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ABSTRACT:
The basic design is made for a 250 kw solar power plant. The main element

of the plant is the collectors. Base on system simulation, a parabolic collector
constructed and tested for one year. The model is first validated with
experimental measurement and a detail numerical model is also developed to
study effects of various optical properties of mirrors and receiver on the
thermal performance of the collectors. It is observed that due to poor optical
properties of the present collector, it would not be able to produce hot oil with
desired temperature. Improving the material of the mirrors and the receiver
tube, thermal performances exceed substantially from the design conditions.
By considering available optical properties simulation is made to estimate
yearly steady and unsteady behavior and the performance of the power plant
for three locations: Shiraz, Yazd and Lar in Iran. Comparison of the yearly
performance of the cycle shows that unsteady behavior reveals different results
and simulations approach a reliable technique to study such cycle.

Keywords: Solar thermal, parabolic trough, optical simulation, performance,
ootical oroperties.
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Introduction

Sustainable energy is energy that, in its production or consumption, has
minimal negative impacts on human health and the healthy functioning of vital
ecological systems, including the global environment. It is an accepted fact that
solar energy is a sustainable form of energy, which has attracted more attentions
during the recent years [1].

There are numerous techniques for the effective concentration of the sun’s
energy to electricity generation. One of these techniques is compound parabolic
concentrator [2]. Iran with great amount of land is located on the belt of the
world sun and it is one of the countries, which has substantial amount of good
solar irradiance. In most part of Iran and specially in the south-central part,
where the city of Shiraz in located, there is at least 300 sunny days in a year and
average yearly clearness index is greater than 0.67 [3].

Great amount of renewable energy potential, environmental impact as well as
economic consideration of fossil fuel consumption and high emphasis of
sustainable development for the future, are the main consideration that led the
Deputy Ministry of Energy of Iran to define, support and install the first 250 kW
pilot solar thermal power plant (as shown in Fig 1) in Shiraz, Iran. The plant is
designed to generate 250 kW of electricity continuously to be feed to the
national grid. To achieve this goal a hybride-Rankine system contains two cycles
of hot oil and steam in selected. The plant consists of:

i) A field of 8 parallel loops of 6 solar parabolic trough collectors.

ii) A Rankine steam cycle.

iii) An oil cycle.

iv) A heat storage system.

The collectors are parabolic trough 25 m length, 3.4 m wide with 0.88 m focal
length [4]. More details of collectors are in Table 1.
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Fig.1- Flow Schematic of Power Plant



Table 1- Collector parameters

Width 34m Rim angle 90°

Length 25m Reflectivity of mirror 0.47

Aperture 31m Transmissivity of cover 0.82

Focal length 88 cm Emissivity of cover 0.88

Outer diameter of receiver 4.2 cm Absorptivity of receiver 0.74
Inner diameter of receiver 3.5¢cm Emissivity of receiver 0.45

Outer diameter of cover 7cm Intercept factor 0.7
Inner diameter of cover 6.7 cm Mass flow rate 1 kgls
Concentration ratio 26 pToL 0.285

Prior to construct the plants, a sample of the collector is built and tested for
more than 12 months. Collector is installed in the north-south direction and
rotates from east-to-west with special hydraulic pump and jacks system an
illustrated in Fig. 2. The collector system, Fig. 3, contains a computer automatic
sun tracking sensor, a wind velocity measuring sensor, an orifice flow meter, a
Kipp&Zonen Pyroheliometer to measure direct solar irradiance, a computer data

acquisition system, a storage tank and a hot oil circulating pump.

Fig.2-Typical view of the collector installed north-south direction
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Fig. 3- Flow schematic for experimental apparatus of the parabolic trough
collector

The objective of the present article is to simulate numerically the above
collector system and to study its transient thermal performances for several days
of operation and compare the numerical results with field experimental
measurements. Attempt is also made to change the design variable to enhance
thermal efficiency of the collector.

