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This work is part of the dynamic of proposing a solution to the problem of access to electricity in Chad, which has a rate of access to
electricity of 3%. N’Djamena has significant solar potential that can be harnessed to generate electricity. In this paper, we present a
theoretical study of the performances of the Dish/Stirling system with the purpose of producing electricity, based on a mathematical
model taking into account each of the subparts of the system (concentrator, solar cavity receiver, and Stirling engine). Hydrogen is
preferred to helium as the working fluid for operating the Stirling engine at high temperatures. This coupled model made it possible
to estimate the monthly average of the electric power produced by this modular system and also its overall solar electricity yield.

1. Introduction

Alarming reports of the unprecedented effects of fossil fuel
use on the climate have been at the center of research into
new technologies. The sun is one of the abundant sources
of energy. Thermodynamic solar is one of the solar technol-
ogies that operate solar radiation to generate electricity. Its
techniques are aimed at converting the sun’s radiation into
heat to heat a fluid at high temperature allowing driving a
turbine or a motor to produce electricity and also heat for
industrial processes. The Dish/Stirling system among the
four (4) concentrated solar power systems of its modular
nature is suitable for small-scale electricity production [1].
The use of this system is not limited to the production of elec-
tricity but in several areas. In their work, Petrescu et al. used
the Dish/Stirling system to produce hydrogen compared to
its performance with that of photovoltaic cells. The two sys-
tems are coupled to an electrolyser [2]. Nepveu et al. made
an evaluation and a study of the optical and thermal losses
of the Dish/Stirling system of 10 kWelec in the laboratory of

PROMES, starting from a modeling of the solar energy-
electricity conversion of this one, for electricity production
[3]. Ahmadi et al. [4] made a thermodynamic analysis and
used the algorithm of NSGAII to optimize the objective func-
tion associated with the power output, thermal for a motor
with solar system in order to study the factors of optimal
design, and the optimal thermoeconomic performances.
Other work has been carried out on the use of the Stirling
engine and its thermodynamic cycle. To improve the cooling
system of a car engine, Bani-Hani et al. [5] carried out an
experimental study to integrate a Stirling cycle unit on the
car radiator, acting as a pressure relief valve for the radiator.
Knowledge of the meteorological data of the site where the
technology is implemented is essential for the proper func-
tioning of the Dish/Stirling system [6]. There are different
methods of predicting or estimating the daily global radiation
from one region to another [7, 8].

This work deals with the production of electricity from
solar energy using the Dish/Stirling modular system. It is a
question of transforming the solar energy obtained from
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solar radiation into heat, using a solar parabolic dish concen-
trator which is then transmitted to the working fluid at high
temperature thus producing mechanical energy via a Stirling
engine and finally converted in electricity by means of an
alternator.

The purpose of this present work is to theoretically esti-
mate the temperature of the external surface of the solar
absorber and that of the working fluid circulating in it, which
constitutes the hottest part of the Stirling engine (engine
inlet). Two working fluids are used in order to compare their
maximum temperatures reached during the day and choose
the one with good energy transport properties to finally pro-
duce electricity. Some models define a critical value where the
temperature must not exceed relative to the thermophysical
characteristics of the material of the receiver used [9]. This
is not the case in this work.

2. Site Location

The region of N’Djamena is located in the Sahelian climate
with a total surface area of 395 km2 the average value of the
normal direct component per hour available; on any scale,
it varies from 5 to 6 kWh/m2 for the favorable month and
2.5 to 3 kWh/m2 for the unfavorable month according to a
study done on the estimation analysis of the direct solar radi-
ation component by [6, 7]. Table 1 presents the geographic
coordinates and type of climate of the study site.

