtask la
needs cost functions for each storage concept in an appropriate
form,

This means that a cost structure for each storage type should
be taken out of the cost data gathered in Subtask Tlc.

As soon as we try to get cost variations with the relevant parameters
of a storage system, in order to optimize the whole system, problems
arise:

- the relevant parameters must be known or defined

- the cost functions should be given in terms of these
relevant parameters

- the cost functions should be suitable to the optimization
process in MINSUN

As we have seen, the cost functions provided were all expressed
in terms of a single parameter such as a reference volume.

The volume is certainly not the only parameter to optimize in

the system, since the storage models incorporated into the MINSUN
program can take into account other relevant and independent variables
defining a storage.

For these reasons, cost functions for optimization purposes could
not be taken out of the previous information {(Chapter 3).

Considering this point and the capabilities of the optimization

part of both the MINSUN and the LUND storage models selected within
Subtask 1c (see the report concerning heat storage models), Lead
Country lc developed cost equations suitable to the needs of Subtask la.

These cost equations are developed in the next chapter, including
the equations proposed by some participants.







COST EQUATIONS FOR HEAT STORAGE CONCEPTS SUITABLE TO MINSUN

Introduction

This section presents the proposed cost equations for several types
of storage to be considered in the coptimization process of CSHPSS
{Subtask 1a).

The cost equations are given by formulaes to be incorporated into
the MINSUN program. The set of parameters needed should be given
by each country considering its specific design and local conditions,

A set of parameters to be used for test purposes is given, but

it should be taken as a first attempt to give mean values to be
considered when there is a lack of data in someone's country.

These parameters are based on the information given in the previous
sections.

For the proposed equations, we have tried to take into account

the capabilities of LUND models for heat storage in the definition
of the independent variables, and the requirements for smooth curves
in MINSUN.

The first type of storage will be treated in more details to present
the basic philosophy.
Warning:
In this report the so-called "independent variable" is a variable
which:

- 1is independent (usual meaning)

- affects strongly both the thermal behavior of the storage
and the cost of the storage type considered

-~ is a parameter for the heat storage models chosen in our
Subtask for MINSUN (LUND models basically), which can
be easily changed during the optimization process within
the MINSUN program.







5.1. Storage in buried tanks or tanks above ground

5.1.1. Identification of the independent variables to be optimized

5.1.2. Comments

Volume of storage tank

Height of storage tank

Thickness of insulation on top
Thickness of insulation on sides

Thickness of insulation at the bottom

Variables 1 & 2:

Define also the shape of the tank (stratification effects)

It is assumed that the earth cover above the tank is rather
independent on height or volume., Thus it will not be
a parameter and we will assume, for buried tanks:

max. depth = height + constant

The cost will depend on the depth of the store (i.e. its
height) and on the volume of the store: for a same depth
the specific cost of the tank can be smaller for a big
tank than for a small tank. The dependence on volume

can be avoided, when desired, by setting the appropriate
set of values for the regression parameters

Yariables 3, 4 & 5:

The volume of insulation is not chosen because in this
case, with a model such as LUND-SST, an assumption on
the repartition of the insulation around the tank should
be made internally

Moreover, MINSUN capability to optimize this repartition
appears to be very interesting

It will be assumed that the insulation is placed with

a constant thickness: any other distribution should be
"optimized" around the optimum found by MINSUN, using
TRNSYS (Figure 12}




Figure 12: Example of a TRNSYS detailed analysis using
MINSUN results

W/ S TS T/ 4 AELIES (Y RT LA
- TRNSYS

optimum “—Found by MINSUN

- The thickness or volume of concrete or steel will not
be optimized as it is more a technical problem than a
thermal one: its cost will then have to be included in
the cost of storage Costvol (Section 5.1.4.}.

5.1.3. Proposed cost function

According to the above remarks we propose for water tanks the following
breakdown for the capital cost:

Cost = Vol x Costvol x e%H (1)

+ Insulation thickness on top x Top surface x Cost
of insulation/m3

+ Insulation thickness on walls x walls surface x Cost
of insulation/m3

+ Insulation thickness on bottom x Bottom surface x Cost
of insulation/m3

+ Aground X Cost of ground/m2

+ Constant Cost

where Costvol is the specific cost of storage (US$/m3) excluding
insulation and ground cost

To express this equation in terms of the independent variables,
we will assume:

Yol

Aground = Atop = Pbottom = —;— (2)




5.1

4.

Expression for Costvol

As the dependence of the storage cost on the volume is not well
known before a project starts we will consider a simple general
expression, which can be used in all the cases where economies
of scale can occur.

