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PREFACE
INTRODUCTION TO THE INTERNATIONAL ENERGY AGENCY (IEA)

The International Energy Agency was formed in November 1974 to establish
cooperation among a number of industrialized countries in the vital area of
energy policy. It is an autonomous body within the framework of the Organiza-
tion for Economic Cooperation and Development (OECD). Twenty-one countries
are presently members, with the Commission of the European Communities (CEC)
also participating in the work of the IEA under a special arrangement,

One element of the IEA's program involves cooperation in the research and
development of alternative energy resources in order to reduce excessive
dependence on oil. A number of new and improved energy technologies which
have the potential of making significant contributions to global energy needs
were identified for collaborative efforts, The IEA Committee on Energy Re-
search and Development (CRD), supported by a small Secretariat staff, is the
focus of IEA R & D activities. Four Working Parties (in Conservation, Fossil
Fuels, Renewable Energy, and Fusion) are charged with identifying new areas
for cooperation and advising the CRD on policy matters in their respective
technology areas.

IEA SOLAR HEATING AND COOLING PROGRAM

Solar Heating and Cooling was one of the technologies selected for joint
activities. During 1976~77, specific projects were identified in key areas of
this field and a formal Inplementing Agreement drawn up, The Agreement covers
the obligations and rights of the Participants and outlines the scope of each
project of "task"™ in annexes to the document. There are now eighteen signa~
tories to the Agreement: '

Australia Italy
Austria Japan
Belgium Netherlands
Canada New Zealand
Commission of the Norway
Européan Communit;es Spain
Denmark _ Sweden
Federal Republice Switzerland
of Germany United Kingdom
Greece United States
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overall program is managed by an Executive Committee, while the management of
the individuval tasks is the responsibility of Operating Agents. The tasks of
the IEA Solar Heating and Cooling Program, their respective Operating Agents,
and current status (ongoing or completed) are as follows:

Task I Investigation of the Performance of Solar Heating and Cooling

Systems - Technical University of Demnmark {Completed).
Task II Coordination of Research and Development of Solar Heating and

Cooling - Solar Research Laboratory - GIRIN, Japan {(Completed).
Task III Performance Testing of Solar Collectors - University College, Car-
diff, U.K. (Ongoing).

Task IV Development of an Insolation Handbook and Instrument Package - U.S.
Department of Energy (Completed). '

Task V Use of Existing Meterological Information for Solar Energy Applica-
tion - Swedish Meterological and Hydrological Institute (Com-
pleted). '

Task VI Performance of Solar Heating, Cooling, and Hot Water Systems using
Evacuated Collectors - U. 3. Department of Energy (Ongoing).

Task VII Central Solar Heating Plants with Seasonal Storage - Swedish Coun-
cil for Building Research (Ongoing).

Task VIII Passive and Hybrid Solar Low Energy Buildings - U. S, Department of
Energy (Ongoing).

Task IX Solar Radiation and Pyranometry Studies - Canadian Atmospheric
Environment Service (Ongoing).

Task X Materials Research & Testing - Ministry of International Trade and
Industry, Japan (Ongoing).

Task XI Passive and Hybrid Solar Commercial Buildings - Swiss Federal

Office of Energy

TASK VII - CENTRAL SOLAR HEATING PLANTS WITH SEASOﬁAL STORAGE:
FEASIBILITY STUDY ARD DESIGN

In colder climates, solar energy for heating of buildings is least abundant
when it is needed most - during the winter. Therefore, seasonal storage is
needed to make solar heat gained during warmer months available for later use,
From investigations of various storage methods, two observations can be made:
(1) The choice of storage method will greatly influence the working cdndi—
tions for, and the optimal choice of the solar collectors and the heat distri-
bution system; and (2) based on the technology that is available today, the
most economic sclutions will be found in large applications. '

The objectives of Task VII of the IEA Solar Heating and Cooling Program are to
determine the technical feasibility and cost effectiveness of large-scale,
seasonal storage solar energy systems for the heating of buildings; to
evaluate the merits of alternative large-scale system designs for collecting,
storing, and using solar energy; and to prepare detailed system designs for
specific site parameters.
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In the first phase of the Task, which was finished in June 1983, the initial
emphasis was on the development and collection of design data, fol lowed by
presentation of preliminary designs by each Participant. The Phase I subtasks
and lead countries were as follows:

Subtask I(a) - System Studies and Optimization (Canada)
Subtask I(b) - Solar Collector Subsystems (USA)
Subtask I(c) - Heat Storage (Switzerland)

Subtask I(d) - Heat Distribution System (Sweden)
Subtask I(e) - Preliminary Design Study (Sweden).

Phase I was immediately followed by Phase II, which ended in December 1985,
The purpose of Phase IT was as follows:

o To compare simulation results from the MINSUN program, which was
developed during Phase I, with other similar or more detailed tools

o To examine a wide range of system configurations, operational strate-
gies and load/location characteristics

o To recommend which configurations deserve further attention for spe-
cifie applications, and which configurations are economically least
attractive ‘

o To enhance the MINSUN program to cover a wide range of configurations

o To prepare for further cooperative use of data from existing plants
to validate the design data from Phase I and IT and to evaluate
components, systems, control strategies, ete,

The work in Phase II was organized in three subtasks as follows:

Subtask II(a) - MINSUN Enhancement and Support (Canada)

Subtask II(b) - Evaluation of System Concepts (UsA)

Subtask II{e) - Exchange of Detailed Engineering Data and Experience with
CSHP3S Systems (Netherlands).

This report deals with the system analysis and parametric studies performed
under Subtask II(b).
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1.0 INTRODUCTION
1.1 TASK VII - BACKGROUND

The objective of Task VII was to determine the technical feasibility and cost-
effectiveness of central solar heating plants with seasonal storage (CSHPSS).
It was planned that Participants in this Task would evaluate the merits of
various components and system configurations for collecting, storing and
distributing energy, and would prepare site-specific designs. The work origi-
nally was divided into two phases, preliminary design and detailed design.

1.1.1 Phase I
Phase I was organized in five subtasks:

a) system studies and optimization
b) solar collector subsystenms

e) heat storage subsystems

d) heat distribution subsystens

e) preliminary site-specific design.

A substantial effort in Subtask (a) of Phase I was devoted to thermal and
economic analytic tool development and preliminary site-specific design [1].*
However, since the analytic tool development took longer than anticipated, in
many cases the site-specific designs were prepared using analytic tools and
design alds developed nationally. These national tools and design alids were
often specially developed and suited to the site-specific designs undertaken.
At the end of Phase I, the analytic tools developed within the Subtask II(a)
(primarily MINSUN, but incorporating specially modified collector subsystem,
storage subsystem, and heat pump models) were capable of analyzing a wide
range of CSHPSS configurations [2]. Even with this wide range of applica-
bility, however, in some cases these tools were modified by Participants in
order to model the specific configurations and operational strategies repre~
sented by the preliminary site-specific designs completed in Phase I.

