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Nomenclature
Symbol Variable Name Units
A Azimuth angle Degrees
Al Intermediate azimuth angle Degrees
CUF Capacity Utilisation factor
DN nnual Annual solar resource Wh/m?
DNI; Hourly Direct Normal Irradiance at the W /m?
location for the i*" hour
Eiea Thermal energy available from storage Wh
Etes max Maximum amount of thermal energy that can Wh
be stored
LA Total land area m?
LA, Total land area of nt'row m?
L¢ Loss factor
MA Total mirror area m?
MA, Total mirror area of nt'row m?
N¢ Number of points under boundary chosen by
user
PD Packing density at point p of the field
Peap,a Design plant capacity Mw
P4 Power per unit land area of field w
Pimax Maximum of P; , values w
Pya Rated gross power w
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Puif.a Thermal power input to the heat exchanger at w
design
Prisi Thermal power input to the heat exchanger w
from solar field for the i** hour
P; Power to heat exchanger divided by the w
square of the height of the tower, due to all
points j for each hour i
Pimax Maximum of all P; values w
Prax Maximum of the P; values (over 8760 hours) w
P 4 Design solar power required from the field w
SM Solar Multiple
Sn,j Slant distance from point j of the solar field to km
receiver (this is effectively
Sn,nd,j X h)
Snnd,j Non-dimensional slant height of point j km/m
d dy Non-dimensional length/width of elemental
— and——
h h area
eg Gross electrical energy that would be Wh
generated during the hour without
considering energy needed for start-up
€ga Gross hourly electrical energy available after Wh
accounting for start-up
€ga,t Total annual gross electrical energy available Wh
€grid Electrical energy supplied to grid Wh
egrid,t Total annual gross electrical energy supplied Wh
to the grid
€nb Electrical energy apportioned to hybridisation Wh

iv
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ehp ¢ Total annual gross electrical energy Wh
apportioned to hybridisation
e Annual reflected energy per unit land area of Wh/m?
the solar field (taking into account cosine
effect and packing density)
€lchosen Value of e; contour chosen by user
em Annual reflected energy per unit mirror area Wh/m?
of field (taking into account only cosine effect)
e Hourly electrical energy apportioned to solar Wh
input
est Total annual gross electrical energy Wh
apportioned to solar input
Cstart Equivalent electrical energy required for Wh
start-up accounting for thermal losses during
shut down period
i Fraction of hybridisation power
fnbt Total annual fraction of hybridisation used
fhbused Actual hybridisation fraction used
fo Fraction of the gross electrical power
generated ignoring thermal losses during
shutdown
Jfra Ratio of electrical power generated to the
rated capacity
ftn Fraction of thermal power delivered to power
block
ftha This is the design fraction of energy with the
HTF. Its value is = 1.
fthm Modified fraction of thermal power

(f th + fi th,sta)

©CSTEP
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fthmax Maximum fraction of thermal power
permitted
fthmin Minimum fraction of thermal power required
for power generation
fths Solar thermal power as a fraction of the
design thermal power
fthst Fraction of thermal power used from storage
fthsta Fraction of thermal power available from
storage
ftnt Total fraction of thermal power ( fthm T fhb)
h Height of the tower
h[1] Final height of tower at SM = 1
h[SM] Height of tower for given SM
hpewl1] New height calculated based on iteration
i Number of the hour (varies from 1 to 8760)
j Set of all points under boundary (varies from
1to Nf)
n Day of year (varies from 1 to 365)
n, Number of heliostats in nth row
p Each point in the field
r Radial distance from base of tower to point in
field
Tp_1 Radial distance from base of tower to the (n-
1)t row of heliostats
T Radial distance from base of tower to the nt

row of heliostats

vi
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Tna1 Radial distance from base of tower to the m
(n+1)* row of heliostats
r/h Non-dimensionalised radial distance of point
(x/h,y/h) from the tower
(Z) Minimum non-dimensional distance of solar
R min field from tower
t Hour of day (varies from 0 to 24)
tg Number of hours of thermal storage Hours
tshutdown Hours for which plant is shut down Hours
x/h Non-dimensionalised x coordinate of point on
field
v/h Non-dimensionalised y coordinate of point on
field
a Altitude angle Degrees
é Solar declination angle Degrees
Ah Height increment m
At Time step hours
A6 Angle subtended by farthest two heliostats of radians
arow
A Circumferential angle between heliostat radians
centres
Nactual,pb Actual power block efficiency as fraction
Natt,j Attenuation efficiency of point j as fraction

ngross—max

Maximum power block efficiency

as fraction

Nhe

Heat exchanger efficiency

as fraction
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Nm Mirror efficiency as fraction
Npb Power block efficiency as fraction
Nreceiver Receiver efficiency as fraction
Nrelpb Ratio of actual and maximum gross power as fraction
block efficiency
Ns—e Annual solar to electric conversion efficiency in%
Nst Thermal storage efficiency as fraction
¢ Latitude of the location Degrees
; Cosine angle for hour i Degrees
0 p Angle of incidence of Sun ray for hour i and Degrees
point p
0;,; Angle of incidence of Sun ray for hour i and Degrees
point j
0, Zenith angle Degrees
W Solar hour angle Degrees
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1. Introduction
Solar Tower (ST) makes use of a large number of heliostats or mirrors (which have a dual axis
control system in order to track the sun’s rays throughout the day) to reflect solar energy
impinging on them onto a receiver which is located at the top of a tower. The concentrated solar
energy that falls on the receiver is transferred to a Heat Transfer Fluid (HTF) which passes
through the receiver. The thermal energy of HTF is then transferred to a working fluid in the
power block, by means of a heat exchanger, thereby generating electricity. ST systems generally
have a storage component which allows for a part of the solar energy that is collected, to be
stored for later use (during night time/peak demand periods).

The major components in a ST plant are the heliostats, receivers, tower, HTF, working fluid and
power block. A description of these variants as well as an assessment of the existing ST plants
worldwide is available in a report titled - “Global Review of Solar Tower Technology”
(Srilakshmi, Venkatesh, Badri, Thirumalai, & Ramaswamy, 2014).

The available literature on ST covers component level analyses (specifically on heliostats and
their tracking mechanisms), shadowing and blocking effect algorithms, receiver heat transfer
analyses, heliostat layout optimisation studies etc. However, the present literature lacks a
systematic, overall methodology to model a complete ST plant from scratch (with given inputs
such as plant capacity, location, gross efficiencies etc.).

The primary objective of this study is to develop a methodology to carry out a technical analysis
of an ST, similar to the one carried out for a Parabolic Trough (PT) in CSTEP’s Solar Techno-
Economic Model (CSTEM). The working model of the PT tool is described in detail in a CSTEP
report titled ‘Engineering Economic Policy Assessment of Concentrating Solar Thermal Power
Technologies for India’ (MA Ramaswamy V. C., 2012). While attempting to do this, it was
realised that there were so many fundamental differences between PT and ST technologies, that
a straightforward extension of the methodology could not be used for ST. Section 2 addresses
the details of these differences.

By studying these differences, it becomes clear that the crux of the issue is that in the case of PT,
solar energy that can be collected by the receiver is directly proportional to the land area of the
solar field. However, in the case of ST, solar energy that can be collected by the solar field is a
complex function of the solar field layout, relative to the tower. From existing literature, no
leads or suggestions are available as to how to decide the tower height or fix the boundary of
the solar field with respect to the tower. Therefore, the first pre-requisite for developing the
methodology was to obtain a rational method for fixing the boundary of the solar field around
the tower in terms of variation of non-dimensional quantity r/h, with respect to the azimuth
angle (where 7 is the radial distance from the tower and h is the height of the tower). Without
arriving at this coupling between the solar field boundary and the tower height in non-
dimensional terms, it would not have been possible to arrive at a methodology analogous to that
developed for PT. Section 3 deals with the method of defining the solar field boundary.

The scope of this study is restricted to arrive at a rational approach to determine the optimum
solar field and the associated tower height for an ST using an external cylindrical receiver, using
molten salt as both HTF and storage medium operating with steam Rankine power cycle. In the
case of a cavity receiver, the field is also intimately coupled with the design of the cavity

©CSTEP www.cstep.in 1
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receiver (the angle subtended by the opening of the receiver etc.). The angle subtended by the
field is a function of the type of cavity and is not very amenable for generalisation. However, if
this angle is known, the present study can be extended for cavity receivers as well.

Section 4 gives an overview of the methodology and Section 5 describes the methodology in
detail.

A case study on hypothetical ST plants located at Jodhpur, for various capacities, with different
hybridisation and thermal storage capacities is presented in Section 6. In this study, the solar
field for Solar Multiple (SM) equal to 1 and the optimum values of SM for various cases with the
consideration of maximum annual solar to electric conversion efficiency are presented.

This study will be extended later on to get optimum values of SM based on LCOE (similar to
CSTEM for PT) after a study of the cost of various components and financial parameters
associated with ST technology is undertaken.

In order to maintain a smooth flow of thought in the main text, details that have gone into the
determination of the nominal Packing Density (PD) variation with r/h and choice of the solar
field boundary are explained in Appendix 1 and Appendix 2. Appendix 3 gives the flowchart that
was used in the coding of this methodology for the CSTEM tool. The programming language
used for writing the code for this methodology is JAVA.

2. Fundamental Differences between PT and ST Technology
As mentioned, there are some fundamental differences between PT and ST technology because
of which the methodology that was developed for PT (used in CSTEM), cannot be directly
extended for ST. These differences are explained in detail in this section.