This formula - schematically shown in Figure 13 - is the following:

Co"Cb
Costvol = (p + — US$/m3 (3)
(Yol B
Vo
with:
C, = asymptotic cost US$/m3 or basic cost
Co = specific cost for a small volume V, US$/m3
Vo = small volume (start point) m3 for which Cy is known
Vol = tank volume m3
B = scale factor 0K B £ 1, expressing economies of scale

Figure 13: Parameters defining the specific cost of storage Costvol
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In most projects one point is known (VO, €.}, based on a small
system already built, and can be considereg as a starting point
for cost projections for larger projects.

The higher the value chosen for 3, the stronger will be the dependence
of the specific cost on the storage volume (Figure 14)

Costvol ]
US$/m3 C,

N, Volume m3

Figure 14: Influence of the scalefactor S on the specific cost

A sensitivity study can thus be done using different values for A ,
when only one point is known (V,, Co).

To optimize a system with MINSUN, the user must then fix for Costvol:
Cbs Cos Vg3 P

This can be done by hand if 3 or 4 ponts are known for a specific
case (Figure 15) '

[f-m3]

= i ints
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==l
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The estimation of the parameters yields to:
Co = 180 $-m2 Woo= ZOBEBE w3 Cbh = 28 w3 A

= 0.2

Figure 15: Example of by~hand procedure to define the parameters
in Costvol




5.1

.5,

_5]_

Cost equation in terms of independent variables

v Ch - Cp
0
Cost = Vol x G+ —— | e*H (4)
Jo1 ,#
Vol - VO B
+ I, x — x Cj
t it
H
+ Ig x Ag x Cyg
Vol
+ Iy X — X C4p
H
Vol
+ —xC
H g
+ Cc
with:
Vol .
Ac = AyaTls = 4 H - for a cubic tank
Yol . .
= 2MH 0 for a cylindrical tank
NomencTature:
Cost : total cost of storage US$
Vol internal volume of the tank m3
¢y specific cost for a very large tank US$/m3
Co specific cost for a tank of volume V, US$/m3
Vg internal volume of a small tank for which the specific
cost Cy 1s known  m3
ﬁ5 scale factor O s‘ﬁs-s 1 {see Section 5.1.4.)
o coefficient expressing the increase of specific cost with
depth 1/m
H height of the tank (depth 2 height + constant}
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I, : thickness of top insulation m

I+ thickness of wall insulation m

I, : thickness of bottom insulation m

Cijt : specific cost of top insulation US$/m3 of insulation
Cis + specific cost of wall insulation US$/m3 of insulation
Cip : specific cost of bottom insulation US$/m3 of insulation

Aside: area of the sides of the tank defining the volume of
sides insulation m2

Cg : ground cost US$/m2
Cc ¢ constant cost independent of the identified variables US$
Note:

If the area of land occupied by the storage appears to be larger
than VYol/H, Cg should be majored.

The independent variables are:

Vo H It Is Iy
1 2 3 4 5

These variables are defined in Figure 16 for buried tank systems.

ground surface
U T e Y S T R

=t
: 3

maximum depth:
z = H+cte

d —4 1,
. 5

Figure 16: Definition of the independent variable for buried tanks




Cost vol
us$/m3

For tanks above ground the same definitions are applicable except
that z is equal to zero.

Note:

In Cp and Cq, one must obviously not consider the insulation cost
and the ground cost, but all other elements of cost (installation
of machines, excavation, ground works, concrete or steel, tubes
and valves, liners, drainage...).

With the equation (4) one can consider:

- different costs per m3 for the insulation, depending on
its position {(top, sides or bottom)

- buried tanks { o »0) or tanks above ground, setting « = 0
{this way there is a dependence on the volume only)}

A small storage (daily storage or buffer storage) has not been
considered explicitely: it could be included in Cp, Co, or even
in Ce if necessary.

For buried tanks, the dependence of the specific cost Costvol will
not be strong on the volume, but on the depth or height of the
tank (Figure 17).

increase of depth z = H + constant

Vo volume ?ﬂ

Figure 17: Influence of the storage depth on Costvol for a given

value of the parameter 3
If, on the other hand, increasing the depth will decrease the specific
cost Costvol for some reason or another, one has to set o £ O.

In Figures 18and 19 two examples show how the term “Costvol" can
be affected by the parameters /A and H.




