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Thermo PhotoVoltaic (TPV) system convert into electrical energy the radiation emitted
from an artificial heat source (i.e., solar or combustion) by the use of photovoltaic cells. In
the last decade, TPV system has gained an increasing attention as cogeneration system for
the distributed generation sector. Nevertheless, these systems are not fully developed and
studied: several aspects need to be further investigated and completely understood. In this
study, we modeled and investigated by performing numerical simulation on the feasibility
of the TPV system exploiting waste heat energy during biomass combustion. To achieve
this goal, we considered a TPV system in which we evaluated and analyzed the waste heat
flux resulting from the combustion of the palm nuts shells as well as the corresponding
temperature received at the surface of the TPV Thermal-emitter. Furthermore, we
evaluated the heat intensity. Results obtained shows that the average temperature at the
TPV absorber-emitter is around 1600k. Different variation of the net heat flux at the TPV
absorber-emitter are observed for different position. The maximum heat intensity is around
15%10'" W.m?2.um! for a wave length of 2000 nm. These results indicate that the model

presented herein is therefore suitable for the design of the TPV system.

1. INTRODUCTION

The origins of TPV date back to the early 1960s, but it is
only in relatively recent years that it has shown real promise.
Incident and output power densities are much larger than flat-
plate PhotoVoltaic (PV) modules because of geometric
considerations. Potential attractions of TPV include: high
power density, fuel versatility, portability, silent operation,
operation that is independent of the sun, and low maintenance.
Possible applications include: stand-alone domestic gas-
furnaces, cogeneration of electricity and heat, large-scale
recovery of high-temperature waste heat from industrial
processes such as glass-manufacture, and many others [1]. The
concept of TPV system is to convert thermal energy from a
heat source (sun or combustion reaction) directly into
electrical energy by means of emitter, filter and photocells [2].
TPV system is composed of four component which are heat
source, thermal emitter, spectral filter and arrays of infrared
sensitive photovoltaic cells as it is shown in the Figure 1 [3].

From the Figure 1, the heat source can provide from solar
radiation or combustion or industrial waste heat [4]; the
emitter control the spectral thermal radiation and the filter
plays the role of recycling thermal radiation, i.e. reflecting
photons whose wavelengths are above the band gap
wavelength of the photovoltaic cell back to the emitter on one
hand, and transmit photon selectively from and a emitter
whose wavelengths are below the band gap of the photovoltaic
cell to penetrate the filter and research the cell [5].
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Figure 1. Thermo photovoltaic system

In recent years, more researches carried out on TPV system
focused on increasing conversions efficiency and power
density [6]. Among these: [7], proposed a TPV system
incorporating a selective metamaterial as the selective emitter.
With the combination of InAs/GalnAsSb TPV tandem cell,
41% and 11.82% conversion efficiencies were recorded for a
blackbody temperature of 1500°C and 300°C, respectively.
Mbakop et al. focused their studies on design TPV filter for
high temperature heat sources [8-10]. Ferrari et al.
successfully demonstrated a GaSb TPV cell with power
density output of 1.5 W.cm™ per cell generated from a hot
glowing radiant tube burner (1275°C) [6]. The finding
estimated a potential of over 3.1 GW worldwide electricity
production with TPV heat recovery system in steel industry.
Nevertheless, fewer studies in open literature focused on


https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.390435&domain=pdf

investigating the feasibility of exploiting radiative heat flux
resulting from the heat waste during combustion as TPV heat
source. Only Piness-Sommer et al. presented a review of the
recent development of the TPV system and component for
waste heat recovery applications [5, 6]. Their study focused on
thermal power plant using hydro carbon fuel to drive the TPV
generator. This study also discusses a possible method of
implementation of a TPV technology.

This paper presents a simple mathematical model that
calculates the radiative flux and the average temperature
profile at the emitter surface. Furthermore, we analysed the
possibility of exploiting radiative waste heat from the
combustion of biomass as heat source energy of a TPV system.
Finally, optimal position design of the thermal emitter was
carried out.

2. METHODS
2.1 Problem formulation

In the field of energy, biomass is organic matter that can be
used as a source of energy (bioenergy). This energy can be
extracted from it by direct combustion. In this work, the palm
nut shells were used as fuel.

