
J. Renewable Sustainable Energy 3, 063114 (2011); https://doi.org/10.1063/1.3671649 3, 063114

© 2011 American Institute of Physics.

Approach to designing a solar concentrator
for small-scale remote power application
Cite as: J. Renewable Sustainable Energy 3, 063114 (2011); https://doi.org/10.1063/1.3671649
Submitted: 25 July 2011 • Accepted: 27 November 2011 • Published Online: 23 December 2011

Khaled Metwally, Ahmed Makhlouf and Lamyaa El-Gabry

ARTICLES YOU MAY BE INTERESTED IN

Design, construction, and testing of a parabolic trough solar concentrator for hot water and
low enthalpy steam generation
Journal of Renewable and Sustainable Energy 4, 053103 (2012); https://
doi.org/10.1063/1.4751461

Low-cost small scale parabolic trough collector design for manufacturing and deployment in
Africa
AIP Conference Proceedings 1734, 020016 (2016); https://doi.org/10.1063/1.4949040

Design and construction of an experimental parabolic trough collector using low cost
alternative materials
AIP Conference Proceedings 2303, 110004 (2020); https://doi.org/10.1063/5.0029496

https://images.scitation.org/redirect.spark?MID=176720&plid=1828088&setID=405124&channelID=0&CID=673335&banID=520713627&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=26d1346e07ca0078109e906d4190f53d18657ef9&location=
https://doi.org/10.1063/1.3671649
https://doi.org/10.1063/1.3671649
https://aip.scitation.org/author/Metwally%2C+Khaled
https://aip.scitation.org/author/Makhlouf%2C+Ahmed
https://aip.scitation.org/author/El-Gabry%2C+Lamyaa
https://doi.org/10.1063/1.3671649
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.3671649
https://aip.scitation.org/doi/10.1063/1.4751461
https://aip.scitation.org/doi/10.1063/1.4751461
https://doi.org/10.1063/1.4751461
https://doi.org/10.1063/1.4751461
https://aip.scitation.org/doi/10.1063/1.4949040
https://aip.scitation.org/doi/10.1063/1.4949040
https://doi.org/10.1063/1.4949040
https://aip.scitation.org/doi/10.1063/5.0029496
https://aip.scitation.org/doi/10.1063/5.0029496
https://doi.org/10.1063/5.0029496


Approach to designing a solar concentrator for small-scale
remote power application

Khaled Metwally, Ahmed Makhlouf, and Lamyaa El-Gabrya)

Mechanical Engineering Department, The American University in Cairo,
11511 Cairo, Egypt

(Received 25 July 2011; accepted 27 November 2011; published online 23 December 2011)

A small-scale concentrated solar power (CSP) unit was designed to provide elec-

tricity and hot water using an organic Rankine cycle (ORC) for Egypt as part of an

undergraduate capstone project. The system was designed for a target power output

of 3 kW. It uses parabolic troughs to heat ethylene glycol used as the heat transfer

fluid, which absorbs heat in the trough collector and transfers it to the working fluid

through a heat exchanger. The system consists of 9 parabolic troughs and a total

aperture area of 67 m2, providing the required 3 kW of energy to the ORC. One par-

abolic trough was manufactured to test its thermal efficiency according to ASHRAE

standard 93-2003 [Methods of Testing to Determine the Thermal Performance of Solar
Collectors (ASHRAE, Inc., 1791 Tullie Circle, NE, Atlanta, GA 30329, 2003)] and

compared it to its calculated value. A simple microcontroller-based system was used to

track the sun. VC 2011 American Institute of Physics. [doi:10.1063/1.3671649]

I. INTRODUCTION

Parabolic troughs are a form of solar concentrators that use a parabola shaped reflector to

concentrate solar radiation on a focal line, thus heating up the passing fluid in the absorber

tube, located at the focal line.1 Parabolic troughs are the most commercially developed solar

concentrators and are the most popular due to their simplicity and economical advantage.2 One

of the most important plants that utilize parabolic troughs solar concentrator technology is in

the California Mojave desert, where nine parabolic trough plants have been in operation for

over 18 years, generating around 350 MW of electric power.3

The parabolic shape of the reflectors allows the light rays to reflect to a single focal point,

no matter where the light ray hits the reflector. However, this feature requires that the parabolic

trough is directly facing the sun and that is why a tracking system is used along with the para-

bolic trough.4 The tracking system has a system of photo-sensors that determine the location of

the sun and then sends the co-ordinates to a microprocessor, which in turn sends signals to

actuators to turn the device with the appropriate angle.5

An organic Rankine cycle (ORC) is a good choice to be used in conjunction with a small-

scale parabolic trough system, since lower temperatures are achieved in these systems. Unlike

the ORC, the conventional Rankine cycle uses water as its working fluid. In ORC systems, the

working fluid is a substance that vaporizes at low temperatures, and has more favorable thermo-

dynamic properties, that enable it to be more efficient than water in the heat exchange process.

