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Highlights

From this analysis, the main contributions follow:

e A maximum electrical output of 10.85 kW is achieved at Te=400K.

e A ssolar electric energy yield of 43.78% is achieved at an optimum frequency of 18Hz.

e Electrical power, energy efficiency, internal thermal losses, regenerator inefficiency
and gas spring hysteresis are discussed.

e Heat loss due to the regenerator's imperfection is the highest in the Dish/Stirling
system, at 0.520 kW.
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Highlights
e A maximum electrical output of 10.85 kW is achieved at Te=400K.
e A solar electric energy yield of 43.78% is achieved at an optimum frequency of 18Hz.
e Electrical power, energy efficiency, internal thermal losses, regenerator inefficiency
and gas spring hysteresis are discussed.
e Heat loss due to the regenerator's imperfection is the highest in the Dish/Stirling
system, at 0.520 kW.

Abstract

Stirling cycle machines are used in both motor and receiver cycles. The Stirling cycle engine
has good potential for use due to advantages such as external combustion and fuel flexibility.
This study presents a Dish/Stirling system to capture solar energy for electricity generation by
optimizing its energy performance. The system comprises a solar collector to convert solar
energy into heat, a Stirling engine to convert heat into mechanical energy, and an alternator to
convert mechanical energy into electrical energy. The Schmidt model with imperfect
regeneration is used, taking into account work losses due to gas spring hysteresis. In addition,
thermal losses from the solar collector are taken into account in this model. Numerical
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modeling was performed using MATLAB software. The impact of operational and design
elements on the energy performance of the system are studied. Two objective functions were
studied, namely solar electric power and solar electric energy efficiency. The results reveal
that the present Dish/Stirling explores an improvement in solar electric energy efficiency of
7% in particular in the absence of consideration of fluid friction losses. Optimum solar
electric energy vyield is 43.78% at f=18Hz, a maximum electrical power is 10.85 kW at
Te=400K. Finally, the heat loss due to regenerator imperfections is greatest for the
paraboloidal concentrator, with a value of 0.520 kW, while the smallest loss is that due to gas
spring hysteresis, with a value of 0.045 kW. This system can be used for lighting in non-
electrified areas.

Key words: Stirling cycle; Dish/Stirling; Electricity; Thermal losses; Energy performance.

1. Introduction

Faced with the disastrous environmental consequences of fossil fuels, the search for
alternative technological solutions has become an absolute priority. The sun, an abundant and
renewable source of energy, is at the heart of sustainable development strategies for a cleaner,
safer energy future. Thermodynamic solar power is an energy technology that harnesses the
photothermal conversion of solar energy into electricity, using concentration and
thermodynamic conversion systems. Thermodynamic solar power converts solar energy into
heat, which is then used to turn a turbine and generate electricity, as well as to provide heat
for industry. What sets the Dish/Stirling system apart from other concentrated solar power
systems is its modular design, which makes it particularly suitable for small-scale power
generation, offering a flexible and efficient solution. In an earlier study, Nassar et al. [1]
proposed an innovative hybrid energy system, integrating Dish/Stirling concentrating solar
technology and anaerobic biomethanization, to meet Libya's energy needs while reducing
greenhouse gas (GHG) emissions and promoting a circular, sustainable economy. The energy
assessment shows that the hybrid system will generate 5,670,534 kWh of electricity annually,
with a maximum capacity of 1,230 MW, enhancing energy reliability. The project requires
initial financing of $12.365 million, with a competitive energy cost and payback period of
20.04 years, reducing CO, emissions by 7.8 kilotonnes per year [1]. A study by Khawaldeh et
al. evaluated and compared the energy and economic performance of the national grid power
supply and the Dish/Stirling energy generation system for a residential building in Mafraq,
Jordan. The results of the study highlight the potential of the Dish/Stirling system as a reliable
energy solution, capable of generating electricity efficiently even under adverse climatic and
environmental conditions [2]. Depending on their operational architecture, Stirling
thermomechanical conversion systems can be categorized into free piston and
crank/kinematic devices and [3]. In the kinematically linked Stirling machine, the fluctuating
dynamic pressure of the working fluid is converted into mechanical energy via an articulated
motion conversion mechanism, which links the mutually moving elements, notably the
displacer and the power piston, within the engine enclosure. The Free Piston Stirling Engine
(FPSE) replaces the conventional transmission system with a set of internal springs coupled to
the displacer and power piston, thus eliminating kinematic linkage mechanisms. The
movement of the moving parts is then governed solely by fluctuations in the dynamic pressure
of the working fluid, giving this type of motor significant advantages, including longer service



