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Received 26 Mar 2026, Abstract: This study investigates the performance of a 10 kVA concentrated solar
Revised 29 June 2026, thermal power plant operating with a Rankine cycle, tailored to the solar irradiance
Accepted 30 June 2026 conditions of Ouagadougou, Burkina Faso. The concentrating solar technology employs

a solar field composed of Reflectech Plus Mirror Film modules (reflectivity 93%) to
Keywords: focus solar irradiation onto a SCHOTT PTR 70 receiver tube. Synthetic thermal oil
v Parabolic trough collector; transfers the thermal energy to a steam generator, which feeds a Rankine cycle using
v' Concentrated solar power; water as the working fluid. The Electratherm Green Machine twin-screw turbine
v' Rankine cycle; (efficiency 75%) coupled with an alternator (efficiency 91%) generates a gross power
v" Decentralized electrification; of 11 kW, resulting in a net power of 10 kW after accounting for 8% auxiliary losses.
v’ Burkina Faso The solar field efficiency reaches 33.76%, the Rankine cycle efficiency is 33.52%

o ) (compared to 37.4% for the Carnot cycle), and the overall plant efficiency is 11.32%. A
Eg;ti'or,\‘l: %'SSQK;H Ksabo(rzeozBé), molten salt-based thermal storage system enables continuous power production after
Performénce”Study ofa 10 kvA  Sunset. Optimizations such as steam superheati_ng or hybrid.ization with photovoltaic
Parabolic Trough Concentrated systems could further enhance performance. This concentrating solar power plant has
Solar  Thermal  Mini-Power  very low impacts compared to conventional energy sources. It avoids the emission of
(PJI?:T; OJpe;;‘th% Wét:vf‘r;anlg::?e several tonnes of carbon dioxide (CO:) per year while producing neither atmospheric
1%/(7)" 1056-1067. B pollutants nor radioactive waste. Thanks to thfa use of recycla}ble _reflective mirr.ors and

molten salt thermal storage, the carbon footprint over the entire life cycle remains very
low.

1. Introduction

Global energy consumption remains dominated by fossil fuels, accounting for 81.4% of primary
energy in 2015, down from 86.7% in 1973, according to the International Energy Agency (IEA, 2017),
(Smil, V. 2017). This reliance leads to environmental impacts such as pollution and climate change, as
well as economic consequences including rising resource costs and energy insecurity (IEA, 2023),
(IPCC, 2022). Renewable energies, particularly solar energy, offer a sustainable alternative, especially
in high-irradiation regions like Ouagadougou, Burkina Faso, with a global horizontal irradiance (GHI)
of 471.7 W/m? and direct normal irradiance (DNI) of 364.6 W/m? (Lucas, 1980); (M. Collares Pereira
et al.1979). Among solar technologies, concentrated solar power (CSP) systems, such as parabolic
trough collectors, enable electricity generation through a thermodynamic cycle like the Rankine cycle
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(Salazar et al. 2017); (Bellos et al. 2019); (Byiringo et al. 2025a&b). The objective of this study is to
model a 10 kKVA parabolic trough solar power plant to explore a new application segment for
decentralized electrification. The modeling encompasses the solar field, heat transfer system, and
power block. It also examines optimization prospects to improve overall efficiency, based on local
irradiance data and component characteristics, thereby providing a reproducible sizing methodology
scalable across the West African sub-region. This contributes to knowledge transfer and addresses
energy needs in the context of the transition to clean energies (IRENA, 2023). From an environmental
perspective, this concentrating solar power plant has very low impacts compared to conventional
energy sources (Hernandez al., 2014). It avoids the emission of several tonnes of carbon dioxide (CO-)
per year while producing neither atmospheric pollutants nor radioactive waste. Thanks to the use of
recyclable reflective mirrors and molten salt thermal storage, the carbon footprint over the entire life
cycle remains very low (Heath et al., 2012). Installed in Ouagadougou, this facility would significantly
reduce dependence on highly polluting diesel generators, which are still widely used in Burkina Faso,
while promoting the development of clean, local, and sustainable energy.