During combustion of palm nut shells for heat power
generation using boiler, the radiant heat from combustion
flame is generally waste and unaccounted. Therefore, it is
necessary to investigate the feasibility of a TPV system based
on this waste heat radiative source by running simulation in
order to evaluate the amount of heat fluxes received at the TPV
absorber surface. The methodology applied here is based on
the following:

-System components; -Modeling of the flame; -Modeling of
radiative heat fluxes; -Calculation of view factor; -Modeling
of the average temperature at the TPV absorber-filter surface-
Modeling of Emittance

2.2 System components

Similar to all principles of energy conversion, TPV energy
conversion is a method of converting thermal energy into
electrical energy [11].

The principle is illustrated in Figure 1. The thermal sources
can be: solar, combustion or nuclear, which are supplied to the
absorber-emitter system. Radiation from the emitter is directed
to the photovoltaic (PV) cell, where it is converted into
electrical energy. To make the process efficient, the energy of
the photons reaching the PV cell must be greater than the
energy of the PV cell bandgap.

2.3 Modeling of the flame

In this work, the geometrical flame is modeled using a
radiant conical model Figure 2 close to the experimental aspect,
subdivided into 6 layers on the vertical direction, and each
layer having a define temperature.

From this geometrical model of the flame, parameters that
characterized combustion flame such as the flame length and
the flame temperature can be modeled as shown in [12] as
follow:

2
L¢ = —1,02D + 0,0148Q5 (1)
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where, Ly is the flame length, m; D is flame diameter, m; Q is
heat flux flow, w.
In Eq. (1) above, the heat flux flow is calculated as follow:
- For the flame development phase,

2
Q = RHR  Ag; « () )

RHRy: maximum heat flux flow per unit of area of flame,
KW/m?2.

Ag;: maximum surface flame area, m?; t: time, s; ty:
necessary time to attend maximum heat flux flow, s.

-Steady state phase,

Q = RHRf * Ay 3)

- Decrease flame phase,

_ _ t—tred
Q - RHRf * Afi * (1 tfin_tred> (4)
0,7q i

trog = o + RHR;L_ — 0,33ty (5)

afi
tena = trea +2 * [K;ﬂ — 0,33ty — (trea — toc)] (6)

_ MixHy;

Ui =" (7

qy;: load heat density per unit area, MI.m2; M;: nut palm
shells weight, Kg; H,;: lower calorific power, MJL.Kg™; t,¢q:
time corresponding to the flame reduction phase, s; tepng:
ending time of combustion, s.

The temperature profile of the combustion flame is giving
by:

T, =20+ o,zsoﬁ(z - zo)‘§ (®)
where,

Tz is the flame temperature, °C;

Q.: is the convective component of heat flux flow
calculated as: Q. = 0,8Q, W,

z: elevation along the flame axis, m, (Figure 3);

Z, is the virtual origin position, m is given by:

2
Zo = —1,02D + 0,00524Q5 ©
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Figure 2. Radiation exchange between two surfaces
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Figure 3. Flame modelling

2.4 Modeling of radiative heat fluxes (incident and net)

In general, the net radiative heat flux on an absorber-filter
divided into m cells is given by [13]:

Grad,df; = Li=1 € (Thx — Tféti,j)Fdfj—k (10)
Fajok =_&jff%é§ffﬁdAj (11)

cos 6; =¥and cos 0, = —@ (12)

cos 0050k _ (37) =) (13)

nSs2

6; and 6, : representing the angles between the normals to
the faces and the line S connecting the two faces.

o )R 14
Fajop & — X214 (14)
* €flame€absorber
= (15)

Eflamet€absorber —€flame€absorber

where,

Tfix: is the flame temperature at shell k; k; Ty ;: is the
absorber temperature at shell j; k;

Fy £i-k* is view factor between shell j of absorber and shell

k of flame;

o: Constant of Stefan-Boltzmann (5.67*10® W.m2.K%); £*:
is the equivalent emissivity.

From Eq. (10) the temperature of the absorber-filter at shell
Jj is been replaced by the average temperature 7., hence:

Arag.ar; = L1 0€" (Tfiue = T&)Far (16)
The balance heat as shown in the Figure 1 [5]:
q = Gin ~ Qout (17)

where, qin = Grq fiame » 1adiant heat from the flame and
Jout = Yraair Tdconv. heat lost from radiant heat of air and
convection. Eq. (17) become,

(18)

q= qra,flame_qra,air — Gconv
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with,
Graflame = Zi=10€" (Tfise = Té)Fag -k (19)
Graair = 0€a(T¢ = Taiw)Feompt (20)
Geonv = @c(Te = Tair) @n

with .= 1,78AT%25. The general equation when dividing the
cylinder flame into m sections is:

q = Yg=10¢" (Tf4i,k - Tc4)Fdfj—k (22)

—O0&aps (Tc4 - T:ir)Fcompl_ac (T — Tair)
2.5 Modeling of the average temperature at the TPV
absorber surface

From the first principle of thermodynamics, we have:

Q+W=0U (23)
where,

Q: is the total heat flux exchange; W': is the total work done
by the absorber; U: is the change of internal energy.