life, reduced acoustic noise, elimination of maintenance operations, minimized vibration,
autonomous starting and high thermodynamic efficiency [3, 4]. Because of its intrinsic
advantages, FPSE technology is particularly suitable for a variety of applications, including
solar energy conversion systems (Dish/Stirling) [5], cryocoolers [6] and micro-electric and
thermal cogeneration systems (micro-CHP). The latter system enables simultaneous
production of electricity and heat from the same energy source, and compact units (micro-
CHP) have been available for domestic applications for some years now [7]. In addition, the
free piston Stirling engine (FPSE) is the main industrial unit used for solar power generation.
Its design and manufacturing challenges include start-up (a necessary condition), which can
be difficult due to the need to reach a certain level of temperature and pressure to initiate the
heat cycle. But preheating systems, such as the use of auxiliary heat sources, can be integrated
to facilitate this start-up phase. Obtaining a stable limit cycle in its dynamics (sufficient
condition) is also a challenge, because for this engine to operate efficiently, it must reach a
stable limit cycle, where temperature and pressure conditions remain constant despite load
variations [8]. As a result, its design must take into account thermal management and gas
dynamics. And this can include optimizing heat exchangers to ensure efficient heat transfer
between the gas and the surrounding media. Also dynamics control for the adjustment of
operating parameters, such as rotational speed and piston geometry, to maintain cycle stability
[9]. Finally, the use of materials capable of withstanding temperature variations without
deforming, to guarantee engine reliability and durability [10]. Coupled with solar dishes, free-
piston Stirling engines play a crucial role in the efficiency and durability of Dish/Stirling
systems. Their innovative designs and performance advantages make them a preferred choice
for renewable energy applications [11]. Tursunovi¢ et al.[12] have designed an innovative
receiving system for a concentrated solar power plant, in collaboration with the Polytechnic
Institute of Turin, incorporating Dish/Stirling solar energy harvesting technology to provide
heat in the form of hot water, even during periods of low solar radiation. The results show that
life-cycle analysis reveals that Dish/Stirling technology has a significantly lower carbon
footprint, with emissions of 5,332.8 kg CO; eq. during production of its basic components,
compared with 12,240 kg CO; eq. for a conventional device during its operating phase.
Researchers have carried out an in-depth study into the energy efficiency of a solar system,
using the NSGAII algorithm to improve the thermal and economic performance of a motor,
identifying key factors for optimal design [13]. Further research has explored the application
of the Stirling engine and its thermodynamic process to improve energy efficiency. To
optimize a vehicle's thermal management, a team of researchers led by Bani-Hani [14] carried
out an innovative study integrating a Stirling energy conversion module into the cooling
system, enabling efficient pressure regulation. Accurate meteorological data at the installation
site is crucial for optimizing the performance of the Dish/Stirling system, guaranteeing its
efficiency and reliability [15]. Several predictive approaches have been developed to estimate
total daily solar irradiance in different regions [16, 17]. In addition, further research has
examined the potential of Stirling technology to generate electricity by exploiting its
innovative thermodynamic cycle. Table 1 provides a concise overview of existing work and
its shortcomings.

The main objective of this research is to evaluate the energy performance of a parabolic
concentrator solar system for electricity generation in the commune of BAZOU, Cameroon,
with a view to exploiting local renewable energy resources. A comprehensive mathematical
model has been developed to simulate the complex interactions between the key components
of a Dish/Stirling system, including the solar receiver, solar concentrator and Stirling engine,
in order to optimize the system's energy performance. Schmidt's non-ideal regeneration



method has been applied to model the thermodynamic cycle of the Stirling engine, allowing
real losses to be taken into account. Numerical simulation was carried out using a customized
Matlab program. The objective functions of the electric Dish/Stirling, in particular efficiency
and electrical power, were analyzed and quantified. Optimum specifications for use are
defined on the basis of key parameters. Following the introduction, the next section presents
the methods and materials used. In brief, the results and discussion highlight the detailed
analysis of the operational and geometric characteristics of the solar collector and Stirling
engine, influencing the electrical performance of the Dish/Stirling device.

The solutions provided by this research can be used to optimize the power supply to the
commune of BAZOU, by offering a reliable alternative to the frequent power interruptions
provided by ENEO Cameroun [18]. The major contributions of this analysis are as follows:

e The impacts of frequencies, porosities, internal lengths, internal diameter of the
Stirling engine, surface area of the concentrator and solar receiver, ambient
temperature and irradiation on device performance are measured.

e High Dish/Stirling energy efficiency is achieved through the optimal elements
obtained.

e Optimal operating parameters lead to improved electrical performance of the
Dish/Stirling device

e The impact of heat loss on the Dish/Stirling's energy performance needs to be
discussed.

Dish/Stirling systems only work in clear skies, and must be used in hybrid with other clean
electricity production systems such as parabolic troughs or photovoltaics to supply the
BAZOU commune.

Table 1: Overview of studies carried out and their shortcomings.
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2. Material and methods
2.1 Study area and machine description

The commune of BAZOU, located in the western part of Cameroon, in the NDE department,
is characterized by a humid tropical climate. It covers an area of 249 km?, and is home to
around 32,000 people. According to meteorological records, average solar intensity per hour
fluctuates between 2 and 2.7 kWh.m™ during periods of low insolation, and between 5.2 and
5.8 kWh.m? during periods of high insolation, as highlighted in the Ref [29] study on
predicting direct solar irradiation. The map of this commune is shown in Fig 1. Table 2 shows
the geographical data and climatic characteristics of the study site.

Table 2: The geographic data of the site
Position studied Latitude Longitude Altitude Climate Albedo
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(°) () (m)
BAZOU 5.063 10.469 1250 monsoon 0.2

The machine studied is a hybrid system combining a Dish-type solar concentrator with a
Stirling engine and alternator to generate electricity. A schematic representation of this device
is shown in Fig 2. This model is made up of four main components, corresponding to the five
key parameters defined in the past. Helium is used as a heat transfer gas and treated as a
perfect fluid.
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Fig 1: BAZOU area.
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Fig 2: Electricity production diagram for Dish/Stirling technology.

Heater Regenerator Cooler

]

E C

Fig 3: Internal components of the Stirling engine.

2.2 Methodology
2.2.1 Thermodynamic analysis of the Dish/Stirling system

The Stirling solar equipment is an innovative system that converts the sun's radiant energy
into electricity. The receiver captures this concentrated solar energy and converts it into heat,
which in turn raises the temperature of the helium used as the technical gas in Stirling engine.
The stages in the Stirling engine's operating cycle can be seen in Fig 3. The heat produced at
high temperature is converted into mechanical energy by the Stirling engine. This mechanical
energy is then converted into electrical energy via an alternator, generating electricity.
Mathematical models derived from Ref [30, 31] have estimated the thermodynamic
properties of air, helium and hydrogen. A sophisticated numerical approach simulates the
thermal behavior of the Stirling energy system. The selection of helium as the active agent
optimizes energy efficiency, surpassing the thermodynamic characteristics of air but less than
the use of hydrogen as demonstrated in the analysis of Ref [32], specific to Stirling engine
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applications. Since helium optimizes the reverse Stirling cycle more, hydrogen optimizes the
Stirling cycle better.

