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PREFACE

It has been a recent task of IIASA's Energy Systems Program
to study solar energy and in particular opportunities for de-
ploying large-scale solar technologies for electricity produc-
tion in a set of countries.

In this context the present simulation model was developed.
This model called STECP was used to investigate the electrical
output of solar plants with and without internal thermal storage
that were conceived to be spread across three different time
zones.

As a result, it appears that a higher reliability of elec-
tricity supply can be achieved if the solar plants are sited in
dispersed locations than if they were concentrated in one place.
Introduction of internal thermal storage in the system of solar
plants increases its seasonal electric output from two to three
times and decreases external storage requirements.

The model, which is described here along with some appli-
cation results, permits a consistent investigation of the
electricity production-demand correlation for a system of solar
electric plants.
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1. INTRODUCTION

It has been one of the recent tasks of IIASA's Energy
Systems Program to study solar energy and, in particular,
opportunities for the deployment of large-scale solar technol-
ogies for electricity production in different countries. The
core assumption of this study is that the electricity produced
by solar plants in the South of Europe is used to meet the elec-
tricity demands of the producing countries as well as of a set
of other European countries.

It is the idea of solar plants sited in dispersed locations
that has invoked the present study. Main points of interest are
the following:

-- What are the realistic parameters (reliability of sup-
ply, mirror area, etc.) for a STEC plant under site-~
specific conditions?

-- How do diverse local climates affect the overall,
integrated output of the plants situated in different
countries?

-- What is the influence of internal thermal storage intro-
duced in the system of STEC plants on the system's
electricity supply potential?

A simulation model named STECP (Solar Thermal Electricity
Conversion Performance) was built by the author to explore these
questions. The model is described in Section 3. Furthermore,
it has been used to evaluate on a yearly basis the performance
characteristics of two types of STEC plants assumed to be set up
in 7 Southern European countries. The underlying approach is
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presented in Section 2, and the actual assumptions and numerical
results are given in Sections 4 and 5.

2. APPROACH USED

STECP is developed to characterize the hourly electrical out-
put of solar plants with a central tower and field of heliostats.
Direct beam solar radiation data are obtained and scaled for use
in the seven sample southern countries. For each of those count-
ries the land potentially available for solar electricity pro-
duction is evaluated as a function of the annual average solar
radiation level. It is split into three zones according to
radiation levels.

Consideration centers on two types of STEC plants: STEC 1
without built-in thermal storage and STEC 2 with 12 hours of
thermal storage. Their deployment on the land potentially avail-
able is designed in such a way that the installed capacities meet
the power requirements of the producing countries in the South
as well as of other European countries for a given year (1979)
(see Section 4 for details).

In order to investigate the electricity production-demand
correlation on an hour-per-hour basis three deployment cases are
considered:

Case 1. STEC 1 plants without storage located at one point;

Case 2. STEC 1 plants without storage set up in the seven pro-
ducing countries;

Case 3. Combination of plants with and without storage set up
in the seven countries, two-thirds of the land avail-
able is devoted to STEC 1 without storage, and one-
third to STEC 2 with 12 hours storage; STEC 2 plants
are conceived to work in the load following mode.

The same overall installed capacity is assumed for all

those cases. Numerous model runs are made for four seasons of
the year and the three cases in order to

-- evaluate the required area of mirrors and volume of
internal storage as a function of capacity factor and
radiation zone;

-- determine the average solar shares per season in the
total electricity production;

-- compare the cases in terms of total installed capacity
and volume of external stcrage to be introduced if all
the electricity demands had to be met fully (100%) by
solar electricity.



3. THE SOLAR THERMAL ELECTRIC CONVERSION PERFORMANCE
(STECP) MODEL

3.17. System Description and Assumptions

In order to model solar electricity production, one has to
formalize the behavior of the main components of a STEC plant as
described below, subject to stochastic solar radiation inputs
(E(t), Figure 1), as well as their operational algorithm. This
has been done under consideration of an exogenously given daily
electricity demand profile Pg(t). The main system components,
schematized in Figure 1 and discussed in this section, are the
following.

-- The field of the heliostats, which accepts and concen-
trates solar radiation onto the absorber-boiler;

-- The absorber-boiler, which transforms optical energy
into heat energy of the working fluid; this module also
includes the associated piping to and from the turbine
and/or to the thermal storage.