At the end of Phase I, the common analytic tools were evaluated by applying
them to several cases of interest by Participants [1]. These appliecation
cases were useful for assessing the range of applicability of the tools, the
usefulness of the type of information they provided, and the appropriateness
of the level of detail of the simulation and economic models. The consensus
of the Participants who undertook these application cases was that these
analytic tools were appropriate for an extensive evaluation of a wide range of

*Numbers in square brackets refer to referencés listed at the end of the
report,




configurations on a common basis and such an exercise would be worthwhile in a
revised Phase II work plan. The experience from the application cases under-
taken pointed to several enhancements of the analytic tools which should be
made to make that exercise most effective,

The Subtask I(b) effort reviewed the performance, cost engineering data, and
operating experience relevant to collector subsystems suitable for CSHPSS.
The final report [3] provided the necessary performance models and cost data
for flat plate collectors, evacuated collectors, parabolic troughs and central
receivers used in the current work. In addition, the final report contained
information on the design, installation, operation and maintenance of these
collectors.

Three final reports were published as a result of the Subtask I{c) work on
thermal energy storage. Reference Y presents basic engineering information
for different concepts that store energy in the form of sensible heat, It
describes the heat storage concepts and their applicability to CSHPSS systems,
reviews the status of the technologies, and presents a short technical compi-
lation of some of the interesting projects in the participating countries,
Reference 5 discusses simulation models that are avalilable throughout the
world for the analysis of seasonal sensible heat storage systems. It provides
the basis for selection of the computer models that were used in the present
study. Reference 6 summarizes the relevant cost data for seasonal, sensible
heat storage construction and provides the cost equations that were used in
the economic analysis of this work.

The distribution of thermal energy to buildings by means of hot water was
reviewed by the Subtask I(d} Participants, and their final report [7] provides
basic design and cost data applicable to a variety of systems in each of the
pérticipating countries. Information in this report is provided at the sub-
component level,; i.e. pipe and fittings, rather than the subsystems level that
was needed for the parametric evaluations of this work.,. The component data
will be of great value in detailed designs.

The final subtask of Phase I involved site-specific preliminary design studies
of CSHPSS systems in each of the participating countries [81. The study,
research, analysis and evaluation involved in the ten design studies provided
a s0lid basis of expertise from which to launch the present study using a more
refined methodology than was available during Fhase I.

1.1.2 Phase II

Phase II was intended to continue into detailed site~specific design for those
Participants who chose to continue participation in Task VII. However, near
the end of Phase I, there was consensus among Participants that the overall
Task objective could be better served by revising the work plan for Phase II.




Some Participants had already completed detailed design of a CSHPSS according
to their own national priorities and schedules, and other Participants were
not planning to proceed with detailed design. Discussions by Participants at
the Fifth Experts' Meeting in February, 1983 led to the adoption of work
described here as one useful component of Phase II,

Phase II is organized into three subtasks:

a) MINSUN enhancement and support

b) Evaluation of systems concepts

¢} Exchange of detailed engineering data and experience with CSHPSS
systems.

Only II(b) is discussed in this report.
1.2 OBJECTIVES OF SUBTASK II{b)

The objectives of the revised Phase II Subtask (b) fully complement and sup-
port the overall Task objective stated above. These Phase II objectives are:

© To examine a wide range of CSHPSS configurations, components and
load/location characteristics in order to compare and rank, from both
a thermal and economic perspective, CSHPSS designs and applications

o To recommend configurations, from those examined, that deserve further
attention for specific applications and identify those which are
unlikely to be economically attractive under specified assumptions

0 To make these findings readily available in the form of a major report
and the presentation of one or more symposia for both technical
audiences and decision-makers

¢ To identify major uncertainties in analysis, modeling, or data and to
coordinate with Subtasks II(a) and II(ec) to resolve them or to develop
plans for Phase III that will lead to their removal.

1.3 SCOPE

The scope of the Phase I studies was broad, in order to include all configura-
tions and components that made technological or economic sense and so that the
information would be applicable to all the eclimatiec and economic conditions in
participating countries, This meant that the solar collector study included
all collector types from solar ponds to central receivers. The preliminary
design concepts incorporated features such as distributed collectors, distri-
buted and central buffer storage, heat pumps for thermal stratification of
storage and passive building architecture.




The Phase II(b) evaluation study, although sharing the objective of breadth,
was constrained to examine only the options that, in the view of the partici-
'patlng experts, might be technically and economically viable in the participa-
ting countries in the mid-1980ts, The means by which the set of options was
reduced to a workable set are described in Section 2 and the technologies and
‘conditions selected for the reference study are discussed. Briefly the scope
of study comprises: ' '

Collectors -- restricted to non-tracking types

Storage -- earth, rock, and water

Energy conditioning -~ heat pumps

Auxiliary energy —- fuel fired or electric boilers
Loads -- building space heating and domestic hot water
Configuration -- restricted to those allowed by MINSUN
Optimization -~ subsystems optimally sized.

o 0O © 0 0 0 0

1.1 APPROACH

The large number of system configurations and parametric variations that could
be considered within the constraints of the MINSUN code demanded that the
first step in the project be the narrowing of choices to a manageable set. The
second step in the process was the optimization, parametric analysis, and
evaluation of the general concepts (or reference cases) for a range of parame-
ters. Optimization is used in the general sense of selecting the most cost-
effective combination of components and parameter values for a given concept.
The result of this second step is a set of optimized configurations that
allows ranking for at least two different climates.

The third step was the localization of the optimization and evaluation to the
national climates and economic enviromments of the participants. Countries
selected one or more cohcepts that appeared to be well-suited to national
context and repeated the optimization and evaluation of Step 2 using local
weather and parameters. The results of the national evaluations enlarged the
data set containing the reference cases and provided a number of variations
based on real conditions.

The entire data set was analyzed and summarized to meet the primary objective
of the subtask, i.e., the evaluation {on paper) of the technical and economic
feasibility of CSHPSS. The analytical results form the basis for further
investigation of‘technical'and practical feasibility in the field.

The process just described involved interaction with Subtasks II{a) and II(c)
regarding the validity of the methods and models used in the analysis and the
need for field experience to confirm the methods used in the analysis. This )
interaction can be regarded as a systematic process to validate the way in
which the project objectives were achieved.