2. Materials and Methods

2.1 Principle of System Operation

The concentrated solar power (CSP) plant comprises three main components: the solar field, the
heat transfer system, and the power block; thermal storage and backup are optional (Mehos et al. 2020),
(IEA, 2014), (Gauché et al., 2017). The solar field utilizes parabolic trough collectors equipped with
Reflectech Plus Mirror Film (reflectivity 93%) to concentrate solar irradiation onto a SCHOTT PTR
70 receiver tube (Digrazia et al., 2010), (SCHOTT Solar CSP GmbH, 2013). Synthetic thermal oil,
selected for its thermal stability, transfers the thermal energy to a steam generator, which supplies a
Rankine cycle using water as the working fluid (Vignarooban et al., 2015). The Electratherm Green
Machine twin-screw turbine (efficiency 75%) and alternator (efficiency 91%) produce a gross power
of 11 kW, vyielding a net power of 10 kW after 8% auxiliary losses (Ferriere, 2017). A molten salt-
based thermal storage system (sodium and potassium nitrates) extends electricity production after
sunset. The concentrated solar thermal power plant operates on the principle of indirect steam
generation. Figure 1 illustrates the schematic diagram of the operating principle of a concentrated solar
thermal power plant.

Heat Transfer Fluid Working Fluid

Concentration ,
Svstem Concentrated Radiation

Figure 1. Schematic diagram of the operating principle of a concentrated solar thermal power plant
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2.2. Modeling of System Components

2.2.1. Solar Field Configuration

The solar field configuration, consisting of four parabolic trough collectors arranged in two strings
of two modules in series, optimizes land use and minimizes earthworks and leveling requirements
(Collares Pereira, 1979), (Kecman et al., 1969). The amount of heat absorbed by the solar field is given
by Eqn. 1 (Duffie et al., 2013), (Lovegrove et al., 2012) :

Qabs = Nopt- DNI. A7 Eqgn. 1

Where Q.= useful heat captured by the collectors (W), n,,.= optical efficiency of the collector,
DNI=direct normal irradiance (W/m?), A= total aperture area of the solar field (m?)
The amount of heat lost by a collector is given by Eqn. 2 (Duffie et al., 2013):

Qp = Uy Aaps- (T — Tamp) Eqgn. 2

Where Q,,= heat lost by a collector (W) , U,= overall heat loss coefficient (W/m2-°C), A= absorber
surface area (m?), T,,,= average temperature of the heat transfer fluid (°C), Ty,,,,= ambient
temperature (°C)

The amount of heat transferred to the heat transfer fluid is given by Eqn. 3 (Chassériaux, 1984) :

Qu = mf' Cp- (Tout — Tint) Egn. 3
Accounting for the thermal losses of the collector, we obtain:
Qu = Qaps — Qp Eqgn. 4

Where Q,,= useful heat transferred to the heat transfer fluid (W), C,= specific heat capacity of the
fluid (J/kg-°C), m "= mass flow rate of the heat transfer fluid (kg/s), Ty, Tin= OUtlet and inlet

temperatures of the heat transfer fluid in the absorber (°C)
The efficiency of the solar field is given by Eqn. 5 (Duffie et al., 2013) :

Mgy = —4— Eqn.5

N Arxlincident
In terms of the optical efficiency and the heat loss coefficient, the solar field efficiency becomes:

UL-(Tm=Tamp)
Nsr = Nopt — - DNI : Eqgn. 6

Where 7= solar field efficiency, DNI =The direct normal irradiance (\W/m?)

Thermal efficiency, which represents the fraction of the solar energy absorbed by the receiver tube
that is effectively transferred to the heat transfer fluid, is given by Eqn. 7:

_ Qu
T’th Qabs

Where n,,= thermal efficiency of the receiver, Q,,= useful heat transferred to the heat transfer fluid
(W), Q5= absorbed solar energy by the receiver tube (W)

In terms of thermal losses, the thermal efficiency becomes:

Nep =1 — % Eqgn. 8
Qabs

The input parameters for the solar field include the inlet and outlet temperatures of the heat transfer

fluid, direct normal irradiance, ambient temperature, and wind speed. The outputs include the mass
flow rate, solar field efficiency, and absorbed energy.

Eqgn. 7
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2.2.2. Heat Transfer System

The heat transfer in the concentrated solar thermal power plant is ensured by a network of pipes
that transport the heated heat transfer fluid from the solar field to the power generation unit and
return it to the solar field after cooling.

