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Chapter 05 

CONCEPTUAL DESIGN OF THE PLANT 

5.1. Determination of the Size of the Plant 

The Hambantota area is being subjected to U.!1precedented development with the 

arrival of a nevv seaport. It is expected new commercial and industrial development 

will take place. The future electricity demand due to expected development in 

Hambantota area in the next 15 y-~ars assessed by Ceylon Electricity Board is given 

below. 

i. Hambantota Harbor Project 

ii. Enhancement or existing Industrial Park (BOI), Mirijjawila 

iii. Salt related Projects (801), Mirijjavvila 

iv. Oil refinery, Mirijjawila 

v. Special Economic Zone at Meegahajandura 

v1. Electricity Supply to Hambantota New Town 

vii. Enhancement of Electricity needs of Existing Town Centre 

viii. Airport, Udamattala 

Total predicted load is 75 MY i\ by 2020. 

- 20MVA 

- 10 MVA 

-1 MVA 

-5 MVA 

-20 MVA 

- 10 MVA 

-4MVA 

-5 MVA 

With comparison and study or the different solar technologies and ditTerent solar 

plants operating presently in the world, it is understood that 20MW tower type CSP 

power plants are being operated successfully [ 5]. Next stage is the commercial level 

development of 50lvl vV tower type CSP povver plants. It is expected that this will be 

achieved at least by the year 2013. Therefore it can be expected that 50MW plants vvill 

be developed to its optimum level in 2020. It is expected 200MW plants will appear at 

least in 2020 l4J. Therefore by the year 2020 central receiver type CSP power plants 

will mature enough and will play comfortably in the market. 
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Hence considering all above facts it is decided to specify a SOMW tower type CSP 

power plant. 

5.2. The Methodology of Conceptual Design 

The designing of the plant \Vas started from the electrical output of the plant. From 

there onwards. efficiency values and/or losses of major components were used to 

determine the energy t1ow of the plant. Determination of values of some parameters 
_. 

was done according to available literature. Design equations used in this chapter 

except 5.10 were obtained from "'Power from the Sun'' by William B. Stine and 

Michael Geyer. 200 I. 

Moreover. a spread sheet model developed by National Renewable Energy Laboratory 

(NREL), United States Department of Energy. which can be used for analyzing and 

comparing power system costs and performance of solar technologies, was also used 

for economic evaluation. 

5.3. Plant Features and Design Calculations 

The plant is a central receiver type solar thermal plant with molten salt storage. A 

simple schematic diagram of the plant is given in figure 5.1. The nominal electrical 

power output of the pbnt is 50 :VIW. The steam generator. the condenser, the turbine 

and the generator are considered as one unit for the ease of calculations. All the 

efficiency values unless othenvise stated are obtained from "Assessment of Parabolic 

Trough and Po\ver Tower Solar Technology Cost and Performance Forecasts" by 

Sargent & Lundy LLC Consulting Group. Chicago for NREL in 2003. The values 

obtained are those forecasted for 2020. 

The electrical efficiency (turbine-generator) = 42.80% 

Thermal Storage Efficiency = 99.50% 

Piping efficiency == 99.90% 

Parasitic (Aux. pcmcr) crticiency = 90.00% 

Plant-wide availability = 94.00% 

:. Thermal to electric ct'iicicncy c= 42.80% x 99.90% x 90.00<Yo x 94.00% x 99.50% 

-=- 35.99°;;) 
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The rate of heat energy that should be provided by the receiver to steam generator to 

produce 50 M\V electrical power output can be calculated as, 

=50 MW/ 35.99<Yo 

= 138.92 MW 
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Figure 5.1: i\ simple schematic diagram of a power tower with a molten salt storage 

In a typical installation, solar energy collection occurs at a rate that exceeds the 

maximum required to provide steam to the turbine. Consequently, the thermal storage 

system can be charged at the same time that the plant is producing power at full 

capacity. The ratio of the receiver's design thermal output to the power block's design 

thermal input is called solar multiple [10]. This value shall be determined by the 

hourly solar resource pattern. Hovvc\·er. since we do not have hourly weather data of 

Tanamahvila and since it requires sophisticated analysis techniques, an average value 

is taken for calculations. 