From the design consideration, a thermal performance of a collector is mainly
related to the optical properties of the receiver, and mirrors. To change optical
properties such as, mirror reflectivity, glass transmissivity, receiver tube
absorptivity and emissivity, the program is able to simulate the system and
illustrate the effects on the effectiveness of the collector and finally on the over
all performances of the field of 48 collectors. Several selections are made to
optimize the collector effectiveness and results are implemented on the thermal
performances of solar collectors’ field and the overall power plant efficiency of
the system under consideration. By considering more realistic optical properties
simulation is carried out and results for Shiraz, Yazd and Lar are presented.

Collector Experimental Measurements

The collector system, shown in Fig. 3, operating from sunrise to sunset.
Measurements are made every 30 min intervals, from the following parameters.
1- Qil inlet and outlet temperature from the receiver
2- Oil mass flow rate
3- Wind velocity and ambient temperature



4- Solar irradiance
5- Glass tube temperature.

Measurements conducted only for the sunny days and the data are stored in a
computer for the entire day.

Collector Cycle Simulation

Oil circulates through a pump and temperature sensors of type PT100, measure
inlet and outlet temperatures of the oil in the receiver tube. In order to make a
transient simulation of the mirror, receiver and circulating oil, an element of dx
along the tube is selected as show in Fig. 4.
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Fig. 4- A section of the receiver tube

By applying the instantaneous energy balance between hot oil, tube wall, and
glass cover, the following equations can be derived [5-7].

Hot Oil:
@ pecead| v | Zy g (T =T )
P —+V—|=Ugcmdp (T -
i 1 1 o c™r Im ~ ¢
Tube wall:

Tm
2) ot

U ndp (T —Ta)- Ucmdr (T —Tf)
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Glass cover:

oT, n
PcCcAc[_Cj = _OG|b“c -
(3) ot T0
Hc—andc, (Te-Ta)- He—rmde, (Te = Tm)

The glass tube effect is included to increase accuracy of energy exchange from
the receiver.

All the parameters are defined in the nomenclature. Direct solar irradiation can
be measured by a Pyroheliometer or can be determined by the relation given by
Daneshyar [8] for Iran cities as follows:

@) 1, =1 xh-cq, >{1—exp{— o.o7s(§—ezﬂ}

For Shiraz, 1,960 W/m? and cloud factor C; is taken 0.097 during September.
To write these equations, following assumptions made:

a) Heat loss from the absorber tube is by convection and radiation.

b) Physical properties of air and oil are function of temperature and;

Oil properties are:

(5) k¢ =0.1882 ~8.304x10° x (Tf + 273.15),
W/m °C

(6) C; =0.8132+3.706 %107 x (Tf + 273.15),
kJ/kg °C

(7) p =1071.76-0.72x (T +273.15),
kg/m?

c¢) Flow is uniform at any section of the tube.

d) Solar irradiance is time depend.

e) Axial heat conduction in the glass tube and absorber is negligible.
f) The value of optical efficiency can be found as [9]

(8) no = [K(O)][p (ra)n Iy

Values of mirror reflectivity p, glass cover transmissivity t, and the receiver
absorptivity o, are measured experimentally as cited by Ref. [4, 10] and shown
in table 1.

The intercept factor y, which is defined as the fraction of those rays incident on
the aperture that are intercepted by the receiver depends on optical errors, sun
shape, rim angle and concentration ratio [11]. Incidence-angle modifier K(6) in
Eq (8) is measured according to ASTM code [12] and its variation with respect
to time is around 0.3 [10]. For normal operation this value should be around one,
but the present measurements indicate that it is much less than one. This may be



due to un-appropriate material of mirror glass and surface coating of it, as well
as the mirror non-alignments. The corresponding value of K(0) for the mirror
fabricated by LUZ industries during the day is about one [10]. Strong variation
of the modified incident angle will affect the over all thermal performances of
the collector and the power plant efficiency.