It was anticipated that the results of the subtask efforts would be of major
interest and importance to national decision-makers as well as to solar
researchers, Therefore, in addition to this summary report, it was decided
that a symposium be developed in which the major findings of the Task could be
presented to appropriate audiences. Presentations were made at the Intep-
national Solar Energy Society Meeting in Montreal, Canada in June 1985 and the
Third International Conference on Energy Storage in Building Heating and
Cooling, Toronto, Canada, September 1985. A number of technical papers have
been written, and there have been numerous contacts with builders, utilities,
and manufacturers.

1.5 ORGANIZATION OF THE WORK
Eight participating countries in Task VII were involved in Subtask II(b)., The
caleulational effort was divided among three teams, each of which concentrated
on a specific storage technology. The subtask organization and national
efforts are shown below.

SUBTASK LEADER, U.S.

Charles A. Bankston

AQUTFER STORAGE WATER STORAGE EARTH AND ROCK STORAGE

Allan Michaels,
Coordinator

UNITED STATES
Allan Michaels
Dwayne Breger
Landis Kannberg

CANADA

Tom LeFeuvre
Verne Chant
Edward Morofsky

Heimo Zinko,
Coordinator

SWEDEN

Heimo Zinko
Tomas Bruce
Rune Hakansson

DENMARK
Kurt Hansen

GERMANY
Detlef Krischel

J.C, Hadorn,
Coordinator

SWITZERLAND
J.C. Hadorn

CEC
Dolf van Hattem
Roger Torrenti

NETHERLANDS
Aad Wijsman
Johan Havinga

SWEDEN
Goran Hellstrom







2.0 METHODOLOGY

The general approach to this evaluation study has been outlined in Section
1.3. This section provides a more detailed description of the methodology and
discusses the major analytical tools and resources. Even this presentation,
however, is quite limited. Each of the analysis teams performed the many
simulations required to produce the results on which this report is based, and
many of those calculations involved special methods or treatments. For exam-
ple, a special procedure had to be devised to set a collector feedwater
temperature for aquifer systems because the aquifer model could not provide a
return temperature from a second cold water well in a doublet. These details
are not included here but can be found in the working reports and documents of
the analysis teams [9,10,11].

2.1 SCREENING AND SELECTION OF REFERENCE CASES

The components studied in Phase I of this project can be configured in an
enormous number of ways to form systems for central heating plants. Consi-
dering only the major subsystems, such as the collector array, the storage
unit, the energy conditioning device, the auxiliary energy source, the distri-
bution system, and the load, and only a few of the many possible arrangements
of these subsystems, it was estimated that about 500 configurations should be
considered. In addition, the economic viability of any of the system configu-
rations depends upon its location (latitude, climate, and geology)s its econo-
mic environment, and the manner in which the system and the load are
controlled. Even a small subset of these variables would require that each
system be evaluated under about 50 different sets of conditions, thus bringing
the total number of evaluations required to 25,000. Such an undertaking was
obviously not feasible within the constraints of the resources avallable for
the subtask work, so the first task was to reduce the number of evaluations
required by making use of the knowledge and good judgment of the Task VII
participants.

Two methods were used. A formal hierarchical decision tree method in which
the decision process is carefully structured, weighted, and evaluated with the
aid of a microcomputer was used by half the group, The other half of the
group followed a more traditional process of forming discussion groups to rank
subsets of options (based on storage technology) and then comparing and com-
bining those rankings in a consensus-finding meeting of the small groups. The
results of the two processes were surprisingly similar. The agreement between
the finding of the two expert groups strengthens the credibility of the pro-
cess and the combined Judgment

The configurations that were selected and the components that were included
were restricted to those that could be modeled using MINSUN. Although this is
somewhat restrictive, the limitations are not considered serious. In addi-




tion, some of the promising configurations that could not be modeled with
MINSUN were subsequently studied using the more flexible TRNSYS program. The
general configuration and set of components chosen for the reference study,
along with the evaluation conditions, are shown in Figure 2-1.

Although only stationary collectors were included in this phase of the work,
the full set of storage technologies were represented. A theoretical electric
heat pump model was the only energy conditioning device included in the study.
Tce and chilled water storage for summer air conditioning were not included.

The subtask experts agreed to limit severely the set of general evaluation
conditions. Each configuration was to be evaluated with only two climatic
databases: Madison, Wisconsin, U.S.A., representing a severe continental
climate and Copenhagen, Denmark, representing a northerly maritime climate;
three load patterns: 0, 20, and 50 percent DHW; and three annual total loads:
3.6, 36, and 360 TJ (corresponding roughly to 50, 500, and 5,000 residences
respectively).

The temperature required in the distribution system to meet the load is an
important design consideration or constraint. Lower temperatures provide an
increase in efficiency of the collector array and the heat pump, and storage
and distribution losses are reduced. However, larger load heat exchangers and
auxiliary energy for peaking DHW may be required. Two specifications, a low
and high-temperature demand, were assumed for this evaluation, to represent
construction and retrofit loads respectively. The distribution supply and
return temperatures for the low and high temperature specifications are shown
in Figure 2-2. Note that the specified temperatures require a varying mass
flow in order to meet the building load.

A complete set of common parameters required for the analysis was selected
from the database developed during the first phase of the work. Collector
cost and performance parameters were taken from the Subtask I(b) report [3],
the storage data from the Subtask I(c¢c) reports [#, 5, 6], the distribution
systems data from the Subtask I(d) report [7], the heat pump data from
reference 12, and the economic and system control parameters from the Subtask
I(a) reports [1, 2]. A complete listing of the common parameter set as
required to simulate the performance of any of the system configurations is
included as Appendix A.

Parameters specific to each storage technology--for example, the diameter of
bore holes in a duct storage system--were determined by the analyst of that
technology option and were usually derived through a subsystem optimization
procedure,
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2.2 ANALYSIS METHODS

There were two main computer program system models used in Task VII. The
MINSUN set of programs, which were originally developed at Studsvik in Sweden,
were significantly modified and extended specifically for Task VII, This set
of programs provides CSHPSS simulation, economic analysis, and optimization.
The seeond‘main computeb program system model used in Task VII was TRNSYS
Version 11.1. This version has a few modifications for Task VII purposes but
is essentially the University of Wisconsin program. TRNSYS provided the
capability for detailed simulation and subsystem examination. These analytic
tools are described below.

2.2.1 MINSUN

The MINSUN [2] solar system simulator is a set of FORTRAN programs that models
a central solar energy heating system. The pfograms provide for system ther-
mal simulation, costing and economic analysis, and algorithmic optimization of
selected system pérameters. Subsystem capital costs are ecalculated by cost
equations using user-specified parameters. Economic analysis combines capital
costs and annual heat pump and auxiliary energy costs into an equivalent
levelized annual cost using present value theory. Optimization is based on
minimizing this levelized annual cost for a given load. The control strategy
employed by the system is built into the MINSUN program.