Receiver's Design Thermal Output 
S alar Multiple = --------=------__:

Power Block's Design Thermal Input 
(5.01) 
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Solar multiple 

Power to the storage 

Total receiver output 

Receiver Efficiency f 4j 

Total Receiver input 

Collector Field Efficiency [ 4] 

Total Solar insolation on hdiostats 

5.3.1. Design of Hcliostats Field 

=1.4 

=(1.4-l)x 138.92 MW 

= 55.568 MW 

= 138.92 + 55.568 MW 

= 194.488 MW 

= 8(}90% 

= 194.49 7 0.809 MW 

= 2.:+0.405 MW 

= 56.50% 

= 240.405 7 0.565 MW 

= 425.49 MW 

The ref1ecting element of a heliostat is typically a thin. back surface, low-iron glass 

mirror. This heliostat is composed of several mirror module panels rather than a 

single large mirror. A perfectly tlat heliostat would produce an image on the receiver; 

the size of the hdiostat increases by approximately 0.5 degree of '·sun-spread"' [10]. 

The thin glass mirrors arc supported by a substrate backing to form a slightly concave 

mirror surbce. Individual panels on the heliostat are also inclined towards a point on 

the receiver. This produces a higher t1ux density at the aim point. The heliostat focal 

length is approximately equal to the distance from the receiver to the furthest heliostat. 

Subsequent ""tuning .. of the closer mirrors is possible [ 1 0]. 

The most critical environmental design criterion of a heliostat design is the wind 

speed. Typical requirements may be for the heliostat to meet its operating 

requirements in a 12 m/s wind. to survive a 22 m/s wind. and to continue to operate or 

move to the stow position in a .f() m:s vvind r 10 j. According to available digital 

weather data obtained from the EnergyPlus program for Hambantota the average daily 

wind speed of Hambantota is less than 20 m/s. The wind speed has exceeded 40 m/s 

speed twice during a year. As \\ ind speed of Tanamalwila area has lower than that of 
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Hambantota it can be considered the wind conditions in Tanamalwila area is suitable 

for available heliostat designs. 

Annual Average DNI at Tanamalwila [61 = 5 kWh/m2/day 

Number of hours which sunlight is received ~-- 12 hrs 

A veragc insolation .• 5 X 3600 c- (12 X 3600) 

-· O . ..J-167 kW/m2 

Required Field Area (lkliostats- ret1ectivc) •• ..J.2S.50 MW-.- 0.4167 kW/m2 

= 1.021.094 m2 

Ratio of Rct1cctive Area to Hcliostat Pro tile = 97% 

Area of a hcliostat JA I = 1-+8 m2 

:. Required number of heliostats 
., 7 

= 1.021.09-.J. m~ -c- (148 m-x 97%) 

•-" 7.113 Nos. 

5.3.2. Design of the Ilcliostat Field Layout 

Optimum positioning of hcliostats relative to the receiver is a complicated problem, in 

which costs and hcliostat '"loss'" mechanisms arc the variables. The collector tield 

efticiency or loss happens due to number or reasons. They are cosine effect, 

shadowing, blocking. ret1ectance and atmospheric attenuation [..J.], [10]. 

:. Field e rticicncy [1 0 J, 

fl fteld = fl cos · flshadow · fl bloc/c fire flection- fl attenuation (5.02) 

5.3.2.1. Cosine Effect 

The major t~1ctor determining an optimum heliostat field layout is the cosme 

··efficiency" of the hcliostat. This cflicicncy depends on both the sun's position and 

the location or the individual hcliostat relative to the receiver. The heliostat is 

positioned by the tracking mechanism so that its surface normal can bisect the angle 

bet\veen the sun·s rays and a line from the heliostat to the tower. The effective 

reflection area of the heliostat is reduced by the cosine of one-half of this angle [1 OJ. 