Figure 18:

Specific cost "Costvol" for different values of /B

Co - Cp
Example: Costvol = |Cp + x exH
vol
Vo
with:
Ch = 35 US$/m3
Co = 80 US$/m3
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Figure 19: Influence of the height H on the specific cost "Costvol™

Example: Cp + —— | e"{H
(Yol @
Vo
with:
Ch = 35 US$/m3
Co = 80 US%/m3
o = 21072
Vs = 5'000 m3 (for Hy = 15 m})
& = 0.6
US$/m3 f Costvol
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.
110 — IIII lil
qll lli II.".
i 'I‘I III‘ ",
"'1”'! I'_. R B: 0 6
|ll lill I'-.,l.'
90 S I"ll l IL"'-.l e
l'll I|I b._\ 1 ﬂ.""--.,___
’I'I lI'. 'l"n._ - ’-‘1--"-\_
- a'lll I( -"..- -, __"—___\____-_
I".] ~ ux"‘x‘_ s . o "_——-—~—.______
I'l. " k . . --_“‘—-—_____-_ _“—___———________ 2 5
7 0 I ~ \ - - '—..-_____ e —_— -
. _ T ﬁ_*“_*—“——_
- e e g 20 —.
B T —_"“~——%_____ o TTe———g 15 __ °
50 | —_——_____—'—'-*——_,____ I T 10 —
— ;o —
L H=5m
30 I ! i | | | ) i 1 §
20000 40000 60000 80000 100000

VOTUME e M3







- 57 -

5.2. Rock cavern

5.2.1. Identification of the independent variables

1 Yolume of the cavern

2 Height of the cavern

3  Depth

depth z

height H

5.2.2. Comments

Variables 1 & 2:
- Define the shape
Variable 3:

- Important for heat losses and mechanical stresses
(i.e. affecting strongly the cost)

If the dependence on z is small, one can consider it with the
appropriate set of coefficient in the cost function.
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5.2.3. Proposed cost function

Co - Cp +
. Cost = Volx(Cb+———H~)xe(°{H ¥
(Yol 2
Vo
+CC
Nomenclature {see also 5.1.3.):
5 1 coefficient expressing the increase of specific cost with
depth  1/m
z : depth of the cavern m
ol : coefficient expressing the increase of specific cost with

the height of the cavern 1/m

H :  height of the cavern m

Note:

One can also consider H + z as the independent variable if z cannot
vary too much in a specific design. Thus one has to set o = ¥ .




5.3.

5.3.1.

5.3.2.
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Drilled rock

Identification of the independent variables

As discussed with the LUND team, responsible for heat storage models
in MINSUN, the independent variables to consider for this kind
of storage can be:

1 Number of boreholes

2 Depth of boreholes

3 Volume of storage

4 Thickness of insulation on top

Comments

Variables 1 & 2:

- The boreholes have a fixed diameter in this case
Variables 2 & 3:

- Define the shape
Variable 4:

- A disposition of insulation is assumed, i.e.:

gverlap or

These four parameters can easily be changed in LUND-DST (Puct Storage
Model) and are the most relevant ones to define a cost function.

{The volume, depth, and number of boreholes could be aggregated

to a "density" of boreholes per m2, but this parameter would not

be convenient to use.)
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5.3.3. Proposed cost function

Cost = Cost of installation and preparation (Vol)
+ Cost of boreholes

+ Cost of insulation

+ Ground cost

+ Constant cost

We assume that the cost of boreholes will not depend on the volume.

5.3.4. Cost equation

Co - Cp !

B cost = Vol x (Cp+ ) |

Vol ﬁ :

+ N (Cbh . 7+ Cgrout) :

Vol 3

+It X—E""XC.It i

Vol i
t x g

+CC

Nomenclature (see also 5.1.3.):

Coh

Carout

base cost per meter of 1 borehole  US$/m
cost per borehole for grouting of casing rock  US$/m

depth of boreholes m
(we assume depth of boreholes = height of storage)

coefficient expressing the increase of cost with depth
for boreholes

number of boreholes

coefficient expressing an eventual economy of scale on
the number of boreholes (or an eventual increase)
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Figure 20: Definition of the 4 independent variables for
drilled rock systems

ng
T

N N

R 4L Y © [

Note:

It the cost does not depend much on the volume one can set
Cp = 0, and Vg = /2 = 1. Thus, the first term is Cq, which stands

for a constant installation cost.

If the cost of boreholes is linear with depth, one has X = 1.