2.2.1.1 Solar dish collector

An advanced solar concentration system, incorporating dynamic tracking, channels the rays to
a high-efficiency receiver. It is then converted into thermal energy to raise the temperature of
the Stirling engine's expansion chamber. Previous researches [33, 34], reveals that the thermal
energy required by a parabolic solar mirror is modelled by Eq (1), including energy losses
(radiation, conduction, convection).

Q, = IAapp770 ~Arec [h(Tab _Tamb)jL 85(T:b _Tr:rmb )}

1)

The energy efficiency 7], of the parabolic receiver, calculated using Eq (2), represents the
proportion of solar energy captured relative to total irradiation [33, 35].

_ u _i _ 4 4
nc_lAapp_UO IC h(Tab Tamb)Jrgg(Tab Tamb)

)
With a given energy efficiency?],, the temperature of the absorbing element Tab can be

defined using Eq (2), based on various levels of direct solar irradiation and the concentration
factor C=Aapp/Arec

A reformulation of this equation can be made to explicitly integrate the thermal variable, as
follows [36].

dT
(3)

where Cp, V, p is the thermal capacity of the ceramic wall, volume and density respectively.
Relation (3) simulates the thermal evolution of the air in the solar absorber as a function of
time. In other words, this equation simulates the thermal evolution of the air in the solar
absorber, not the absorber walls. The “ceramic walls” mentioned refer to the material making
up the solar absorber, not to the air it contains. Eq (3) simulates how the temperature of the air
in the absorber varies as a function of time, taking into account the heat capacity (Cp), volume
(V) and density (p) of the absorber wall. In other words, although the equation concerns the
evolution of air temperature, it uses the thermal properties of the absorber wall to determine
how this temperature changes with time.The heat is then transferred to the heat transfer fluid
in the hot zone of the Stirling engine. This requires calculation of the fluid temperature in the
absorber tubes, received by Eq (4) [36].

Qu
Tf (t)= Tab (t) - A (4)
f "rec

2.2.1.2 Modeling of the Stirling engine

Stirling engine operation is simulated using Schmidt's theoretical approach, which enables its
performance to be predicted as a function of its configuration. This analytical method,

12
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described in Ref [37, 38], offers an advanced mathematical tool. The analysis incorporates
simplifying assumptions [39] and heat losses related to the regenerator and gas springs,
calculated separately and integrated with Smith's results [40] to improve accuracy.
Compression and expansion volume variations are modeled by Eq (5) and (6), which describe
sinusoidal kinematics as a function of phase shift, angular velocity and cycle period [41, 42].

\Y

Ve :Vem + %b (1+cos(a + x)) )
Vv

Ve =V + %b (1+cos(a)) (6)

where Ve, ViV, Ven, V. V,, denote angular phase shift, cold and hot chamber

capacities, inactive compression and expansion volumes, and corresponding sweep volumes,
respectively.

With a=y -

0
()
The remaining volumes remain stable. The total quantity of helium in the Stirling engine is
observed by summing up the quantities present in each compartment, giving a constant value
represented by Eq (8) [43].

mC+mh+mR+mk+mE =m

(®)
Total engine pressure is determined by fluctuating temperatures, mass volumes and the
perfect gas constant, according to Eq (9) [44, 45] :

-1
N T /S o
TE TR TC
According to relation (10) [46], the regenerator capacity can be calculated by.
VR = Amat ¥ LR
(10)
Eq (11) describes the ratios of inactive volume, displaced volume and compression
temperature.
x=VC—m, th and T:TL (11)
\Y Vv T
em eb E

The division of the Stirling engine into three sections implies that helium temperatures are
equal in the heating and expansion zones, as well as in the cooling and compression zones, as
shown in relationship (12).

T =T =T, then T, =T, (12)

The fluid temperature on the cold side (T¢) exceeds the ambient temperature (Tamp) to allow
dissipation, contrary to the model's assumptions, which target the theoretical ideal and not real
exchanges.

13
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Consequently, the regeneration temperature is assumed to be constant and to vary linearly,
according to formula (13) [47, 48].

T_-T
T __E_C

r
In (TEJ
TC
(13)
At 1500 rpm, the efficiency produced by the Stirling cycle combines the efforts of the

cylinders [49, 50] :
W, =W_ +W

ETTC
(14)
Q, j =Wg =—fPdv

(15)
Q i =W =—PdV,

(16)
The regenerator's internal heat losses, caused by the temperature gradient between the walls,
are evaluated as follows [49]:
A A

w W

Qed = ol : (TE _TC)
R

(17)
The regenerator's thermal inefficiencies cause energy loss, which can be calculated using Eq
(18) [50, 51, 52].

Qimp - me (1_’7reg j(TE _TC)

(18)

The hysteresis losses of gas springs are simulated by Eq (19) [53, 54], illustrating the
accumulation and restitution of energy by the working fluid during compression and
expansion cycles.

E

_|L 3
Whys _\/3_2607 (7_1)Tw mean g(ﬁ)
(19)

% Stirling engine performance
The required input power is determined by summing the energy losses and the isothermal
Schmidt power, according to [55, 56].
W W +W,

(20)

Efficiency is calculated as the ratio between the mechanical energy generated and the external
heat absorbed by the engine, according to (21) [29, 56, 57].

14
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d
Moy = A (21)
o Qh +Qloss

Numerical simulation of the Dish/Stirling system is based on simplifying assumptions
that can affect accuracy. The approximations concern solar concentration and heat losses, as
well as the Schmidt model for the Stirling engine. These deviations can lead to discrepancies
between predicted and actual performance. Environmental fluctuations and component
degradation contribute to these discrepancies. To obtain reliable simulations, it is essential to
refine the numerical models to reflect the actual operating conditions of the solar energy
system and thus improve the accuracy of the results. This requires more accurate modeling.