Commonly, the used working fluids are silicon oils, hydrocarbons, and fluorocarbons.6

A simple illustration of the process is shown in Figure 1. In this case, the optical concen-

trator is the parabolic reflector, while the receiver is the absorber tube. The reflected rays heat

the absorber tube and the heat gained is transferred to the heat engine, which is the organic

Rankine cycle, where electricity is produced and the rejected heat can be used for heating

water.7

a)Author to whom correspondence should be addressed. Electronic mail: lelgabry@aucegypt.edu. Tel.: 202 2615-3096.

Fax: 202 2796 4180.
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Egypt is a country that has an annual average solar irradiance of over 20 MJ/m2 day,8 mak-

ing it very attractive for solar energy projects. Since the parabolic troughs are concentrating

systems, their efficiency is greatly dependent on the presence of direct sunlight. Therefore, in a

location where the skies are clear most of the year, as in Egypt, the performance of parabolic

troughs in power generation would be highly efficient. Currently, there are around ten flat plate

collector manufacturers in Egypt, while there are no parabolic trough concentrator manufac-

turers. The only use of parabolic troughs for concentrated solar power in Egypt is at the Kuray-

mat integrated solar combined cycle power plant recently commissioned. The troughs used

there are for heating the feedwater entering the heat recovery steam generator (HRSG).

Small-scale power production using parabolic troughs and an organic Rankine cycle was

done by a group from the Massachusetts Institute of Technology. They implemented their pro-

ject successfully in Lesotho9 with the aim of supplying electricity and hot water to remote vil-

lage communities. There are currently no small-scale low temperature concentrated solar power

(CSP) applications in Egypt that the authors are aware of. The current project aims to design,

construct, and test a parabolic trough collector suitable for production in Egypt with locally

available materials and commonplace manufacturing methods that will operate a low tempera-

ture CSP cycle. The advantage of using a low-temperature system is that it requires less heat to

drive the system and can, therefore, reduce the cost of the system. It also reduces the technol-

ogy requirements for the trough and absorber tube and allows for a system that can be designed

entirely from locally sourced materials and with available low-skilled labor.

II. DESIGN AND TEST SET-UP

A. Cycle design

The main design criterion is to generate 3 kW of power and hot water at 50 �C. Using this

as a starting point, certain assumptions were made.

1. The collector array would be able to heat the heat transfer fluid up to 150 �C.

2. The heat transfer fluid would cool down to 100 �C after it had transferred its energy to the

working fluid.

FIG. 1. Flow diagram for a solar thermal power plant.12
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3. The working fluid would be heated to 130 �C, a 20 �C drop in the heat exchanger, and cooled to

60 �C.

4. The water in the condenser would enter at 25 �C and leave at 50 �C.

This information was used to determine the total aperture area needed to satisfy the design

criteria.

The working fluid for the organic Rankine cycle was selected based on several criteria,

including thermodynamic performance, stability, cost, safety, and environmental factors. The

different cycle concepts depend heavily on the shape of the temperature-entropy diagram for

the working fluid being considered. The following is the list of selection criteria for the Ran-

kine cycle working fluid:

1. Thermal efficiency—The working fluid is selected to maximize the thermal efficiency of the

cycle under the given operating temperatures.

2. Fluid stability—the fluid needs to be thermally stable, specifically, the critical temperature of

the working fluid should be lower than the operating temperature of the cycle.

3. Safety—the working fluid needs to be non-toxic and cannot pose a safety hazard to the user.

4. Environment—the working fluid must have minimal impact on the environment. The fluid’s

ozone depletion and global warming potentials are evaluated as part of the selection process as

well as the atmospheric life time of the fluid.

5. Relative cost—the working fluid should be “affordable” per local standards and the materials

required for its safe use must also be low cost and locally available.