-- The dispatcher-controller, which controls the opera-
tional algorithm of the plant;

-- The turbogenerator set, which cohsists of a steam tur-
bine with two steam inlets and a generator with a rated
power of 100 MW;

-- Thermal storage, which consists of approximately 18,500
cast iron blocks 6 tons each, linked as parallel heat
exchangers on the input and output sides. This system
capacity is conceived to back 12 hours of load equal
to the rated generator power of 100 MW, upon prior heat-
ing of the storage material to 600°C by the inlet steam.

3.1.1. Assumptions

The performance of a solar thermal power plant with a central
tower surrounded by a field of heliostats depends on the level of
direct beam insolation, allocation pattern of the heliostats in
the field, precision of heliostat acceptance and reflection,
design characteristics of the receiver-absorber including thermal
losses, losses of the transport system, efficiencies of the heat
exchanger and turbine generator set, characteristics of the ther-
mal storage system, and the operational algorithm of the plant.
In order to simulate hourly performance over an entire year,
several assumptions have been introduced including:

-- Optimal allocation of the heliostats in the field
(minimal shadowing and blocking losses);

-- Uniform distribution of solar radiation over the helio-
stat and receiver surface;

-- Steady-state operation of the equipment;

-- Constant input/output temperatures of the receiver-
absorber;

-- Constant optical characteristics of the reflecting and
absorbing surfaces;
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-- Two temperature and pressure levels for the steam flow
in the turbine, namely level 1 from the receiver ab-
sorber and level 2 from the thermal storage;

-- Piping, transport, and startup losses are accounted
for through the receiver-absorber efficiency, etc.

Based on these assumptions, it is felt that the overall er-
ror in evaluetion of the system's characteristics is not more
than 10%.

3.2. Solar Angles Geometry Used in the Model

Three solar angles have been used to characterize the sun's
position (see, e.g., Fujita et al. 1978, Duffie 1974):

A latitude (north, positive);

§ declination (i.e., the angular position of the sun at
solar noon with respect to the plane of the equators;
north, positive);

T hour angle (i.e., solar noon being zero, and each hour
equaling 15© of longitude with mornings positive and
afternoons negative).

The declination angle can be obtained from Cooper's appro-
ximation (1969):

_ . 284+n o)
§ = 23.45-sin [360 —§€§_]' (7] (1)

where n is the day of the year.

The hour angle is given by

T = 15 (i-12), [°] (2)
where i is the hour of the day.

Given Equations (1) and (2) one obtains @S, the angle deter-

mining the sun's position relative to the vertical of the field,
as shown in Figure 2:

cos es = sin A * sin § + cos X * cos 8§ - cos T, (€] (3)
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Figure 2. Representation of the field of heliostats
and the sun's position in the model.
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3.3. Modeling the Field of Heliostats

Let us first define the terms to be used (see also Figure 2):
A _, the total mirrr area, is given as

m
2 2 2
Ap = mH (tg Omax = 9 emin) ! (%)

where

H = tower height [m]; o

8 = outer angle of the field [7]:;

max o

8_. = inner angle of the field [7]:

min

In accordance with Riaz (1976) and Balabanov (1981) the
active area of the heliostats (A ) of the field visible simulta-
neously from the sun and the absdrber-receiver (Figure 2) could
be described as a function of the angular position of the sun
over the field.

<
for @S - emln ’
O]
A =21-H? s?ix@ x do,. = 21-u2 ! -
o f coszef f cos0 cosO_. i
max min
Omin (5)
for 6., < 0_,
min S
5 max 1 Omex ]
A =21-H SinO_ * ——g— * * i
o [/ £ cos Of cos@S def + /51n®f * anf deJ
@min Omin |
_ 2 1 1 1
= H (2 ——— = cosOpi * = Zos ) ; (6)
cosOpax cosOnin Os
>
for OS Z @max '
Omax . .
_ - *
AO—2 ITH 51n®f 55536; cos@f def
Omin
S 2@ t 2@ ) cos0®
= II-H” (tg Opay 9 “min s (7)
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The share of the active area in the total area, n=AO/Am,
could be computed from )

for 6 _<6_. ’
s~ min
-1
= 2% ,
n 2 (arcosemax+arcosemin) ; (8a)
for emin<es<emax !