2.1. System Description. The system studied is a Dish/Stirling
module of 10 kWelec. This system is composed of three main
elements, namely, the solar parabolic dish concentrator,
the solar receiver, and then the Stirling engine. The con-
centrator consists of an assembly of mirrors in a para-
bolic shape with good reflectivity coefficient. At the
focus of the concentrator at a focal length F, the solar
receiver is placed. The latter has a receiving cavity which
serves to reduce losses by reflection (trapping solar radia-
tion), losses by convection, and losses by radiation from
the hot surface of the solar absorber and to attenuate
the nonuniformity of the solar flux on the absorber
(redistribute the flux by internal reflections). The aperture
surface of the receiving cavity is in the form of a circle
and distant from the solar absorber which is housed at
the bottom thereof. The distribution of the energy flow
over the surface of the solar absorber is nonuniform, gen-
erating temperature gradients. In this work, this tempera-
ture is assumed to be uniform over this entire surface.
The solar receiver is the critical part of the system where
several physical phenomena prevail, in particular: it is the
site of heat losses. The transport properties of air, helium,
and hydrogen were evaluated using the correlations pro-
posed by Refs. [10, 11].

2.2. Methodology. The energy model of the solar electricity
conversion of the Dish/Stirling system extends from the solar
parabolic dish concentrator to the Stirling engine via the
solar receiver. This model can be divided into three parts rel-
ative to the three main elements mentioned above the system.

Hydrogen and helium are used as the working fluid and are
considered to be ideal gases.

2.2.1. The Solar Parabolic Dish Concentrator. The reflective
surface of the concentrator only reflects part of the solar
energy collected due to its geometric imperfections which
cause the solar to result to overflow outside the aperture of
the receiving cavity. We assumed these errors to be constant
and were fixed from the expression of the interception factor,
which is also taken as a constant in this work.

2.2.2. Solar Receiver with the Solar Absorber. Only part of the
concentrated solar energy entering the receiving cavity is
transmitted in the form of sensitive heat at high temperature
to the working fluid of the Stirling engine, circulating in the
absorber tubes, while the other part is lost in the ambient
air by reflection, thermal radiation, and convection. In order
to calculate the temperature of the absorber surface, the
distribution of the energy flow arriving on the surface of
the solar absorber is assumed to be uniform and so is the
temperature.

2.2.3. Stirling Engine. The energy transmitted to the working
fluid at the inlet of the Stirling engine is in reality
completely converted into mechanical energy due to the
various losses due to imperfect regeneration and the tortu-
ous flow of the working fluid. In order to couple the sys-
tem to the Stirling engine and simulate its performance,
the so-called isothermal Schmidt model is used. It is a
simplified model presenting limits compared to the other
models existing in the literature, being more efficient than
this one [12–14]. This work is not intended to do an in-
depth modeling of the engine. An electric generator with
high efficiency is coupled to the motor to convert the
mechanical power supplied by it into electricity.

The steps of this conversion are shown in Figure 1.
Design parameters of Dish/Stirling and operations condi-
tions used for the case study are given in Table 2 and the
operation flowchart in Figure 2.

2.3. Optical Geometric Model. The solar parabolic dish con-
centrator collects and reflects the direct normal irradiation
(DNI) on the receiving cavity aperture and then concen-
trated on the solar absorber located at the bottom of it.
The system is mounted on a metal structure placed on
the ground. Many geometrical parameters (focal length,
inclination of the receiver, the rim angle of the solar par-
abolic dish concentrator, etc.) of the system influence its
operation, especially in terms of the exchanges of energy
flow between the solar parabolic dish concentrator and
the receiver [15, 16].

Table 1: The geographic data of the site.

Position
studied

Latitude
(°)

Longitude
(°)

Altitude
(m)

Climate Albedo

N’Djamena 12.11 15.04 295 Sahelian 0.2
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The diameter Dcon and the focal length of the collector F
are two important parameters of the structure and are
described by Figure 3. They are linked by the relation [17, 18]

F
Dcon

=
1

4:tan ψ/2ð Þ ,

RP =
2 ⋅ F

1 + cos ξð Þ ,
ð1Þ

where φ is the rim angle of the solar parabolic dish concen-
trator, RP the parabolic radius (distance between the concen-
trator curve and the focal point), and ξ is the angle that the
parabolic radius makes with the distance (OM).