6. Volume flow rate—it should be high enough to meet pump specifications.

Using the digital logic method,10 a scoring model, the following fluids were ranked: R-12,

R-134a, R-22, Ammonia, R-245fa, Pentane, Toluene, and R-114. In this method, weights (a)

(which are the digital logic weights) are assigned to each of the criteria and values for each of

the criteria are obtained and normalized in relation to the other fluids. Multiplying the weight

of each criterion by its corresponding value, the merit parameter (c) is obtained and the fluids

are thereby ranked. Using the critical temperature criterion, R-12, R-22, and R-134a were elimi-

nated and ultimately R-245fa, having the highest score, was selected.

Having selected the working fluid, the conceptual design for the cycle is then considered.

Figure 2 shows a schematic of the cycle that was found to be most suitable based on the T-s

diagram of R-245fa.

FIG. 2. Cycle design for R-245fa.
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The thermal performance and other results for this cycle are shown in Table I. The required

heat for the cycle is 30.8 kWth (shown in the table with an arrow), and the heat removed in the

condenser is 27.8 kWth. Their difference gives 3 kW of work, which is the requirement. The

efficiency of the ORC is 9.75%, which is expected since the temperature range is between

60 �C and 130 �C (the Carnot efficiency is 17.37%). The cycle is shown in the T-s diagram in

Figure 3.

The useful energy is that which is absorbed by the heat transfer fluid. It is equal to the so-

lar energy that falls on the aperture minus the losses. The sources of losses include reflectivity

of the reflective surface, transmittance of the evacuated glass tube, and absorbtance of the

absorber. In addition, there are convection and radiation losses, which are lumped into an

upward heat loss coefficient,11

q ¼ GDNðsaqÞ � UL
Aabs

Aap

� �
ðTabs � TaÞ; (1)

TABLE I. Results for R-245fa in a cycle that produces 3 kWe and hot water.a

Parameter R-245fa

g 9.75

qH (KJ/kg) 186.5

qL (KJ/kg) 168.4

wT (KJ/kg) 20.3

wP (KJ/kg) 2.2

wnet (KJ/kg) 18.1

)QH (kWth) 30.8

QL (kWth) 27.8

m (kg/s) 0.165

Pmax (MPa) 2.335

Pmin (MPa) 0.464

aqH is the specific heat added by heat transfer fluid [kJ/kg], qL is the specific heat removed in the condenser [kJ/

kg], QH is the rate of heat added by the heat transfer fluid [kW], QL is the rate of heat removed in the condenser

[kW], P is the pressure [MPa], wT is the specific turbine work [kJ/kg], wP is the specific pump work [kJ/kg],

and wnet is the net specific work [kJ/kg].

FIG. 3. T-s diagram for cycle.
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where q is the useful heat gained by collector per unit area [W/m2], GDN is the direct normal

irradiation [W/m2], s is transmittance of the solar collector cover plate, a is the absorptance of

the collector absorber surface, q is reflectance of reflecting surface, UL is the upward heat loss

coefficient [W/m2K], Aabs is the absorber surface area [m2], Aap is the aperture area [m2], Tabs

is the temperature of the absorber plate [�C], and Ta is the ambient temperature [�C].

Aluminum sheets are used for the reflector. For the absorber tube, a finned copper tube

was used and enclosed in an evacuated Plexiglas tube. The vacuum was used to reduce losses

due to convection and the glass was used to reduce losses due to radiation. The fins were addi-

tionally used to increase conduction to the fluid. It was implemented to enhance the perform-

ance of the trough; however its exact effect was not tested. Figure 4 shows a schematic of the

absorber tube. A concentration ratio of 15 is used;12 the total aperture area required is 67 m2,

with an efficiency of 61%.

B. Structure design

A unit trough was designed with an aperture width of 1.5 m and a length of 5 m. Using

this unit trough design, 9 troughs are needed to meet the design criteria. Table II summarizes

the geometrical design results. This unit trough is supported by parabolic ribs along its length,

as shown in Figure 4. The parabola shape was first drawn on AUTOCAD using a visual basic

code. Visual basic is incorporated into AUTOCAD as an option for customization purposes. A

wooden mold was then created after the parabola was printed to size on a plotter. Next, a steel

bar was bent using a three-roller bending machine to the specifications of the wooden mold.

The opening in the parabolic rib section in Figure 5 is for the shaft used to rotate the unit

to track the sun. Stress analysis was performed on the entire designed unit to make sure it was

FIG. 4. Schematic of absorber tube cross section.

TABLE II. Geometric design of the parabolic trough.

Aperture width (m) 1.5

Trough height (m) 0.39

Trough length (m) 5

Focal length (m) 0.36

Rim angle (�) 92.3

Concentration ratio 15

Absorber diameter (mm) 34.5

Parabola equation y¼ 0.693 x2
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stable. Figure 6 is a schematic of the overall design of the parabolic trough collector including

the shaft and supports.