If the cost of boreholes is "broken" because of a change in the
quality of rock, one can have the following approximation:

cost of borehole _ uss
Vi
-+ Rock A . ] “
- - - \\\
. NN
\‘-.
s T ~ \\\
Rock B N Yo = d;-]}
~ T~ v RN
—~~ ~

\ “o= 1 (Tinear)
0!(_15/
Figure 21: Variation of the cost of borehales with depth

This approximation allows a smooth curve which is more suitable
for the MINSUN optimization procedure.
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In most cases, one has ¥ = 1 (linear dependence of cost on the
number of boreholes). But, for instance, the quality of the rock
could change if a certain size is reached:

I
!
]
i
|

Rock B Rock A, ™~ Rock B
$1z€ | mepm-N7 boreholes size 2 =N bh.

Figure 22: Two different rock qualities reached, as the number
of boreholes is increasing

and thus ¥ could be >1 or < 1.
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Undisturbed earth (in clay or sand, for example}

For a vertical pipe system in clay the same formula as the cne
for drilled rock is applicable.

For a vertical pipe system in sand, as for the system developed

in the Netherlands for the Groningen project, the Netherlands suggest
the following:

Cost = Land cost

+ Ground works cost

+ Containment cost

+ Insulation cost

+ Buried heat exchanger cost

+ Constant cost

Expressed in terms of independent variables, one gets:

¢ 2
. Cost = Z(D+20) . (Cg + Cgy) !
LS TN MRS [ LS S N
2 :
+{a-b.H x ¥D° . H i
4 !
+(;C
Nomenclature:
D : diameter of the store m
Cg :  ground cost  US$/m2
Caw ground works cost  US$/m3
(the land area needed is assumed to be the top surface
plus 10 m around)
Ct+ : cost for containment (proportional to the circumference

and the height of the reservoir)  US$/m2
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Iy : thickness of top insulation m (overlap of 5 m assumed)
Cis : specific cost of insulation US$/m3, including labour cost
a,b : coefficient expressing the cost function for the tubes,

their insertion and the interconnection network on top
H :  height of the reservoir m

Cec : constant cost  US$

a and b are dependent on l¢ype - (Jid]'B where ltype 15 the length

of the plastic tubes and d the tuhg diameter.

The volume of the reservoir is given by V ='E%— . Hm3

The independent variables are in this case:

The cost calculated with this formula agrees within 5% with the
engineer's estimations of costs for volumes between 10'000 and
100'000 m3, and heights between 15 m and 30 m, with the following
set of parameters given by the Netherlands:

Cg 10 US$/m2
Cqw 6.7 US$/m2
C+ : 41 US$/m2 for a height of 20 m, with a bentonite wall
Cis = 390 USS/m3 (foamglass) for 0.30 m of insulation on top

a : 12.3 US$/m3 for 1.2 m of tube, diameter 20 mm,

b . 0.19 US$/m3 per m3 of earth

Cc : 63'000 US$
This equation is basically linear due to the specific way of building

the storage. Note that the specific cost decreases with the height
(or the depth).
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5.5. Excavated earth

5.5.1. Identification of the independent variables

T Volume of storage
2 Height of storage
3  Thickness of insulation on top

4  Thickness of side insulation

TIRTTET 78T TET7ET TR TTTTTE 7 77 viy7

e <
extension S or . "side cover

We assume a variable extension or side cover, and a constant
earth cover.

In most cases, the height is Timited by local conditions (rock
or water table...).

5.5.2. Proposed cost function

Co - Cp
. Cost = Vol x(Cp + ——) x Ap
Yol
+ It X !%l x €t Yo
+ Ig x Ag x Cyg
+V—a1—ng
+ Ce




Nomenclature (see also 5.1.3.):

op

Vol

H

As

coefficient expressing the increase of cost due to an

increase of the length of pipes beyond the Tength used

to define Cp and Cg. Example: Cp and Cy have been established
for 1T m of pipe per 0.5 m3 of storage. For a given case

one wishes to put T m of pipe per 0.25 m3 of storage (i.e.
length x 2}. The cost of pipes represents 10% of the

volume cost. Thus one has approximately o«p = 1.7,

reference volume of the storage (excavated volume beneath
the insulation for instance) m3

fixed height of the store

wall surface where insulation is present m2
or surface of top extension with insulation

Independent variables:

Note:

Vol H It I

As for the other cases, we have used ol to define the ground
surface occupied by the storage. If ig is in fact more, one has
to major Cg.




5.6.

Pit

Independent variables

1

. The same cost equation as the one for tanks (5.1.) is applicable.

Volume
Height

Thickness of insulation on top

‘Thickness of insulation on sides

Thickness of insulation on bottom







5.7.