This may be \isualized by considering hcliostats at two positions in a field as shown 

on Figure 5.2. IIeliostat ·A' has a small cosine loss since its surface normal is almost 

pointing toward the recei vcr. I !cliostat · B' has a larger cosine loss because of the 
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position it must assume in order to reikct the sun's rays onto the receiver. Note that 

the most efficient hcliostats are located opposite the sun. 
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Figure 5.2: Cosine effect 

Cosine loss = Cos ei 

To calculation of Cos f), can be done by follmving equation [ 1 0], 

(Z
0

- Z1 )Sin oc - e1 Cos oc Sin A- n 1 Cos oc Cos A 
Cos28 =~~~~------~------------~---------

1 [(Z0 - Z1 ) 2 + e{ + nf]lJz 
(5.03) 

where a and ,1 arc the sun's altitude and azimuth angles, respectively, and z, e, and n 

are the orthogonal coordinates from a point on the tower at the height of the heliostat 

mirrors as depicted in Figure 5.3. 
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Figure 5.3: A~:imuth Angle .I and Altitude a 

Approximate annual average efficiency values of them are given below. 

Accordingly hcliostats opposite the sun arc the most efficient This is why most of the 

heliostats in a typical hcliostat field will be north of the tower if the power plant is 

situated on the northern hemisphere of the globe. In the morning, heliostats west of 

the tower will hme a high etTiciency and those of east of the tower, a poorer 

efficiency. The opposite occurs in the afternoon, giving the east and west fields an 

average efficiency in between the high and the low. 

The cosine c!Ticiency contours plotted by Matlab program at Tanamalwila site 

(Longitude: 81°, Latitude: 6.5°) on 12.00 noon on 20th March which is the time having 

maximum altitude angle of 80.416° and azimuth angle of 181.1 o to the sun is given in 

figure 5.4. The azimuth angle and altitude angle were calculated using equations given 

in Appendix C. The Matlab code is given in Appendix B. Tower height and height to 

the heliostat mirror are taken as 170m and 7m. 
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Figure 5.4: Cosine efficiency at Tanamalwila site at 12.00 noon on 20th March 

Annual average cosine efficiency of a typical power tower is about 23.40 % [10]. 

However the annual average cosine efficiency map is different from that of a 

particular time. 

5.3.2.2. Shadowing & Blocking 

According to the arrangement of heliostats the problem of one collector casting a 

shadow on an adjacent collector can happen and thereby the energy output of the 

shaded collector can be reduced. In central receiver systems, there are two such 

interaction processes that reduce the amount of energy reaching the receiver. These 

arc shadowing and blocking by adjacent hcliostats. 

Shadowing occurs at low sun angles \vhen a heliostat casts its shadow on a heliostat 

located behind it. Therct'orc, all the incident solar flux doesn't reach the reflector. 

Blocking occurs \Vhen a heliostat in front of' another heliostat blocks the reflected flux 

on its way to the receiver. Blocking can be observed in a heliostat tleld by noting 

reflected light on the backs of'hcliostats [10]. 
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The solar energy loss caused by shadowing and blocking in a particular field layout is 

a function of the heliostat spacing. tower height. and sun angle. Optimum field layouts 

arc made by use of extensive computer analysis. 

Annual average shadowing & blocking loss is about 5.60% [10]. 

5.3.2.3. Reflectance 
.: 

Ref1ectance is the mirror reilectivity of the hcliostats, the percentage of incident solar 

energy ret1ected to receiver. 

Annual avera_Qe reflectance loss is about J 0% \vhich means 90% of the incident 5o)ar 

energy on heliostats is reflected back to receiver [6]. [10]. 

5.3.2.-t.Atmosphcric Transmittance 

When the number of heliostats increases with the scaling up of the plant, the distance 

to far end of the field should be increased. One major limitation on the distance, that 

is, hcliostat placed avvay from the tovvcr may cause attenuation of the ret1ected beam 

as it travels from the heliostat to the receiver. 

Atmospheric transmittance has been approximated for a clear day (23 km visibility) 

and a hazy day (5 km visibility). For a clear day with 23 km visibility, the 

atmospheric transmittance is given by follovving equation [!OJ. 

Ta = 0.99326- 0.1046 S + 0.017 S 2 - 0.002845 S 3 (5.04) 

Where, S is the slant range from heliostat to receiver in kilometers. 

For a hazy day with only 5 km visibility. the atmospheric transmittance is given by 

following equation [10]. 