2.2.1.1 Configuration Options

Each system is made up of several components: solar collectors, thermal sto-
rage, heat pumps, auxiliary heaters, a network of connecting pipes, and resi-
dential heat load. They are illustrated in Figure 2-3. The collector subsys~
tem types available include flat plate, evacuated collectors {simple and
compound parabolie concentrator, CPC), parabolic trough, central receiver, and
shallow pond. The seasonal storage subsystem types include insulated water
tanks, water storage in underground tanks, caverns, or pits; duct storage
systems in earth or rock; and aquifer systems. The auxiliary heat source
options are either a boiler or a boiler and a heat pump, The distribution
subsystem requires only the specifications of design temperatures, flows, and
costs. The system load is calculated for residential space heating taking
account of daily average outdoor temperature below a threshold temperature and
within a specified "heating season" and indoor setpoint temperature by simple
heat-loss and heat-gain equations. DHW load is set as an input parameter.

11
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2.2.1.2 Execution Modes

The MINSUN program can be used both to simulate the thermal behavior of a
central solar energy system and to determine the optimum size of some of the
components in the system. These two MINSUN characteristics provide three
different modes for running the program - Single Simulation, Multiple Simula-
tion, and System Optimization. A1l three modes require the engineering para-
meters of the system being modeled and weather information to drive the simu-
lator. The three different modes are described below.

| Single Simulation of a System Configuration

The simplest use of MINSUN is to perform a thermal simulation for a given,
fixed configuration. All parameters of the system are defined. The program
simulates the thermal behavior, does the energy balance calculations, cost
calculations, and generates output on the thermal and economic characteristies
of the system specified. The thermal characteristics include a daily specifi-
cation of heat flows and temperatures among the major subsystems (from collec-
tors, to and from storage, to load, losses, etc.).

Multiple Simulation of a System Configuration

Any system design parameter can be varied during multiple simulation runs.
Key variables usually include collector area, storage volume, storage height
to diameter ratio, storage insulation thickness, specific heat transfer of
heat pump evaporator in space distribution system, specific heat transfer of
heat pump condenser in space heating distribution system, specific heat trans-
fer of heat pump evaporator, number of pipes in a duct storage system, control
setpoint temperatures, eto.

Any system design parameter can be varied during multiple simulation mode
using the MINREP procedure., Single or iterative changes of key system parame-
ters can be specified in this mode. 1In addition, any results which appear on
the standard detailed Simulation Summary output can be specified for inclusion
in the summary output. In order to decrease the number of runs needed to
define the optimum, scaling factors can be used to relate variables, e.g., the
number of boreholes to the storage volume and collector area.

System Optimization

The MINSUN programs also have the capability of automatically selecting values
for certain design variables that minimize overall System levelized annual
cost. The program uses a steepest descent algorithm to find the values of the
design variables which minimize overall cost. It simulates the thermal beha-
vior and computes the cost of the current system and compares it with that
calculated in previous iterations. The program systematically closes in on
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the values of the design variables that minimize system cost. Up to nine
design variables can be selected for the optimization process. However, the
computation time increases significantly as the number of variables to be
optimized is increased. Once the optimum system, as selected by the optimiza-
tion algorithm, is determined, the program performs a single simulation and
and re-calculation and prepares summary data on the thermal and economic
characteristics.

Experience with MINSUN automatic optimization procedures for typical CSHPSS
systems showed that reliable determination of the optimum was difficult and
time consuming even when the number of variables to be optimized is small.
This is due to the relatively flat cost surface near the optimum and to small
scale roughness of the surface due to the numerical procedures used in many of
the component models. With the automatic search procedure, usually 150 to 200
simulations were required to locate a minimum. With the level of detail of
thermal simulation in the storage subsystems, these simulations were costing !
from two to three dollars each on a typical main frame computer. Since the
objective of the study was to examine a broad range of configurations and
conditions, a more econcmical approach was sought. This approach is described
in Seection 2.5,

2.2.2 TRESYS

The TRNSYS simulation program was selected by Subtask I(a) for detailed simu-
lation., Version 11.1, made available to Task VII, was modified by the Univer-
sity of Wisconsin (May, 1982) to accommodate collector models of special
interest in Task VII. The Lund University storage models which were adopted
for Task VII were made compatible with TRNSYS [13, 14, 15]. They could be run
separately with the TRNSYS main program but were never integrated into a
complete configuration system model.

TRNSYS analyses were used to verify simulations of the MINSUN program and to
analyze some configurations that could not be modeled using the restricted
MINSUN configuration and control options,

2.3 SUBSYSTEM PERFORMANCE MODELS

The performance models used for the collector, storage, heat pump, and load
subsystems were derived from the information collected during the first phase
of Task VII. The guideline for developing the models was the performance that
could be expected for a system designed in 1984-85. Since most of the data
were collected between 1981 and 1983, it was necessary to make some projec-
tions from the commercial products of 1981-83 to the anticipated products of
1984-85. Thi= was done by the participants based on their knowledge of the
status and intensity of research and development.
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2.3.1 Collector Subsystem Models

The basic information for the collectors was developed by Subtask I(b) and
implemented as a part of the MINSUN program by Subtask I{a). The procedure
employs empirical mathematical relations for the collector module output as a
function of the orientation of the collector and the sun (e.g. incident angle
modifiers for stationary collectors or single-axis tracking collectors), the
temperature of the collector fluid, the ambient temperature, and the
irradiance available to the collector (i.e. beam or global on collector
plane). Daily energy outputs are calculated from the hourly weather and the
irradiance data for each site and stored in tables for a series of collector
inlet temperatures spanning the operating range of CSHPSS systems., This
calculation was done only once for each site. The MINSUN main program obtains
collector output for each day of the simulation by interpolating the table
using the mean collector temperature, (Tin + Toutl/2» as the independent
variable. Since Tout depends on the collector output, an iterative 1o_op is
necessary. The period of collector operation during the day is found in a
similar manner. The performance equation and the FORTRAN injplementation for
MINSUN may be found in Reference 3. An abbreviated table of collector parame-
ters used in the reference study is shown below.

COLLECTOR "o FRrUj, by AF Reference
W/meK

Unglazed 0.90 15.0 0.00 0.70 [11]

Flat Plate 0.81 b.y 0.10 0.66 [31

Evacuated 0.70 1.0 0.70 [31

The energy collected was calculated from the equations below,

M = Ng¥er = FRUL (Tj = Tp) fy
Xer = 1~ by [(1icosf) - 1], or f(fpyg, GEW)
Qg = nl, AF

The thermal output of the collector module was adjusted using a set of energy
reduction factors to account for the energy losses that result from combining
a large number of modules into an array. The factors represent a conservative
estimate of the annual energy delivery of an array of the specified module
relative to the output of a single module.* These reduction factors were used
in lieu of the more accurate methods thét would have required knowledge of
such array details as row spacing, feeder and header pipe length, diameter and

* For a different approach, see Section 5.3,
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insulation, night time fluid volume, ete. Although the use of a single factor
cannot be defended on theoretical grounds, an analysis of the results reported
at the IEA Workshop on the Design and Performance of Large Solar Thermal
Collector Arrays [16] indicated théy are in reasonable agreement with opera-
tional experience when the temperatures were in the same range.