5.7.1.

Aquifer

Identification of the independent variables

The cost and the energy recovery factor of an aquifer storage system
will be very dependent on the local geological conditions, the
depth of the well, and the peak demand to be supplied.

Due to the special capabilities of the LUND-AST model chosen as
the analytical tool for aquifer storage, two independent variables
can be considered:

1 well depth

2 maximum flow rate (which defines the diameter of the well
and the pumping-injection equipments). LUND-AST assumes
a radial flow from the injection-production well, no doublet
effects, no buoyancy effects and impervious bed and caprock.
Thus an assumption will have to be made if the well depth
is considered as a variable. That is, the bedrock is
always supposed to reach the bottom of the well as the
depth varies,

Example: the aquifer configuration given by the first
field tests on a specific site is schematically
represented in Figure 23.

TE T TR TRT T R TR 7 T T PR R

~ ~ —~

caprock

-—

’ E Lo aqu1fer ' f . ' 20 m

Figure 23: Example of a typical aquifer configuration




If the well depth is taken as a variable, the model will have to

assume the following configurations as the depth is increased with

a 5 m step.
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Figure 24: Examples of aquifer configurations assumed by

the LUND-AST model, as the well depth is increased
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5.7.2. Proposed cost function

Cost = Cost of well(s)

+ Cost of equipments depending on maximum flow rate
+ Ground cost

+ Constant cost

Note that the cost of a well depends also on the well diameter,
and therefore on the maximum flow rate.

5.7.3, Cost equation

Q
. Cost = Cbhoxzd XNU X(—)a
; Qo
Q.b
+ Cog X (5)
e0 QO
+ C¢
Nomenclature (see also 5.3.3.):
Chho = base cost per meter of well for the maximum flow rate
Qo US$/m (specific cost)
z = well depth
ol = coefficient expressing the eventual non-linearity of cost
with depth
N = number of wells
¥ = coefficient expressing an eventual non-linearity of cost
with the number of wells
Qp = given flow rate for which the cost Cypg is valid (this

flow rate determines the diameter reguired for the well,
once the hydraulic head is known)
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coefficient expressing an eventual non-linearity of the
specific well cost with the flow rate, i.e. the diameter

cost of equipments {pumps...) for the flow rate Qo USS

coefficient expressing an eventual non-linearity of the
cost of equipments with the flow rate

ground surface required to be bought m2
ground cost  US$/m2

constant cost US$, i.e. independent of well depth and
flow rate (i.e. diameter)

LI e Ji e N G TG,
e - - - -~
~ _ caprock
—_ —_ — - Z
 —| = ®
.. =| o aquifer -
© Y — .ot e - v

bedrock

Figure 25: Definition of the 2 independent variables for

aguifer systems Q,Zz




TYPICAL VALUES OF COST EQUATION PARAMETERS FOR PRELIMINARY
OPTIMIZATION STUDIES

This section presents typical values of the parameters involved
in the cost equaticons described under Section 5.

Due to the difficulty of assessing a precise cost structure for
each storage concept, several assumptions were made to obtain
typical values of the cost parameters.

The cost data given in this section has therefore to be considered
as an order of magnitudes and should be used for preliminary optimization
or sensitivity studies within the IEA Task VII.

For design studies it is recommended to derive an appropriate set
of parameters, depending on the national and local conditions.
This set of parameters should be adapted to the proposed cost equation.
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Cost equatio

(K]

Cost = Yol % [Cb+(Co-Chrrs{Yol Vad~Betal % EXP(AlphazH)
+ It % VYolsH £ Cit
+ Is % As # LCis
+ Ib % YalsH % Cib
+ WVolrsH % Cg
+ Cc
Nomenclature
Cost : total construction cost k3
Wil : internal volume of storage m3
Ch : asymptotic specific s=torage cost without insulatian,
ground surface and constant cost Frm3
Co : spegcific cost of storage Yo without insulation,
ground surface and constant cost F-m3
Yo : internal valume of starage for which Co iz given n3
Esta zcale factor sxpressing economies of scale B {= Beta <=
Alpkha : coefficient expressing the increase of
specific cost with the height of the tank 1m
H : storage height Cassuming depth=height+constant? i
It : thickneszs of insulation on top €149id) of storage i
I= : thickness of insulation on sides <walll of storage m
Ib : thickness of insulation oh bottom of =torage i
Cit : specific cost of insulation on top of storage om0
Cis : specific cost of insulation on sides of storage F-m3
Cib : specific cost of insulation arn bottom of storage Fom3
g : ground surface cost - m2
Ke : constant cost Cindependant of the others variables)$
With the following Rssumptions !
1, Culindrical gsometrw