2
* - * -
- 2*arcos® ax coseS arcos 9 in arcoseS . (8b)

2 2
arcos 8§ —-arcos 9_,
max min
for 6_26 ,
sT 'max
= 8
n cos Gs . (8c)

Equation (8), representing the active area of the field as
a function of the sun's position (n=f(85)),serves as a basis for
computing the heat production of the field of heliostats, Qf(t)

[kWwh/h]. 1In accordance with the assumptions stated in Section

3.1., the other field performance indicators are constant with

an estimated value of n,=0.861, which takes into account the un-
certainties of the assumptions (Balabanov 1981, Fujita et al. 1978).

3.4. Receiver-Absorber Performance
In accordance with Balabanov (1981), the receiver-absorber

performance for a steady-state operational condition could be
computed as:

Qr(t) = nran(t) - UX(TX-TA) ' (9)
where

Qr(t) = output from the receiver [kWh/h];

Qf(t) = heat production of the field [kWh/h] of heliostats;

Npa = perfo;mance ;néicator of the receiver absorber and
associated piping: value nra = 0.91 was assumed
(Balabanov 1981);

UX = thermal conductivity of boiler insulation;

TX = average temperature of working fluid;

TA = ambient temperature;

UX(TX—TA) = thermal losses in the ambient atmosphere [kWh/h].

Because of the lack of data for the ambient temperature for
most of the places considered it is assumed after Balabanov (1981)
that



UX(TX—TA) = 0.03 Qf(t)

Hence Equation (9) takes the following form

= - h 10
Qr(t) = (nra 0.03) Qf(t) . [kWh/h] (10)

3.5. Modeling Thermal Storage

The behavior of the modular storage with a parallel input
link operating with sensible heat that is added to the storage
medium is described as in Balabanov (1981) by

dT (t) _
3 3t + k(Tj(t) - To(t)) = AQ(t) , (11)

) = heat energy contained in the storage [kWh];
j =1,...m = number of components of the heterogenous
storage material;
M. = weighted average mass of the component j of the
storage [103kg];
k = number of zones with a weighted temperature;
C. = specific heat capacity of the component j of the

. kWh
Storage material [m] ;
To(t) = weighted ambient temperature around the storage (©C);
T.(t) = weighted temperature of the component j of the

storage material (©C).

For the computer implementation, Equation (11) is put into
the discrete form

m :
dT(t) _ r _ At _
j£1 MjCj - Qst(t) Qst(t)-k(Tj(t) To(t)) , (12)
where
Qgt(t) = heat flow into storage from receiver (kWh) ;
ta(t) = flow extracted from storage into turbine generator

set (kWh).

The component k(Tj(t)—TO(t)) represents thermal losses to

m
the environment. The component £ M.C. jointly with the lower
j=1
and upper temperature levels determines the thermal capacity of
the storage.

In the present case, thermal capacity is measured in hours
necessary for full load of the plant to be covered with the heat
extracted from the storage. The indicators of storage charge
are maximum and minimum temperatures of the storage media, i.e.,
6000C and 3000C, respectively.
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3.6. Modeling the Turbine-Generator Set

The set consists of a turbine, condenser, regenerative
heaters, pumps, and a generator with a rated power of 100 MW.
The efficiencies of various optimized Rankine cycle configura-
tions have been correlated as a function of power output, cycle
temperatures and pressures, and generic class according to Sandia
Laboratores, Albugquergue (Fujita et al. 1978). For present pur-
poses different inlet temperatures of the steam turbine have
been assumed; one inlet directly coupled to the receiver ab-
sorber is at 560°9C (p=70 bar), and the other accepting storage-
derived vapor is at 430°C (p=70 bar). The condensing temperature
is assumed to be 400C, and regenerative heaters are assumed to
raise the inlet boiler fluid temperature to 26009C. Under these
conditions, the overall turbine cycle efficiency nqn (from the heat
in the steam to electricity) is given by the empirical formulae

for the 560°C inlet,

np=0.159 + 0.0658 log (PL ") = 0.00517-[log(Py-)1% ; (13)
and for the 430°C inlet,

np=0.134 + 0.0556 log (Pzax) - 0.00437- [log Pzax]z ;o (1)
where

Pzax = peak electrical output, kW(e), and

Mg = overall cycle efficiency.

max C .
For Pe = 100,000 kW(e), the overall cycle efficiency is

0.36025 (560°C) and 0.30275 (430°C), respectively.