The solar parabolic dish concentrator plays a very impor-
tant role in the solar electricity energy conversion chain. It
presents several imperfections due to the geometrical defects
and the shape of the sun causing the focal spot to overflow
outside the aperture cavity: this represents the fraction of
solar energy concentrated on the cavity aperture which did
not enter into this one. Thus, these imperfections are evalu-
ated from equation (2) [17]:

σT = 4σ2tilt + σ2
spec + σ2

w + σ2sun: ð2Þ

The interception factor, which is the fraction of energy
entering into the receiving cavity and is a function of the total
error, is calculated by relation [16]:

ϕfi = 1 − exp
1

2 ⋅ C ⋅ σ2
f

� �
: ð3Þ

The lost energy (which is not entered) outside the cavity
aperture area is deduced from the interception factor.

C is the concentration factor defined as C = Acon/Aap,
where Acon is the projected reflective surface of the solar par-
abolic dish concentrator and Aap is the aperture surface of the
receiving cavity.

σf is the error of the distribution of heat flux in the focal
plane which is given by [17]

σ2f = σT
1 + cos2 ψð Þ

3 ⋅ ψ ⋅ cos ψð Þ ⋅ sin ψð Þ : ð4Þ

2.4. Thermal Model. The expression of the power received by
the aperture surface of the receiving cavity is given by the
relation [19]

_Qrec = _Qs ⋅ ηop ⋅ ϕfi,  _Qs = I ⋅Acon, ð5Þ

where ηop is the optical efficiency of the solar parabolic dish
concentrator which is defined as the product of the coeffi-
cient of absorptivity, emissivity, and transmissivity of the
concentrator, I is the direct normal irradiation, and _Qs is
the power received at the reflective surface of the solar para-
bolic dish concentrator.

Within the receiver, the temperature is high, which gen-
erates several thermal losses through the aperture surface of
the receiving cavity and the materials (ceramic and Inconel)
constituting it.

2.4.1. Losses by Conducto-Convection. These losses are func-
tions of the thermophysical properties of the material

Concentrator

Optical losses �ermal losses

Receiver

Concentrated
solar flux

Useful heat
output

Stirling
engine

Mechanical power

Electric
power

Generator

Figure 1: Diagram of the solar electricity conversion chain of the Dish/Stirling system.

Table 2: Comparison between the model and the experimental measurements of the different yields of the subcomponents of the
Dish/Stirling system.

Data
Mathematical model
used in this paper (%)

Experimental
measures [9] (%)

Errors between model and
experimental measures (%)

Collector efficiency 75 78.6 4.5

Receiving cavity efficiency 88.4 82.6 7

Thermooptical efficiency 69 64.9 6.3

Solar electricity efficiency 21 22.5 6.7
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constituting the walls. They represent the flow of heat con-
ducted through the ceramic walls of the cavity (i.e., the side
and back wall of the absorber) from the inside to the outside
which is dissipated by natural convection into the ambient
medium. In this work, unlike others, these losses are taken
into account in the calculation because of the thermophysical
properties of the material constituting the walls [9]. They are
calculated by equation (6) as a function of the temperature
difference [10]:

_Qcan =
Tab − Tamb

ecer/λcer ⋅ Ainð Þ + 1/hext ⋅ Ainð Þ , ð6Þ

where λair and λcer are the thermal conductivity of the ambi-
ent air and the ceramic, respectively; ecer and Ain are the
thickness of the ceramic wall and the inner surface of the

ceramic wall, respectively; Tab and Tamb are the temperature
of the absorber and the ambient air, respectively; and hext is
the natural convection heat transfer coefficient outside the
receiver. It is given by [10]

hext = 0:148 ⋅ Reð Þ0:633 ⋅ λair
Drec

, ð7Þ

where Drec is the diameter of the solar receiver and Re is the
Reynolds number.