Shape =
Height =
Side area =

Dijameter # Height = 4
H =d4#Vol - (PI#8hape~2r 3~ 3333233333
As =2#PI#H*SRR{YVal ~{PI%Hx2

2y Insulation thickness
Tap It = 8,28 m
Side = Is = B.238 m
Bottom = Ib = B.38 m
Topical values of Parameters are
Cb = 25 £om3
Co = &8 £
Mo = 18- @haa m3
Eet a = .4
Alpha = B.885 1-m
Cit = 188 Fm3
Cis = 1@ F-m3
Cib = laa Frm3
Cqg = 5] $/m2
Ceg = 5] ¥

1
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Cost eguation

Cost

= Yo
+

+ + o+

1
I
I
I
v
C

Homencl ature

Cost
Vol
Cb

Co

Yo
Esta
Hlpha

H
It
1=
Ib
Cit
Cis
Cib
Cg
Cc

With

# [Ch+{Co-Chds (Yol YWoir~Betal % EXP{RAIpha%*H)
t ¥ YolsH % Cit

s ¥ B=s % Cis

b ¥ YolsH = Cib

olsH % Cg

c

total construction cost 2
internal volume of storage (R
asymptotic specific storage cost without inszulation,
grournd surface and constant cost om0
specitic cost of storage Yo without insulation,

ground surface and constant cost £5m3
internal volume of storage for which Co iz given mn3
scale factor expressing economies of =cale 8 <{= Eeta <=
ceefficient expressing the increazes of

specific cost with the tank height 1-m
storage height m
thickhess of insulation on top (1id) of =torage m
thickness of insulation on sidez (walll) of storage m
thickhess af insulation on bottom of =torage m
specitic cost of insulation on top of storage Fm3
specific cost of insulation on sides of storage ¥om2
specific cost of insulation an bottom of storage *-/m3
ground surface cost Frme

constant cost (independant of the othsrs variables)$

the following Assumptichs 1

1. Culindrical geometry

Shap
He=ig

=S
ht

= Diameter ~ Height = 4
= H ={4#¥ol-(PI%#5hape~20 2~ 323333332

Side area = HA:s =Z#PI*H*SARVal~ FIxH>>

2. Insulation thickness

Toipinc

Top
Side
Eott

Qan

= It = B.28 m
= Js = @.28 m
= Ib = 8.38 m

al values of Parameters ares !

Cb

Co

Mo
Beta
Alpha
Cit
Cis
Cib
Cg

Cc

It nnmmwnmnnnuwnau

48 03

85 F/m3
18808 ma

8.4

a 17m
188 $/m3
104 $/m2
189 £/m3

a /M

g ¥

1
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Cost equation

Cost

Hamen

=y
+

+ + + +

clatu

ol

e

Cost
Vol
Ch

Co

Vo
Beta
Alpha

H
It
I=
Ib
Cit
Cis
Cib
Ca
Cc

Hith

I
I
I
Y
c

# {Ch+(Co-Cha Vol Yo2+~Betal * ERFI{AIpha%H>
t = YolrsH % Cit

= % Fs % Cis

B ¥ YolsH # Cib

olsH % Cg

=

total construction cost E:2
internal wolume of storagQe :
aEsumptotic specific storage cost without insulation,

ground surface and constant cost £-m3
specific cost of storage Yo without insulation,
ground surface and constant cost *¥/m3

intsrrnal volume of storage for which Co is giwven w3
scale factor expressing economises of scale 8 <= Beta <=
coefficisnt exXpressing the increase of

specific cast with the height of the tank 14m
storage height f
thickness of insulation on top (1id) of storage m
thickness of insulation on sides (wall? of steorage m
thickness of insulation on bottom of storage T
specific cost of insulation on top of storage Fom
specific cost of inmsulation on sides of starage £5m3
specific cost of insulation on bottom of storags Fm
ground surface cost Fome

constant cost (independant of the others wvariablesi#

the following Bssumptions

1. Cylindric

Sha

e

He=ight
Side area = HA: =Z%FPI#+H*SHR(Yol-(PI%H»2

al gecmetry
= Diameter » Height = 4
= H =04%¥als(PI£Shape~232~, 333333333

2. Insulation thickness

Tupic

Top
Sid

g

Eottom

= It = 8.3 m
= Is = B.28 m
= Ib = B.28 m

al values of FParameters are o

Cb

Co

Mo
Beta
Alpha
Cit
Cis
Cib
Cg

Cc

13 £m3
a5 $/m2
187898 3
a,s
a,88% 1l-sm
lag £/m3
188 £:m3
183 $/m3
a £m2
g ¥

1
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Cost eguation

Cost = VYol # [Cb+{Co-Chis{Yel Yad2~Bestal * EXPCAlpha®*H + Gamma*Zs
+ It % YolsH = Cit
+ Is = A= % Cis=
+ Ib % ValsH = Cib
+ WMol-sH % g
+ Ce