Fuel flexibility in Stirling engines, particularly with perfect gases such as hydrogen,
helium and air, is crucial for several reasons. These substances enhance thermal performance
thanks to their superior thermophysical characteristics. The use of these fluids enables
application versatility, giving engines significant operational flexibility. What's more,
atmospheric air reduces energy costs thanks to its unlimited availability. The use of clean
fuels such as hydrogen contributes to the reduction of anthropogenic emissions, ensuring
stability and reliability at the same time. This versatility fosters technological innovation,
reinforcing the role of Stirling engines in contemporary energy systems.

2.2.2 Performance of the Dish/Stirling solar electric system

The Dish/Stirling system is described by several equations for evaluating its performance. Eq
(22) [58] and (23) [59, 60] determine the energy yield and solar electric power of the
Dish/Stirling, respectively.

Telec = "¢ leng ""IGE (22)

Fetec = elec! 'Aapp (23)

Tableau 3 : Technical specifications

Concentrator system Paraboloid 12 seqg [36, 58, 61]
C 1300
¢ 0.9
Mo (%) %0
h (W.m?.K? 20
S (W.m?2K™ 5.67x10®
T, (K) 1100
Stirling engine Alpha solo 161 [30, 36]
Working gas Helium
f (Hz) 25

15
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T (K) 288
4 90°
Regenerator

kg (W.K1.m™) 10
dp(m) 3x10°
L (m) 6x107
v 0.7
Cooling

Tc (K) 288
Ve (cm?) 160
Vcm (cm3) 22
Heating

T, ) 320
Veb (cm3) 160
Vem (cm3) 28.06
Vem (cm3) 28.06

2.2.3 Objective functions and description of the optimization method

Previous research focused mainly on optimizing energy performance, neglecting other key
criteria. In this study, each objective is either maximized or minimized, and all are equivalent
in the decision-making process. Priorities vary according to the specific needs of the designer.
So the optimal selection network for a Stirling cycle machine is not a single approach, but
rather a set of constraints and criteria applied to Stirling engine design and evaluation. The
aim is to find the best combination of parameters to meet performance targets, such as
efficiency, power and reliability, while taking into account physical and economic constraints.
The Dish/Stirling optimization approach is based on the use of evolutionary algorithms to
solve complex multi-objective problems. This strategy systematically explores the solution
space and identifies parameter combinations that simultaneously improve energy efficiency
and power output.

16
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» Constraints
Fourteen key factors linked to the architectural structure and the process of focusing the sun's
rays were chosen to improve the energy performance of the Dish/Stirling system. These
elements are detailed below:

288<T,, <303K (24)
200 < | <800Wh.m™ (25)
500<T, <1100K (26)
300 <T. <400K (27)
200 <T, <300K (28)
54< A, <60Cm’ (29)
5<A, <20Cm’ (30)
50 <d, <100mm (31)
10< f <50Hz (32)
10<1, <50mm (33)
0.6<7,<0.9 (34)
1<K <13 (35)
05<y<1 (36)
0.6<£<0.9 (37)

» Optimization criteria
The criteria used for optimization include:
- Maximum Electrical Power: The configuration should aim to maximize the electrical power
produced by the Dish/Stirling device.
- Energy Efficiency: The efficiency of the solar concentrator should be maximized, measured
as the percentage conversion of solar energy into electrical energy.

Optimizing a Dish/Stirling system requires synergy between the key components. The
collection area of the parabolic reflector determines the energy density at focus, thus
impacting thermodynamic efficiency. Stirling engine parameters such as piston stroke,
compression ratio and thermal management must be calibrated to maximize the conversion of
radiative energy into mechanical energy. Dynamic operating ranges must be adjusted to
compensate for environmental fluctuations, ensuring maximum and stable power production.
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Precise numerical simulation enables these parameters to be fine-tuned, guaranteeing the
sustainability, operational reliability and economic profitability of the solar energy system.

To define the ideal device settings, a computational model was developed using the Matlab
programming language and the evolutionary optimization method.

2.3 Numerical resolution procedure, convergence criteria, computer details and
validation of the MATLAB model details

The model begins by establishing the equations governing the Dish/Stirling system, including
energy conservation equations, Stirling cycle thermodynamics and heat losses. These
equations are coded in MATLAB, where input parameters such as initial conditions and
material properties are defined. Runge-Kutta methods, tables of integrals from (Dwight 1961)
and Fourier series are used to integrate the differential equations. Simulations are carried out
for different scenarios, varying the input conditions. Fig 4 summarizes the overall process and
the mathematical operations involved.

» Convergence criteria
A convergence criterion is defined to stop iterations when the relative variation in electrical
power or efficiency is below a predefined threshold (e.g. 1%). Convergence is validated by
checking that the results no longer change significantly as the number of iterations or time
steps increases.
Ensuring the reliability of simulation results requires specifying the characteristics of the
equipment used, as well as the specifics of the computer program.

» Hardware specifications
- Recommended processor: Intel Core i7 (or equivalent) with a clock speed of at least 3.0
GHz.
-RAM: 16 GB or more recommended for intensive calculations
-Storage requirements: 512 GB SSD for fast loading and access times.
-System environment: ' Windows 10 or Linux (Ubuntu 20.04 minimum) recommended for
MATLAB

» Model runtime
Processing time depends on the parameters set. The time steps, ranging from 0.1 to 25, gave
execution times varying from 1h30 to 30 minutes for the complete program.

» Validation of the MATLAB model details
Numerical results are compared with experimental data available in the literature. Errors
between simulations and experimental data are calculated to validate the model. Sensitivity
analyses are also carried out to assess the impact of variations in input parameters on the
results, thus confirming the robustness of the model.
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3. Validation
This section compares the results obtained with previous research data to assess their
consistency.