Considering that the total work done by the absorber is
negligible, Eq. (23) becomes:

Q=U (24)

. dr
U = pansc,V o (25)
where,

Paps: absorber density, kg.m; c,: specific heat capacity,
J kgl K! calculated as in Ref. [8]; V: volume of the absorber,

m?; T: temperature, K; ¢: time, s.

dT
pabstVE = A [qra,flame_qra,air - CIconv] (26)
daT Ag %
PabsCp s = 7{2k ge (Tf4i,k - Tc4)Fdfj—k - @7)

asabs(Tc4 - T:ir)FCompl_aC (Tc - Tair)}

Aj,: total surface of absorber.
By using the forward finite difference method, Eq. (27)
becomes,

-ttt 1 .
PabsCp (T) a7 {As Yk OE (TfA'i,k -
Tc4)Fdf]-—k - As(o-sabs(chht - T;ir)Fcompl) -
As(ac(Tct - Tair))}

(28)

2.6 Modeling of emittance

If a body (solid or liquid) strongly absorbs radiation over a
wavelength band, then it can be modeled as a black body on
that band.

The spectral distribution of the radiation emitted by a black
body is given by Planck's law. The emittance between the
wavelengths A and A+dZ is: E_A(4, T)dA.

Where E(4, T) is the power spectral density, also called
monochromatic exitance. Planck's law is:



2mhc?

23(ex(357)-1)

where, / is the Planck constant: 6.62*10-*m”kg/s, k the
Boltzmann constant: 1.23*1023m? kg/s>k and c the speed of
light in vacuum: 3*10% m/s.

The maximum of the exitance as a function of the
wavelength is given by Wien's displacement law:

Ey(A,T) = (29)

AmaxT = 2898; um. K (30)

where, T is giving by Eq. (28).

The total power emittance by the black body is by definition:

E(T) = [ E;(4, T)dA (31)

3. RESULTS

From the models obtained, we run simulations in other to
evaluate and analyze radiative heat fluxes at the surface of a
TPV absorber for different cases. The absorber is divided in
six sections of 50 cm on the elevation direction. Parameters
used in these simulations are presented in Table 1 below:

Table 1. Input parameters

3.1 Evaluation of the radiative heat fluxes for different
position of the absorber to the heat source

Case 1: radiative heat fluxes receive by the absorber for a
position of 0.6meter.

We have presented in Figure 4 (a) the incident heat flux
from the waste heat flux resulting from the combustion of
palm nut shells. On this profile, we can observe that it has three
phases namely: the development of the flame, the equilibrium
of the flame and the decay of the flame. The area of the
absorber-emitter unit receiving the maximum flux is between
0.5 and 1.5 m for values between 10 and 17 kw.m™. For Figure
4 (b) and Figure 4 (c), we present the flows taking into account
the losses by convection and that due to the radiation of the air.
We can also observe the three corresponding phases of the
flame. Negative fluxes are obtained, this is due to the fact that
after a certain moment the absorber - emitter unit rejects rather
than receives it. It is observed that the zone having the most
negative value is located on the zone which initially received
the maximum heat flow.

Case 2: radiative heat fluxes receive by the absorber for a
position of 0.8meter.

For Figure 5(a), Figure 5 (b), Figure 5 (c), it is observed that
the profiles have the same behaviors as for Figure 4 (a), Figure
4 (b), Figure 4 (c). What we can see here is the value of the
maximum flux received, they are located between 6 and 11.5
kw.m?2, and the area of the absorber - emitter receiving this
heat flux is always between 0.5 and 1.5 m.

Case 3: radiative heat fluxes receive by the absorber for a
position of 1 meter.

When the absorber-emitter is located 1 meter from the heat
source, Figure 6(a), Figure 6(b), Figure 6(c), the first
observation we can make is to observe that the maximum
value is almost 6 kw.m™. This value is reduced by a third of
the value obtained in Figure 4(a), Figure 4(b), Figure 4(c). The
three phases of the flame are observed.