2.3.2 Storage Subsystem Models

There are four central seasonal storage models that can be used with MINSUN:
insulated tank, stratified storage temperature model (SST), duct storage
system (DST), and aquifer (AST). '

The tank model may be used for a tank or a pit if thermal coupling with the
surrounding medium can be ignored. The stratified storage model, which can be
used for a tank, pit, or cavern, includes a solution of the heat diffusion
equation in the surrounding media and can be used even when the store is in
good thermal contact with the ground. Duct and aquifer storage codes were
developed especially for those typés of storage. The thermal processes simu-
lated are different in each of these models. A brief description of each
follows. ’

2.3.2.1 Insulated Tank Storage

Energy is stored in a water-filled insulated tank, either above or below the
ground., The tank has a number of "nodes" evenly spaced between the.top and
the bottom of storage. Water can be injected or extracted at any of the
nodes. The water at the top node will always be the warmest and that at the
bottom node the coldest.

The thermal model is very simple. The water is assumed to be in homogenous
layers. Mass flow and energy transfer between layers is treated as a one
dimensional process. The model also allows for heat transfer through the
walls of the tank into the enviromment. The operational strategy built into
this model is indicated in the tank schematic diagram shown in Figure 2-4,

2,3.2.2 Duct Storage Temperature Model - DST

A region of rock or soil is used for heat storage. Heat is injected and
extracted via a system of pipes or ducts in which a fluid is circulated. The
thermal process in the storage region with its duct system is quite complex.
There is a "global™ temperature variation from the center of the store out to
the boundaries and into the surrounding ground. There is also an important
and often intense local heat transfer process around each duct. Finally.,
there is a variation along the duets, which is coupled to the heat exchange
between fluid and ground and involves the flow pattern of the fluid through
the storage. All these processes must be fitted together, The local
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processes are important in order to obtain the right heat exchange between
fluid and ground. But the local process depends on the global temperature
level. The global temperature on the other hand is strongly influenced by the
local injection/extraction of heat at the ducts.

The temperature in the storage region is represented by three parts: a global
temperature, a local solution, and a steady-flux part. The total temperature
at a point is obtained by superposition of these three parts, The MINSUN
model is a finite difference solution of the coupled heat transfer equations.
Details of the solution may be found in Reference 13. For the calculations in
this report, the outer diameter of a borehole was assumed to be 0.10 m and the
heat resistance between the fluid and surrounding earth was 0.05 m2K/W.

To Load or Heat

. From Collectors Pump Evaporator
to Highest Node With - - —— from'Node With
Temp. < Temp. from Lowest Usable
Collectors Temperature

= - ——] P—
= ] B ]
X < oL
— ] >
— -
| - -—] ] From Load Return
Heat Pump
Evaporator
——
To Collectors to Highest Node
- -« With Temp,
< Return Temp.

Figure 2-4. A Typical Tank Schematic
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2.3.2.3 Stratified Storage Temperature Model - SST

This model simulates heat storage in water-filled tanks, caverns, or pits that
are in good thermal contact with the surrounding ground, The storage volume
may contain water or a mixture of water and stone., The temperatures in the
storage volume are horizontally stratified. There is a vertical one-dimen-
sional diffusive heat transfer process in the storage volume. In the
surrounding ground there is three-dimensional diffusive heat flow. The two
processes are coupled by the heat flow through the boundaries of the storage
volume.

The storage volume is assumed to have the shape of a vertical cylinder. It is
divided into horizontal layers of equal thickness. The thermal properties in
the ground are given for a number of horizontal strata. The layers are
divided into cells by an automatic mesh generator that adjusts according to
the thermal properties of the ground, daily changes in load conditions and the
duration of the simulation. A finer grid spacing is used where large tempera-
ture gradients are expected,

2.3.2.4 Aquifer Storage Model - AST

An aquifer is a porous layer in the ground, generally sand, that is surrounded
above and below by impermeable material. MINSUN models a horizontal aquifer
stratum of constant thickness. The thickness of the covering soil layers is
also constant. The aguifer is assumed to extend a long distance from the well
in all directions. The thermal properties of the aquifer are assumed to be
uniform, but the caprock (above the aquifer) and bedrock (below the aquifer)
can each contain several layers with distinet thermal properties.

The model simulates thermal energy storage in a confined aquifer without
buoyancy. A single well is used for injection and extraction of water. The
thermal processes in the aquifer and the surrounding ground are computed by a
finite difference method.

Normally, an aquifer is accessed by two wells in a doublet., MINSUN does not
model the thermal behavior of the second well. The temperature of water drawn
from the second well must, therefore, be determined by other means [9].

The height and depth of the aquifer and the expected radius of the thermally
active region are given as input values to the model. The region of computa-
tion is extended radially outwards and vertically downwards until more or less
updisturbed conditions prevail. A finer grid spacing is used in the thermally
active aquifer region near the well and at the boundaries between aquifer and
caprock/bedrock. The spacing is increased strongly outwards and downwards. A
finer grid spacing is used where large temperature gradients are expected.
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A special problem with simulation of an aquifer storage system is that the
storage volume is unconfined. The thermally active region in the aquifer will
vary according to external conditions. It is somewhat difficult to choose a
mesh for the numerical calculation which is suitable for all possible evolu-
tions of the thermally active region. MINSUN handles this problem by repeat-
ing the simulation if necessary. For the first simulation, the mesh is gen-
erated using a specified thermal radius. During the simulation, the true
thermal radius is calculated. If this calculated radius is not between 60
percent and 150 percent of the radius originally specified, the simulation is
redone using the new calculated radius to generate the mesh.

The aquifer model and operation are characteristically different from the
other storage methods. Operation is based on a displacement principle in that
the last water injected is the first water to be extracted. There is no
gradual heating of a confined volume as in the other storage systems.