First case

The first comparison figure shows the validation of the model with the real values of the
Dish/Stirling machine by Ref [36] and the theoretical Schmidt model with perfect regenerator
by Babikir et al [36]. To verify the validity of the mathematical model applied in this
research, we reproduced the same initial conditions as those used in the experiment conducted
by Ref [36]. Table 4 highlights the discrepancies between the performance calculated by the
model and that obtained from actual measurements cited in the literature. These performances
are achieved with a constant solar irradiation of 906 W.m™, under the operating conditions
specified in Table 3, but with a difference in the working fluid, as the present model requires
the use of helium as a heat transfer agent rather than hydrogen. The main discrepancy
between simulation and real data concerns the representation of the Stirling engine, which is
to be expected given the constraints inherent in the model used. The second discrepancy
concerns the receiver, where approximations have been made, particularly with regard to the
distribution of the internal energy flux and optical errors, which have been estimated from the
interception factor. The difference with the work of BabiKir et al [36] lies in the consideration
of heat losses in the regenerator and the hysteresis power loss of the gas springs considered
for modeling the Stirling engine. Since Babikir et al [36] use Schmidt's ideal model.
Nevertheless, the deviations remain within reasonable limits.

Comparing the results of rudimentary Stirling engine models with experimental tests is often
considered pointless due to the oversimplification of the models. These simplified models,
often based on the ideal Stirling cycle, fail to take into account many of the real losses in a
physical Stirling engine, such as frictional losses, conductive and radiative heat losses, and
losses due to regenerator incompetence.

The 12.44% error between test data and Dish/Stirling machine models is due to the
complexity of the Stirling engine and the approximations inherent in the simulation models.
Stirling engines feature complex thermal and mechanical phenomena, and even the most
advanced models have difficulty in accurately capturing all these details, leading to
discrepancies in predictions.

Table 4: Comparative evaluation between simulation, experimental data and previous studies
of Dish/Stirling subsystem performance.

Data Theoretical Babikiretal  Errors Experimental  Errors
modeling [36] between measures between
applied in model  and [36] model  and
this study. Ref [36] (%) experimental

measures (%)

n 90 75 4.6 78.6 145
0
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Tolec 25.3 21 6.7 22.5 12.44

Second case:

Table 5 compares the simulated results of the model with the numerical studies of Ref. [62].
The model is a physical realization of the parabolic concentrator model. It is found that the
mathematical model of the Dish/Stirling device studied under the specified conditions is
4.38% more energy efficient than that of Ref [62]. This reveals that the proposed method
outperforms that of Ref. [62] in terms of optimizing the energy efficiency of a Dish/Stirling
device. Thus, the considerations of certain recurring physical phenomena, notably the losses
by conduction, radiation and convection of the collector and solar receiver, as well as the
losses by conduction, imperfection and hysteresis of the gas elastic elements of the Stirling

engine, would improve the accuracy of the results obtained and reduce energy discrepancies.

Table 5: Confrontation with other solar Stirling electric technologies.

Electric Description Collector M, Netee
solar type (%) | (%)

Alhawsawi | Given the many advantages of the
etal. [62] | Dish/Stirling system, this research proposes | Dish/Stirling 94 20.92
in-depth theoretical modelling and
performance evaluation of a hybrid system for
the combined production of electricity, heat
and drinking water wusing Dish/Stirling
technology for single-effect distillation
(SHPS-DS), with the aim of optimizing tri-
generation.

Present Schmidt's imperfect regenerator is used to | Dish/Striling 90 25.3
work model the Stirling engine.

3.1 Model validation limits

3.1.1 Lack of experimental data

The accuracy of the Dish/Stirling simulator is hampered by the lack of crucial practical
information. Strict verification procedures, including targeted experimentation and methodical
data compilation, will increase the accuracy and credibility of the numerical projections
obtained. The following aspects are particularly relevant:
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- Thermal losses: Radiation, conduction and convection losses may vary according to actual
environmental conditions, but models may not reflect these variations without empirical data.
- Stirling engine characteristics: Stirling engine performance, including conversion efficiency
and specific losses, can be difficult to validate without practical testing.

- Operating conditions: Variations in temperature, sunshine and other environmental factors
are often not available in a sufficient database, making model validation difficult.

3.1.2 System complexity

The complex interdependence between the solar concentrator and the heat engine presents
significant obstacles. Simulations may omit certain nuances, but without practical verification,
the reliability of the results remains uncertain and open to improvement.

3.2 Suggestions for future validation

- Experimental Testing: Conduct tests on a prototype Dish/Stirling system to gather data on
actual performance, including heat loss and Stirling engine efficiency.

- Longitudinal Data Collection: Install sensors to continuously monitor system performance
under various environmental conditions, in order to accumulate iong-term data.

- Comparison with Analytical Models: Use proven analytical models to compare existing
model results, identifying discrepancies and adjusting the model accordingly.

- Collaboration with Research Institutes: Working with specialized laboratories to validate
models using sophisticated measurement equipment and technical expertise.

3.3 Uncertainty analysis and sensitivity of results

3.3.1 Uncertainty analysis

Uncertainties come from a variety of sources, including experimental measurements,
approximations in models and material properties. Statistical methods, such as Monte Carlo
analysis, are used to simulate the impact of uncertainties on results, by randomly drawing
input parameters within their uncertainty ranges.

3.3.2 Sensitivity of results
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Fig 5. Impact of variations in decision variables on Dish/Stirling efficiency.

The sensitivity analysis shown in Fig. 5 reveals that parameters associated with red bars have
a negative impact on efficiency, while those represented by cyan bars contribute positively.
Parameters with larger amplitude bars, such ‘as ambient temperature, Stirling engine
frequency, solar receiver surface area, regenerator porosity and solar irradiation, exert a
significant influence, suggesting potentially critical variations in system efficiency. Some
negative impact coefficients reach -21.07%, highlighting crucial control points. By integrating
these results in the context of initial efficiency, the analysis identifies risks and opportunities
for improvement, informing optimization and system design strategies.