2.4.2. Convection Losses. Convective thermal losses are dis-
tinguished into two types of losses: natural convection and
forced convection. Losses due to natural convection (inside
the cavity) are due to the presence of air in the cavity and
the level of temperature in it. They are proportional to the
aperture surface of the cavity and then to the difference of

Input data
(i) Design parameters of

Dish/Stirling and operating
conditions, DNI, wind speed

�emo-physical properties of
air

(i) Numbers : Re, Pr Nu, Gr
(ii) convection coefficients.

Calculation of the
absorber temperature Tab

Calculation of thermal
powers

Calculation of the working
fluid temperature

Calculation of mechanical
power

Calculation of efficiencies

Calculation of electrical
power

�emo-physical properties of
hydrogen.

(i) Numbers : Re, Nu, Pr
(ii) forced coefficient convection.

Figure 2: Operation flowchart.
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the temperatures between that of the absorber and the ambi-
ent air, while forced convection losses are due to the wind
speed on the opening surface of the receiving cavity consider-
ing the inclination of the solar receiver. These losses are given
by the relation [12]

_Qconv = htotal ⋅ Aap ⋅ Tab − Tambð Þ, ð8Þ

where Aap is the aperture surface of the receiving cavity.
The total coefficient of convective transfer is given by [10]

htotal = hnat + hforced, ð9Þ

where

hnat =
Nuλair

L
,

hforced = f θð Þ ⋅ v1:401:
ð10Þ

L denotes the distance between the aperture of the receiv-
ing cavity and the solar absorber, θ characterizes the angle of
inclination of the solar receiver relative to the horizontal, v is
the wind speed, and f represents a function dependent on θ
and is formulated by [10]

f θð Þ = 0:1634 + 0:7498 sin θð Þ − 0:5026 sin 2θð Þ
+ 0:3278 sin 3θð Þ: ð11Þ

The correlations giving the Nusselt number and that of
Grashof are concocted by equation (12) [10, 17, 18]:

Nu = 0:088Gr1/3 ⋅
Tab
Tamb

� �0:18
⋅ cos θð Þ2:47 ⋅ Dap

L

� �S

, ð12Þ

Gr =
gβ Tab − Tambð ÞL3

υ2
, ð13Þ

where

S = 1:12 − 0:982:
Dap

L

� �
, ð14Þ

where g, β, υ, and Dap are the gravity, the coefficient of ther-
mal expansion, the kinematic viscosity of the air, and the
aperture diameter of the receiving cavity, respectively.

2.4.3. Radiation Losses

(1) Radiation. These are losses that are proportional to the
emissivity of the absorber and to the aperture diameter of
the receiving cavity. They strongly depend on the tempera-
ture difference between the reflective surface of the concen-
trator and that of the absorber. The relationship to calculate
these losses is [10, 17]

_Qrad = εab ⋅ γ ⋅ Aap ⋅ T4
ab − T4

amb
� �

, ð15Þ

where εab and γ denote the absorber emissivity and the Boltz-
mann factor, respectively.

(2) Reflection. These are losses by radiation coming from the
reflection of the internal surfaces of the cavity. They depend
on the absorptivity of the receiving cavity and are propor-
tional to the power received by the receiving cavity. The rela-
tionship for calculating these losses is illustrated by equation
(16) [20, 21]:

_Qref = 1 − aeffð Þ ⋅ _Qrec, ð16Þ

aeff =
arec

arec + 1 − arecð Þ Aap/Arec
� � , ð17Þ

where aeff , arec, and Arec are the absorptivity coefficients of
the cavity, receiver, and receiver surface, respectively.

2.4.4. Total Power Intercepted by the Solar Receiver. The
available thermal power useful in the receiving cavity is
estimated by the energy conservation equation:

_Qu = _Qrec − _Qref − _Qcond + _Qconv + _Qray

� �
: ð18Þ

This equation can be rewritten using the temperature
formulation, in the form

p ⋅ CP ⋅ V
dTab
dt

= _Qrec − _Qref − _Qcond + _Qconv + _Qray

� �
, ð19Þ

where CP is the specific heat capacity, ρ the density, and
V the volume of the ceramic wall and the air, respectively.
Thus, equation (19) makes it possible to calculate the tem-
perature of the surface of the solar absorber as a function
of time.