For this investigation, the collector control strategy for the aquifer sys-
tems was set to provide a constant outlet temperature. Collector inlet flow
was assumed to come from a second distant Mcool™ aquifer well which is not
explicitly modeled by MINSUN. The second well also would be used to re-inject
the heat pump evaporator ocutlet water or distribution return water, and would
be above ambient aquifer temperature. This average annual cold well outlet
temperature was calculated and used as the collector inlet temperature,

2.3.2.5 Thermal Properties of Soil

Throughout this study, the thermal properties of soil have been described by
common values agreed upon by all partieipants and suggested as typical by the
Subtask I(c) group. The soil or rock thermal conductivity, k, and specific
heat, cp, is given for each storage type in the following table:

Tank Cavern Pit Duct Aquifer
k(W/m K) (above 3.5 2.0 2.0 2.00 Horizontal
ground) 2.75 Vertiecal
Cp(MJ/m3K) - 2.0 2.0 2.5 2.5
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2.3.2.6 The Solar Collector/Storage Loop

The amount of energy absorbed and retained by the solar collectors depends on
the temperature of the water supplied to the collectors.

When Insulated Tank or Stratified Storage Temperature (SST) models are used,
this water is always drawn from the bottom (i.e. the coolest) node in the
tank. Afﬁer passing through the collector, the heated water is returned to
the highest node which has a temperature lower than that of the incoming
water.

With the Aquifer model, water is assumed to be supplied to the collectors from
a remote well which is not affected by the operation of the storage. The
water is supplied at a constant temperature throughout the year and is always
returned to ﬁhe storage well,

For Duct Storage, the calculation is somewhat more complex since the water
from the collectors is circulated through the duct system where it loses some
heat and is then fed back to the collectors. " Thus the fluid temperature from
the store depends on the temperature of the fluid delivered from the seolar
collectors and the flow rate. An iterative procedure has to be used to
calculate the temperature of the water supplied from the storage each time the
loading conditions are changed.

2.3.2.7 The Heat Load/Storage Loop

The heat load consists of house heating and tap water heating. If separate
space and DHW distribution systems are used, the flow loops for these loads
have the same control logic.

The water from the store, if warmer than the return water from the heat load,
is supplied to the heat load. It is mixed with the return water from the heat
load to yield the right temperature. If the temperature of water from the
store is lower than the demand temperature of the heat 1oad, it is boosted to
the right temperature by a heat pump or an auxiliary heater.

With the Insulated Tank model and the Stratified Storage Temperature model,
the water can be drawn from any node in the storage. It is taken from the
node with the lowest temperature above the demand temperature and from the
node with the highest temperature below the demand temperature and is mixed in
order to supply the correct temperature to the load.

If a heat pump is included in the configuration, it takes water from the node
with the lowest usable temperature. Finally, an auxiliary heater is used
instead of the heat pump if the heat pump cannot deliver the required
temperature.
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Water returning from the heat load loop is always refturned to the water

storage at the highest node with a temperature less than the return flow
temperature.

In the Duct and the Aquifer Storage models, there is only one source tempera-
ture of water from the storage. For DST, the water outlet temperature depends
upon the energy collected and the flow rate. As in the solar col lector/storage
loop calculation, this is estimated using an iterative procedure, For AST,
the water temperature is as extracted from the storage well.

2.3.3 The Electric Heat Pump Model

The central heat pumps are used to transfer heat from a low~temperature source
(storage water) to a higher temperature receiver (house heating water). Work
done on the system is fully recovered as heat. It usual ly represents less
than a third of the total energy output of the heat pump.

A heat pump is composed of four main sections: evaporator, condenser,
compressor, and valve (see Figure 2-5), The condenser and evaporator are heat
exchangers; the valve acts as an expansion nozzle. The theoretical model in
MINSUN for the electric heat pump employs the equations below. A model for
the gas-driven heat pump is described in Section 4,

PHp
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- _ -

Figure 2-5. Electric Heat Pdmp Schématic Diagram
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The heat transfer from the storage to the evaporator is given by

Qg

UAE( (TS + TSR)/2 - TE)

mSCP(TS - TSR)
and the heat transfer from the condenser to the load by

Qc

where UAp and UA¢ are the heat transfer capacities of the evaporator and
condensor and the temperature and mass flows are as indicated in Figure 2-5.

The power to the electric motor is
Pap = Q¢ - Qg
and the coefficient of performance is
COP = Qg/Pyp
the inefficiency of the motor-compressor unit is accounted for by the equation

COP ="Ic TC/(TC - TE) »
where
Me= 0.6, for (Tp - Tg) < 8T
= 0.6 ({(Tg - Tg - &Tg)/( 8Tg - &Tg))s for &Tg < (Tg - Tp) < 8Tg
0.0, for (T¢ - Tg) < &Tg

That is, the heat pump compressor effieieney is assumed to be 60 percent up to
a temperature difference STB, and then to decrease linearly to zero at SES.

According to this simple theory, the heat pump COP approaches infinity as the
evaporator temperature approaches the condenser temperature. In practice,
however, other parameters such as pressures and flow rates within the compres-
sor limit the COP. For this reason, a maximum COP was sometimes specified.
Also, the maximum available condenser temperature depends on the boiling point
of the heat pump fluid. If high condenser outlet temperatures are desired,
mzltiple heat pump stages have to be introduced, thus further decreasing the
heat pump COP because of additional exergy losses in heat exchangers,

The MINSUN control strategy assumes that, when a heat pump is used, the entire

heating load is supplied by the heat pump. Therefore, the heat transferred to
the condenser, QC’ equals the heat load calculated elsewhere in the progranm.
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If the entire load cannot be met with the heat pump, the heat pump 18 turned
off and auxiliary energy is used to boost the temperature of the water sup~
plied from storage to the load demand temperature.

2.4 COMPONENT COSTS

Cost data were derived from the first phase of the Task as were the perfor-
mance models described in Section 2.3. The guidelines used were that costs
should be representative of probable costs used for design in 1984-85 (and,
presumably, representative of actual construction costs in 1985-86). Costs
were derived by the Phase I participants from data available in the 1981-83
time period and projected to 1984-85 on the basis of cost trends and market
expectations. Since the cost database is of international origin, it is also
important to point out that there have been significant shifts in the exchange
rates since the data were compiled.

The cost data listed in this section were used for the reference case analyses
and optimization. The national evaluations described in Section 4 use current
(1984-85) national cost figures. These are compared with the reference case
data in Section &,

2.4.1 Collector Cost

The cost of the solar collector subsystem dominates the cost of most CSHPSS
systems--especially those with high temperature distribution systems. There-
fore, it is important that reliable cost data be used for solar collectors.
Details of the cost analysis methods used to estimate the installed collector
subsystem costs are given in Reference 3. The procedures enployed take
account of the manufactured cost of the collector modules, the cost of distri-
bution and the manufacturer's profit as well as the installation cost includ-
ing site preparation, support structure, piping, insulation, pumps, controls,
and wiring. A modular method of cost estimation was used to derive the
installed subsystem cost from the cost of components and matefials_using well-
established multipliers for associated materials, direct labor, indirect
labor, and other indirect costs. For example, the cost of the flat plate
collector subsystem is based on a collector module cost of 130 $/m2 and
assocliated materials costing 25 $/m2. The addition of direct and indirect
labor for installation and other indirect costs brings the estimated installed
cost to the owner to 245 $/m2.