For storage tank, stratification and buoyancy effect is considered and the
corresponding differential equation for the oil temperature in the tank resulted
from energy balance is

2
oTg kg 0Tg

- 2
ot peCe 0ox
9) ff

me OT,
i (e -Ta)
pfAf oX pAfo
The oil temperature during charging is given as T(0,t)= T, and for discharging
is T(1,t)= Tqe.
Transient heat losses from the oil in the pipes is also considered, and from
thermal balance for a section of the pipe with length dx is
(10) m¢C ﬁ:UP(T —T)+pAC ﬂ
f-f ox p\'f —'a Ll | at
Inlet oil temperature to each section is assumed equal to the outlet temperature
of the downstream section.

Results

In this section initially results of measurement collector performance will be
given, then its performance for the optical properties will be presented. Based
on accepted optical specifications power plant cycle simulation is continued.

The system of ordinary differential Eqgs. (1,2,3,10) is solved numerically by
finite difference method implying implicit scheme and Eq.(9) is solved
numerically by finite difference implying explicit scheme. The iteration start
from a uniform temperature for the system equal to ambient temperature and
converged solution is obtained for each five min intervals. To run the program
for the collector with specification presented in Table 1, several inputs such as
variation of ambient temperature, oil flow rate, wind velocity and solar
irradiation are given. Solar irradiation is also available by specific correlation for
the region. Typical measurements as well as numerical computation of
temperature variation during a day are illustrated in Fig.5. For this graph oil
mass flow rate is 1 kg/s and experimental data correspond to 17" Sep. 2000,
where wind velocity was about 7 m/s. The maximum difference between
measured and calculates values of temperature is 6%. Oil inlet and outlet
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temperature rise continuously with a small differences up to 3 PM and then they
start to decrease in the afternoon. Maximum temperature of the oil is about 142
°C while for glass tube it is around 78 °C, which is due to high absorptivity of
the glass tube. Although solar radiation are considerable but the temperature rise
is far from design point. This is mainly due to poor optical properties of the
mirrors as well as the glass tube. In Fig.6 measured solar irradiation, optical
efficiency and thermal efficiency of the collector is plotted for the same day. It
shows that although the sky is clear, but the efficiencies are not satisfactory,
which is due to poor optical materials.
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Fig. 5- Comparison of measured and computed temperature in receiver
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Fig. 6-Measurments of solar irradiation and efficiency of the collector
during a day



In Fig.7 temperature rise of the oil in the receiver is calculate by simulation
using measured sunshine irradiation, and also employing Daneshyar’s
correlation [8]. It shows that Daneshyar correlation produces only very
negligible error relative to the measurements and hence it is relatively accurate
to simulate the collector system by relation (4). This figure also shows that there
are some variations in the measured values of temperature rise near the noon.
This is mainly due to tracking errors, which increases near the noontime.
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Fig. 7- Oil temperature difference between outlet and inlet of the receiver
(D=Daneshyar model, E=experimental, N=numerical method)

To study effects of optical properties of the collector on the thermal
performances of the collector, simulation is carried out for the same day for
various reflectivity of mirror p, transmissivity of cover t , absorptivity of
receiver a., intercept factor y and results of the temperature rise of the oil in the
receiver is determined as illustrated in Figs. 8-12. In these figures all the optical
properties are taken constant, except one property. Figure 8 shows effects of
receiver absorptivity on the temperature rise of the oil in the receiver. It shows
that the effect is relatively considerable although the value o varied from 0.55 to
0.95. Similar results are obtained by changing emissivity of the tube from 0.55
to 0.1 in Fig.9. It shows that the effect is much less on the temperature rise.
Figure 10 illustrate effects of various intercept factor on the oil temperature rise.
The value v in this figure is changed from 0.65 to 0.95. Fig. 10 illustrate that the
performance increases by increasing y. For 0.1 increment of y, temperature rise
is about 0.25 °C, which is about 20 percent.
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Effects of reflectivity of mirror on the temperature rise of oil in the receiver are
more pronounced. Figure 11 illustrates such effect for reflectivities of 0.35 to
0.95. Poor mirrors reduced considerately temperature rise and hence thermal
efficiency of collector. It should be noted that in this figure, the other optical
properties of collector are taken equivalent to the present collector. Poor
performance of the collector as shown in Fig. 5 is partially from lower mirrors
reflectivity. Figure 12 presents effects of glass tube transmissivity on the
temperature rise of the oil in the receiver. For the present collector, the glass has
T~ 0.8 and it reduces the performance about 10%.
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Fig.8- Effects of various tube absorptivity on oil temperature rise in the
receiver
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Fig. 9-Effects of tube emissivity on the oil temperature
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Fig. 10-Effects of various intercept factor on the oil temperature rise in the
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Fig. 11-Effects of mirror reflectivity on the oil temperature
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Fig. 12- Variation of oil temperature rise for various cover transmissivity
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From the above analysis it is found that optical properties of the material used
in the present collector are not appropriate and better quality material would
improve thermal performances considerably. Based on this result, the optical
properties is replaced by more practical values as presented in Table 2 and
simulation is carried out for the same day and results are illustrated in Figs. 13-
15. In Fig. 13 variation of oil and glass temperature during the day is shown. It is
clear that oil outlet temperature exceeds 250 °C at 9 AM, which is much higher
than those in Fig. 5. Corresponding optical and thermal efficiency is presented in
Fig. 14. It can be observed that collector performances improved considerably.
Figure 15 shows variation of solar irradiance and oil temperature rise.
Comparing with Fig. 5, it is seen that temperature rise is improved similarly.
More details about collector fields simulation is mentioned in [14].