The thermal power is transmitted to the working fluid
circulating in the hot part of the engine in the form of

Dcon

Rcon
Rp

O

F

Concentrator

Receiver
M

𝛏

Figure 3: Geometry of the solar parabolic dish concentrator.
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sensible heat. This makes it possible to calculate the temper-
ature of the working fluid in the absorber tubes and is
described by

T f tð Þ = Tab tð Þ − Qu
hcf ⋅ Aab

: ð20Þ

2.5. Model of Engine Stirling. The modeling of the Stirling
engine is based on the Schmidt model called isothermal anal-
ysis, a mathematical model that allows to simulate the perfor-
mance of a Stirling engine from its geometry. This analysis is
described by Berchowitz and Urieli, published in their docu-
ment Stirling Cycle Engine Analysis [21]. This analysis takes
into account various simplifying assumptions [22]. Figure 4
shows the different sections of the Stirling engine considered
in this analysis. The Stirling engine used is of the alpha Solo
V-161 type. The variations in its expansion and compression
volumes are expressed from equations (21), valid for sinusoi-
dal kinematics, and are a function of cycle time, phase shift,
and speed of rotation [3, 9]:

VC tð Þ = VC
2

sin ω0 ⋅ t − ζð Þ + 1ð Þ + VCm, ð21Þ

VD tð Þ = VD
2

sin ω0 ⋅ tð Þ + 1ð Þ +VDm: ð22Þ

The angular speed ω0 = ð2π ⋅NTÞ/60, function of rotation
speed NT = 1500 rpm, and frequency is 25 hertz. The phase
shift between the two pistons is 90°, that is to say, 2π radians.
The volumes of the other engine compartments are constant.

The total mass of the working fluid propagating into the
engine is the sum of the masses of each compartment of the
engine. It is constant and written in the form [23]

M =mD +mh +mr +mc +mC: ð23Þ

Thus, the gas pressure in the entire engine can be written
as a function of different temperatures, volume size of each
compartment, and the noble gas constant. It is given by equa-
tion (24) [24, 25]:

P =M ⋅ R ⋅
VD
TD

+
Vh
Th

+
V r
Tr

+
Vc
Tc

+
VC
TC

� �−1
, ð24Þ

Qh =WD =
þ
P

dVD
dφ

� �
dφ, ð25Þ

Qc =WC =
þ
P

dVC
dφ

� �
dφ: ð26Þ

The total work done by the system in a complete cycle is
written as

W =WD +WC: ð27Þ

The receptor efficiency is defined as the ratio between the
supplied power to the working fluid in the Stirling engine and
the received power by the receiving cavity. It takes into con-
sideration losses due to conducto-convection, convection,
reflection, and radiation from the receiving cavity opening
and its walls.

ηcav =
_Qu
_Qrec

: ð28Þ

The thermooptical efficiency is given as [26, 27]

ηthermoopt =
_Qu

I ⋅ Acon
: ð29Þ

That of the engine presents the thermal power supplied
to the working fluid at the input of the engine, which con-
verted into mechanical power at the output.

ηengine =
_W
_Qu

: ð30Þ

Finally, the global system efficiency, which expresses the
global performance of the solar electricity conversion chain
of the Dish/Stirling system, is given by

ηglobal = ηcon ⋅ ηcav ⋅ ηengine ⋅ ηGE: ð31Þ

The supplied electric power by the electric generator
coupled to the Stirling engine is calculated from