Most of the collector cost information developed in Reference 1 was based on
U.S. experience, There is a significant variation in costs between participa-
ting countries. An informal comparison of the 1982-1983 installed cost of
flat plate collectors in the nine countries participating in Task VII indi-
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cated a range of 155 $/m® to 335 $/m2. The average, however, was 239 $/m?
which is quite close to the value used in the current study (245).

Unglazed collectors were not included in the study cited in Reference 3,
Therefore, the cost figures for unglazed collectors were based on European
experience~~principally in Sweden and the Netherlands. The cost of evacuated
collectors is based on a very small market and, therefore, is more variable
and less reliable than either the cost of flat plate or unglazed collectors,
Evacuated collector costs are especially volume dependent and could be reduced
considerably if a reasonably large market were to develop. If a large, truly
competitive market were to develop in CSHPSS or other large-scale, low-temper-
ature applications, the competitive enviromnment would drive all collector
costs toward the same cost per unit of energy delivered.

The complete cost of the collector subsystem including all piping, pumps,
controls, and installation {(ground mounting) are listed below. Land cost is
not included.

TYPE COST
Unglazed 140 $/m°
Flat Plate 245 $/me
Evacuated 350 $/m°

In countries where large installations have been realized, the cost of
collectors appears to be dropping faster than anticipated. In 1985-86 high
efficiency flat plate collectors were available for 140 $/m? (installed) in
Sweden, and high performance, large-scale parabolic trough collectors were
available for less than 200 $/m? in the U.S. Therefore, the collector
subsystem cost estimates used in the present study may be conservative.

An additional cost for connecting the collector array to the storage was
considered to be the following, for each load investigated.

LOAD, Td ADDITIONAL COST
3.6 $25,000
36 $78,750
360 $250,000
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2.4.2 Storage Cost
2.4.2,1 Water Storage

For this type of storage, which includes the above ground tank, cavern, and
pit stores, the costs were calculated from:

cost = V [Cy + (Cg ~ Cp) (Vg/MB] + (V4C4)

where V 1is the storage volume in m3

V; is the volume of insulation around the storage in m3

Vg is the volume of reference storage for which cost is Cs

C; is the cost of insulation taken as $100/u3

Cb is the asymptotic storage cost per unit volume without insulation,
land cost, or fixed costs

is unit costs of reference storage system without insulation, land
cost, or fixed costs. :

The cost parameters used in the reference studies follow.

STEEL TANK CAVERN PI
Cp ($/m3) 50 10 20
Cg ($/m3) 90 48 30
Vg (m3) 10000 50000 5000

a 0.4 0.7 0.4
2.4.2.2 Duct Storage

The following equation was used to describe the cost of a duct store with
vertical boreholes:

cost = VICy + (Cg - Cp)(Vg/MIB] + (V;Cy) + (NpyCppZ)
where Npp is the number of boreholes
Z is the depth of the boreholes in m

Coh is the specific cost of drilling and installing 1 m of borehole.

The cost parameters were chosen as:

c; = 100 $/m3 Cop = 30 $/m
Cp = 0.1 $/m3 Vg = 10000 o
Cg = 0.2 $/ud a =0.1

The capital system cost depends primarily on the cost of the boreholes.
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2.4.2.3 Aquifer Storage

The estimate for aquifer storage was based on actual costs incurred at the
aquifer field trial in Scarborough, Canada, This particular aquifer has four
production wells with a capacity equivalent to that of the reference case in
this study (500 houses, 10,000 MWh per year). Although equipment sizing, and
therefore cost, is dependent on actual flow rates, little information was
available on the nature and parameters of this dependence. Since the aguifer
cost is a small part of the total system cost (in the cases in this study), we
decided to use a single, constant cost for all aquifer cases. This constant
amount is $154,000, The aquifer parameters other than the charging and dis-
charging flow were not optimized. The aquifer is assumed fo be 20 m thick and
covered by 20 m of impervious caprock,

2.4.2.4 Comparison

The cost equations for the four storage technologies are compared in Figure 2-
6. The aquifer cost curve shown represents the fixed cost divided by the
volume of water injected. TFor reference the volume of water injected in the
no heat pump reference case for Madison climate (500 houses) is 330,000 m3.

Storage System Construction Costs

140
[J Tank
A cavern
120= O pit
X Duct
+ Aquifer
100—
a
E
@
w  80=-
W
Q
Q
£ 60 Bl
40
20t
0

T, L. T 1. L
0 40000 80000 120000 160000 200000
Volume (m?3)

Figure 2-6. Cost Relationships for Reference System Storage Units
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2.4.3. Heat Pump Cost

The cost of the heat pump is given by the following equation:
cost = [CCUAC + CEUAE + CHPPHP](PMax/600)-O.3 ’

where UA, is the condenser heat transfer capacity in kW/K

UAgp 1is the evaporator heat transfer capacity in kW/K

Pyp is the maximum electrical power needed by the heat pump during
the simulation in kW

PMax is the maximum condenser power delivered to the load during
the simulation in kW

600 is the reference condenser power in kW for which the specific
costs are given

Cc is the specific cost of the condensor in $K/kW

Cp is the specific cost of the evaporator in $K/kW

Cyp is the specific cost of the motor and compressor in $/kW.

In the reference study, the following specific costs have been chosen, in
$K/ kW :

Low Temperature High Temperature
Distribution Distribution
Network Network

Ce 200 300

Cg 200 300

Cyp 200 300

Example:
We assume a heat pump with UAp = 300 kW/K and UAg = 400 kW/K. For this heat
pump in a given system, the MINSUN program finds, for a low=-temperature dis-

tribution network, Pyp = 1000 kW and PMax = 3000 kW. The heat pump cost as
computed by MINSUN, is, therefore: .

cost = (200 x 300 + 200 x 400 + 200 x 1000) x (3000/600)=0:3 = $209800
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2.4.1 Cost of Auxiliary Heater

If auxiliary energy (other than electricity for the heat pump) is needed in a
given system during the simulated year, the capital cost of the auxiliary
heater is taken to be:

cost = 100 x PH

where Py is the maximum installed power needed, as computed by the MINSUN
program in KkW.

2.41.5 Economic Parameters

In our study, the capital cost annualization is performed with the following
basic assumptions:

Depreciation time = Economic life time = 20 years
Real Interest (Discount) Rate = 5% per annum

Operating costs other than auxiliary energy costs and maintenance costs have
not been explicitlylconsidered.