Table 2. Optimized optical properties of the receiver and mirror

Reflectivity of mirror 0.94
Transmissivity of cover 0.965
Absorptivity of receiver 0.96

Emissivity of receiver 0.2

Intercept factor 0.95
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Fig. 13-Diurinal temperature for optimized optical properties
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Fig. 14-Optimized thermal performances of the collector

900 15
#50 -
w B00 - 772
g 750 - A\ 1o o
St
3 700 1 — T
Fes0{ [ 16 %
600 { |/ ——
g ls
550 -
500 ————— 0
6 & 10 12 14 16 18

Time (hr)
Fig. 15- Optimized variation of oil temperature rise in a single collector

Consideration the appropriate optical properties, a computer program is written
to solve Egs.(1-10) with FORTRAN language. To simulate the performance of
the plant, three cities with high solar radiation potential, mainly in the central
and southern part of Iran, are selected as shown in Table 3.

Table 3- The cities considered for simulation

July January
City Latitude Trnax Trmin Cs Trax | Trmin Cs
Shiraz 29°33' 37.3 19.6 | 0.191 12 -0.4 | 0.342
Yazd 31°34' 39.2 239 | 0.241 | 119 | -09 | 0.419
Lar 27°40’ 42.9 257 | 0.145 | 16.3 6 0.292
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The outputs of program for each interval are oil temperature and flow rate
from heat exchangers, collector heat absorption and efficiency, heat transfer to
heat exchangers and heat transfer to the ambient. Results for twelve month of
operation for Shiraz, Yazd and Lar is presented in Table 4,5,6.

Table 4- Annual operation and performances of the 250 KW solar plant in

Shiraz

Finizh . Cyizle

Month  Cray  Sunrise | Sunset Staltl Start Ste.am Steam Flms_h QeolfQl | Qexchill| fr]] Follectar Eft.

Tracking Generation Gen. Tracking Eff. % %

JAN 7 5:50 1710 745 14:38 1535 18:50 0120 0.054 0600 200 =R
FEB 5 5:30 17:30 725 10:30 G115 16:30 0264 0200 0735 251 6.4
MaR TS G:05 17:58 T05 915 G230 16:50 0382 0320 0338 433 =T
AFPR 05 &30 12:21 G40 235 1705 1728 0.502 0.426 0s7s 0.0 42.0
Ay 128 &6 1244 615 75 1740 1758 0623 0.5265 1.140 54.4 51.2
JUN 182 S04 18:56 G105 725 750 18:08 0704 0657 1.260 5.0 g2.1
JuL 183 509 18:54 =] 735 745 18:00 0656 0620 1.180 5.0 g2.1
Ale 28 529 18:31 530 745 7230 18:50 0.6 0603 1.180 542 51.0
SEP 252 585 12:08 G55 210 700 1720 0.500 0.549 1.470 S0.0 4.0
OcT 288 G621 17:28 F20 2:55 G35 16:50 0428 0367 1.010 423 j i
NOW EE Gdd 1716 740 12:20 AG:00 16:18 02248 0120 0735 0.5 16.2