A prototype of the unit trough having the same design specifications is built and tested,

with the exception that the length of the prototype is 2 m. Figure 7 is a photograph of the as-

built prototype; it shows the parabolic rib, the shaft for transmitting the torque, as well as the

evacuated absorber tube, flexible hoses, and support structure.

C. Tracking system

A simple microcontroller based approach is used for solar tracking. For simplicity, the

driver was designed for constant rate tracking. The tracking mechanism is photographed in

Figure 8. It consists of the following:

1. Motor driver

2. Stepper motor

3. Gearbox

The driver has the main function of driving the motor through controlling the number of

steps and the time between steps. The driver can either move the motor for a given time auto-

matically or manually adjust the position without a time step. Upon turning on the motor, the

user is asked to input the following variables:

X: Number of steps for manual adjustment.

Y: Number of steps for automatic motion.

T: The time between each successive step.

FIG. 5. Parabolic rib.

FIG. 6. Overall parabolic trough design layout.
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The time (T) is left as a variable so that it can be adjusted based on the movement of the

sun throughout the year.

In order to select the stepper motor and the gearbox, the maximum torque of the parabolic

trough unit at its position of maximum loading was determined. Then a high torque stepper

motor was selected as well as a gearbox with a suitable reduction. The results are shown in

Table III.

As an example of the tracking, given that the step angle for the stepper motor is 1.8�, and

the reduction ratio is 30, that means for a step on the motor, the trough should move 0.06�.
The sun completes 180� during the day, thus 3000 steps (Y) are required from the motor per

day. For a typical day with 12 h of sunlight, the time interval between each step would be 14.4 s (T).

FIG. 7. Manufactured prototype of parabolic trough collector.

FIG. 8. Tracking system setup. Motor driver (1), Stepper motor (2), Gearbox (3).
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The tracking system power was not included in the 3 kW requirement, since it was used experi-

mentally on one trough.

D. Test setup

According to ASHRAE 93-2003,13 the standard that addresses methods of testing to deter-

mine the thermal performance of solar collectors, the efficiency of the parabolic trough can be

determined using Eq. (2)

g ¼ _mcpDT

GDNAap
; (2)

where _m is the mass flow rate, cp is the specific heat capacity, and DT is the temperature rise

of the heat transfer fluid in the collector.

In order to calculate the efficiency, an open loop set-up configuration is used. Tap water is

used to fill the supply tank and a pump is used to circulate the water from the tank through the

absorber tube, hoses, and other connections. The water upon leaving the absorber tube outlet

hose is dumped to the surroundings. The open loop configuration is shown in Figure 9. This

arrangement differs from the closed loop configuration in which water is continually re-

circulated and a heat exchanger is required to remove heat before re-circulating the heat trans-

fer fluid back through the absorber.

TABLE III. Torque calculations.

Maximum torque 180 Nm

Motor torque 8.5 Nm

Minimum reduction 21

Gearbox reduction 30

FIG. 9. Test apparatus in open loop configuration.
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The parabolic trough was aligned in the north south direction. The heat transfer fluid (water

for test purposes) inlet temperature to the absorber tube and outlet temperature are measured

using type-K thermocouples in the flow stream. The direct solar irradiance was approximated

with a Daystar DS-05A solar meter. The flow rate is measured using a rotameter.

To determine the maximum temperature of the absorber tube surface, the pump was

stopped to keep water from circulating and the maximum temperature was measured.

III. RESULTS AND DISCUSSION

Tests were carried out at the American University in Cairo campus in New Cairo, Egypt

(about 35 km of Cairo) in Spring 2010. Table IV shows a sampling of the open loop test results

obtained during the period between 1:15 and 2:15 pm on May 27, 2010. During open loop test-

ing, the flow rate of the pump was kept constant at 0.13 l/s. The time shown in the table is in

solar time. The average temperature difference was 2� for an average solar irradiance of 670

W/m2. The average collector efficiency was found to be 55% while the predicted theoretical

value was 62.9%, i.e., there is a 12.5% deviation in performance from the theoretical value.

The maximum surface temperature on the copper absorber tube reached 192 �C; this tem-

perature was obtained when the system was purged of any heat transfer fluid. The fluid was

then recirculated in a closed loop arrangement to allow heat to build up in the fluid. This was

done in order to determine the temperature of the copper tube surface and the maximum water

temperature. When testing began, the temperature of the copper tube surface was 101 �C, while

the water temperature reached 90.1 �C.