4. Results and discussion

Performance indicators are used to assess the results of the Dish/Stirling system, including
solar electric energy production and overall energy efficiency. To analyze the influence of
operational and design factors on the Dish/Stirling system, key parameters have been
identified and summarized in Table 3. Global and optimization analyses were carried out
using helium as the thermal agent. This in-depth analysis examines the simulation results,
focusing on the influence of the geometric characteristics of the solar collector and receiver,
as well as factors such as emissivity, optical efficiency, operating temperatures and
regenerator parameters on the overall performance of the Dish/Stirling system, and presents
the optimum values for maximum energy efficiency and electrical output. Computer modeling
was carried out using MATLAB software, facilitating detailed numerical simulations and
analysis.
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4.1 Effect of absorber temperature and irradiation
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Fig 6 : Effect of absorber temperature and irradiation on a) electrical power and b)
Dish/Stirling efficiency.

In fig 6.a, raising the absorber temperature from 500K to 1100K implies an increase in the
electrical power of the parabolic concentrator of around 76% when solar irradiation is set at
800 Wh.m™. This trend can be interpreted as an optimization of the energy performance of the
mechanical process, especially in plants with parabolic concentrators and Stirling engines,
where productivity is closely linked to the temperature difference between the hot focus and
the cold reservoir. Similarly, fluctuating solar irradiance leads to an increase in the electrical
power of the parabolic concentrator from 1.29 kW to 5.14 kW at an absorber temperature of
650 K. Therefore, to improve the electrical output of the parabolic concentrator, a higher
value of solar irradiation and absorber temperature would be required.

In fig 6.b, the increase in absorber temperature from 500 to 1100 K implies a low-speed
growth of the parabolic concentrator efficiency from 21.56% to its maximum value at 22.74%
for an optimum absorber temperature of 750 K, then drops at high speed to around 21.68%,
when solar irradiation is stable at 800 Wh.m. The drop in productivity at higher temperatures
is mainly due to the dramatic increase in heat loss through radiative emission, in accordance
with the principle of physics describing heat exchange between bodies. These heat losses take
over at high temperatures and cancel out the performance advantages of the device, causing a
marked reduction in overall efficiency. Whereas increasing solar irradiation from 200 Wh.m
to 800 Wh.m™ leads to an optimization of the parabolic concentrator's efficiency at high speed
from 20.86% to 22.11%, then increases at low speed to 22.74%. To increase the energy
efficiency of the parabolic concentrator, high solar irradiation and absorber temperature
would be required.

4.2 Effect of the temperature of the working fluid in the cold space or
compression chamber and the emissivity factor of the solar collector
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Fig 7: Effect of the temperature of the compression chamber of the Stirling engine and the
emissivity factor of the solar collector b) electric solar power and c) efficiency of the system
studied.

In fig 7.b, it can be seen that the fluctuation in helium temperature in the Stirling engine's
compression zone enclosure from 200 K to 300 K involves an insignificant increase in the
electrical power of the solar parabolic concentrator from 9.57 kW to 9.7 kW when the solar
collector's emissivity factor is set at 0.8. This observed effect can be attributed to increases in
regenerator heat loss and gas spring hysteresis power loss, as described in fig 7.a. Similarly,
raising the emissivity factor of the solar collector from 0.6 to 0.9 leads to an optimization of
the solar concentrator's electrical power from 07.64 kW to 10.67 kW when the helium
temperature in the cold space is set at 300 K. To improve the electrical output of the solar
parabolic concentrator, a high working gas temperature in the compression chamber of the
Stirling engine and a high emissivity of the solar collector would be required.

In fig 7.c, the same effects observed previously on the variation of the working gas
temperature and the variation of the solar collector emissivity are also observed on the energy
efficiency of the solar parabolic concentrator. To improve the energy efficiency of the
Dish/Stirling system, a high working fluid temperature and high solar collector emissivity
would be required.
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4.3 Effect of Stirling engine regenerator diameter and concentrator surface area
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Fig 8: Effect of Stirling engine regenerator diameter and collector surface area on b) solar
electric power and c) efficiency of the system studied.

In fig 8.b, increasing the internal diameter of the regenerator from 50 mm to 100 mm results
in an insignificant increase in the electrical power of the parabolic concentrator from 10.71
KW to 10.81 kW, when the solar collector surface is 56 cm?® This visualized effect may be
due to the imperfection of the regenerator linked to the physical phenomena causing losses in
its enclosure, such as the high growth of losses by thermal conduction and the low growth of
power losses by hysteresis, as shown in fig 8.a. But increasing the area of the solar collector
from 54 cm® to 60 cm? implies an insignificant decrease in the electrical power of the
parabolic concentrator of 0.4%, when the internal diameter of the regenerator is fixed at 7
cm?. This trend is probably due to the simultaneous increase in radiative losses (dispersion,
misalignments, geometric distortions) that compensate for the surplus energy collected,
resulting in a relatively constant efficiency. In fact, to optimize the concentrator's electrical
power, a small solar collector surface area and a large internal diameter of the regenerator
would be required.

Fig 8.c shows a slight increase in the energy efficiency of the parabolic concentrator from
22.25% to 22.46%, i.e. a slight increase of 0.21% for a solar collector area of 60 cm?. This
could be due to the increase in gas spring hysteresis power losses and regenerator internal
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conduction heat losses, and the decrease in heat losses due to the imperfect nature of the
regenerator, as shown in fig 8.a. The similar effects observed in fig 8.b on the variation of
solar collector area with electrical power are also observed on energy efficiency in fig 8.c.
Thus, to improve the energy efficiency of the Dish/Stirling system, a large internal diameter
of the regenerator and a small surface area of the solar collector would be required.

4.4 Effect of Stirling engine frequency and ambient temperature
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Fig 9: Effect of Stirling engine speed and ambient temperature on b) solar electric power and
c) overall efficiency of the system studied.