2.1. Overview
i.  Inan ST plant, the solar power captured is not proportional to the solar field unlike for a
PT plant.

ii.  In case of ST, the solar energy received by each heliostat is different (depending on its
location from the tower) as the cosine effect is different for different heliostats, unlike
that for PT where the cosine effects are same for all troughs.

iii. PD which is a ratio of the mirror area to land area, is different for different locations in
the ST field to minimise the shadowing and blocking effects.

iv.  The receiver is an integral part of the PT system whereas for the ST system, single or
multiple receivers (at the top of the tower) are used for all the heliostats. Therefore, the
height of the tower also plays a major role. The type of receiver may vary in case of
tower (cavity, external cylindrical, volumetric etc.). The choice of receiver type also
depends on the power cycle used. There are many such interdependencies to be taken
into account while modelling an ST plant.

V. The effect of attenuation can be neglected in the case of PT, whereas, it has to be taken
into account for an ST plant. This is because heliostats can be located at a distance of 1
km from the tower. A reflected ray travelling through the atmosphere for such long
distances is bound to undergo significant amounts of absorption and scattering, thereby,
decreasing the energy impinging on the receiver.
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2.2. Packing Density

In the case of PT, PD is uniform throughout the field and its value is fairly well established.

On the contrary, in the case of ST, to minimise blocking effects, radial spacing of heliostats
increases as the ratio r/h increases, where 'r’ is the radial distance of a heliostat from the tower
and 'h’ is the tower height. The circumferential spacing of heliostats is generally governed by
the staggered field pattern used. Here, the gap between the radial locations of two adjacent
heliostats is approximately equal to the heliostat width for the first row. Subsequent rows with
increasing r/h are arranged in a staggered manner. Overall, PD decreases as r/h increases. The
manner in which PD varies with r/h is also not explicitly given in open literature. From the
information, available for various existing ST plants, a nominal variation for PD with r/h has
been arrived at (refer to Appendix 1).

2.3. Relation between Solar Energy Collected and Solar Field

Solar energy that is collected by the mirrors and directed towards the receiver is directly
proportional to the size of the solar field in case of the PT, whereas, for ST, it is a complex
function of the solar field layout, pattern of heliostats used in the field and height of the tower.

In the case of PT, if one wishes to double the solar energy collected by the receiver, then one has
to double the solar field area as well. On the other hand, in the case of an ST, there is no clarity in
literature available as to how to go about it. Does one keep the same tower height and increase
the solar field? Or does one have to simultaneously increase tower height and solar field area, in
which case, what is the rational approach to increase both of them? These are some of the
relevant questions that need to be answered in order to develop any modelling methodology for
this technology.

Due to the coupling between the solar field size and tower height, no logical approach has been
indicated in open literature to arrive at the solar field area and tower height. For all existing ST
plants, no information is available on the methodology used to arrive at that solar field and
tower height. They are probably trade secrets.

2.4. Tower Height

Though the height of the tower is a critical parameter, a specific method to arrive at the tower
height is not available. It can be seen that a plot of the tower height vs. capacity of existing
plants shows no definite trend (Figure 1).
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Figure 1: Tower Height Variation with Capacity of Existing Plants

One may expect that if thermal storage is provided then a greater height might be needed for
the same capacity. So, a term called equivalent capacity was introduced to take into account the
storage component of Concentrated Solar Power (CSP) plants assuming that a normal plant
would operate for 9 hours a day. It is calculated as follows:

Equivalent Capacity = Rated Capacity X (9%) (D
where x is the number of hours of thermal storage that the plant provides.

Even when the height is plotted vs. equivalent capacity, there is no definite trend (see Figure 2;
(Srilakshmi, Venkatesh, Badri, Thirumalai, & Ramaswamy, 2014).
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Figure 2: Tower Height Variation with Equivalent Capacity
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2.5. Solar Field Boundary Relative to the Tower

In the case of PT, the solar field is uniform everywhere, but for ST, the optimum solar field is
intimately coupled to the tower height, the latitude of the plants location and also the type of
receiver and field layout used. If one examines solar fields that have been used in existing CSP
plants with ST technology, it can be observed that there is a lot of variation depending on
whether a cavity receiver or an external cylindrical receiver has been used.

The present study is limited to solar field of ST plants using external cylindrical receiver (where
there seems to be some general pattern). From a review conducted on the existing ST plants, out
of about 615 MW (the total installed capacity worldwide), more than about 90% of these plants
have a surround field with a radial staggered configuration (Srilakshmi, Venkatesh, Badri,
Thirumalai, & Ramaswamy, 2014). Therefore, developing a method for this type of solar field
was considered to be most relevant.

In these types of solar fields, mirrors are located along a circular arc at various radii from the
tower which are defined as rows. Mirrors in rows are kept at staggered azimuth angles. For the
Gemasolar plant (see Figure 3 - Source: http://wikimapia.org/#lang=en&lat=37.564548&lon=-
5.326610&z=15&m=b) which is located at a latitude of about 37°N, the solar field is
approximately circular, but the tower is not at the centre of this circular field. It is slightly to the
south of the centre for ST plants located in the northern hemisphere. This can also be seen in
Figure 3.

GemasolargTheBbsolar; Plant

Figure 3: Gemasolar ST Plant in Spain

In other words, with respect to the tower, the field extends more towards the north than to the
south. However, no guidelines are available as to how the variation of the radial distance of
heliostats with respect to azimuth is determined. If the useful annual solar energy that can be
collected by a mirror of unit area is considered for a plant located in the higher northern
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latitudes, energy from all mirrors located to the north of the tower is far superior to what is
obtained from a heliostat located to the south of it.

If the solar field boundary were to be fixed on the basis of a contour around the tower yielding
some energy value per unit mirror area, then that contour (as shown in Section 3.2) will be
much more oblong than what has been used in the existing plants. That is, the radial distance of
the field to the north of the tower will be three to four times that of the radial distance to the
south. For existing plants, the ratio is of the order of 1.5. From an economic point of view, the
annual solar energy that can be obtained from the mirror, per unit land area, taking into account
PD, is more relevant than solar energy obtained per unit mirror area. These aspects have not
been discussed in the available literature. When equal energy contours based on unit land area
(taking PD into account) were plotted, the field obtained was similar to that for existing plants.
This boundary depends on the PD variation that has been used. Therefore, knowledge of PD
variation with r/h is important. These details will be discussed in the next section.

3. Rational Approach to Define the Solar Field Boundary in Non-

Dimensional Form
In the case of PT, every trough is equally efficient and therefore the layout of troughs for PT is
simple and straightforward. On the other hand, the efficiency of a heliostat depends on the
location of individual heliostats relative to the receiver as well as the sun’s position. Therefore,
the determination of the solar field boundary with respect to the tower is not straightforward in
the case of ST. Due to this fact, contours of annual cosine efficiency, annual solar energy per unit
mirror area and annual solar energy per unit land area were studied, to see if they can provide
any leads.

3.1. Contours of Equal Annual Fractional Cosine Efficiency

Cosine loss arises due to the effective reflection area of the heliostat being reduced by the cosine
of the sun’s incident angle, 6;.

Unlike for PT where the cosine effect only depended upon the hour of the day, for ST, it also
depends on the location of the heliostat (%,%) in the field. Therefore, the cosine effect is

different for each heliostat.

In order to calculate the cosine effect, for each hour, the following angles are calculated (all are
in degrees):

a) Declination, 6 = 2345 x sin{(322) x (284 +n)} (2)
where n is the day of the year and varies from 1 to 365.
b) Hour Angle, w =15 x (t —12) (3)
where t is the hour of the day and varies from 0 to 24
¢) Zenith Angle, 6, = cos™{(cos ¢ cos & cos w) + (sin ¢ sin §)} (4)

where @ is the latitude of the location in degrees.
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d) Altitude angle, « =90 — 6, (5

e) Azimuthangle, A: A* = cos™! [Sm 8 cos ¢—cos dsin ¢ cos w]

cosa (6)
if sin(w) >0, A =360 — A%, else A = A?

The cosine angle is then calculated as follows:

. X .
sina—-cosasin A —%cos a cos A

Cosine angle, 0;,:cos(20; ) = h (7)

(@)

1+cos(20; )
cos(6;p) = /Tp (8)

The derivation for this can be referred to in (Stine B William, 2001).

To summarise, the cos@ effect for an ST plant depends on the following:

a) Location of the plant (latitude) which determines the position of the sun at any time of
the year

b) The heliostat position (%, %) w.r.t the tower
c) The hour of the day

For each point of the field, %¢78° cos6; , is determined. The maximum of this value among all the

field points is identified as max{¥¢5° cos®; , }. Consequently, for each point the fraction

8760
i=0 €00y

5550 is computed and represents the fractional annual cosine efficiency for that point.

max{¥575% cos6; p}

Contours of constant fractional annual cosine efficiency are presented in literature (Stine B
William, 2001) and can be seen in Figure 4 (Source: http: //www.powerfromthesun.net/).

h = tower height

| | | [
4h 3h 2h Nh

Figure 4: Annual Average Cosine Efficiency at Barstow, California
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3.2. Contours of Equal Annual Solar Energy per Unit Mirror Area

It was felt that taking just the annual cosine efficiency was not sufficient, but that this should be
coupled with the Direct Normal Irradiation (DNI) data. So the total annual solar energy

e, (Wh/m?) per mirror area is defined as follows:

em = (X¥78°DNI; X cos6;,) 9)
where subscript i refers to hour and p to the location of the point.

For Seville, Spain, where Gemasolar, PS 10 and PS 20 plants are located, e,, was computed and
plotted in the non-dimensionalised base field.

The plot obtained (refer to Figure 5) shows that the contours are oblong. Here the base field was
obtained by varying the end limits of x/h and y/h values from —10 to +10. The contours are
stretched and do not confer with field boundaries (chosen by developers of existing plants) in
any way. This shows that this contour, e,,, could not have been used in fixing the maximum field
boundary.

Usually, due to slight variations in DNI between morning and afternoon hours, the contours are
not exactly symmetrical about the N-S axis. However, the fields are always generally
symmetrical. Therefore, while obtaining the contours, the field has been made symmetrical by
taking the average value of e,, corresponding to —x/h and x/h for a given y/h point.