2.2.3. Steam Turbine

The turbine is the key component of any steam power plant. It converts the thermal energy of the
steam into mechanical rotational energy. The efficiency of a turbine is measured by comparing its
power output to that of an ideal (isentropic) turbine. The efficiency of the steam turbine is given by
Eqgn. 9:

Ny = —W;L;t:al Eqn. 9
Where 1,= turbine efficiency, W, ;= actual power output from the turbine (W), W;= isentropic
power output of a turbine operating with the same mass flow rate and between the same two

pressures (W)
Actual power is always expressed in terms of the fluid properties at the turbine inlet and outlet. It is

given by Eqn. 10 (Moran et al., 2014):
Wactual = m(hin - hout,actual) Eqn. 10

Where hgyt qcruar = actual specific enthalpy at the turbine outlet (J/kg)

2.2.4. Electric Generator

The electric generator converts the mechanical energy from the turbine into electricity. The
electrical power produced by the concentrated solar thermal power plant is given by Eqn. 11
(Lovegrove et al., 2012):

Per = Noverrair- Qabs Egn. 11

Where P,;= electrical power generated (W), 1,verrqu= OVerall system efficiency, including optical,
thermal, and mechanical losses.

2.2.5. Condenser

The condenser condenses the steam exiting the turbine into liquid water. It rejects heat to the
environment through air or water cooling. The cooling maintains a low pressure at the turbine outlet,
thereby increasing the cycle efficiency.

The heat rejected by the condenser is given by Eqn. 12 (Moran et al., 2014):

Qout = Myap (Nyapout — Niig) Eqn. 12
Where Q,,,.= rejected heat (W), r = mass flow rate of steam (KQg/s), oyt rurbine = SPECific enthalpy
of steam at the turbine outlet (J/kg), k¢ conaensate = SPECIfiC enthalpy of liquid water after
condensation (J/kg).

2.2.6. Pump
Liquid water is pumped from the condenser back to the high-pressure steam generator, closing the

Rankine cycle. The pump provides the mechanical work required to increase the water pressure
(Moran et al., 2006). The mechanical work of the pump is given by Eqn. 13:

Cisse et al., J. Mater. Environ. Sci., 2026, 17(7), pp. 1056-1067 1059



Woump = MyapV(Pout — Pin) Eqgn. 13

Where Wy,,mp»= Work required by the pump (W), v= specific volume of water (m¥kg), P,,,.= outlet
pressure of liquid water (Pa), P;,= inlet pressure of liquid water (Pa)

2.2.7. Overall Thermodynamic Efficiency of the Rankine Cycle

The overall thermodynamic efficiency of the Rankine cycle evaluates the effectiveness of
converting heat into electricity for the entire power block (Bejan, 2016). The efficiency of the Rankine
cycle is given by Eqgn. 14:

_ Wturbine_Wpump

ng = » Egn. 14

2.2.8. Overall System Efficiency

The overall system efficiency, also known as sun-to-electricity efficiency, is the ratio of the net
electrical power produced to the incident solar energy on the collector field (Lovegrove et al., 2012).
It is given by Egn. 15:

P
Nsystem = ATxeDlNI Eqgn. 15
Where 7,,,5¢em = 0verall system efficiency (sun-to-electricity, P,,= net electrical power output (W),
DNI= direct normal irradiance (W/m?)
Monthly solar irradiance data for the city of Ouagadougou, obtained from the Kamboinsé
meteorological station, are presented in Table 1.

Table 1. Monthly solar irradiance values

Mois GHI (W/m?) DNI(W/m?)  Ensoleillement (kWh/m2)
January 451.8 441.0 4.52
February 440.6 356.1 4.41
March 497.7 330.1 4.90
April 499.8 353.9 4.98
May 480.9 288.0 4.97
June 463.8 304.5 4.74
July 443.1 283.7 4.59
August 407.7 238.1 4.40
September 480.7 304.7 451
October 540.5 581.7 4.70
November 472.0 452.1 4.65
Décember 481.2 441.0 4.50
Annual average  471.7 364.6 4.65

Le SCHOTT PTR 70 receiver tube minimizes thermal losses (UL) at an ambient temperature of 298.15
K. The KT 800 MULT]I open-type cooling tower was selected for its efficiency and low cost, featuring
corrosion protection measures (plastic piping, strainers, filters). Molten salts, with a volumetric heat
capacity of 2.4 J/°C-cm?, are used for thermal energy storage, with two tanks (one for cold salt at ~200
°C and one for hot salt at ~290 °C).
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Table 2. Characteristics of the Green Machine (ElectraTherm) (Ferriere, 2007)

Parameter Value
Nominal electrical power 10-40 kW at 350-470 V / 3 phases / 50-60 Hz
Power factor 97 %
Alternator type Induction
Turbine type Twin-screw turbine
Turbine efficiency 75 %
Alternator efficiency 91 %
Overall thermal efficiency >8 %
Working fluid Water

2.3. Assumptions

- The model assumes constant clear-sky conditions with fixed maximum irradiance, which may
not reflect real variations due to weather changes (e.g., clouds).