3.7. Operational Algorithm of a STEC Plant

For the STEC plant described in Figure 1, the following
operational algorithm is assumed:

-- TIf the heat flow from the receiver (Qr(t)) is sufficient

for meeting the load demanded (Pd(t)) it is dispatched
to the turbine; €

-- If Qr is smaller than the demand and if the temperature

of the storage is above minimum the heat needed to meet
the load is taken from the storage. _

-- If the storage temperature is below minimum the demands
are met only by Q_;

-- If Qr is greater than the demand and the storage temper-

ature is below maximum the demand is met, and the addi-
tional heat is transferred into the storage;
-- If Qr is greater than the demand and the storage temper-

ature is above maximum level the heat above the load is
rejected (marked as losses in Figure 1).
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M.C.

For plants without thermal storage the component 565
1

in Equation (12) is set to zero. j

(o=

Based on the methodology described, a set of computer pro-
grams was developed and used for the case study described below.

4. ASSUMPTIONS FOR THE CASE STUDY

The main idea is to use the land currently not used for
other purposes for solar electricity production in countries such
as Portugal, Spain, southern France, Italy, Yugoslavia, Greece,
and in part of Turkey.

The electricity produced is distributed among the producer
countries as well as among most other European countries, in
order to meet their hourly electricity demands. 1In order to
integrate those demands the following countries are grouped into
three hourly zones (see Budyko 1963):

I Belgium, France, Luxembourg, Netherlands, Portugal,
Spain, and the UK;

II Austria, F.R.G., Italy, and Switzerland;

III Greece, Turkey, and Yugoslavia.

Table 1 shows the locations considered for solar electricity
production, the time zone they belong to, their latitude, and
the estimated land potential suitable for solar electricity pro-
duction split into three radiation zones. The estimated land
potential is based on a study done by Claire Doblin (IIASA,
private communication, 1981).

As can be seen from Table 1, about 60% of the land potential
is located in Turkey, far away from the centers of electricity
demand. Accordingly, 18% per hourly production of Turkey's
electricity production is subtracted as transmission losses,
whereas the transmission losses for the other producing countries
are assumed to be zero.

4.1. Calibration of Direct Solar Beam Radiation

The initial intention of the team collecting radiation data
(Tony Ward and the author) was to obtain hourly records of direct
beam radiation for at least one location per country mentioned
in Table 1. 1Inspite of several months of intensive research
this plan was found to be inoperable. Only one tape with hour-
ly records for Carpentras in southern France was at hand, and
a few atlases with average solar data (see reference list).

The tape, however, contained 8 subsequent full years of measure-
ment, and straightforward comparison of the monthly averages
(see Table 2) showed a substantial difference between the years,
suggesting that the statistical properties of the solar radia-

tion for different years may differ as well (see also Balabanov
1981).




Table 1. Locations considered in the study and their main characteristics.

Land potential [103km2) split into radiation zones

I* I IT* ITI*
Geogr.
Time Latit. 20% of 20% of 20% of

Locations Zone [ON] Total total Total total Total total
1. Portugal (1) 38.43 1.7 0.34 - - - -
2. Spain (1) 40.27 6.5 1.3 7.2 1.44 0.7 0.14
3. §&. France (1) 44.05 3.5 0.7 - - - -
4. Italy (2) 38.12 0.8 0.16 1.6 0.32 0.8 0.16
5. Yugoslavia (2) 41.59 1.8 0.36 0.6 0.12 - -
6. Greece (3) 33.5 - - 0.9 0.18 0.9 0.18
7. Turkey

(1/3 share) (3)- 37.6 14,3 2.86 13.1 2.62 13.1 2.62
Total 28.6 5.72 23.4 5.16 15.5 3.1

*In accordance with the level of the normal beam solar radiation [kWh/mz/day]:
Zone (1) - U4.64; Zone (2) - 5.27; Zone (3) - 5.09.