10 T T T T T L T T

y/h
-
i’
9

Annual DMI: 2,01 MWh,/m?
Latitude: 37.38°N

s 17} -8 r -4 2 0 2 4 6 8 10

%x/h

Figure 5: Energy per Unit Mirror Area (e») in MWh/m? Contours for Seville
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As stated earlier, if PD of the heliostats were same throughout the field, then it would be
rational to choose one of these contours as the boundary for the solar field. Since this is not the
case, the variation of PD is dealt with in the next section.

3.3. Contours of Equal Annual Solar Energy per Unit Land Area

In reality, heliostats are arranged in a particular layout with gaps between them to allow for
shadowing and blocking considerations, maintenance of mirrors etc. Therefore, the assumption
that the entire elemental area (covered by the heliostat) reflecting energy, is not valid. The
effect of PD will have to be taken into account to see how much elemental area is actually
covered with a mirror.

In order to limit the losses due to blockage effects, PD reduces considerably with radial distance
from the tower. Figure 6 (Source: http://www.powerfromthesun.net/), shows the variation
based on a theoretical layout for solar field. However, the practical significance of this data is
unknown. Therefore, the satellite data of the solar fields of available plants were studied to
arrive at a nominal variation of PD. The fields of the three ST plants - Gemasolar, PS 10 and PS
20 were studied using Wikimapia, and replicated in excel (See Appendix 1).

06—
0.5
0.4}—
0.3

0.2

Local Heliostar field density (P

0.1

0 | b | |
0 2 4 6 8

Distance from tower (fower heighis)

Figure 6: Local Heliostat Density (prediction) for Radial Staggered Field Layouts

From that data a nominal variation of PD vs r/h as given below was determined.

T T
PD =0 for =< (ﬁ)mm’ (10)
T T T
PD = 0492 — 0.0939~ for (E)mm <i<28 (11)
PD=—2— for =>2.8 (12)

It was noted that PD was mainly a function of r/h and not dependent on the azimuth angle.
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Actual annual reflected energy per unit land area, e¢;, ata point p in the base field, taking into

account PD is given by:

e; = (PD) Y2Z8° DNI; X cos6;,,

where PD is the packing density at that point.

(13)

A similar exercise, as shown in Section 3.2, was done by plotting contours of e;. In this case (see

Figure 7), the contours are circular.

y/h
o

Annual DNI: 2.01 MWh/m?
Latitude: 37.38°N

"19% -8 -6

-4

(8]

x/h

Figure 7: Energy per Unit Land Area (e;) in MWh/m?2 Contours for Seville

3.4. Solar Field Boundary in Non-Dimensional Form

10

By superposing contours of e; on the actual solar field of these plants, it was inferred that in the
general methodology being developed, a contour with a value of ; = 0.16 (MWh/m?2) can be
used as an initial default value to define the outer solar field boundary. This value can be

changed by the user in the programme. For details, see Appendix 2.

Similar to the outer (r/h) boundary (which fixes the maximum limit of the field), there is a limit
to the inner r/h value from practical considerations. This can be seen from the images of
existing plants as heliostats do not start immediately around the tower. The general trend

10
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observed from existing plants is that (r/h),,;, varies from 0.5 to 1. The default value chosen for
the present programme is 0.5, that is, heliostat rows start at a distance corresponding to half of
the height of the tower.

This coupling of the solar field boundary with the height of the tower (taking into account PD of
the plant), on a rational basis was a major breakthrough which permits one to design the solar
field and corresponding tower height for a CSP plant using ST technology. An overview of the
method is presented in the next section.

4. Objective and Overview of the Methodology
Having obtained a rational method of coupling the solar field with the height of the tower, a
methodology has been developed for design of the solar field for a CSP plant using ST
technology. This methodology is similar to that developed for designing a solar field of PT
technology (MA Ramaswamy V. C., 2012).

4.1. Objective

Given, the location of the plant and corresponding DNI data, the capacity of the plant, number of
thermal energy storage hours, maximum fraction of hybridisation permitted and efficiencies of
various components associated with an ST plant, the objective of the methodology is to arrive at
the optimum solar field, which would give the maximum annual solar to electric conversion
efficiency. Later on, considering cost and financial aspects, the method would be extended to
give the optimum solar field based on LCOE. An overview of the methodology is given as follows.

4.2. Overview

1. Considering the location of plant and DNI data for that location, the solar field boundary
in non-dimensional form in terms of (x/h,y/h) or (r/h,0 ), taking default values or user

defined values for (l) ~ and annual solar energy per unit land area, e; in MWh/m?, the
min
non-dimensional boundary of the field is determined.

2. For the specified design capacity, the rated power that is required from the solar field,

P 4, is calculated taking into account efficiencies of the receiver, heat exchanger and
power block.

3. The height of the tower, and corresponding solar field for SM=1 is determined by
equating the power generated by the solar field at the best of the 8760 hours in the TMY
to the design thermal power from the solar field. In determining e,, the attenuation
effects of the reflected rays due to the environment were neglected. For small capacity
plants of the order of 1 MW or less, attenuation effects could be perhaps neglected and
the height corresponding to the solar field for SM=1, h[1], can be directly determined.
However, in general, h[1] is determined by iteration.

4. The height for a given SM, h[SM], is computed as h[SM] = h[1] X v/SM. This is done for
SMs ranging from 1 to 4 in suitable steps. For each SM, the solar energy generated by the
field and the electrical energy generated by the plant is calculated by taking into
consideration the efficiencies of the receiver, heat exchanger and power block and also
the energy directed to/taken from the thermal storage block and energy used from
hybridisation.

5. The optimum height and solar field for a given storage capacity and hybridisation is
determined based on maximum solar to electric conversion efficiency, ns_,, (from a
technical point of view). The optimum height and solar field can also be determined by
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considering the minimum LCOE condition if the cost and financial parameters are
known. In the present study, optimum SM is determined from the consideration of
maximum 7,_,. It will be extended to consider the LCOE in subsequent studies.

5. Detailed Explanation of Methodology
In this section, the detailed steps of the methodology for conducting a technical analysis are
discussed.

5.1. ST Input Data
Input data on the ST plant used in this methodology are listed below.

5.1.1. Plant Data
ST plant data for which the methodology is applied are given below:

a) Location - this includes the hourly Direct Normal Irradiance (DNI) data (for 8760 hours) in
W /m? and the latitude (¢) of the plant in degrees.

b) Plant capacity (Pcp,q) in MW - the design/rated capacity of the plant.

c) Storage hours (t,) in hours - this comes into the picture if the plant has a thermal energy
storage component.

d) The fraction of hybridisation (f;,;,) - the maximum fraction of design energy which is
permitted as the hybridisation component.

5.1.2. Data needed for Determining the Solar Field Boundary

P - - . r P
a) Minimum non-dimensional distance from tower (— . This is the non-

h) field min
dimensionalised radial distance at which the first row of heliostats around the tower is
located.

X

b) Non-dimensional length/width of elemental area (% or U;—y) - The non-dimensionalised

. s oq d d . . .
coordinates are varied in steps off orTy across the field in order to determine e; contours.

The choice of e;; determines the non-dimensional solar field outer boundary. In the present

model, x/h and y/h values are varied from (—10,—10) to(10,10) in steps of% ori—y by

sweeping y/h for each step of x/h. The default value for% and i—y is taken as 0.25.

5.1.3. Data on Efficiencies of Various Components of the ST Plant

a) Reflectivity of heliostats (p) - the fraction of energy incident on the heliostat that is
reflected onto the receiver.

b) Attenuation factor - Two models have been considered, Clear or Hazy day, depending on
the conditions of the atmosphere for the attenuation effect.

c) Receiver efficiency (1),¢cciver) — the ratio of energy gained by the HTF to the energy
incident on the receiver surface.

d) Heat exchanger efficiency (7;,,.) - the ratio of energy gained by the working fluid to the
energy input from the HTF.

e) Thermal storage efficiency (7)) - the ratio of the thermal energy stored to the thermal
energy input to the storage system.
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f) Power block efficiency (npb) - the total efficiency of various components (turbine,
condenser, de-aerator, pumps etc.) of the power block.

In the present report, the scope is limited to the use of a steam Rankine cycle to run the power
block. The power block efficiency depends on many factors, for example, the inlet pressure and
temperature of steam, condenser pressure, capacity of power block and mass flow rate of steam
(MA Ramaswamy V. C., 2012). The variation of gross maximum power block efficiency with the
turbine inlet temperature for different turbine outlet temperatures, (MA Ramaswamy V. C,,
2012), is shown in Figure 8 (Source: Engineering Economic Policy Assessment of Concentrating
Solar Thermal Power Technologies for India, 2012).

0.48
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044 —
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0.28
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Turbine Outlet Temperature (°C)
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Steam temperature at turbine inlet (°C)

Figure 8: Variation of Gross Maximum Efficiency with Turbine Inlet Temperature

As can be seen from Figure 8 for ST a value of around 44.1% is taken as the maximum possible
power block efficiency that can be attained (at utility scale of 50 MW and turbine outlet
temperature of 70°C). The actual power block efficiency for capacities lesser than 50 MW plants
Nactuar 1S computed based on the following relations (ITP, 2012):

Nyrel = (1 —_ 059 X e(_O-OGXPcaP,d)) and Nyel = Nactual (14)

Ngross—max

where Peqyp, 4 is the design plant capacity in MW.

Hence the final power block efficiency conditions (which has been used in this model) are as
follows:

Npp = 0.441 — 0.262 x e~ %0*Peapd  for 0 < Py, 4 < 50 (15)
Npp = 0.44 for Peap,a = 50 (16)
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In the Graphical User Interface (GUI) tool developed for ST, all the inputs mentioned above can
be varied by the user depending on the plant configuration and requirement. Default values
have been built into the tool based on a global literature review carried out on various existing
ST plants worldwide (MA Ramaswamy T. N., 2014).