_Qel = ηglobal ⋅ I ⋅ Acon: ð32Þ

3. Results

Temperature is a very important parameter in the overall
functioning of Dish/Stirling systems. It influences each step
of their solar electricity conversion chain and finally their
efficiency. Figure 5 illustrates the influence of the solar
absorber temperature on the thermooptical system and the
efficiency of the solar receiver. The temperature increase on
the outer surface of the solar absorber related to the DNI gen-
erates thermal and optical losses inside the solar parabolic
dish concentrator and the receiving cavity relative to the
properties of the materials used by these. This is clearly
described by Figure 5. Hydrogen and helium were used as
working fluid to compare their maximum temperature

D C

Regenerator
CoolerHeater

Qh Qc

Figure 4: Diagram of the different compartments of the Stirling
engine.
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reached at the engine inlet, i.e., the temperature of the hot
source. The evolution of the temperature of each of these
working fluids in the heater as a function of time was simu-
lated in order to see which of the two presents good energy
transport properties. Figures 6–9 compare the variations of
the temperature of the absorber (Tab) and that of the working
fluid (T f ) during the month of the year considered the most

favorable and most unfavorable of the city of N’Djamena,
first using hydrogen as a working fluid and then helium later.
During the day for the most favorable month, both tempera-
tures change according to the DNI. However, the difference
between these temperatures (Figures 6 and 7) is due to ther-
mal losses recorded within the receiving cavity, a function of
the variation of normal direct irradiation (DNI). The
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Figure 5: Evolution of the efficiency as a function of the absorber temperature.
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maximum values of the temperatures are reached when the
direct normal irradiation reaches its maximum value. This
comparison is made for the month of the year when DNI is
most important (March). Hydrogen is used as a working
fluid in Figure 5 and helium in Figure 6. The temperatures
of the two fluids behave differently as a function of time

and for the same variation of DNI. The maximum values
attained by their temperature are shown in Figures 5 and 6.
These translate the behavior of the two fluids in the transport
of energy. Thus, the evolutions highlight the good thermo-
physical properties (i.e., thermal conductivity, thermal capac-
ity, dynamic viscosity, and density) of hydrogen with respect
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Figure 7: Evolution of the working fluid temperature in the heater for the most favorable month using helium.
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Figure 8: Evolution of the working fluid temperature in the heater for the most unfavorable month using hydrogen.
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to helium as a function of temperature. In general, the ther-
mal efficiency and the fluid outlet temperature are used to
evaluate the thermal performance of our system. The weather
conditions are used for a typical March day with a wind
speed of 2m/s, and the fluid inlet temperature is assumed
to be equal to the ambient temperature.

For the month (August) of the most unfavorable year,
when DNI is not important, the two temperatures evolve
similarly to the previous ones (Figures 7 and 8) during the
day. Nevertheless, the differences observed between the two
temperatures in Figures 7 and 8 are not the same in this case
because DNI is low, which mitigates the thermal losses in the
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Figure 9: Evolution of the working fluid temperature in the heater for the unfavorable month using helium.
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Figure 10: Temporal variation of the temperature of two working fluids used for the most favorable month.
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solar receiver. The temperature difference between that of the
solar absorber and that of the working fluid is proportional to
the thermal losses. As before, hydrogen is considered
(Figure 8) a working fluid at first and helium (Figure 9) in
the second time. The same observations made previously in
Figures 6 and 7 remain valid in these cases, except that the tem-

peratures obtained are lower because the DNI here is also low.
Figures 10 and 11 enable us to clearly appreciate the simulta-
neous temporal temperature fluctuations attained by the two
used working fluid in the two different considered cases.

In the rest of the work, hydrogen is considered the only
working fluid to simulate the performance of the Stirling
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Figure 11: Temporal variation of the temperature of two working fluids used for the most unfavorable month.
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engine because it has the good thermophysical properties at
very high temperature degrees (i.e., low density, low viscosity,
its high thermal mass capacity, and its high thermal conduc-
tivity too).

Figure 12 shows three curves describing the theoretical
thermodynamic cycle carried out by the working fluid in
the Stirling engine on the side of the expansion cylinder

(curve in red) and of the compression cylinder (curve in blue)
and in the whole of the Stirling engine (curve in black) repre-
senting the four (4) times of the Stirling cycle for a working
fluid temperature at the inlet of the Stirling engine of 880K.
This is the area representing the mechanical work provided
by the pistons of the two cylinders during each cycle, for a full
revolution of 2π.