DEC 344 585 17:08 7480 14:10 450 18:10 0140 0.033 0604 230 .6

Table 5- Annual operation and performances of the 250 KW solar plant in

Yazd

Finizh L Coyle

Month | Day |Sunrise Sunset Stal_-t Stat Ste-am team Flms_h Qeolfl | Qexchii] [l Eellactor Eff.

Tradcking | Generation — Tradking Eff. % .

JAN 17 G50 710 00 1445 5:20 AG:00 0112 0.048 0.567 1533 =
FEB & G20 1720 730 13:20 AG:0S 15:20 0.244 0125 0.687 jerl=} 2448
it R Fis] 05 1755 T05 .55 G40 1700 0.257 0.z202 Q77 208 o8-
APR 105 538 15:21 G35 .00 1710 1730 0.459 0.289 0.230 456 45.8
bty | 435 S16 12:44 G185 2058 1735 1780 0.565 0528 1.0732 51.8 8.1
JUM 162 a0 15:46 G:00 740 740 18:05 0.65% 0617 1.168 a0.3 432
JUL | 198 .09 15:451 605 740 745 18:00 0.596 0.585 1.088 52.8 a7
AlG | 228 a:28 1531 G268 7458 736 1785 0596 0.565 1.108 a0.8 478
SEP | 252 555 1205 =X} 218 700 1720 0.546 0.500 1.104 967 4.1
OCT | 238 621 17:39 70 9:15 AG:30 16 :80 0.401 0.344 0915 .2 =} 4.0
NOW | 218 Gidd 1716 7458 12:65 15:40 1G:00 0.203 0113 0.684 =T 15.4

DEC | 344 G55 A7:05 00 0:00 0:00 15:25 0.127 0.000 0.548 12.8 4.3




Table 6- Annual operation and performances of the 250 KW solar plant in

Lar

Finish - Coyjiz e

Month Day  Sunrise | Sunset Starl Start Ste.am Steam Flms_h Qealildl | Qexchid] (el Eollestor Eff.

Tracking Generation Sen. Tracking Eff. % %

JAN 17 =15 714 740 10:45 16:20 1G5 0134 0.060 0.628 20 o6
FEB 4 527 1733 725 015 1528 G55 0.203 0227 0.e25 4 237
MAR 75 05 1755 F.00 2:20 4700 720 0.435 0261 0.849 960 405
AFR 05 5S40 18:20 5:40 785 1720 1740 0.576 04283 0.969 518 a0.6
WAy 425 S0 12 G20 7:40 1740 755 0701 (uk=)ai ] 1.25% 57 540
JUN MGG 509 18:451 5:05 737 1745 18:00 0.809 0755 1.393 3.5 551
JuL 183 S13 1847 G:10 735 1750 18:15 0.740 0591 1.305 =Rt 557
AUG e 531 12:29 G:20 745 1720 A7 A5 0723 0.590 1326 573 3.8
SEP 252 555 12:05 585 210 1708 725 0.667 0612 1.31%8 543 0.2
OcT 28 G20 1740 715 £:55 1645 AT 00 0.474 Oz 1.156 454 .4
HOW g2 G 1719 735 10:08 1528 A5G 0.257 0132 0.e37 jecy| 7.7

DEC 244 651 1709 745 12:48 1518 150 0.159 0.037 0.621 250 g0

Table (4-6) show that tracking started early in the morning in summer, while
for winter, tracking starts is late and steam generation period is short. Steam
production reaches to zero in December in Yazd, using Daneshyar model. The
difference between starts tracking and starts of steam generation is due to
warning oil from around 160 °C to 240 °C. The heat absorbed by collectors after
finishing steam generation, transferred to the storage.