In fig 9.b, the increase in Stirling engine speed from 18 Hz to 50 Hz implies an insignificant
reduction in the electrical power of the parabolic solar concentrator from 9.64 kW to 9.62 kW,
i.e. 0.2% at an ambient temperature of 298 K in BAZOU. This could be due to the rapid
increase in heat loss through regenerator imperfections with Stirling engine speed observed in
fig 9.a. The increase in ambient temperature from 288 K to 303 K results in an insignificant
rise in electrical power from 9.6 kW to 9.64 kW when the frequency is 26 Hz. Thus, to
optimize the electrical power of the parabolic concentrator, a low Stirling engine frequency
and a high ambient temperature would be required.

Whereas in fig 9.c, increasing the Stirling engine speed from 15.5 Hz to 50 Hz implies an
increase in the parabolic concentrator's energy efficiency from 43.76% to reach its peak at
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43.78% when the optimal engine speed is 18 Hz, before decreasing to reach its minimum
value at 43.71%, for a medium temperature of 303 K. As a result, this optimum value for
Stirling engine speed coincides with the intersection of the regenerator's internal heat
conduction loss and the energy loss due to the imperfect nature of the regenerator, which
respectively decreases and increases with Stirling engine speed, as shown in fig 9.a.

4.5 Effect of Stirling engine regenerator internal length and swept volume ratio
on system performance
a)

200 ’

150 ¢

100 ¢

Dimensions losses
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Fig 10: Effect of the internal length of the Stirling engine regenerator and the swept volume
ratio on b) the solar electric power and c) the efficiency of the system studied.

As a result of the lower heat loss due to the imperfect nature of the regenerator within the
Stirling engine, the temperature of the working fluid in the compression chamber increases.
And the increase in heat loss through internal conduction in the regenerator and power loss
through gas spring hysteresis due to the behavior of the working fluid in the expansion and
compression chambers of the Stirling engine as the internal length of the regenerator
increases, as shown in fig 10.a. The variation in electrical power observed in fig 10.b
increases with the internal length of the regenerator. This can be explained by the fact that an
increased regenerator length promotes optimum thermal restitution, which intensifies heat
exchange between the helium and the thermal regenerator. And the energy efficiency
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visualized in fig 10.c of the parabolic solar concentrator decreases until it reaches its
minimum extremum at 23.2% before increasing at low speed to reach its maximum value at
23.21% when the swept volume ratio is fixed at 1.3. To optimize the parabolic solar
concentrator's energy performance, we recommend a long internal regenerator length and a
high swept volume ratio.

It's true that, in general, increasing the internal length of a regenerator can, under certain
conditions, improve a system's electrical output and energy efficiency. However, this
improvement is not always significant and depends on many factors, such as the type of
system, the operating range and the specific characteristics of the regenerator. It should also
be noted that increasing regenerator length is not always beneficial. Excessive lengths can
lead to excessive pressure drops, manufacturing problems and higher costs. What's more,
improved efficiency is often subject to a saturation point.

4.6 Effect of regenerator porosity and swept volume of the Stirling engine
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Fig 11: Effect of Stirling engine regenerator porosity and cooler swept volume ratio on b)
solar electric power and c) efficiency of the system studied.

In fig 11.b, the increase in the porosity of the regenerator material from 0.5 to 1, results in a
significant increase in the electrical power of the parabolic solar concentrator from 3.78 kW to
7.55 kW, i.e. an increase of 49.93% when the swept volume ratio is 1.2. This observed effect
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may be due to the decrease in imperfection losses in the regenerator as shown in fig 11.a,
since according to the work of Ref [33], this is the largest loss in the regenerator. Also to the
reduction of pressure losses in the regenerator which improves the efficiency of thermal
recovery, thus allowing a more optimal heat return to helium, which has the effect of
increasing the overall efficiency of the Stirling cycle.

And increasing the swept volume ratio from 1 to 1.3, results in a reduction in electrical power
at high speed from 9.261 kW to 8.086 kW, then at low speed down to 6.44 kW, when the
regenerator porosity is set to 0.95. Thus, for an improvement in electrical power, a low swept
volume ratio and high regenerator porosity would be required.

In fig 11.c, the increase in regenerator porosity from 0.5 to 1 results in a rise in energy
efficiency from 7.691% to 15.38% when the swept volume ratio is 1.3. This could be due to
the drop in heat loss due to regenerator imperfection towards the increase in regenerator
porosity as described in fig 11.a. While increasing the swept volume ratio from 1 to 1.3
results in a decrease in energy efficiency at high speed from 19.9% to 17.37%, then at low
speed down to 13.84%, when porosity is fixed at 0.9. Thus, to optimize energy efficiency, a
high regenerator porosity and a low swept volume ratio would be required.
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Fig 12: Effect of hot Stirling engine temperature and collector optical efficiency b) solar
electric power and c) efficiency of the system studied.
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In fig 12.b, when the hot temperature rises from 300 K to 400 K, this results in an
insignificant increase in electrical power from 10.72 kW to 10.81 kW for a solar collector
optical efficiency of 0.8. This could be due to the insignificant increase in regenerator heat
loss and hysteresis loss, as shown in fig 12.a. Similarly, increasing the optical efficiency of
the solar collector from 0.6 to 0.8 implies an increase in electrical output from 10.69 kW to
10.82 kW, when the hot temperature is 365 K. Thus, to optimize solar power output, a high
solar collector optical efficiency and hot temperature would be required.

In fig 12.c, increasing the hot temperature of the Stirling engine from 300 K to 400 K
improves the energy efficiency of the Dish/Stirling system from 23.63% to 23.83%, when the
optical efficiency is 0.8. These observed effects could be due to the insignificant increases in
conduction heat loss in the regenerator and power loss due to gas spring hysteresis visualized
in fig 12.a. The same applies to the increase in optical efficiency from 0.6 to 0.8, which
implies an increase in solar energy efficiency from 23.61% to 23.89%, when the Stirling
engine expansion chamber temperature is 385 K.