Ta = 0.98707- 0.2748 S + 0.03394 S 2 
(5.05) 
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Figure 5.5: Average monthly visibility at Hambantota 

Annual average atmospheric attenuation of a central receiver type power plant is about 

6% [ 10 J. However this value is dependent on the climate of the area in which the plant 

is located. The average monthly visibility in kilometer at Hambantota has higher 

values which arc more than 20km [7]. This is a very good climatic condition for a 

central receiver type power plant. 

5.3.2.5. Field Layout 

Most commonly accepted pattern to arrange heliostats is the radial stagger pattern as 

shown in Figure 5.6. This arrangement minimizes land usage as well as shadowing 

and blocking losses. The heliostats are tightly packed near the tower but must be 

sufficiently separated from each other to prevent mechanical interference. 

For heliostats located farther from the tovvcr. the spacing increases in order to 

minimize blocking of the rctlected beams. Additional heliostats are added when 

spacing becomes too great. And as a result a new stagger pattern is established. 

Heliostat packing density is the ratio of mirror area to field area. The average 

heliostat packing density is typically in the range of0.20 to 0.25 [lOJ. 
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figure 5.6: Radial Stagger pattern 

The spacing between heliostats and average field density for preliminary field layouts 

which are arranged by radial stagger pattern can be found by following equations [10]. 

t:.R = H M (1.44 Cot 0~, - 1.094 + 3.068 OL + 1.1256 Oz (5.06) 

0.2873 
t:.A = WM (1.749 + 0.6396 Od + eL _ 0.04902 

(5.07) 

The radial spacing is AR and the azimuthal spacing is 6A, as depicted in Figure 5.6. 

HM and WM arc the height and \Vidth of the heliostat, respectively as shown in Figure 

5.6. The angle {h is the altitude angle to the receiver from the heliostat location of 

interest. And()~_ can be calculated as follows [10]. 

0 = Tan- 1 ~ 
L r (5.08) 

Where. r is the distance along the ground !'rom the tower to the heliostat location 

measured in .. tO\\ er heights:· 

The local field density is the ratio of mirror area to land area at a particular point in the 

field. This can be obtained from the following equation [ 1 0]. 

Pr = 
2DM WM E-lM 

t:.R t:.A 
(5.09) 
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DM is the mirror density, \vhich can be defined as the ratio of mirror area to overall 

heliostat area. The typical value ofDM is 97% [!OJ. 

Heliostats pattern vvas computed tor three different tower heights, 150m, 170m and 

200m. The hcliostats arc arranged around towers on circles. The circle number, 

distance to the circle from the tower and relevant number of heliostats belonging to 

that particular circle arc shmvn in the table 5.1. 

Circle 
No. 

Circle 0 I 

Circle 02 

Circle 03 

Circle 04 

Circle 05 

Circle 06 

Circle 07 

Circle 08 

Circle 09 

I Circle 10 

Circle II 

Circle 12 

Circle 13 

Circle 14 

Circle 15 

Circle 16 

Circle 17 

Circle 18 

Circle 19 

Circle 20 

Circle 21 

Circle 22 

Circle 23 

Circle 24 

Circle 25 

Circle 26 

Circle 27 
Circle 28 

.: 