Results for twelve months of operation for Shiraz, Yazd and Lar is also
presented in Figures(16-18).In these figures the ratio of solar radiation absorbed,
Qcol ,to the heat required by steam for 250 kw load, QI , heat transfer in heat
exchangers, ratio of incident radiation 1/Ql, collector efficiency as well as overall
oil cycle efficiency(heat transferred to steam/solar radiation to collector are
shown.

14 60
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{E385E55853 8

Fig. 16- The ratio heat absorbed by collectors, heat exchangers as well as
efficiencies of collector and the oil cycle
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The overall plant performance for each location is shown in Table 7.

Table 7- Plant performances for each location

City (Qexch/ QL) max (Neyele)max Annual steam supplied
Shiraz 65.7% 52.1% 37.8%
Yazd 60% 53.1% 34.3%

Lar 71.6% 51.1% 40.2%




For all cities, maximum cycle efficiency is less than 60% in summer and
maximum Qexch/Ql is less than 0.8.These values indicate that for the entire
period of daytime of all days of a year, system is not able to generate steam for
the rated power completely. Note, the system supply may exceed necessary
supply for certain hours around noon. However, with clean sky solar radiation
model results will be improved.

Conclusion

Based on the experimental measurement and mathematical simulation of the
thermal performances of the solar collector and solar thermal power plant, it can
be shown that:

1- Maximum performance of the present collector is much less than the
design condition.

2- 2- Temperature rise in the receiver is more sensitive to the collector
intercept factor as well as the mirror reflectivity.

3- For more appropriate optical properties of the collector, the field of
collectors can easily produce hot oil with temperature around 275 °C
after 8 AM in the summer.

4- With appropriate condition of the collectors’ field, it would possible to
produce steam and generate electricity in the turbine.

5- The best location for installing a solar plant is Lar, however, due to
higher humidity in Lar and more dry conditions in Shiraz and Yazd,
these cities are more appropriate locations.

For remote and south central part of Iran, solar power plant may contribute to
supply more sustainable energy with less pollution generation and would be
utilized with mach larger capacities within two decades.

Nomenclatures Hc.r Heat transfer coefficient for glass to metal
2
A. Area of the glass metal (m°) (W/m*°C) o )
A¢  Area of the oil section (m?) I, Direct solar beam irradiance (W/m°)
An Area of the pipe metal (m?) K¢ Thermal conductivity of oil (W/m °C)
C. Specific heat capacity of the glass metal K(6) Incidence-angle modifier
(J/kg °C) M¢ Oil mass in pipe per unit length
occupied(kg/m)

C;, Cloud factor

C: Specific heat capacity of oil (J/kg °C) My Oil mass in pipe(kg/s)

Cm Specific heat capacity of the pipe metal P~ Perimeter of the tankn(m)
(J/kg °C) Pp Qlameter of the pipes (m)

di Inner glass diameter (m) t Time(s)

d., Outer glass diameter (m) T.  Ambient temperature (°C)

d; Inner pipe diameter (m) Tc  Glass metal temperature (°C)

d,, Outer pipe diameter (m) T;  Oil Temperature (°C)

Aperture of a collector mirror module (m) Tm  Pipe metal temperature (°C) )
Hc.. Heat transfer coefficient for glass to air U Heat transfer coefficient from fluid to

(W/m2°C) ambient(W/m?°C)

®
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Uc Heat transfer coefficient for metal to oil normal to the aperture

(W/m?°C) 0, The angle of incidence of beam radiation on
UL Heat transfer coefficient for metal to air a horizontal surface

(W/m?°C) p  Average specular reflectance of the
V  Oil velocity (m/s) reflective surface

X Dimension of length (m)
o, Absorption factor of glass tube
Absorption factor of receiver

pe  Density of the glass metal (kg/m?)
pi  Density of the ail (kg/m®)
pm  Density of the pipe metal (kg/m°)
& Remittance factor of receiver t  Transmittance factor of glass tube
Y  Intercept factor (ta), Effective transmittance-absorptance
Mo  Optical efficiency factor at normal incidence
0  Angle of incidence of the sun’s rays on
the collector aperture measured from the
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