5.2. Determination of Non-dimensional Solar Field Boundary and Number

of Field Points within Boundary
The values of x/h and y/h are varied from (—10, —10) to (10,10) in steps of non-dimensional

interval (% or i—y) by sweeping y/h for each step of x/h. This number (maximum field

coordinate) can be increased or decreased in the code by the user if necessary. The number 10
has been chosen as the default value because the highest non-dimensionalised radial distance of
heliostats (r/h)max Of existing plants generally does not exceed 10. The x/h and y/h values are

. . . , d d
each incremented in steps of the non-dimensional step parameter, Txor Ty . The default step

size for this value has been taken as 0.25 but the user has the freedom to choose it.

As described in Section 3.3, the contours of symmetric equal annual solar energy per unit land
area e; are determined.

As described earlier, e; values for all points in the base field are determined. Then the user can
choose the base value for e; (ejcposen) @s preferred in order to determine the outer boundary of
the solar field.

T

) is 0.5. The user has the freedom to change
h/ field min

The default values for e;.osen is 0.16 and (

these values.

All the points which have e; value greater than or equal to e;¢;0ser, and r/h value greater than or
T

h)field min
chosen field boundary). The number of points under the field boundary is denoted by N.

equal to ( are identified. These constitute the field points (the points within this

This non-dimensional solar field boundary depends only on the location of the plant. The
advantage of fixing this boundary in terms of tower height, is that, in determining the actual
solar field boundary for given specification of an ST plant, only a rational method to determine
the tower height is required.

5.3. Determination of Design Solar Power (Psq)
At design conditions, the thermal energy of the HTF (Py; 4) at which the plant generates the
design electric power is calculated as follows:

Piap,ax10°
Npb X Nhe

Phefa = (17)

where Pgp, 4 is the design electrical capacity of the plantin MW, n,,, is the power block
efficiency and 1y, is the heat exchanger efficiency.
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The corresponding thermal energy that needs to be collected from the heliostat field (P 4) is
calculated as follows:

Phera Peap,ax10°
P 4= fa_ _ cap (18)
! Nreceiver Nreceiver XMheXMpb

5.4. Determination of Height of the Tower at SM=1
The steps to determine the height of the tower at SM=1 is given in this section.

Since the non-dimensional solar field boundary has been chosen, and Ny has been determined,

the solar power that is impinging on the receiver from the field for any hour (i of the year) is
calculated using the following equation.

d, d N
P, = ((7 X Ty) X pzjil DNI; x cos6;; X PD x natt_j> x (h)?
(19)

where, 74 j is the attenuation efficiency at point j. It depends on whether a clear day model
(Equation 20) or a hazy day model (Equation 21) is used (Stine B William, 2001).

For clear day: 4, ; = 0.99326 — 0.10465, ; + 0.017S, ;> — 0.0028455,, ;>  (20)

or
For hazy day: 04+ ; = 0.98707 — 0.2748S,, ; + 0.03394571’]_2 21)
where Sy, ; is the slant height of the point, j, from the top of the tower in km and is given by
Equation 22.
Snj = (\/(X)2 + )%+ (h)z)/1000 (22)

As can be seen, 14, ; is a function of the height of the tower. The task is to find the value of h,
such that the maximum of all 8760 P; values, P;y,,, is equal to P; 4.

Since it is an implicit equation, h has to be determined by iteration.

First the initial value of h at SM=1, h[1], is determined by taking 1, ; = 1 (zero attenuation
condition). Then,

P
h[l] = s,d )3
\](deXdTy>XPZjY£1 DNI; X cosf; jx PD X1 (23)

If Pynax is calculated with this value of h (considering attenuation), it will naturally be lesser
than P 4.

Therefore, a numerical iterative procedure is used for incrementing h[1] in steps of Ah to give
hpewl1]. Ah is initially taken to be 5 m and subsequently reduced to Ah = 0.1 m, such that for a
particular value of hye [1], Pinax < Psq and for (hpey [1] + 0.01), Piypgx > Ps . The lower value,
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that is, hy, [1] is taken as the height of the tower for SM=1 condition and the corresponding
field is determined.

If this tower height and corresponding solar field is used, the design power is generated by the
ST plant just for a brief period corresponding to the hour that provides P; ,,,, . At all other
hours, the power generated will be much less than the rated capacity, such that the overall
efficiency of the plant is poor. Therefore, one needs to determine the annual energy generated
by the ST plant (considering thermal storage and hybridisation) for different solar field areas,
gradually increasing it from that corresponding to SM=1 and determine the optimum value of
SM for which the annual solar to electric conversion efficiency is maximum. These details are
covered in Section 5.5.

5.5. Determination of Hourly Solar Power from the Field to the Heat
Exchanger
The field area is in terms of non-dimensional r/h contours, and PD is also a function of r/h. The

mirror area and field area are proportional to h?2. So, the mirror area cannot be increased
without increasing the value of h.

Therefore, the height of the tower at any SM, h[SM], is taken to be as follows:
h[SM] = h[1] X VSM (24)
Based on the attenuation model chosen, 14, ; is obtained for each point.

Now the actual power that is input to the heat exchanger is computed for each hour of the year
using Equation 25.

de d N
Phtf,i = ((7 X Ty)p X Nreceiver Zjil DNIL' X COSGL-J- X PD X natt,j) X h[SM]Z

(25)

The solar thermal power generated at hour i, Pp,;f ;, given by Equation 25, may be lower or
higher than Py,;f 4, the design solar thermal power needed to generate the rated electrical
power. The power plant is generally permitted to operate at 10% overload. Therefore solar
thermal power corresponding to (1.1 X Phtf,d) can be utilised to generate the electrical power.
If hybridisation is permitted and if Pp;f ; is less than (1.1 X Phtf'd), then hybridisation can be
used to augment Py ¢ ; to increase the electrical power output. On the other hand, if Py ; is
greater than (1.1 X Phtf,d) (as can happen for higher values of SM) and if thermal storage is
utilised, the excess solar power can be directed to the thermal storage block (if it is not full). If
thermal storage is full, the heliostats have to be defocussed to limit Py s ; to (1.1 X Phtf_d).

Therefore, electrical power generated at any hour has to be computed taking the above factors
into consideration. These details are covered in Section 5.6.

5.6. Computation of Electrical Energy generated
The procedure for computing electrical energy is identical to that which was used in the CSTEM
tool for PT (MA Ramaswamy V. C., 2012). For the sake of completeness, it is given in this section.

Inputs:
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1) Ppes g is calculated
2) Storage hours (tg)
3) The maximum amount of energy that can be stored is calculated:

_ Pnefaxts (26)

E tes,max
Nst

where Py 4 is the design capacity in MW, t, is the number of storage hours and 7,
is the storage heat exchanger efficiency

4) The thermal stored energy available E,,, is initialised to zero

5) The fractional thermal power from the solar field is f;;, = Phtfr i/ Pher,a

6) When Pyir; = Pyt g, then fyy, is denoted by fiy, 4 (the design fraction of thermal

energy with the HTF). Its value is 1
7) The plant is assumed to operate at 10% overload condition. So, fiy max s 1.1.

8) ftnmin, the minimum value of f;;, below which the plant is shutdown, is taken as 0.25

9) fup, as already discussed, refers to the maximum fraction of thermal power that can
be delivered through hybridisation. This limits the capacity of the natural gas
burner. The natural gas burner will be designed such that it delivers fp; X Pptf g
amount of power

10) L¢, Loss Factor, is defined as the fraction of electrical energy lost per hour of

shutdown of the plant, to energy that the plant would have generated in 1 hour of
operation at design capacity. The energy lost is Lf X tspytaown X Peap,a Where
tshutdown 1S the hours for which the plant has been shutdown and P, 4 is the design
capacity

Procedure:

1) For a chosen SM, the corresponding Py, is calculated (as explained in Section 5.5)
for each hour of the year.

2) Start from 1st January and for each of the 8760 hours of the year, the electrical energy
generated is computed as shown in the following steps.

3) The fractional solar thermal power fy, ¢ is given by Pyef i/ Phtf,a-

4) Initially f;, is taken as equal to f;y, .

5) Once the available f;; from solar field is known, the following steps are applied:

a. Checkif fip = finmax
If so, stored energy increases

 FEioqg = Eteg + (fth — fth,max) Ppera X At X ng (At is taken as 1 hour)

o If Etea = Etea,maxv then Etea = Etes,max

IfEteq = Eteqmax, then some heliostats will have to be defocussed in order to limit

fth.s TO fthmax Since excess solar energy cannot be stored beyond its maximum capacity.
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EteaX Nst

Maximum fractional power available from stored energy, fin sta = FIRTY
’ htf.d

The fraction of thermal energy available to power block fi;, = fip max and the electrical
energy for that hour (e) is calculated. In this case, fpp yseq is zero.

b. If fip < fthmax then compute fip, ,, the modified f, ,as follows
*  finm = fen T finsta

° Check if fth,m = fth,max

bL.If fnm = fthmax then

Fraction of thermal power used from storage: fi, st = fthmax — ftn
Fraction remaining in storage: fiy sta = frnsta — fthst

XP XAt
Stored energy available is updated: E;., = fthsm%
st

Fraction of thermal power available to power block fiy = fin max-
Electrical energy output, ey, for that hour is calculated.
In this case, fjp yseq is zero.

b2.If fen m < fth,max then the fraction of the total thermal power that can be

delivered including hybridisation is calculated, finr = finm + fap-

e Again if fth,T = fth,maxr then fhb,used = (fth,max - fth,m) and

feh = finmax- Electrical energy e, for that hour is calculated. Stored energy

. . XP XAt
available is updated: E;pq = f”‘”‘%
st
o If finr < fthmax then fiy = fenr and frp ysea = fnp- Stored energy available
XP XAt
is updated: E;py = TinstaXPry X8t g6 cerical energy ey for that hour is