Homsnclature

Cost : total construction cost ¥
Yol : volume of =2torage 9]
(] : azynptotic zpecific storage cost withouwt insulation,

ground surface and constant Cost £/m3
o : specific cast of storage Vo without insulation,

ground surface and constant Cost Frm3
Yo : internal wolume of storage  for which Co is given w3
E=ta : z=cale factar expressing sconomies of scale B <= Beta <
Hlipha : cosfficient expressing the increase of

specific cost with the height of the cawvern 1-m
H : cawvern height m
Gamma i coefficient expressing the increase of

specific cost with depth of top of storage 2 1-m
z : depth of top of storage bBelow ground Tewel 1]
It : thickness of insulation om top C1idy of storage fit
Is : thickness of insulation on sides {walll of storage o
Ib : thickness of irsulation on bottom of storags 1]
Cit : specific cost of imsulation on top of storage Fom3
Cis : specific cost of imswlation on sides of storage Fom3
Cib : specific cost of inswlation on bottom of storage fomd
Ca : graound surface cosi Fom2
Cc : constant cost (independant of the othsrszs varizablesi#

Mith the following Azsumptions !

1. Cplindrical geometry
Shape = Diameter « Height = 4
Height = H ={4xVol (FIl*#Shape"
Side area = As =2#PI#H*SERVYa
Depth below ground surface =

Py IR e drpc ot he s
1-0PI=H»
2 =18 m

2y Ihsulation thickness

Top = It = 8 m ‘ho insulation?
Side = I=s = B m {no insdlation:
Bottom = Ib = B m tho ihsulationd

Tupical walues of Parameters are |

Cb = 14 Fm3
Do = 43 F/m3
Vo = SBA‘BA4a e
Beta = 8.7

Alpha = B.,883  1-sm
Gamma = o} 1710
Cit A w3
Cis = u} £5m3
Cib = 15} Fom3
Cg = 5} $4m2
Cc = 5| ¥
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Cost eguati

on

Cost = VYo
+

+ + +

Homenclatur

1
I
N
W
C

g

Cost
Yol
Ch

Co :

Vo
Beta

H

It

Cit

H
Gammab

Chh
z
Al phab

Cgrout
Cg
Ce

* [Ch+{Co-Chb2)~ (Yol Yol)~Betal

t % YolsH # Cit

~Gammab # (Cbh*Z~Alphab + Cgrout?

ol H ¥ Cg

C

total construction cost 3
references valume of s=torage 3
asvmptotic specific storage cost withouwt insulation,
boreholes, ground surface and constant cost F/m3
specific cost of storage Vo without insulation,
boreholes, ground surface and constant cost Foom3

reference walume of storage for which Co iz given m3
scale factor expressing economies of scale B (= Beta <=

storage height Tit
thickness of insulation on top of storage m
specific cost of insulation on top of storage £/m3

number of boreholes

coefficient expressing an sventual sconomy of scale

on the number of boreholez H

specific cast per 1lm of borehole withaout Cgrout £-m
boreholes maximum depth ]
cosfficient expressing the eventual increase of
borehole cost with depth

cost per Im of borshole for grouting of casing £
ground surface cost g
constant cost Cindependant of the others variables)s

With the following Assumptiohs :

I. Cylindrical geometry

Shape = Diamsetsr ~ Height = 4
Hzight = H =(d4%Yol- {PI%*2hape~23»~, 3333233333
Maximum Depth = 2 = H + 1Im

2. Insulation thickness {only an topl

Top

= It = B.58 n

2. Humber of bareholes

M =

Tvpical walues of Parameters ars

Yo

17¢Z2%5) (1 borehole per 5 n2d

Cb

Co

Yo
Beta
Rlphab
Gammab
Cit
Cbh
Cgrout
cg

Cg

LI | S O Y 1 Y [ Y A | Y [ |

1 $/m3
ra Fr-m3
58868 M3
8.4
1
1
18 F£m3
38 £/m
a £/m
a8 $£/m2
a 3

1
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Cost =quatian

Yol ¥ [Ch+{Ca-Chir {V¥ols¥oli~Betal * Alphap
+ It % ¥olsH % Cit

I= * A=  #* Eis

It # YolsH # Cib

YolsH # Cg

Cc

+ o+

Homernclature

Cos
Vol
(]