35

30

25

20

15

10

5

0
290 340 390 440 490 540 590 640 690 740 790 840

Engine
Solar electricity

Fluid temperature (K)

Effi
ci

en
cy

 (%
)

880

Figure 13: Evolution of the yields as a function of the temperature of the working fluid.

3.5

4

3

2.5

2

1.5

1

0.5

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

Month

El
ec

tr
ic

al
 p

ow
er

 (k
W

)

Dec

Figure 14: Variation of the monthly average of the daily electrical power.

11International Journal of Photoenergy



The performance of the system is evaluated on the basis
of its performance. Several efficiencies have been defined in
Section 2.5. Figure 13 illustrates the efficiency of the Stirling
engine (curve in red) which describes the conversion of the
thermal power supplied to the working fluid at the inlet of
the engine into mechanical power at the outlet and the over-
all system performance (curve in blue). The latter expresses
the overall performance of the solar electricity conversion
chain of the Dish/Stirling system. It is the part of the solar
energy collected and concentrated by the concentrator which
is converted into electricity. Their changes are a function of
the temperature of the working fluid driving the engine.
The overall solar electricity yield of the system for a maxi-

mum temperature of 880K and a constant DNI of
906W·m-2 is 21%, which remains in the range defined by
experimental measurements and other models reported in
the literature [9].

The electrical power varies daily with respect to the per-
formance of the system, which is influenced by the weather
conditions in the study area. This has an impact on the aver-
age monthly production. Figure 14 shows these variations for
each month of the year considered. Electric power increases
during the first three (3) months of the year to 3.57 kWe
(maximum) in March before decreasing to 1.57 kWe (mini-
mum) in August. This result shows the importance of the
concentrated solar system in the Sahel region of N’Djamena
in Chad and also for the localities not connected to the elec-
tricity networks.

4. Numerical Model Validation

In order to validate the mathematical model used in the
case of this study, we have considered the same input
parameters used in the experimental study carried out by
Refs. [3, 9]. Table 2 gives the differences between the dif-
ferent yields, defined in Section 2.5, estimated by the
model and those obtained by the experimental measure-
ments existing in the literature. These results are obtained
for a constant DNI of 906W·m-2, with hydrogen as work-
ing fluid and under the same operating conditions given in
Table 3. The first difference between the model and the
experimental measurements is at the level modeling the
Stirling engine as you would expect, knowing the limits
of the model used. The second difference is located at
the receiver where simplifications have been made in par-
ticular on the distribution of the energy flow within it and
the optical errors which have been fixed from the intercep-
tion factor. The differences however remain within an
acceptable range.

5. Conclusion

In this article, a study of the performance of the Dish/Stirling
system for generating electricity was made, using a mathe-
matical model coupling each of its subsystems. The tempera-
tures reached at the inlet of the Stirling engine by the two
working fluids used (hydrogen and helium) were estimated
and compared. We can conclude that hydrogen is the good
working fluid in the transport of energy at high temperature
to drive the Stirling engine. It is then used in the rest of the
work to estimate the electrical power produced by the system.
Based on calculations, the performance of the subsystems
was estimated from the mathematical model used. The
results were compared with those obtained experimentally
existing in the literature.

Nomenclature

%: Percentage
K: Kelvin
W/m2: Watt per square meter
km: Kilometer

Table 3: Design parameters of Dish/Stirling and operating
conditions used for the case study [21].