_ZL_



Table 2. Monthly averages of direct radiation = >joule/cm2/day* (Carpentras 1971-1978).
1971 1972 1973 1974 1975 1976 1977 1978
Winter 1 750 750 1013 828 712 1534 626 866
2 1697 719 1509 1029 1365 8u7 1102 860
3 1606 1266 1713 735 1235 1690 1321 1475
Spring 4 1233 1803 1936 1380 1883 1514 2114 1406
5 1339 1971 1909 1380 1842 2378 1331 1e44
6 2313 1861 2315 2372 2340 2667 1915 2130
Summer 7 2436 2539 2368 2956 2875 2377 2194 2730
8 2236 2146 2059 2581 2045 2080 2013 2412
9 1856 1525 2024 1627 1248 1631 2003 2418
Fall 10 1379 1064 1481 1623 1635 1039 1213 1737
11 1037 727 1206 998 771 1165 1206 1218
12 927 840 1076 1149 761 765 1023 607
w )
— © o = oo
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N 2 2 2
1 J/cm™h 2.39 kcal/m"h 0.00278 kWh/m"h
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On that basis hourly levels of direct beam radiation of
Carpentras were adjusted to the levels of the other locations
considered. The underlying comparison (see also Ward 1982) of
the monthly averages for Carpentras with relevant data sets for
the other six locations led to the factors outlined in Table 3.
This was done by dividing the monthly averages for the other
locations by the respective averages for Carpentras for certain
years (see Table 2).

Table 3. Factors applied to hourly beam radiation for Carpentras
to generate data for other stations in the south of
Europe for the selected months (see also Ward 1982).

Location January April July October

Lisbon 1.19 1.19 1.03 1.30

Madrid 1.20 1.17 0.99 1.12

Messina 1.23 1.02 0.93 1.2

Athens 1.02 1.04 0.93 1.23

Skopje 0.62 0.85 0.78 0.92
1 1

Central Turkey .28 .11 1.11 1.63

The months of January, April, July, and October were
selected as representative of the four seasons. In the scaling
process care was taken to avoid exceeding of an hourly maximum
radiation level of 1 kWh/mZ2.

In order to account for stochastic differences between the
locations, a representative year (Table 2) was randomly assigned
and the hourly values obtained were adjusted accordingly.

4.2. Demands for Electricity

The daily load profiles of the hourly electricity demands
for all the countries listed in the introduction to Section 4
are based on UCPTE (1979) statistics for representative days of
each of the seasons in 1979. Based on these values, the inte-
grated overall seasonal load profiles of the country were com-
puted after considering the time shifts associated with the
different time zones (e.g., +1 hour for the U.K., -0 for the
F.R.G., and -1 for Turkey). For computational convenience the
hourly load profiles were normalized with respect to the hour
of maximum (100%) load (Table 4). The numerical values given
in the footnote to Table 4 are of the order of 200 GW.
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4,.,3. Main Parameters of the Power Plants

The main parameters of the solar power plants are sensitive
to the characteristics of the direct solar radiation of the
location in guestion. For instance, with about 60% of potential
land considered to be available in Turkey, quite a number of
solar plants may be located in that country. In order to choose
a realistic parameter for such STEC plants (reliability of
electricity supply and of mirror areas as a function of the
volume of internal storage), a STECP model run, based on Turkish
conditions, was performed for each of the seasons and for the
plants with 0.5, 5, 9, 10, and 12 hours of internal storage.
The plants were operated in a load following mode (see Table 4).
The results of the runs aggregated over the entire year are
presented in Table 5.

Note that "losses" are defined as thermal energy losses due
to a fully charged storage while the load is being met.

Table 5. Influence of the storage capacity on the load following
opportunity of plants II and III.

Storage B Reliability of cover- Area of the
capacity g fLOSSZS tion) ing the demands mirrors

[hrs] (% of produc (% of the demands) (k2]

0 12.4 0.238 0.43

5 11.6 0.47 0.85

9 18.7 0.6692 1.27

10 16.6 0.716 1.38

12 19 0.775 1.62

*Thermal energy losses at fully charged storage during operation.

According to R. Caputo (private communication, IIASA, 1981) this
range of "losses" (11.6% - 19%) are acceptable for a plant work-
ing in a load-following mode.

The results shown in Table 5 were used to estimate the
annual capacity factor and land and mirror areas for the two

types of plants, with a 100 MW peak installed capacity, in the
respective radiation zones (see Table 6).
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Table 6. Summary characteristics of the STEC plants considered.