Co

t

Beta

Al

H

It
I=
Ib
Cit
Cis
Cib
(|
Cc

bz

total constructicon cost *
refersnce valume of storage m2
asymptatic specific storage cost without insulation,
ground surface and constant cost W3
specific cost af =torages Yo without insulation,
ground surface and constant cost

zeale factor sxpressing econo = of scals # <= Bsta <=
coefficient expreszsing pipes cost wvariations around

the pipes length wsed to define Cb and Lo

=
-
m

: storage hsight (assuming depth=hezight+constant m

: thicknegss of imsulation on teop (1idl of storage m

: thickness of insulation on sides (walll of storage m

H thickngzss of imsulation on bottom of storage )]

: specific cest of insulation on top of storage Fomd

: specific cost of insulation on sides of starage Fomd

: specific cost of insulation op bottom of storage $m3
ground surface Ccost Fom2

: constant cost (independant of the others wvariables)¥

Mith the follawing Assumptions 3

1. Cylindrical geometry
Shape = Diameter » Height = 4
Height = H =d4sVolsCPI#Shape~2) ), 333333333
Side area = As =Z#PI#HxSRRNVol-CPIxH) D
2. Insulation thickness
Top = It = B.38 m
Sids = Iz = © m
Bottom = Ik = @ i
3. Pipe density
1 m of pige ¢ diameter 28 mm » p2r 8.3 02 of esarth
Tupical wvalues of Paramsters ares

Cb = 1z Fom3

Co = 45 £m3

Yo = S7a6n m3

Eesta = B.6&

Alphap = 1

Cit = 136 FmD

Cis = 186 £-m3

Cib = 16a F-m3

Cg = a8 Form2

Cc G ¥
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Cost equation

Cost

FI-4 % (D+2B3+2 % (Cg + Cgu’
PI # O  H % Ct
FI # D ¥ H % Iz # Cis

+

+ + 4+ +

Homenclatu

e

Fl- 4 % (D+1Q2~2 % It % Cit

FI<4 % (za-b#H> % D~2 % H

Cc

*

storage height {as=suming depth=height+constant

insulation on sides Cwalld of
specific cost of insuwlation orn sides of s=torage
thickrness of insulation on top ©1id> of storage

coefficient for pipes and network
coefficient for pipes and network
canstant cost Cindependant of the others variables)s$

{only on top?

(1G]

-

3

Cost : total constructicn cost
D : starage diameter
Cg : ground surface cost
Cgw : ground works cost
H :
Ct : cost for sides containment
Is : thickhnesz of
Cis :
It H
Cit : specific cast of
a .
b :
Ce :
Mith the following Assumnptions
1. Cylindrical geometpry
Diameter = ¢ 4#¥ol (HxPI) »>~.5
Height = H = 28A
2. Insulation thickness
Top = It = 8.3 m
Side = Is = Boom
3. Pipe denzsity
1.2 m of pipe ¢ diameter 28
Tupical walues of Parameters ars
Cgu = E.7F Frm2
Ct = 41 Fmz
Cis = =} w3
Cit = 296 Fom3
Cg = 1@ £-m2
a = 12.3 £om3
b = .19 £-md
Cc = 6374814 %

per- m3 of earth

storage

insulation on top of storage

¥
ni
Frme
£om2
N
Fome
it
£-m3
]
Fm3
F/mz
F-'md
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Figure 26: Specific construction costs of storage systems derived

using the cost equations and the typical values for the
parameters provided in Section 6

Cost level per July 1980
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CONCLUSION

In the first part of this report, cost data for different heat
storage concepts provided by the participants in Subtask 1c have
been gathered and compared.

Cost projections, as well as cost data for ten storage projects
built in the particpating countries during the period 1980 to 1983.

Important economies of scale can be found in seasonal heat storage
technologies.

Cost equations suitable for the MINSUN program and corresponding

to the needs of Subtask la have been developed in terms of independent
variables. The set of parameters to be used in a national design
should be defined by each participant due to the specific features
involved in any kind of storage project.

Typical values of the parameters involved in the cost equations
are given for each type of storage for preliminary optimization
studies with the MINSUN program.
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