Nst

calculated.
b3.If finr < fthmin then fi, =0, fon ¢ = 0 and fpp yseq = 0 electrical energy
generated is taken as 0. The plant is considered to be non-operational for that At .
6) The partial load of the power block (MA Ramaswamy V. C., 2012), f,, is found from

the analytical expressions:

i fp =0 for fip < fth,min;
° fp =012+ 1.1 X (fz, — 0.2) for fth,min < fin<1;
* fo="Im for fin > 1;

7) The maximum gross electrical energy that is generated during At is given by
eg =fp X Pyq XAt,

where At is 1 hour, P, 4 is the design capacity in W (= Pggp g X 109).
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8) When the plant is not operating, the equivalent accumulated electrical energy lost
due to thermal losses for that At is given by egrqrr = €stare + Ly X Py q X At.
9) Therefore, the actual electrical energy generated (eg4q) is given by the following
condition:
o Ife; =0,then, ey, = 0,and eggr = €spare + Ly X Py g X At
o If0<ey<esqr theney, = 0and eggpp = (esmrt - eg)
o Ifey = esqri,, theney, = (eg - esmrt) and eg;gpr = 0
10) The net electrical energy supplied to grid, eg,;4, during that interval is equal to
egq X (1 — Auxiliary Power Fraction). Auxiliary power fraction is the ratio of
power consumed by the auxiliary units to the gross power generated. The default

value is taken as 0.1.

fhb,used

Fon X egn-d) and

11) The electrical energy apportioned to hybridisation (e;) is (
that apportioned to solar (e) is (egrl-d — enp)-

12) On the above basis, the total net electrical energy generated over the whole year
can be calculated and also the contributions from solar and hybridisation are

separately accounted for.

13) The total annual electrical energy generated ey, ; and annual electricity to the

grid egyiq,+ is computed.

5.7. Computation of Mirror Area, Land Area, CUF and 1}s-e
The total Mirror Area (MA) is computed as follows:

MA = (77, PD) x (%2 x 22} x (h[sM])? (27)

The total Land Area (LA) is computed as follows:

= {0 [3550) (¢ (), ) )} 150D @

The Capacity Utilisation Factor (CUF) is calculated as follows:

CUF = —29%t (29)
Pgq X8760

The annual DNI, (DN, nnuq) in Whis calculated depending on the location chosen by the user
as follows:

DNIlgnnyar = Z?ZIGODNIL' x At
(30)

whereDNI; is the hourly DNI in W /m? and At is the time interval depending on the resolution
of the data (here taken as 1 hour).
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The annual efficiency of conversion from solar to electric energy is computed as follows:

_ €st
Ns-e = MAx(Annual DNI) €

6. Technical Assessment - Case Study in Jodhpur
In this section, the results of applying the engineering model developed for hypothetical ST
plants (located in Jodhpur) are discussed. Jodhpur was chosen because it is one of the locations
in India which receives high annual DNI. The parameters chosen for the study are shown in

Table 1.

Table 1: Parameters Considered for Analysis

Parameter Value Range
Design Capacity (MW) 1,5,10,20,35,50
Hours of thermal storage (&) 0,6,15
Fraction of hybridisation (fis) 0,0.1,0.2

For various combinations of these parameters, the CUF, annual solar to electric conversion
efficiency and annual electricity generated have been computed for various SM values between
one and four in suitable steps.

The results are presented and discussed below.

6.1. No Thermal Storage and no Hybridisation
This section analyses the effect of various plant parameters when no thermal storage or
hybridisation is used.

6.1.1. Effect of Capacity of Plant
Table 2 shows the variation of power block efficiency (7,,), mirror area and mirror area per
MW corresponding to SM=1 (with no thermal storage and hybridisation).

Table 2: Variation in Power Block Efficiency and Mirror Area for SM=1 with Capacity (t,=0 and f, =0)

Capacity B Mirror Area (SM=1)
(MW) b 2t (Sn’:'; 1 per MW (m2/MW)
1 0.19 9240 9240
5 0.25 36622 7324
10 0.30 61133 6113
20 0.36 100918 5046
35 0.41 157382 4497
50 0.44 209441 4189
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The design efficiency of the power block increases with capacity. Due to this, the mirror area per
MW decreases with an increase in capacity. The trend can be observed in Figure 9. It can be
noticed that plants with lower capacities will thus have lower overall efficiencies while
simultaneously being more expensive.

t.=0and f,,=0
9000
8000

1) per MW

7000

(m2/MW)

6000

5000
4000 ’

Mirror Area (SM

3000
0 10 20 30 40 50

Capacity (MW)

Figure 9: Variation of Mirror Area per MW with Capacity (¢, =0 and fu, =0)

6.1.2. Effect of Solar Multiple

The effect of Solar Multiple on the annual electrical energy generated (for a plant with no
thermal storage and hybridisation) is presented in Table 3. At SM=1, the power plant is able to
generate power at the design DNI conditions only. However, with increase in SM, the solar field
increases and is typically optimised for lowest cost of generation.

Table 3: Annual Electrical Energy Generation with SM for Various Capacities (=0 and f,=0)

Annual Electrical Energy Generated - MWh (=0, fn=0)
SM 1MW 5 MW 10 MW 20 MW 35 MW 50 MW
1 1617 8082 16169 32335 56600 80847
1.25 2186 10916 21824 43614 76282 108888
1.5 2621 13087 26160 52263 91385 130435
1.75 2907 14513 29008 57964 101335 144654
2 3099 15472 30925 61796 108050 154243
2.5 3342 16687 33355 66659 116562 166398
3 3493 17448 34875 69698 121863 173983
3.5 3597 17961 35903 71746 125465 179131
4 3671 18332 36644 73235 128067 182842

From Table 3, it is seen that for a given SM, the annual electricity generated is proportional to
the rated design capacity of the plant.

Therefore, data given in the first column of Table 3 for 1 MW, can be considered as the annual
electrical energy generated per MW for all capacities.
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To understand the dependency on SM, the variation of annual electrical energy generated per
MW of capacity as a function of SM is shown in Figure 10. From this it is clear that the benefits of
increasing SM get saturated beyond SM=4.

t.=0and f,,=0
4000

3500

3000

2500

(MWh/MW)

2000

1500

Annual Electrical Energy per MW

1000

1 1.5 2 2.5 3 3.5 4
Solar Multiple

Figure 10: Variation of Annual Electrical Energy per MW with SM (t; =0 and f;» =0)

Capacity Utilisation Factor (CUF) is the ratio of the actual output from the plant over the year to
the maximum possible output from it for that year under ideal conditions. It is given by
Equation 29 (given below for reference).

€ga,t

4 X 8760

CUF =
Pb

where ey, ; is the total annual gross electricity generated in W and P, 4 is the rated gross power
inW.

The variation of CUF for all capacities (for no thermal storage and hybridisation) is shown in
Figure 11. Here also it is seen that the CUF tends to saturate beyond SM=4.
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Figure 11: Variation of CUF with SM for all Capacities (t; =0 and f4, =0)

6.1.3. Annual Solar to Electric Conversion Efficiency

The annual solar to electric conversion efficiency (ns_.) is the ratio of the total annual electricity
generated attributed to solar energy to the annual solar energy impinging on the mirrors. It is
calculated using Equation 31 (given below for reference).

_ Es,t
MA x (Annual DNI)

ns—e

where e, is the total annual electricity generated that is attributed to solar energy in Wh, MA is
the total mirror area of the field in m2 and Annual DNI is in W/m2,

The variation of this quantity with SM (for plants with no storage or hybridisation) has been
plotted for various capacities in Figure 12. From this Figure, it can be seen that the maximum
efficiency occurs at an SM value of around 1.4 for all capacities and the efficiency increases with
capacity reaching a value of about 18% for a 50 MW plant.
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Figure 12: Variation of Annual Efficiency with SM for Various Capacities (t; =0 and f, =0)

6.1.4. Electrical Power Generation on a Typical Day
Figure 13 shows the hourly variation of fractional solar power, f;, ¢ (Phtf / Phtf_d), and
fractional electrical power f,, (electrical power generated/rated capacity) for January 21st
for SM=1 and SM=2 (for a plant without thermal storage and hybridisation).

Note that, f,q = €4q/Pyq and, f, = €4/Py a4

t,=0 & f;,=0

2.0

1.8
1.6 —= f,,, SM=1

= . SM=1

14 fins, SM=2
1.2
o
£ 1.0

«= 0.8
0.6
0.4
0.2
0.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time, hours

Figure 13: Variation of the Fractional Solar Power and Fractional Electrical Power Generated during a
Typical Day (t; =0 and f,,=0)

The advantage of representing f;; ; and f,, is that they are independent of the capacity of the
plant.
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It can be seen that the lag in electrical power generation as compared to the solar power
generation occurs to account for the losses that would have occurred overnight. The solar
power generated over the first few hours goes into making up for this lost energy and to make
sure the HTF has attained the operating temperature for power generation.

It can be observed that for SM=1, f,, is slightly less than or equal to f;, .

For SM=2, f;;, s is almost twice the value corresponding to SM=1. However, f,, does not exceed
1.1 as this is the maximum load condition under which the plant works (10% overload).
Therefore, the excess power is not utilised by the power block and some mirrors will have to be
defocussed. Essentially, this means that it is not an efficient system.

In these cases, if storage is incorporated, the remaining power generated from the field (after
limiting f,, to 1.1), can go into the storage block to be used at times when the power goes below

the lowest operating condition.