No assumptions on the cost of auxiliary energy {electricity or fuel), nor on
fuel price escalation rate are necessary, since the optimization is performed
in terms of marginal solar cost,

2.5 ECONOMIC ANALYSIS AND OPTIMIZATION PROCEDURES

The methodology used for economic evaluation is the common present value
analysis. Costs in real, constant terms are estimated and projected over the
life expectancy of a system, and the total present value of these costs is
calculated using an appropriate discount rate. Since costs are expressed in
real {(constant) terms, the discount rate does not include an allowance for
inflation. The total present value of all costs, both capital and operating,
can be expressed as a normalized annual cost which is constant over the life
expectancy of the plant. This constant annual cost can be divided by the
annual energy produced by the system to obtain a unit energy cost from the
system. This present value analysis methodology is useful and appropriate for
the analytig wgrk performed in Phase II. More detailed capital investment and
financial analyses would be required before detailed design and construction
are considered.

In addition to converting all costs to present value, however, the methodology
must spécify how costs are to be combined and compared and which costs or cost
functions are to be used to optimize components and system configurations,

The criteria considered for determining a suitable approach included:
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o The applicability of the results to a wide range of fuel and electri-
city prices which already exist in many countries

0 The use of solar-only costs so that sensitivities are not masked by
conventional system costs

o The need to rank a large number of system configurations with dif-
ferent cost structures with respect to cost effectiveness

0 The need to compare CSHPSS economic performance with conventional
systems.

The approach adopted satisfies these criteria. Costs in real, constant terms
were estimated and projected over the life expectancy of a system, and the
total present value of these costs was célculated using an appropriate dis-
count rate. The following procedures were applied for each reference case for
which "optimal™ designs were identified.

¢ A "reasonable" system configuration, based on a series of preliminary
model simulations, was specified as a starting point.

0 Design parameter values and component definitions were varied over a
wide, but appropriate, range.

0 Solar component cost and solar' system useful heat output were calcu-
lated for each simulation run and the results were plotted on a graph

of unit sclar cost versus solar fraction.

o Those system configurations and design parameters which have the
lowest solar cost for each solar fraction were identified.

o Marginal cost analysis was performed to determine the optimal system
solar fractions for the range of auxiliary fuel prices of interest.

2.5.1 Solar Cost

Solar capital cost includes the collector subsystem cost, the storage subsys~
tem, the collectors-to-storage transmission pipes, and the heat pump, if any.
These capital costs are converted to a levelized annual cost by multiplying by
the appropriate annualization factor dependent on life expectancy and discount
rate, Operating and maintenance costs or replacement costs may be ineluded in
the present value. Auxiliary fuel and electricity costs are not included. The
rationale for inecluding heat pump capital cost is that the solar system design
is enhanced by having the heat pump in the system (collectors and storage
operate at lower temperatures); thus, this cost should be included in the
sclar component cost. The heat pump energy auxiliary cost is excluded because
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this energy is delivered to the load (so is not unlike auxiliary fuel cost),
and the cost of this energy is dependent on assumptions about energy prices
and location. The control strategy is such that load is always served
directly from storage if the temperature is high enough. The heat pump is used
when the storage temperature is too low for direct use by the load but high
enough to allow the heat pump to funection at a specified minimum COP.
Auxiliary energy is used when the heat pump COP falls below this minimum. Thus
the heat pump energy cost does not enter the algorithm for daily operation of
the heat pump system.

The unit solar cost is the levelized solar cost of the system divided by the
annual solar heat output of the system. The solar heat output is defined as
that provided by the storage subsystem to the heat pump or to the load
directly.

To determine the least cost solar designs for each load and set of common
parameters, the unit solar cost and fractional solar output are plotted on a
single graph. By plotting all relevant simulations on one graph, the least
cost design for various solar fractions can be identified even though the
designs may be for different subsystem types (e.g., different collector
types), storage system parameters, or control strategies. Figure 2-7 illus-
trates the graphical representation for unit solar cost versus solar fraction.
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Figure 2-7. Construction of System Expansion Diagram
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The envelope of minimum-cost points (numbered 1, 2, 3,...in Figure 2-7) can be
used to compare one type of system with another (e.g., to compare aguifer
storage systems with duct storage systems). The optimum system solar frac=-
tion, and therefore system design and size of subsystems, depends on the cost
of auxiliary energy, as indicated by the equation below for system unit energy
cost:

CT = sCg + (1-S)CA ’

where Cp = unit system cost of energy
Cs = unit solar cost of energy
Cp = unit cost of auxiliary energy
8 = solar fraction.

2.5.2 Auxiliary Energy Cost

Since auxiliary energy may be either fuel or electricity or some combination,
the total unit cost of energy from a particular solar system will depend upon
the respective price, efficiencies, and requirements for fuel and electricity.
Figure 2-8 illustrates a hypothetical total cost surface for a solar system
that requires both auxiliary fuel and electricity in the space (Cf, Cer Col.
The variation of fuel and electricity prices for a particular country is
represented by a domain, D, in the (Cp, C,) plane. For that country the part
of the zolar system cost surface of interest would just be that portion above
D. Another country might be characterized by a completely different domain in
the Cg» Cg plane. In most countries where electricity is generated from fuel,
the cost of electricity exceeds the cost of fuel. In some countries, however,
there is low cost hydropower or nuclear power and the cost of electricity may
actually be less than the cost of fossil fuels. To simplify this comparison
and the interpretation of the present economic analysis, we have made the
simplifying assumption that C;, = C, = effective cost -of supplying heat from
either the fuel or electric source. This is equivalent to reducing the total
cost surface to a curve in the vertical plane passing through the line Ca =
Ce- Systems of interest will now be those for which Cp < Cy = Gg» 1.e. those
that lie to the right of the Cp = C, = Co line shown on Figure 2-8. This
umption is convenient and simplifies the analysis, presentation, and dis--
cussion of the optimization procedure; however, it is nét essential. The
procedure can be adapted for any set of auxiliary energy costs as discussed in
a later section.
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Figure 2-8. Total Cost Surface in (C;, C,, C;) Space

2.5.3 System Optimization

If the minimum unit sclar cost is less than the auxiliary fuel cost, the
optimum system design will yield & larger solar fraction than that at the
minimum unit solar cost. The solar fraction should be increased until the
marginal cost of an additional unit of solar ocutput equals the fuel cost per
unit of output. This situation is illustrated in a general case in Figure 2-9.

In Figure 2-9, the marginal cost (MC) curve is the cost of an additional unit
of solar output at each point. This curve is the derivative of the total
solar cost curve, but it can also be calculated from the unit solar cost
curve, Cg as follows: ' '

MC

d{TC)/ds
d(cg *+ S)/ds
CS + S dCs/dS []

where 8 is the annual useful solar output.
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Total S