Radi- Annual Ground Area (ka)
Plant ation capacity coverage Hours of
type zone factor ratio Mirrors Land Storage
STEC 1
for peak I 0.196 0.3 0.445 1.48 0.5
load I1 0.216 0.3 0.437 1.45 0.5
I11 0.23 0.3 0.43 1.43 0.5
STEC 2
for inter- I 0.71 0.3 1.8 6. 16
mediate and II 0.71 0.3 1.4 4.7 13
base loads III 0.716 0.3 1.3 4.6 10

The plants differ above all in terms of the capacity fac-
tors adopted. The capacity factor is defined as the share of
the year during which a plant is capable of producing electricity
at its rated power (i.e., 100 MW). The values adopted for this
indicator vary between 0.196 and 0.238 for STEC 1, between 0.71
and 0.716 for STEC 2, depending in both cases on the respective
radiation zone.

The levels of 0.2 and 0.7 were chosen to distinguish between
plants operable only during sunshine hours (STEC 1) and in a load-
following mode (STEC 2). This additional assumption significantly
reduces the number of cases that had to be investigated.

The mirror areas and hours of storage required (see Table 6)
were determined on the basis of the capacity factors chosen.

4.4. Plant Allocation Strategy

The total land considered available in Table 1 must be juxta-
posed to the land requirements of the two types of plants con-
sidered. According to Table 6, it is about 1.5 km2 per plant for
STEC 1 and about 5 km? for STEC 2. However, there are also plant-
specific requirements, for the surface must be either flat or
tilted southwards. For lack of detailed information on the
availability of such land in the producing countries it has been
assumed that no more than 20% of the total potential land may be
suitable for solar power plant siting. Consequently, less land
was considered suitable for STEC 2 plants than for STEC 1 plants.

If one assumes a total electricity demand of the order of
200 MW (Table 4) and an allocation of 90% STEC 1 and 10% STEC 2
plants with load factors of about 0.2 and 0.7, respectively,
about 13,000 plants are needed. Accordingly, two-thirds of the
land available is covered by STEC 1 and one-third by STEC 2 plants.
This allocation strategy is the base case (Case 3) for comparing
the electricity production-demand correlation if a single site
(Case 1) or only dispersed STEC 1 plants (Case 2) are used.
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Table 7. Allocation of 100 MW plants for Case 3.

Radiation Zone I II III
STEC 1 STEC 2 STEC 1 STEC 2 STEC 1 STEC 2

Country

Portugal 286 28 0 0 0 0
Spain 1100 108 1263 153 127 16
France 591 58 0 0 0 0
Italy 135 13 315 38 144 18
Yugoslavia 305 30 105 12 0 0
Greece 0 0 158 19 163 21
Turkey 2417 238 2299 278 2386 302
Total (13,126) 4834 475 4140 500 2820 357

4.5. The Cases Considered

Three extreme cases were considered to study the effect of
different local climates (radiation) on the overall output of
the plants, as well as the influence of internal thermal storage
on STEC electricity production.

Case 1. Single site, no thermal storage.

All (13,126) 100 MW units from Table 7 are STEC 1 plants
assumed to be concentrated in one place (Carpentras) and operated
in a sun-following mode (electricity production during sunshine
hours only).

Case 2. Multiple sites, no thermal storage.

STEC 1 plants replace STEC 2 plants listed in Table 7,
adding up to the same (13,126) total number of plants (e.g.,
314 STEC 1 plants for Portugal). The plants operate in a load-
following mode.

Case 3. Multiple sites, with and without thermal storage.

The allocation strategy is to combine STEC 1 and STEC 2 as
described in Table 7; the former operate in a sun-following mode
and the latter in a load-following mode. Note that about 80% of
the plants are located in two of the seven countries (21% in
Spain and 60% in Turkey).
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5. RESULTS OF THE RUNS

Given these assumptions, the model was run for the three
cases and 15 subsequent days per season. Time differences be-
tween locations were taken into account. In each case the
electrical output was integrated on an hourly basis over the en-
tire period and was compared to the respective electricity demand
profile. As a result of this comparison the share of solar elec-
tric power plants in satisfying total electrical demands were
determined.

It is interesting to compare the above indicator for dis-
persed STEC 1 plants (Case 2) and dispersed STEC 1 and STEC 2
plants (Case 3) for an average day per season (see Figure 3).

In summer a much higher share of electricity demand can

be met in Case 3 than in Case 2. For example, between 5 a.m.
and 8 p.m. reliability of supply is as high as 96.7% in Case 3
compared to 40% for Case 2. In spring, fall, and winter, the

values for Case 3 are 80%, 70%, and 42%, respectively.