6.2. Thermal Storage without Hybridisation

In this section thermal storage for three, six and fifteen hours of storage have been considered
for plants of capacities 1, 5, 10, 20, 35 and 50 MW. The effect of SM and storage hours on the
solar to electric conversion efficiency has been discussed.

6.2.1. Effect of Solar Multiple
The variation in annual energy generated per MW with SM, for thermal storage of zero, six and
fifteen hours (for various capacities) and no hybridisation is given in Table 4 and shown in

Figure 14.

The variation of CUF with storage (and no hybridisation) is given in Table 5 and Figure 15. The
variation of CUF with storage hours for various SMs is also plotted and shown in Figure 16. From
these figures one can see that as the number of hours of thermal storage increases, the SM
should also be higher (otherwise the system is not efficient). Higher thermal storage hours
required, implies that a higher SM needs to be chosen.

Table 4: Variation of Annual Electrical Energy per MW with SM for ¢,=0, 6 and 15 hours (f4»=0)

Annual electrical energy in MWh per MW
SM t=0 =6 ts=15
1 1617 1617 1617
1.25 2186 2197 2197
1.5 2621 2762 2762
1.75 2907 3314 3314
2 3099 3851 3851
2.5 3342 4745 4905
3 3493 5246 5947
3.5 3597 5519 6928
4 3671 5690 7629
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Figure 14: Variation of Annual Electrical Energy/MW with SM for ¢,=0, 6 and 15 hours (fw=0)

Table 5: Variation of Capacity Utilisation Factor with SM for ¢, =0, 6 and 15 hours (fi, =0)

Capacity Utilisation Factor (f.»=0)
SM t;=0 t;=6 ts=15
1 0.18 0.18 0.18
1.25 0.25 0.25 0.25
1.5 0.30 0.32 0.32
1.75 0.33 0.38 0.38
2 0.35 0.44 0.44
2.5 0.38 0.54 0.56
3 0.40 0.60 0.68
3.5 0.41 0.63 0.79
4 0.42 0.65 0.87
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Figure 15: Variation of CUF with SM for ¢,=0, 6 and 15 hours (fu» =0)
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Figure 16: Variation of CUF with Thermal Energy Storage for various SMs (fn» =0)

6.2.2. Annual Solar to Electric Conversion Efficiency

The variation of annual solar to electric conversion efficiency with SM for various capacities
(and no hybridisation) is shown in Figure 17and Figure 18 for thermal storage of six and fifteen
hours respectively. It is observed that for six hours of storage, the highest efficiency occurs at

©CSTEP www.cstep.in 27



cSTEP

I S s
e ]

Design of Solar Field and Performance Estimation of Solar Tower Plants

SM=2.1 and for fifteen hours of storage it occurs at about SM= 3.2. These are called the optimum
efficiency values taking into account the maximum solar to electric conversion efficiency
condition. It can also be seen that the overall efficiency increases as the capacity of the plant
increases.
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Figure 17: Variation of Solar to Electric Conversion Efficiency with SM for Various Capacities and ¢,=6
hours (fn» =0)
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Figure 18: Variation of Solar to Electric Conversion Efficiency with SM for Various Capacities and t,=15
hours (fn» =0)

6.2.3. Analysis of Performance Parameters at Optimum SM (fx»=0)
Variation of Optimum SM with Storage Hours
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Figure 19 shows the variation of the optimum SM as the number of storage hours is increased
(with no hybridisation). A linear trend is observed. Optimum SM corresponding to highest n,_,
depends only on t; and not on capacity of the plant.

3.5
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Figure 19: Variation of Optimum SM with Thermal Storage Hours (f,»=0)

Variation of Maximum Annual Efficiency with Plant Capacity

Table 6 shows the variation of maximum annual efficiency of solar to electric energy with
capacity for zero, six and fifteen hours of storage (with no hybridisation). The optimum SM
values are also indicated next to the t; values. This information is also shown in Figure 20. It can
be seen that the maximum annual efficiency increases with plant capacity as well as storage
hours.

Table 6: Variation of Maximum Annual Efficiency with Capacity for =0, 6 and 15 at Optimum SM (fuy =0)

Capacity Ns—e (%)
(MW) t;=0 (SM=1.4) t=6 (SM=2.1) | t=15 (SM=3.2)
1 8.01 8.77 9.02
5 10.09 11.03 1131
10 12.08 13.19 13.51
20 14.62 15.94 16.30
35 16.39 17.84 18.21
50 17.58 19.11 19.48
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Figure 20: Variation of Maximum Annual Solar to Electric Conversion Efficiency with Plant Capacity for
t=0, 6 and 15 at Optimum SM (fn» =0)

Variation of Capacity Utilisation Factor with Number of Storage Hours

Table 7 shows the variation of CUF with capacity for zero, six and fifteen hours of storage (with
no hybridisation). It can be seen that CUF does not change with capacity for a given number of
storage hours but it does change considerably as the number of storage hours are increased.
This is also seen in Figure 21 shows the variation of CUF with number of storage hours for 1 MW
and 50 MW for f;;, = 0.

Table 7: Variation of CUF with Plant Capacity for t,=0, 6 and 15 at Optimum SM (fx, =0)

Capacity Capacity Utilisation Factor
(MW) t,=0 (SM=1.4) t=6 (SM=2.1) | t=15(SM=3.2)
1 0.282 0.463 0.726
5 0.282 0.462 0.722
10 0.281 0.461 0.719
20 0.281 0.460 0.716
35 0.281 0.458 0.713
50 0.281 0.457 0.711
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Figure 21: Variation of CUF with Thermal Storage Hours for 1 MW and 50 MW (fny =0)

6.2.4. Solar Power Input and Electrical Power Generation on a Typical Day

Figure 22 shows the variation of f;;, s and f,, over a typical day for SM=2 and 2.5 for six hours of
storage (and no hybridisation). From this Figure it can be seen that electrical power is
generated for about five hours after sunset for SM=2 and about six hours after sunset for
SM=2.5. It can be inferred that as one reaches the optimum SM, it goes to show that the plant
can operate for higher number of hours (even after sunset) just from the energy stored. It is to
be noted that these inferences should be based on the annual overall efficiency rather than the
performance of a single day. This plot has been shown to give a physical idea of how thermal
storage works over a typical day of the year and that with a suitable SM, plant operation is
feasible even after sunset.
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Figure 22: Variation of fi,s and fp. during a Typical Day for t;=6 hours (fs» =0)

6.3. Hybridisation without Thermal Storage
In this section, the effect of augmenting thermal power to the plant using hybridisation to the
extent of 0.1 to 0.2 times the design power required (and zero thermal storage) is discussed.

6.3.1. Effect of Solar Multiple

SM=1

Figure 23 shows the variation of f,, over a typical day for f,;,=0, 0.1 and 0.2 along with f;, ; for

SM=1. Figure 24 gives the value of fy}, ;54 during the day. In all these cases thermal storage is

not employed. It can be seen that f,, increases with fy,;. For fr, = 0.1, fhp yseq is the same as fp,

throughout the day.
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Figure 23: Effect of Hybridisation (fu» =0.1 and 0.2) on the Electrical Power Generated during a Typical
Day for SM=1 (t; =0)
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Figure 24: Fraction of Hybridisation Used during a Typical Day for SM=1 (¢, =0)
SM=1.5

Figure 25 shows the variation of f,, over a typical day for f,;,=0, 0.1 and 0.2 (with no thermal
storage) along with f;j, ; for SM=1.5. Figure 26 gives the value of f,}, ;54 during the day. It can be
seen that, the amount of energy from the field (f;5, ) is sufficient to run the plant at 1.1 times full
capacity for most of the day and hence there is no necessity of hybridisation for most of this
period. It is observed that for the first hour f;, ; and hybridisation contribute towards making
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up of the thermal losses that have occurred overnight. So the amount of energy generated for
this hour, f,4, is small. This can be contrasted with the last hour where f,, is not as less as it is

for the first hour.

Since hybridisation does not contribute much for SM value of 1.5, higher SMs have not been

taken up for analysis.

SM=1.5, t=0 on 215 January

2.0
ceopees fth,s
1.5 =B foo @ f=0
“‘E“ foa @ f1y=0.1
=
§ 1 0 —_— fpa @ﬁlbzoz
=

0.5

0.0"—H—H—H—H—H—t‘ PE—F—F— PR

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (hours)

Figure 25: Effect of Hybridisation (f;» =0.1 and 0.2) on the Electrical Power Generated during a Typical
Day for SM=1.5 (¢t; =0)
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Figure 26: Fraction of Hybridisation Used during a Typical Day for SM=1.5 (¢, =0)
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6.3.2. Effect of Hybridisation Factor

The benefit of hybridisation is maximum for SM=1 hence, this condition (with no thermal
storage) has been discussed. The annual energy to the grid can be partially attributed to solar
and partially to hybridisation whenever hybridisation is used. The energy to the grid is
proportional to the design capacity. So, a plot of these energies per MW is shown in Figure 27
while varying the hybridisation factor (and employing no thermal storage).

As can be noted, this plot is made for the condition of SM=1 and no thermal storage. Hence as
hybridisation is increased, the solar field area does not increase. The electrical energy that is

apportioned to solar increases as fj), increases. This indicates that hybridisation is beneficial
when there is no thermal storage.