Regarding the closed loop testing, the temperature of the copper tube surface reached

192 �C, which is a positive result. This means that the maximum attainable temperature of a

fluid circulating through the trough cannot surpass this value. So this value supports the fact

that the aluminum sheets were focusing the solar radiation on or near the focal line, enough to

be intercepted by the area of the receiver tube.

In order to get more meaningful results, testing should have been done throughout the year

to account for different weather conditions. Given the time period of the senior project, it was

not possible to test the parabolic trough for various weather conditions. The performance was

evaluated for the time period mentioned.

When the closed loop testing began, the temperature of the copper tube surface was

101 �C, while the water temperature reached a maximum of 90.1 �C. This temperature reaffirms

the fact that had ethylene glycol been used, which has a smaller specific heat than water, the

design value would have been attained.

TABLE IV. Open loop testing results.a

Time Tin Tout DT G (W/m2) g (%)

12:33 24.8 26.6 1.8 690 47.3

12:38 24.8 26.8 2 720 50.3

12:43 25.2 27 1.8 685 47.6

12:48 25.4 27.7 2.3 684 60.9

12:53 26.2 28.1 1.9 644 53.4

12:58 27 29 2 638 56.8

1:55 27.5 29.4 1.9 645 53.4

2:00 28.1 30.4 2.3 660 63.1

2:05 28.7 30.9 2.2 662 60.2

2:10 28.7 31.2 2.5 650 69.7

2:15 28.5 30.4 1.9 643 53.5

aTin is the inlet temperature of the heat transfer fluid [�C], Tout is the outlet temperature of the heat transfer fluid

[�C], DT is the temperature difference of the heat transfer fluid [�C], G is the global solar irradiation [W/m2],

and g is the thermal efficiency.
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The collector efficiency ratings deviated from the theoretical values. Several things could

account for this including deviations from the assumed reflectivity, transmittance, and absorp-

tivity of the aluminum, Plexiglas, and absorber tube, respectively. There may also be errors in

the temperature measurement with the thermocouples; a single thermocouple was used to mea-

sure inlet temperature, and there may be temperature variation across the inlet section. There

was also a lack of synchronization between the inlet and outlet temperature as they were not

read simultaneously by the data logger but rather they were read via a hand-held read-out.

Also a device that measures direct normal radiation was not used. Equipment such as the

pyranometer to measure global solar irradiance was used. Although concentrating solar collec-

tors only make use of direct normal radiation, a measurement of the direct normal radiation

requires more expensive and complex systems than the pyranometer which is used to approxi-

mate the direct normal radiation, since most of the radiation in Egypt is direct with a very small

portion being diffuse.

Furthermore, the Plexiglas melted after several hours of operation, ruining the vacuum that

was made, which lead to higher convection losses. Another material should have been used,

considering that it is now known that temperatures of at least 190� are possible.

Another source of error could result from the fact that an electric heater was not used to

control inlet temperature. According to the ASHRAE standard, an electric heater should be

used to adjust the inlet temperature to the ambient temperature. This would reduce errors due

to the influence of the ambient temperature, given that it was around 30 �C during the testing

period.

Finally, deflections in the copper tube caused by the welding of the fins/extensions on the

absorber tube most likely caused it to deviate from the focal line. In the future, an improved

method of fixing the fins onto the tube is required that will minimize the deflection and bowing

due to uneven heating during welding.

IV. CONCLUSIONS

A prototype of a low-cost parabolic trough collector was designed, manufactured, and

tested as part of an undergraduate capstone project. The collector was designed to provide heat

required to power a 3 kWe organic Rankine cycle. The collector assembly consists of a reflec-

tive surface made of thin aluminum sheets and an absorber tube made of a copper tube with

fins that is coated and sealed in an evacuated Plexiglas tube. A simple microcontroller is used

to rotate the collector from east to west to track the sun.

The thermal efficiency of the collector is measured using an open loop test configuration

and found to be 55% efficient, deviating from predicted theoretical collector efficiency by

12.5%. The maximum temperature of the copper surface is 192 �C, while the system was

purged of heat transfer fluid and dropped to 101 �C when water was circulated through the col-

lector demonstrating that significant temperatures can be obtained using simple, locally avail-

able, and easy to manufacture materials.

In conclusion, the assembly was successfully built and yielded results that are satisfactory.

Possible faults were identified and upon their correction, the next steps can be taken.
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