Table 8 gives the solar shares in electricity supply and
compares the electricity produced throughout 24 hours for Cases
3 and 2.

The introduction of STEC 2 plants with thermal storage in
the system (Case 3) almost doubles the amounts of electricity
produced (see Table 8) in summer and increases them up to 3.12
in spring time. Shares of 0.31 to 0.85 of the demand are met
in Case 3 but only 0.16 to 0.55 in Case 2. The system's output
appears to be very sensitive to the volume of internal storage
introduced during the periods of weak and/or highly irregular
solar radiation, e.g., fall, winter, and spring. The optimal
share of internal storage to be introduced in the system and its
dependence on economic indicators could deserve a more detailed
study.

Table 8. Influence of thermal storage on solar electricity
production.
Sumner Fall Winter Spring
Solar 5 Solar 5 Solar P Solar 5
share Ratio share Ratio share Ratio share Ratio

Case 3 0.85 0.552 0.309 0.67

Case 2 0.55 0.209 0.161 0.21

Ratio

(Case 3/

Case 2) 1.9 2.65 2.98 3.12

1 .
Share of electricity demand met by STEC plants;
Ratio of electricity produced in Case 3 to Case 2.
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Comparison of those cases may induce one to look at the elec-
tricity production-demand correlation differently: what could be
the solar installed capacities and related external daily and
seasonal storage requirements if also the rest and thus 100% of
the electricity demands should be met by solar-produced electri-
city?

For exploring that question, an LP-model called ESOM
(Electricity and Storage Optimization Model) built by N. Naki-
cenovic (1982) was used together with the present model. ESOM
allows to bridge the gaps between available solar electricity and
actual electricity demand by possible introduction of new solar
capacities, daily storage, and seasonal storage; the latter is
less efficient than daily storage but compensates for seasonal
variations in solar radiation levels and electricity demands.

Table 9 gives results of the joint runs of the ESOM and

STECP models, comparing Case 1 and Case 2 to Case 3.

Table 9. Comparison of the three case studies; ratios are based
on Case 3.

Yearly solar Solar Daily external Seasonal
electricity installed storage storage
generation capacities capacities capacity

Case 1 1.071 1.954 1.61 1.51

Case 2 1.048 1.345 1.366 1.

Case 3 1. 1. 1. 1.

Case 1: Single sites, no thermal storage

Case 2: Multiple sites, no thermal storage

Case 3: Multiple sites, thermal storage

Thus it is clear that concentration of the solar plants in
one place as in Case 1 requires

-— twice the installed capacities as compared to Case 3,
or 1.45 times the installed capacities in the multiple
siting Case 2;

-- introduction of 1.6 times more daily storage (1.18 times
more than in Case 2);

-- introduction of 50% more of the less effective seasonal
storage than in the other two cases.

Through a dispersed siting of the solar plants, even with-
out introduction of internal storage (Case 2 against Case 1) only

69% solar capacities, 85% daily storage, and 66% seasonal storage
are needed.
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A second, broader comparison between Cases 3 and 2 shows
that an introduction of 10% STEC plants with an internal storage
in the system (Case 3) reduces both the solar installed capaci-
ties and the daily external storage capacities by about 35%.

Some further parametric studies, taking into account the
systems limitations for introduction of external storage, grid
losses, and some site-specific cost indicators for both internal
and external storage, could lead to more precise results.

CONCLUSION

STECP, a model simulating solar thermal electricity con-
version performance, has been described and used to studyv the
electricity supply-demand correlation for a system of dispersed
solar electric plants supplying electricity to a large number of
European countries. This effort has led to several concrete re-
sults.

-- The results of the study can be used to evaluate the
performance parameters of a system of solar plants in
order to include them in an energy supply model.

-- The hourly solar shares in total electricity produced
over the season were evaluated.

-- On the basis of those shares for each season, an in-
vestigation was made of the amounts of external storage
to be included in the system, in order to meet 100% of
the electricity demand by solar plants.

-- It appears that spreading the locations of solar plants
increases the reliability of meeting the demand.

-- Introduction of internal thermal storage in a system
of dispersed solar plants increases their seasonal out-
put from two to three times while decreasing the exter-
nal storage requirements.
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