Distance 
Heliostats 

Cumulative 
Circle Distance I 11 I' t Cumulative 

from the ~o. of from the e IO~ ats No. of 
Tower 

per Circle 
He I iostats 

:'1/o. T I per C1rcle Heliostats ower 

50.0 10 10 Circle 29 422.1 105 1444 

58.5 12 22 Circle 30 442.4 Ill 1555 

67.3 14 36 Circle 31 463.4 116 1671 

76.5 16 52 Circle 32 485.3 122 1793 

86 () 18 70 Circle 33 508.0 128 1921 

95.9 20 90 Circle 34 531.6 134 2055 

I 06.1 '' 112 Circle 35 556.2 141 2196 

116.6 25 137 Circle 36 581.8 148 2344 

127.4 28 165 Circle37 608.4 !55 2499 

!38.5 30 195 Circk 38 636.2 162 2661 

!49.9 33 228 Circle 39 665.1 169 2830 

161.7 36 264 Circle 40 695.3 177 3007 

173.7 39 303 Circle 41 726.8 185 3192 

!86.1 I 42 345 Circle 42 759.6 194 3386 

198.8 46 391 Circle 43 793.9 202 3588 

211.8 49 440 Circle 44 829.7 211 3799 

225.2 52 492 Circle 45 867.1 220 4019 

239.0 56 548 Circle 46 906.1 230 4249 

253.2 60 608 Circle 47 947.0 240 4489 

267.7 64 672 Circle 48 989.7 250 4739 

282.8 I 68 740 Circle 49 1034.3 260 4999 

298.3 72 812 Circle 50 l 081.0 271 5270 

314.2 76 888 Circle 51 [ 1129.8 282 5552 

330.7 81 969 Circle 52 1180.9 294 5846 

347.8 i 85 1054 I Circle 53 1234.4 305 6151 

36'.4 90 1144 Circle 54 1290.4 317 6468 

383.6 95 1239 Circle 55 1348.992 329 6797 

402.5 100 1339 Circle 56 1410.337 336 7133 

Table 5. 1: Hcliostats layout design results for tower height of 180m 
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When the hcliostats arc t~1rthcr !'rom the tovvcr, the radial spacmg mcreases 

significantly. whereas the azimuthal spacing decreases to the point where the 

heliostats at a particular radial distance have one hcliostat width between them (t-.A = 

2). Figure 5.8 shows the decrease in local ticld density as distance from the tower 

mcreascs. 

lleliostat spacing for a field using the ra-dial stagger layout pattern 
12 
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Figure 5.7: Radial and azimuthal spacing Vs. Distance 
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Figure 5.8: Local hcliostat field density 
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5.3.2.6. Tower Height 

The distance to the farthest line of hcliostats for different tower height is given below. 

Tower f !eight 150m 170m 180m 200m 

Distance to the 
farthest line of 1708.02 m 1486.88 m 1410.34 m 1299.44 m 

hcliostats 

_. 
Table 5.2: Distance to farthest line of heliostats 

700 Apr 
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::co 

4CO 
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figure 5.9: DNI Prolile of April ofHambantota in Wh/m2 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Peak DNI 
550 600 650 525 550 450 500 525 500 550 450 490 2 Wh/m (A) 

Average 
Monthly 

DNI 190 214 229 196 191 167 180 194 181 193 150 174 
Wh/m2 

(B) 

(A) /(B) 2.89 2.SO 2.84 2.68 2.88 2.69 2.78 2.71 2.76 2.85 3.00 2.82 

A\C~rage (i\) /(8) = 2.81 

Table 5.3: The ratio bet\veen Peak DNI of a day to Average DNI of a day 

The optimum tower height \Vas taken as 180 m considering following graph as the 

peak thermal pm\er of the plunt is, 19-1-.5 x 2.81 = 546.5 MW. Peak to average DNI is 
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about 2.81 as shown in table 5.3. Peak thermal power means the maximum thermal 

power that enters the thermal unit from the receiver. 
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Figure 5.10: Range of optimum receiver tovver heights for systems with different 

power levels [ 1 OJ 

5.3.2.7.Atmosphcric Transmittance in Tanamalwila Site 

The atmospheric transmittance of Tanamalwila site for heliostat layout design 

developed for tower height of 180m is given in tlgurc 5.11. When heliostat tlelds 

become larger the effect of atmospheric transmittance on overall ctlicicncy becomes 

higher. The average atmospheric transmittance of Tanamalwila site is approximately 

0.9185 which is computed by follovving formula. 

. . I~=l Tn- Hn 
Average Atmosphenc Transmlttance = '\'N 

Lm=l Hn 
(5.1 0) 

Where. Tn is the atmospheric transmittance of circle number n 

Hn is the total number of heliostats in circle n 

A is the total number of hcliostat circles 
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Figure 5.11: Atmospheric Transmittance at Tanamalwila 

5.3.3. Design of the Receiver 

The receiver is located at a prominent point on the tower top so that reflected energy 

from the hcliostats can be intercepted most efficiently. The receiver absorbs the 

energy being rel1ected from the heliostat tield and transfers it into a heat transfer fluid 