Type number of facets Paraboloid 12 seg

Focal length (m) 4.52

Dish aperture diameter (m) 8.5

Area projected (m2) 56.7

Reflectivity (%) 94

Interception factor (%) 90

Rim angle (°) 45

Stirling engine type
Kinematic alpha
type SOLO 161

Number of cylinders 2

Maximum electrical power 10 kWe

Angular speed (rpm) 1500

Working fluid Hydrogen

Cooling Ambient air

Cooler swept volume (cc) 160

Cooler dead volume (cc) 22

Heater swept volume (cc) 160

Heater dead volume (cc) 28,06

Absorber number of tubes 78

Inner diameter of a tube (mm) 1,6

Average length of a tube (cm2) 34,6

Absorber inner volume (cc) 54,26

Area of absorber (cc) 13,17

Regenerator diameter (mm) 66

Regenerator heat transfer area (cm2) 25900

Length (mm) 30,6

Ceramic thermal conductivity (W·K-1m-1) 10

Thermal capacity of ceramic (J·kg-1·K-1) 1000

Ceramic density (kg·m-3) 200

Ceramic thickness (m) 0.20

Inconel thermal conductivity (W·K-1m-1) 21

Thermal capacity of Inconel (J.kg-1·K-1) 570

Inconel density (kg·m-3) 8440

Aperture diameter of cavity (m) 0.19

Inclination angle (°) 40

Phase shift angle (°) 90

Depth of the cavity (m) 0.12
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ms: Millisecond
kWh/m2/day: Kilowatt hours per square meter per day
F: Focal length
RP: Parabolic radius
Rcon: Concentrator radius
ξ: Angle between RP and distance (OM)
Ψ: Rim angle
θ: Inclination angle
ζ: Phase shift angle
χ: Degree angle
φ: Angle of crankshaft
λcer: Thermal conductivity of ceramic
λair: Thermal conductivity of the air
λT: Total thermal conductivity
λab: Thermal conductivity of the absorber

(Inconel)
λhyd: Thermal conductivity of hydrogen
hext: Coefficient of natural convection transfer

outside receiver
htotal: Total convection heat transfer coefficient
hnat: Natural convection heat transfer coefficient
hforced: Forced convection heat transfer coefficient
hcf : Forced convection heat transfer coefficient

(hydrogen)
αeff : Absorption coefficient of the receiving cavity
αrec: Receiver absorptivity coefficient
β: Coefficient of thermal expansion
εab: Emissivity coefficient of the absorber
CP: Thermal capacity
R: Constant of perfect gases
D: Diameter of pipe
Dcon: Concentrator diameter
Drec: Receiver diameter
Dap: Aperture diameter of the receiving cavity
Dint: Inner diameter of the solar absorber tubes
Din: Diameter of a tube
σT: Total error in the tilt concentrator
σtilt: Tilt error
σw: Tracking system error
σspec: Error due to specular reflectance of the

concentrator
σsun: Error due to the shape of the sun
e: Thickness of the ceramic
ϕfi: Interception factor
C: Concentration factor
v: Wind speed
s: Parameter of Equation
γ: Boltzmann factor
f : Frequency
g: Gravitational force
ρm: Density
Re: Reynolds number
Nu: Nusselt number
Gr: Grashof number
Pr: Prandtl number
_Qs: Power received by the concentrator
_Qrec: Power received by the receiver
_Qref : Power lost by reflection

_Qcond: Power lost through conducto-convection
_Qconv : Power lost through convection
_Qrad: Power lost through radiation
_Qu: Useful power
L: Depth of the cavity
ηcav: Efficiency of the cavity
ηthermoopt: Thermooptical efficiency
ηengine: Engine efficiency
ηglobal: Overall system performance
Acon: Area of the concentrator
Aap: Aperture area of the receiving cavity
Arec: Area of receiver
Ain: Inner area of the ceramic wall
Aab: Area of absorber
Tm: Average temperature
Tr: Regenerator temperature
Tamb: Ambient temperature
Tab: Absorber temperature
T f : Working fluid temperature
Th: Heater temperature
WC: Work on the compression side
WD: Relaxation work
I: Direct normal irradiation (DNI)
V cm: Cooler dead volume
Vdm: Heater dead volume
Vd: Heater swept volume
V c: Cooler swept volume
NT: Rotation speed
t: Time.
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