SM=1, t,=0
=

=

T

a2

>

=
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Figure 27: Variation of Annual Energy per MW with Hybridisation (¢,=0)

6.3.3. Effect of Hybridisation on Annual Efficiency Attributed to Solar Field
Figure 28 shows the variation of the annual solar to electric efficiency with SM for f;,;,=0, 0.1 and
0.2 for 1 MW and 50 MW capacities (with no thermal storage). It can be seen that higher the

hybridisation factor, higher is the overall efficiency. However, the benefit of hybridisation
decreases as SM increases.
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Figure 28: Variation of Annual Efficiency with SM for f4, =0, 0.1 and 0.2 (¢,=0)

6.4. Thermal Storage and Hybridisation

The CUF is independent of the rated capacity of the plant. Figure 29 to Figure 31 show the
variation of CUF with SM for zero, six and fifteen hours of storage respectively. In every figure,
hybridisation values of 0, 0.1 and 0.2 are considered. It is seen that the CUF increases with SM
but the benefit of hybridisation is maximum for SM=1 and decreases as SM increases as seen in
the previous section.
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Figure 29: Variation of CUF with SM for t,=0 hours and f; =0, 0.1 and 0.2
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Figure 30: Variation of CUF with SM for t,=6 hours and f;; =0, 0.1 and 0.2
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Figure 31: Variation of CUF with SM for t,=15 hours and f; =0, 0.1 and 0.2

6.5. Height of Tower at Optimum SM (fx»=0)
The height of the tower is a function of the capacity of the plant and the number of thermal

storage hours employed.

Table 8 gives the heights of the tower for various capacities for thermal storage hours of 0, 6 and
15 hours (and no hybridisation) at their respective optimum SM. Note that the optimum SM
does not vary with capacity for a given number of thermal storage hours. This case was taken

just to give an idea of the variation of the tower heights with capacity at optimum SM.

Table 8: Tower Height for Various Plant Capacities at Optimum SM (fi =0)

Capacity Height (m

(MW) ts=0 ts=6 ts=15
SM=1.4 | SM=2.1 | SM=3.2

1 26 32 39

5 51 63 77

10 66 81 100

20 85 104 129

35 106 130 161

50 122 150 185

Figure 32 is a plot of the height vs. the capacity of the plant at the optimum SM values (and no

hybridisation).
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Figure 32: Tower Height vs. Capacity for t,=0, 6 and 15 at Optimum SM (f4, =0)

6.6. Comparison of Results for Clear vs. Hazy Day Attenuation Models
Attenuation, as explained earlier, depends upon the slant height of a heliostat from the top of

the receiver. For a plant configuration, it depends only on the number of points chosen
(boundary of plant) and their location.

The effect of attenuation for a case with six hours of storage, no hybridisation and SM=2.1
(optimum) is shown in Table 9.

Table 9: Effect of Attenuation for SM=2.1 (optimum) and t;=6 hours (f»=0)

Capacity Clear Day Hazy Day
(MW) Annual Electrical Energy | ns_. Annual Electrical Energy Ns—e
Generated (MWh) (%) Generated (MWh) (%)
1 4059 8.77 4029 8.55
50 200343 19.11 193666 17.13

This case has been taken just as an example to illustrate the degree by which the annual
electrical energy generated and solar to electric efficiency reduces when the hazy day model
(<23 km visibility) is used. It is seen that the reduction is quite substantial when the capacity is
high, the annual electrical energy reduces by 3.3% while n;_, reduces by 10.4% (for a 50 MW
plant). This is expected because for large capacities the field is bigger and hence the slant
heights are consequently higher. The effects of haziness of the atmosphere are negligible for
plants with smaller capacities.

Therefore, in actual practice, for analysing higher capacity plants, the hourly variation of
atmospheric effects needs to be taken into consideration.
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7. Conclusions and Future Work
In this report, a novel methodology has been provided to design a solar tower plant for a
surround field configuration. Given, the location of the plant and corresponding DNI data, the
capacity of the plant, number of thermal energy storage hours, maximum fraction of
hybridisation permitted and efficiencies of various components associated with an ST plant, the
objective of the methodology is to arrive at the optimum solar field, which would give the
maximum annual solar to electric conversion efficiency. The proposed methodology uses a non-
dimensional approach, which is unique, and arrives at the optimum size based on the concept of
Solar Multiple.

In principle, the present methodology can be extended to a cavity type of receiver also. In this
case, the angle subtended by opening of the receiver would be critical in order to arrive at the
optimum size of the solar field.

Further, the optimisation of the solar field needs to be performed with respect to the cost per
unit energy generated considering all the financial metrics applicable. A financial model would
be developed in order to perform this exercise. This work would be undertaken subsequent to
availability of the cost parameters of all the major components, since there is limited number of
plants developed in Indian context. The detailed techno-economic analysis is likely to provide
insights towards identifying research priorities and also developing a roadmap for cost
reduction strategies for large scale adoption of Solar Tower technologies.

The methodology was developed for Solar Tower with Steam, for validation purposes. The tool
designed & developed can be modularised in a manner that it can aid the sCO; based power
systems also. This tool can be used by researchers for any pre-feasibility analysis of tower
systems using sCOx.
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Appendix 1

Determination of Packing Density Variation
For a solar tower plant, the concept of PD is used to define and get an idea about how the
heliostats are packed in the given land.

This is especially important in the case of a solar tower plant because the mirrors are all placed
such that shadowing and blocking effects of adjacent heliostats are minimised. Consequently,
PD varies with location in the solar field. The definition of local PD is given by Equation 32.

Local Packing Density = ( (32)

Mirror Area)
Land Area /gcal

In other words, it indicates the extent of utilisation of mirrors as a fraction of the local land area.

The local PD in general is a function of r/h for all existing plants having a radial staggered
pattern.

The solar power received per unit area of the land depends on PD. The average overall PD for
different plants can be calculated with the information available in the present literature
(National Renewable Energy Laboratory, n.d.). But, the variation of PD with respect to r/h is not
given.

The variation of PD with r/h based on a theoretical layout of a solar field (Stine B William,
2001) was examined. In addition to this the fields of three existing solar tower plants -
Gemasolar (Wikimapia, n.d.), PS 10 and PS 20 (Wikimapia, n.d.) were studied and replicated in
excel.

Field Replication

The Gemasolar plant in Spain shown in Figure 33a is an existing operational solar tower plant
using an external cylindrical receiver and surround field. This field has 2650 heliostats with a
larger north side.

On closer examination, it is noted that there are 38 circular rows. The first 27 rows form
complete circles around the tower. However, the next 10 rows do not form complete circles
around the tower. They stop at varying distances with the major part in the north side of the
field.

Using Wikimapia, the radial distance of each row was measured. Additionally, the total number
of heliostats was counted in each row. Consequently, the non-dimensionalised coordinates of
each heliostat’s centre position in the field were obtained. For the last 10 rows, the
circumferential angles subtended by the end heliostats were measured and the heliostat
positions were determined.

The same exercise was also performed for the other two plants, namely, PS 10 and PS 20 (see
Figure 34a and Figure 35a). These two plants also have a radial staggered heliostat layout.
However, they use cavity receivers and hence only have a single side (north) field.

42 www.cstep.in ©CSTEP



cSIE

I o
FORSCYL R § LY

Design of Solar Field and Performance Estimation of Solar Tower Plants

Based on this exercise, the replicated fields (along with their originals) are shown in Figure 33 to
Figure 35. It can be seen that the replicated field shows a very close comparison with the original
images. This ascertains that the degree of error in the approximate measured radial distances is
negligible.

Gemasolar Field

CA5 5 A5 A S A5 LA 345005 3 L5215 A5 AN

a) From Wikimapia b) Replication

Figure 33: Replication of Gemasolar Field in Excel (comparison)

PS 10 Fleld

aie fog ol ois
Copvhgreteriyogi
o Olia eiv it el 100

4 35 3 25 2 45 -1 95 0 05 1 15 2 25 3 3s 4

a) From Wikimapia b) Replication

Figure 34: Replication of PS 10 Field in Excel (comparison)
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PS 20 Field

a) From Wikimapia b) Replication

Figure 35: Replication of PS 20 Field in Excel (comparison)
Gemasolar Plant

In order to look at the variation of PD with radial distance from the base of the tower, the PD of
each row of heliostats was computed. The radial distance of each row (r) was measured. The
first 27 rows are full circles. The last 10 rows (row 28 to 38) do not form complete circles. The
angle subtended by the farthest two heliostats of each row plus half the circumferential angle
between heliostats on each side was measured (46 in radians). This is shown in Figure 36.

(84)/2

*

Figure 36: Local Packing Density Determination

As an example, in order to find out the PD of the nt" row, with radial distance 1, from the base
of the tower, the following steps were followed (refer Figure 36).

1) Mirror area of this row (MA4,,) is calculated using Equation 33.
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MA;, = ny, X Apeiostat (33)

where n,, is the number of heliostats in the nt" row and A},¢j;os¢4r is the area of each heliostat
(which is constant).

2) Land area of this row (LA,,) is taken as the area of the shaded region between the dotted
circles (between the midpoints of the given row (n) with its adjacent rows) as can be seen in
Figure 36. Radial distance of the previous row, r,_1y and that of the next row, r(;,;1) are
considered.

3) The respective radial distances r;,, , 1, and land area of this row (LA,,) are calculated using
Equation 34 and Equation 35.

_Tn-1» “T(m+1)

T(n— +7r
o = DT g g = Tooh T (34)

2
LA, = {A0(r3, —1%) }/2 (35)

PD,, the PD of the nt" row is calculated using Equation 36.

MA.,

PDy = 7

(36)

In this way, PD for each row was computed. It may be noted that when the row is a complete
circle, 46 = 2m, (360°).

PS 10 and PS 20 Plants

For these plants, PD was calculated as was done for the last 10 rows of the Gemasolar plant (the
subtended angle was measured and the corresponding land area was calculated for that row).