(HTF). There arc two basic types or receivers: external and cavity. External Receivers 

consist of panels of many small (20-56 mm) vertical tubes welded side by side to 

approximate a cylinder. The bottoms and tops of the vertical tubes are connected to 

headers that supply HTF to the bottom of each tube and collect the heated fluid from 

the top of the tubes. External receivers typically have a height to diameter ratio of 1:1 

to 2:1. The main limitation on receiver design is the heat flux that can he absorbed 

through the receiver surface and into the I ITF. without overheating the receiver walls 

or the heat transkr t1uid \\ithin them. The a\erage tlux over the entire absorber wall 

is typically one-hal r to one-third of these peak values. It is expected to use an external 

type receiver \Vhich is more suitable for a 50 l'viW plant. To avoid overheating of the 

receiver surface it is adopted 501Yo of peak t1ux \vhich can be sustained by the receiver 

surface as design peak 11 ux ll 0 ]. 
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1 

Receiver peak tlux of molten salt in tubes l1 0] 

Safety factor 

Design peak tlux 

Total receiver input 

Receiver size 

Take receiver diameter as 

Receiver height 

Height to diameter ratio ( 1 ~ 2) 

:. The dimensions of the receiver are ole 

5.3.4. Design of the Storage 

= 0.7 MW/m2 

= 0.5 

= 0.7 MW/m2 x 0.5 

= 0.35 MW/m2 

= 240.405 MW 

= 686.88 m2 

.: 

=12m 

= 686.88 m2
--;-- (n: x 12m) 

= 18.22 m 

= 1.52 

The use of energy storage in solar thermal energy systems is to shift excess energy 

produced during times of high solar availability to times of low solar availability. 

Two situations exist in solar energy system design where energy storage may be 

needed; for the situation in which some of the solar thermal energy produced during 

the day is stored to use later during the night, and to provide energy during events 

such as cloudy days. 

The determination of the HTF to be pumped through the receiver is to be determined 

by the application. The criteria arc maximum operating temperature of the system 

follmved closely by the cost-ciTcctiveness of the system and safety considerations. 

Steam, nitrate salt, liquid sodium or air is used as HTF. The HTF to be used in the 

design is nitrate salt, a mixture of60% ofNaN03 and 40% ofKN03 [10]. They have a 

good storage potential because of their high volumetric heat capacity. The cost of 

nitrate salt mixtures is also lmver. making them an attractive I-ITF candidate. 

Heat storage cJ.pacity of molten salt [11] 

Receiver output temperature ]..J.] 

= 2,710 kJ/m3 oc 
== 574 oc 
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Receiver input temperature [4] 

Temperature rise in the receiver 

Energy absorption per m3 off ITF 

No of full storage hours 

Total energy required in storage 

Required HTF volume 

Storage tank diameter 

Storage tank height 

Density of molten salt 

(NaNo3- 60% KNo3 -40%) [11] 

= 290 oc 
= 284 oc 
= 2,710 kJ/m3 oc x 284 oc 
= 769.64 MJ 

= 16 hrs 

= 8,001,839 MJ 

= 1 OJ96.86 m3 

=25m 

= 21.18 m 

= 1772 kg/m3 

Required Heat Transfer Fluid (HTF) amount= 1 OJ96.86 m3 x 1772 kg/m3 

= 18,423.23 Mt 

Time required to achieve full storage 

Total System efficiency l4 J 

5.3.5. Thermal Performance 

= 8,001,839 MJ -c- (55.568 MW x 3600) 

= 40 hrs 

=16.45% 

The thermal performance of a central receiver system can be defined in terms of 

overall system etliciency. It is common to define this efficiency in terms of the direct 

normal solar irradiance I b,n and the total surface area of all of the heliostats in the field. 

The overall energy collection efficiency of a central receiver system can be worked 

out as follovvs [ 10 j. 

Tfcol - (5.11) 

Where Ouseful is the rate of energy addition to the \vorking fluid (measured at the 

bottom of the receiver tower). n 11 is the total number of hcliostats in the field, and Ah 
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is the total area of the heliostat (hased on outside dimensions, not the ret1ective 

portion). 

194,188,000 w 
J?Col = ( 416.7 Wm- 2 ). (7133). ( 148 tn 2 ) 

l?col = 44.2% 

-' 
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