4.7 Effect of absorber surface and irradiance on electrical power and system

efficiency
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Fig 13: Effect of solar receiver surface and irradiance on a) electrical power and b)
Dish/Stirling efficiency.

In fig 13.a, rising the solar receiver space the from 5 cm? to 20 cm? significantly increases the
electrical power generated by the parabolic concentrator from 2.5 kW to 9.58 kW. This is
because the larger the surface area of the solar receiver, the more solar energy it can capture.
However, the increase in solar irradiation from 200 wh.m to 800 Wh.m™ contributes to an
insignificant rise in electrical power. Thus, to optimize the electrical power of the parabolic
concentrator, a large receiver surface area may be required.

Fig 13.b shows an increase in overall efficiency from 8% to 19% with rising solar receiver
surface area when solar irradiation is 600 Wh.m. When the surface area of the solar receiver
is 20 cm?, rising solar irradiation from 200 Wh.m™ to 800 Wh.m™ results in a significant
increase in energy yield from 8% to 18% at low speed, then up to 39% at high speed.
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Therefore, to improve the efficiency of the parabolic concentrator, a high solar receiver
surface area and low solar irradiation would be required.

The quantitative data from the numerical simulation are compiled in Table 6, showing the key
parameters analyzed and the losses recorded. With a heat loss of 820 W, the solar power
generation capacity is 10.82 kW, giving an energy efficiency of 43.7%.

Table 6: Summary of simulation results

Operational parameters Value
Key output parameters

Pic (KW) 10.85
Mo (%0) 43.78
Losses

Qg (KW) 0.225
Qmp (KW) 0.520

Table 7 shows the quantitative data derived from the numerical modeling of the key
performance variables evaluated, as well as the various design and operating attributes
observed for the device.

Table 7: Optimal configurations.

Variables Objective functions
Parameter [17,38,41] Thiswork Motec Pelec
(%) (W
Tamb (K) 288 303 43.78 9.650
I Wh.m™) 1000 800 22.74 6.676
T,, (K) 1100 750 22.74 6.676
Tz (K) 320 400 23.92 10.850
T (K) 288 300 23.51 10.670
A,, (Cm?) 56.7 54 25.05 10.820
dr (mm) 3 100 25.05 10.820
f (Hz) 25 18 43.78 9.650
[ (mm) 6 50 23.36 10.600
770 0.9 0.9 23.92 10.850
A..(cm?) 13.17 20 40.12 9.554
K 1 1 22.11 9.748
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v 0.7 1 22.11 9.748
& 0.9 0.9 2351 10.670

5. Conclusion

This study presents a computer model to evaluate the energy yields of a large-scale
Dish/Stirling system. This model incorporates heat loss and heat transfer mechanisms linked
to imperfections and internal conduction. In addition, energy losses due to the hysteretic
dependence of the gas springs of the Alpha Stirling engine and heat losses through
convection, radiation and conduction from the solar concentrator are integrated to optimize
the system's energy capacities, particularly for power generation at BAZOU. The key features
of the parabolic concentrator for maximizing energy yield and solar electric power have been
identified. The key solutions are outlined as follows:

1. For a variation in solar energy efficiency and electrical power with Stirling engine
speed, the optimum frequency is 18 Hz, varying from 10 to 50 Hz, as opposed to the
manufacturer's 25 Hz.

2. Rising absorber temperature significantly increases the electrical production and solar
efficiency of the machine, until reaching its optimal value at 750 K.

3. Increasing the internal length of the regenerator significantly optimizes the system's
electrical output and energy efficiency. In addition, a regenerator internal length of 15
mm implies poor overall efficiency performance.

4. Increasing the emissivity factor improves overall energy efficiency and solar power
output.

5. Increasing the swept volume ratio reduces the electrical power and energy efficiency
of the Dish/Stirling system.

6. The results provide predictive models that can be used to guide engineers in designing
more efficient systems.

7. By optimizing key parameters, production and operating costs can be reduced, making
the system more competitive on the energy market.

In addition, the parabolic concentrators of the Schmidt model with real regenerator achieve a
high solar energy efficiency of 25.3%, surpassing the ideal model of Ref [36]. The results
obtained can be used to design future concentrators with higher-performance solar dishes.
However, further research is needed to analyze the economic and technical viability of this
system.

Future research directions include:

- Environmental Fluctuation Analysis: Study the impact of climatic variations on system
performance to develop more robust solutions.

- Systems integration: seeking synergies between the Dish/Stirling system and other
renewable energy technologies to create hybrid energy solutions.

- Advanced Optimization: Explore more sophisticated optimization algorithms, such as
machine learning and the NSGA 11 algorithm, to further refine system configurations.
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Nomenclature
Symboles
A heat transfer area, m?
A regenerator matrix area, m?
C collector concentrating ratio
d diameter, m
f frequency, Hz
h conduction/convection coefficient, W.m2.K™
h¢ forced convection heat transfer coefficient (fluid), W.m?.K™*
I direct solar flux intensity, W.m™
kg wall thermal conductivity, W.K*.m™
L length, m
m mass of working gas, kg
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M molecular mass, kg

Nr engine rotation speed, tr.mn™
P pressure, Pa

|3e | output power, KW

mean pressure, Pa
Q, power loss by conduction per cycle, kW
0

power loss by regenerator imperfection, kW

e
=

T temperature, K

\Y volume, m®

V., clearance volume of hot-source, m®
vV, clearance volume of cold-source, m®
\/Cb swept volume of compression, m®
\/eb swept volume of cold-source; i~
W total engine work input per cycie, J
WhyS hysteresis, kW

Greek symbols

o crank angle, rad

4 phase angle, rad

o stefan’s constant, W.m2.K™

£ emissivity factor of the collector

P porosity

i collector optical efficiency

z compression ratio

@ dead volume rate of compression and expansion chamber
Subscripts

ab absorbeur

amb ambiant

C compression

E expansion

h heater

k cooler

R regenerator
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