Heat flux net (Kw/m?)
]
|
|

L

Parameters Values
Dabs 2700, Kg.m?3
Dair 1.183, Kg.m?
Eabsorber 0.92
Sflame 1
o 5.67*10"-8, W.m2.K*
M; 100, Kg
Hy; 20*1076, J.Kg!
RHRy 1000*1073, KW.m™
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Figure 4. (a) incident heat flux, (b) receive heat flux with convection, (c) net heat flux
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Figure 5. (a) incident heat flux, (b) receive heat flux with convection, (c) net heat flux
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Figure 6. (a) incident heat flux, (b) receive heat flux with convection, (c) net heat flux

Table 2. Maximum heat flux net for different position

Distance between flame and TPV absorber (m)

Maximum net heat flux at the TPV absorber (Kw/m?)

From Table 2 presented above, we can observe that the
maximum net heat flux decreases when the distance between
the flame and TPV absorber increases. It can also be seen that
at the position 0.6 m, we have the highest maximum net heat
flux. This is because the TPV absorber is closed to the flame.

3.2 Evaluation of the average temperature for different
position of the absorber to the heat source

Case 1: average temperature profile at the surface of the
absorber for a position of 0.6 meter.

2000 : : : ' . .
%3 p - S
0 1500 - /
3 /
2 /
[0}
o
£1000 -
o
[0
% ."
o 500 /
>
=
U: 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500
Time(s)

Figure 7. Average temperature profile

Case 2: average temperature profile at the surface of the
absorber for a position of 0.8 meter.
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T
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Figure 8. Average temperature profile

Case 3: average temperature profile at the surface of the
absorber for a position of 1 meter.
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Figure 9. Average temperature profile

In Figure 7, Figure 8, Figure 9 representing respectively the
average temperature at the different positions 0.6 m, 0.8 m and
1 m of the absorber, we observe that the maximum value is
around 1650k. Between 500s and 3500s for Figure 7, we
observe the different temperature profiles for the six positions
on the absorber. As for Figure 8 and Figure 9, it can be seen
that all the profiles are merged; this shows that the further
away from the heat source, the less temperature the absorber
receives.

3.3 Evaluation of the emittance for different position of the
absorber to the heat source

Case 1: variation of the emittance with the wave length for
a position of 0.6 meter of the absorber.

1"
2x10

05|

Emittance (W/m?2.um)

Wavelength (pm)

105
X
Figure 10. Variation of the emittance with the wave length

Case 2: variation of the emittance with the wavelength for
a position of 0.8 meter of the absorber.
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Figure 11. Variation of the emittance with the wave length

Case 3: variation of the emittance with the wave length for
a position of 1 meter of the absorber.
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Figure 12. Variation of the emittance with the wave length

Considering the absorber-emitter as a black body [14, 15],
we have represented the emittance as a function of the
wavelength. Firstly, the indicator that can be brought out is the
value of the wavelength at the extremum of the curve which is
around 2000 nm for the three Figure 10, Figure 11, Figure 12.
This obtained value is in agreement with the authors [3, 16].
Secondly, we observe that Figure 10 presents the maximum
values of the emittance between 12%10'° and 15.5%10'°

W.m2.um! corresponding to the value of A, = 2000 nm; and
these values are very distinct. For Figure 11, the values are
rather between 13.5%10'° and 15.5*10'° W.m2.um™!, and the
curves differ very little. In Figure 12 we have a range of values
between 14*10'" and 15.5%10' W.m?.um"" and the curves are
very tight. The further away we are from the heat source, the
more the value of the emittance increases.

4. CONCLUSION

In this work, the waste heat energy resulting from the
combustion of palm nut shells has been exploited as a radiative
heat source for a TPV absorber system. For that we modeled
the flame of combustion using conical approach. Simulations
were performed to evaluate the incident and net heat fluxes at
the surface of the absorber. The effect of convection and
radiative heat lost as well as the position between the absorber
and the conical flame, on the heat fluxes profile were analyzed.
It comes out that the optimum position where the heat fluxes
are maximum is 0.6 m. Moreover, combustion heat lost has an
impact on the heat flux. The average temperature was also
presented. Regarding the wavelengths, we obtained 2000 nm
this value which corresponds to the IR. Finally, results
obtained from the numerical simulations shows that radiative
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waste heat energy from the palm nut shells combustion can be
used as radiative heat source for a TPV system.
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