- No soiling or degradation of surfaces is considered.

- Shading and blocking losses are neglected.

3. Results and Discussion
3.1. Solar Field Performance

Figure 2 presents the amount of heat absorbed by the collectors, the amount of heat lost by the
collectors, and the useful heat quantity. Figure 2 shows the linear evolution of the absorbed heat flux
Qabs and useful heat flux Quas a function of direct normal irradiance (DNI), reaching 52.7 kW and 49.5
KW respectively at 900 W/mz.
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Figure 2. Amount of heat absorbed by the collectors, amount of heat lost by the collectors, and
useful heat quantity

Thermal losses Q_loss remain very low, varying from 1.3 kW to 3.2 kW, representing less than 6% of
the absorbed heat at full power. This result demonstrates excellent control of heat fluxes thanks to the
use of an evacuated receiver tube with a selective coating. Although these losses increase slightly with
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solar irradiance (Lovegrove et al., 2012), the phenomenon of convection and radiation to the
environment is minimized by the SCHOTT PTR 70 receiver tube. The latter ensures high thermal
performance of the parabolic trough solar field due to its very low heat loss coefficient U.. Figure 3
shows the influence of the absorber heat loss coefficient on the solar field efficiency.

Figure 3 shows that the solar field efficiency increases with irradiance for all heat loss coefficients,
rising from 0% to approximately 50-65% at 900 W/m2. At high irradiance levels, the maximum
efficiency (68%) is achieved with the lowest heat loss coefficient (10 W/K), while it drops to 64% for
20 W/K. Increasing this coefficient from 10 to 20 W/K results in a progressive decrease in efficiency,
as thermal losses become more significant. The gap between the curves widens as irradiance increases,
highlighting that a low heat loss coefficient is critical to maximize energy output under high solar
irradiation (Lovegrove et al., 2012); (Kennedy, 2002).
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Figure 3. Influence of the absorber heat loss coefficient on solar field efficiency

Figure 4 shows the influence of the collector aperture area on solar field efficiency. Figure 4 shows
that the efficiency increases with irradiance for all solar field aperture areas, rising from 0% to 68—71%
at 900 W/m2. The maximum efficiency (71%) is achieved with an aperture area of 150 m?, decreasing
to 68% for 50 m2. Increasing the aperture area enables greater energy capture, resulting in a progressive
improvement in efficiency across all irradiance levels (Stine et al., 2001). Indeed, the efficiency
depends on the absorbed heat, which is directly proportional to the solar field aperture area (Lovegrove
etal., 2012). Finally, this figure illustrates the electrical power generated by the system for the different
direct normal irradiance values. Figure 5 illustrates the influence of the solar field aperture area on the
electrical power generated for different values of solar irradiance. Figure 5 shows that the electrical
power output increases strictly linearly with the solar field aperture area for each value of direct normal
irradiance (DNI). At 900 W/m?, the power rises from 6.7 kW, (for 50 m?) to 20.1 kW, (for 150 m?).
The nominal power value is reached between 78 and 80 m?, thereby validating the consistency of the
selected sizing. Although the marginal gain slightly decreases at larger aperture areas due to increased
losses (such as piping or auxiliary consumption), extending the solar field significantly boosts
production while maintaining a favorable overall efficiency (Lovegrove et al., 2012); (Bhutka et al.,
2016). These results provide an essential foundation for techno-economic optimization of small-scale
parabolic trough systems.
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Figure 4. Influence of the collector aperture area on solar field efficiency

35 T T T T T
—e—A_ =50 m?
—E—AT =75 m?
30 F
A, =100 m?
—w—A_ =125 m?
25 —6—A_ =150 m?

N
o

Electrical power (kW)
&

-
o

0 100 200 300 400 500 600 700 800 900
Direct irradiance (W/m?)