Determination of Nominal Variation of Packing Density with r/h

Figure 37 shows the PD variation for the existing plants and the theoretical variation that was
given in (Stine B William, 2001). It may be seen, that this theoretical value is not in conformity
with the existing practical data (Figure 37). Therefore, to obtain a nominal PD variation with r/

h, data of the existing plants was used. It can be seen that from this data, at around% = 2and
% = 4, jumps occur (Figure 37). This happens because in the staggered pattern, the
circumferential distance between heliostats increases as r increases and at ~£ = 2 and 4, these

distances become large enough to introduce additional heliostats between them. The radial gaps
are also increased to avoid blockage effects. So, the local mirror area suddenly increases (for the
next row) and the jump in PD occurs. However, for defining the nominal PD variation,

PD jumps have been avoided and curve fits of the data were obtained as given as follows
(Equation 37 to Equation 39):

T r
PD =0 for " < (E)min (37)

©CSTEP www.cstep.in 45



Design of Solar Field and Performance Estimation of Solar Tower Plants

<28

Tr T T
PD = 0492 — 0.0939% for (Z)mm <z

0.6 -
0.5 -
A
M‘ .
0.4 '-.,,
"y
L 2 “

Packing Density
o
w

e
N
!

* PS10

= PS20

4 Gemasolar

=>&=PD curve

Stine and Geyer,
2001

0 1 2 3 4 51‘/h6 7 8

Figure 37: Curve Fits Chosen to Account for Packing Density

It may be noted that PD is mainly a function of r/h and not dependent on the azimuth angle.

The equations mentioned above are used while taking into account variation of the PD of
heliostats in determination of the contours of annual solar energy per unit land area.
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Appendix 2

Comparison of Solar Field Boundary with Contours of e; to Enable Choice of

Boundary
It was proposed (in Section 3.4), that taking PD into consideration and generating the contours
of constant solar energy per unit land area is better suited for fixing the field boundary. The

reason for this is depicted in Figure 38 to Figure 41 which show that contours of ¢; somewhat

closely correspond to the field boundaries of existing plants as compared to e,, which shows no
resemblance to existing field boundaries. Here, the heliostat fields of Gemasolar, Crescent Dunes
PS 10 and PS 20 plants have been compared.

From the Figures, one can say that the appropriate equi-energy contour compare reasonably
well quantitatively, with the actual boundaries used in existing plants. Gemasolar and PS 20
field boundaries seem to match with a contour value (in MWh/m?2) of 0.18, Crescent Dunes with
0.145 and PS 10 with 0.155.

Based on this observation, a possible seed value for the energy value per unit land area as the
nominal boundary value can be that corresponding to an e; value of ~0.16 (+£0.02), for the
general preliminary design for solar tower plants. In the detailed design one can conduct a
sensitivity analysis on this number and choose the optimum value based on iterations.
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Figure 38: Gemasolar Field Boundary and el field contour at Seville
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Figure 41: PS 20 Field Boundary and e; field contour at Seville
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Appendix 3

Flowchart of the Methodology (used for coding)

Inputs and Calculation of Design Parameters

Inputs:

e Plant capacity (Pcqp,q) in MW

e Storage hours (t) (in hours)

e Location (DNI and ¢). DNI is in W/m2 and ¢ is
in °

Reflectivity of Heliostats, o (as fraction)
Receiver Efficiency (1, eceiver) (as fraction)
Heat Exchanger Efficiency (ny.) (as fraction)
Thermal Storage Efficiency (n,;) (as fraction)
Fraction of hybridisation(f})

Minimum non-dimensional distance from

r
tower (—)
h) min

e Non-dimensional length/width of elemental

% ond &
area ( . and o )
Attenuation Model - Clear or Hazy day

e Height increment, Ah

.

Calculate the Power Block Efficiency (7, ) at design conditions
as follows:
Npp = 0.441 — 0.262 x =000 Peavd for 0 < Pygy g < 50

Npp = 0.441 for Peap,a = 50
Calculate:
_ Piapax10° _ Pap,ax108
Phifa=————and Py = —— ———
Mpb XNMpe Nreceiver XMheXNpb

'

Calculate Annual DNI in (Wh) as follows:
8760

DNl ynnuar = Z DNI; x At
i=1

— > END
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Fixing the Field Boundary

Calculate the following for each hour (i = 1 to 8760) and store in an array

Vary x/h and y/h values from
(=10,—10) to(10,10) in steps ofi—x and 6;—yby
sweeping y/h for each step of x/h
where h is the height of the tower

v

Calculate annual reflected energy per unit
land area, e; ,(discrete area around each point)

|

For each position of the heliostat
(x/h, y/h) and latitude (¢)

i

Calculate

Calculate Packing Density of point (PD) as

follows:
PD =0 f0r£<(£) o
min
_ _ r r r .
PD = 0492 - 00939~ for (h)mm <l<28;
PD = 06 for %> 2.8

i

All angles are in degrees
Declination, Del, §: § = 23.45 X sin {(%) X (284 + n)}, nvaries from 1 to 365

a)
b)
c)
d)

e)

Hour Angle, w: w = 15X (t — 0.5 — 12), t varies from 0 to 24
Zenith Angle, 0,:0,; = cos™{(cos ¢ cos & cos w) + (sin ¢ sin §)}
Altitude angle, alpha,a: a =90 — 0,

Azimuth angle, A: Al = cos~! [Sin6cos¢—cos5sin¢cosw] if sin(w) >0 A=360—

cosa

Al else A = At
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l

For each point. p

Calculate the Cosine angle, 8;,, (in degrees) for 1 to 8760 hours (i) of the year as follows:

sin a—= cos a sin A —2 cos a cos A 1+cos(26; )
cos(26;,) = h = Z = , cos(8;,) = /—2 Lp
1+(5) +()

h

; No
Check if -
DNI > 0 for — > EDN}I: XhCOSHi,p)) =0
that hour or that hour
| Yes

.

Calculate the annual reflected energy per unit land area from
each point due to all the 8760 hours:
(e;) = PD x X¥7%°(DNI; % cosb; ,,)

l

Store all these values in an array. These
e; values need to be made symmetrically
equivalent about the Y axis

i

For a given y/h point, the average of the energy
corresponding to (x/h, y/h)and (—x/h, y/h)
is computed and assigned to both the points
(x/h, y/h) and (—x/h, y/h). For x/h = 0, there s
only one value of ¢;

l
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:

Let the user choose a contour value (e;cp0sen) in
MWh/m?2 to choose the field boundary

)

Find all points with e; value greater or equal to

€lchosen Value & > (Z) . Let the number of
h min

such points be Ny

l

END
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Determination of Tower Height as SM=1

Initially assume attenuation efficiency,
Nate,j = 1

!

Calculate P; , for each hour i as:
Ny

d d
P, = <Tx><7y>><pZDNI X cos®; ;X PD x 1
j=1

where P; , X h? is the solar power collected without attenuation losses for hour i.
This will yield 8760 values of P; ;. Select the maximum among 8760 values Pgyqy

!

Calculate the height of the tower at SM =1 as
follows:

Ps,d

PaMax

hprev [1] =

l

Calculate the non-dimensional slant height S;, .4 j(km/m), for each of the points,
j, and store in an array:

Spmdj = (\/(%)2 + (%)2 + (1)2>/1ooo

l

A

l

Calculate the slant height S, j(km) ), for each of the j points as
follows:
Sn,j = onnd,j X hprev (1]

l
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|

Check what
attenuation
model is chosen

v v
Hazy day Clear day
v ¥
Calculate the attenuation efficiency Calculate the attenuation efficiency

Naee,j = 0.98707 — 0.2748S,,; + 0.03394S,, ; Naee,j = 0.99326 — 0.1046S,, ; + 0.017S,, ;> — 0.002845S,, ;>

i

For each hour of the year, calculate P; in W,
Ny
d, d, 2
Po=| {5 x7 )% pzDNIi X c0s0;j X PD X 1gerj | X (Rprev[1])
—

j
This will yield 8760 values of P;

v

Select the maximum out of these 8760
values Assign this value to variable B,

:

Y Let Ah = 5m
es
- Rpew 1] = hprep[1] + AR
Checkif P < new prev
P dmax " Replace hyyep[1] with
; Pnewl1]

i No l

hprev[1] = hprey[1] — A
Replace Ah = Ah/10

hnew[1] = hprey[1] + AR

Replace hy;.e, [1] with hy,, [1]

|
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¢STEP

I o
FORSCYL R § LY

Check
if Ah < 0.1m

l Yes

Fix height for Solar Mutiple = 1 as:
h[l] = hnew [1] —Ah

END
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Estimation of Hourly Energy from Field and Energy Computations

Calculate height for Solar Mutiple = SM as:
h[SM] = h[1] X /[SM]

l

For the set of all points (j = 1 to Ny)
calculate the following:

l

Calculate slant heightS,, ;(km), for each of
the j points:
Sn,j = Onnd,j X h[SM]

!

Check what
attenuation model
is chosen

l l

Hazy day Clear day
Calculate the attenuation efficiency Calculate the attenuation efficiency
Nate,j = 0.98707 — 0.2748S, ; + 0.033945”,]-2 Naee,j = 0.99326 — 0.1046S, ; + 0.0175,1‘]-2 — 0.0028455,1‘}-3

:

For each hour, i, of the year, calculate Py,;f; which is the (Power to the heat exchanger) where

Powerisin W
N¢

d d
Phiri = <Tx X %) X p X Nyeceiver Z DNI; X cos6;; X PD x Natt,j | X h[SM]2
j=1

|
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C

STEP

W o wan o
FCRNCYL ST T

l

Assign fip max = 1.1; fenmin = 0.25,At = 1 hour

A 4

Calculate Eies max = Phera X ts

Initialise E;py = 0 & €51q7t = 0

fth, =
* Pura
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STEP

Calculation of Land Area, Mirror Area, CUF and ;..

Calculate Land Area (LA) as follows:

= (i) () s

Calculate Mirror Area (MA) as follows:

Ny
— dx dy 2
]:

l

Calculate the Capacity Utilisation Factor as follows:

€ga,t
CUF = —%%
Pya % 8760

l

Calculate the Solar to Electric Conversion Efficiency as follows:
_ €st
" MA x (Annual DNI)

l

END

ns—e
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