Figure 5. Influence of the solar field aperture area on the electrical power generated

Figure 6 illustrates the influence of the solar field aperture area on the electrical power output over
24 hours. Figure 6 shows that the hourly electrical power output is proportional to the solar field
aperture area at a peak direct normal irradiance (DNI) of 900 W/m2. At noon, the power peak increases
from 11.2 kW (for 50 m?) to 17 kW (for 75 m2), with a substantial rise for larger areas: 22 kW for 100
m2 and 34 kW for 150 m2. However, increasing the aperture area beyond 100 m? yields only marginal
gains in specific efficiency. Such an extension of the field is therefore justified primarily to increase
overall energy production or to supply a more powerful turbine, highlighting an optimization plateau
for the technical sizing of the system.
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Figure 6. Influence of the solar field aperture area on the electrical power output over 24 hours

3.2. Thermal efficiency of the thermodynamic cycle

Figure 7 illustrates the thermal efficiency of the thermodynamic cycle as a function of temperature.
Figure 7 shows that at an operating temperature of 250 °C, the thermal efficiency is 27% for the
Rankine cycle compared to a theoretical Carnot limit of 41%. At the operating temperature of 300 °C,
the Rankine cycle efficiency is 30% while the Carnot efficiency is 46%. For an optimal temperature of
400 °C, the Rankine cycle thermal efficiency reaches 36% against 54% for the Carnot cycle. These
results demonstrate that the thermal efficiency of the thermodynamic cycle increases with increasing

operating temperature.
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Figure 7. Thermal efficiency of the thermodynamic cycle as a function of temperature

3.3. Optimization of operating temperature

Figure 8 illustrates the overall system efficiency and temperature difference as a function of
temperature. Figure 8 shows that the overall efficiency is 16.8% at an operating temperature of 250
°C. When the operating temperature increases to 300 °C, the overall efficiency is 15.8%, and it rises to
20.5% at 350 °C. For the optimal temperature of 400 °C, the maximum overall system efficiency
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reaches 22%. This result indicates that the overall system efficiency increases with increasing operating
temperature. It can be concluded that a higher operating temperature provides better system

performance.
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Figure 8. Overall system efficiency and temperature difference as a function of temperature

3.4. Potential Optimizations

Several optimization prospects can be considered. Increasing the temperature of the heat transfer
fluid beyond 400 °C could enhance the system efficiency but would require materials capable of
withstanding high pressures. Similarly, a larger thermal storage capacity could meet prolonged energy
demand. Furthermore, hybridization with photovoltaic panels could increase overall production and
reduce the cost per unit of power output. Concentrated solar power (CSP) plants require significant
land area, which increases investment costs. Optimization of parabolic trough collectors—such as
improved optical efficiency or the use of lower-cost materials—could make the technology more
accessible and economically viable for decentralized applications, as suggested by several researchers
(Halimi et al., 2023); (Abed et al., 2024); (Chaanaoui et al., 2026); (Santillon et al., 2026).

Conclusion

This study demonstrates the technical feasibility of a 10 k\VA concentrated solar thermal mini-power
plant optimized for the Sahelian context, particularly in Ouagadougou, Burkina Faso. The use of high-
performance components, such as Reflectech Plus Mirror Film (93% reflectivity) and the SCHOTT
PTR 70 evacuated receiver tube, enables excellent thermal flux management with losses limited to less
than 6%. The analyses show that the thermal-to-electrical efficiency stabilizes at a remarkable 24% for
DNI values above 600 W/m?, proving the system’s effectiveness even under moderate irradiance
conditions. The solar field aperture area, ideally sized between 78 and 100 m2, ensures a nominal
electrical output of 10 kW while minimizing investment costs. The integration of a molten salt thermal
storage system represents a major advantage, increasing the daily capacity factor from 22% (without
storage) to 55% (with storage). This technology guarantees more than 17 hours of continuous
operation, delivering stable power of 16.2 kW. after sunset to meet nighttime peak demand.
Furthermore, the study highlights that raising the operating temperature toward 400 °C could achieve
a maximum overall system efficiency of 22%. These results confirm that small-scale CSP plants with
thermal storage offer a dispatchable and economically relevant solution for decentralized electrification
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in West Africa. Future optimizations, such as photovoltaic hybridization or steam superheating, could
further enhance performance. In conclusion, this model provides a reproducible sizing methodology
that supports the transition to clean energy in the sub-region.

Disclosure statement: Conflict of Interest: The authors declare that there are no conflicts of interest.
Compliance with Ethical Standards: This article does not contain any studies involving human or
animal subjects.
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