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Harvesting waste heat produced in solid oxide fuel cell using near-field thermophotovoltaic cell
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Abstract: A coupled system consisting of a regenerator, a solid oxide fuel cell (SOFC), and a near-field
thermophotovoltaic cell (NFTC) is proposed to recovery the waste heat from the SOFC. Based on the
theories of electrochemical and fluctuation electrodynamics, analytical formulas for the power output
and the overall energy conversion efficiency of the coupled system are derived. The dependence of the
matching area ratio between the subsystems on the key parameters is discussed. The two voltages of
the subsystems are optimized to obtain the maximum power output density through numerical
simulation. By comparing to the performance of the single SOFC, the optimally working regions of
the coupled system are determined. The effects of the SOFC’s temperature and the NFTC’s vacuum
gap on the maximum power output density and the optimum operating conditions of the system are
studied. The comparisons between the present coupled system and the far-field performance limit and
the other SOFC-based coupled systems are made. The present work can provide a new route to
efficiently utilize the waste heat of SOFC to achieve higher energy efficiency.
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Nomenclature

A area(cm?)

speed of light (cms™)

vacuum gap (nm)
elementary positive charge (C)

F Faraday’s constant (Cmol™)

Ag molar Gibbs energy (Jmol™)

n reduced Planck constant (Js)

Ah molar enthalpy change (Jmol™)

—-AH enthalpy change (J)

current density (Acm?)

exchange current density of anode (Acm?)

exchange current density of cathode (Acm?)
limiting current density of anode (Acm?)
limiting current density of cathode (Acm?)

K Boltzmann constant (JK™)

k wave vector (cm™)

L, electrolyte thickness (cm)

N number of electrons transferred in reaction
n refraction index

P power output (W)

power density of coupled system (wcm™)
p, partial pressure (atm)

q, heat flow (w)
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La

J
J
J
J
J

€,
€,

Lc

r  Fresnel’s coefficients

R universal gas constant (Jmol'K™)

s coupling coefficient (cm™)

T temperature (K)

U heat transfer coefficient (Wem?K™)

v voltage (V)

W, activation energy for ion transport (Jmol™)
E photon energy (J)

E, PV cell bandgap (J)

Z objective function (wem™)

Greek symbols
a absorption coefficient (cm™)

B parallel wave vector (cm™)

A, thermal wavelength (cm)

o angle (rad)

o reference ionic conductivity (Scm™)
n  efficiency

¢ dielectric function (Fem™)

o angular frequency (rads™)

o, bandgap angular frequency (rads™)
¢

Bose distribution

Subscript

A ambient

F  fuel cell

i Ha, Oz, H.O
J in, out, leak

N  near-field

act activation overpotential

con concentration overpotential
in  input

Ib  low bound

max maximum

ohm ohmic overpotential

P maximum power density point
ub  up bound

R radiator

Rev reversible voltage

su  start-up

s polarized wave

p  polarized wave

V  vacuum

Abbreviations

PV photovoltaic

NTPC near-field thermophotovoltaic cell
FFNC far-field thermophotovoltaic cell
SOFC solid oxide fuel cell

Evan  evanescent

Prop  propagating

FDT fluctuation dissipation theorem
NFRHT near-field radiative heat transfer




1. Introduction

Solid oxide fuel cell (SOFC) is a solid-state power device that converts chemical energy of a fuel into
electricity [1]. The SOFCs have attracted tremendous attention due to their high efficiency, low noise,
safety, low pollution etc. [2-5]. As SOFCs work at a high temperature such as 800 °C, the waste heat
from the SOFC stack is of high quality and can be recovered by integrating SOFC stacks with other
thermal-to-power energy conversion devices to increase the overall energy efficiency of the coupled
system. Zhao et al. [6] proposed and modeled an SOFC-Carnot heat engine coupled system. The
overall thermodynamic performances of the coupled system were optimized, and the optimal
operating regions of some key parameters of the system were given. Chen et al. [7] studied and
evaluated the SOFC-single stage thermoelectric generator (STEG) coupled system. The results
showed that the coupled system could efficiently harness the waste heat. Making a trade-off between
the power output density and efficiency, the parametric optimal operating regions were given. Zhang
et al. [8] proposed a method to harness the waste heat in the SOFC based on the two
stage-thermoelectric generators (TTEG). The maximum power output density and energy conversion
efficiency of the coupled system were determined. The results showed that the TTEG-based coupled
system is superior to the STEG-based coupled system only when the SOFC operates at high
temperature. Wang et al. [9] applied thermionic generator (TIC) to recycle the waste heat in the SOFC.
The high work function of the anode limits the power output density of the TIC. The temperature of
the anode is set to 600 K due to the black-body radiation and the emission of electrons within the TIC.
The above-mentioned factors lead that the maximum power output density of the TIC-based coupled
system is smaller than that of the TEG-based coupled systems. In addition, the SOFC can be
integrated with gas turbine [10], Braysson [11], and Brayton [12] heat engines and Rankine cycle [13]

to recovery its waste heat. Although the performances of above four types systems are superior to the
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TEG- and TIC-based coupled systems, these large-scale systems with rotating parts require complex
designs, which hinder the development. It is necessary to develop small coupled systems that present
high performances and are easy to design. In a recent work, the far-field thermophotovoltaic cell
(FFNC) was integrated with SOFC [14]. The maximum power output density was calculated. The
optimal operating regions of the coupled system were determined, compared with the performance of
the single SOFC. The selection criteria of some key parameters were given. The proposed model can
efficiently exploit the waste heat produced in SOFC.

Especially, as the vacuum gap is far less than the characteristic wavelength of thermal radiation given
by Wien’s displacement law, the near-field thermophtovoltaic cell (NFTC) can efficiently convert
high-grade thermal energy into electricity [15]. Based on the NFTC, the conceptual models of
TIC-NFTC coupled system have been proposed to improve the thermoelectric conversion efficiency
[16-18]. Therefore, it is expected that NFTC can be very promising for utilizing the waste heat of
SOFC for additional power generation. However, no research work has been reported on the
SOFC-NFTC coupled system yet. In order to fill this research gap, a new SOFC-NFTC coupled
system is proposed and theoretically evaluated in this work. Theoretical models are developed to
simulate the performances of the NFTC and SOFC. The power output and efficiency of the coupled
system are analytically derived. The optimal performance characteristics of the coupled system are
discussed in detail. The results are generalized for SOFCs at different operating temperatures and
compared with those of other SOFC-based coupled systems.

2. Model description

The SOFC-NFTC coupled system composed of an SOFC, a regenerator, a photon radiator, and a PV

cell, as shown in Fig. 1(a). The role of the regenerator in the coupled system is to preheat the incoming

air and fuel by using the high-temperature exhaust gas of the SOFC and to ensure that the SOFC works
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at temperature 7. [6, 18]. The radiator at temperature T, and PV cell at temperature T, are,
respectively, made of hexagonal Boron Nitride (h-BN) and I11-V group semiconductor material InAs
(band-gap 0.36 eV) [14]. These two basic elements in the NFTC separated by a vacuum gap d can
exchange radiative heat flow q,. The corresponding heat exchange area is A,. The SOFC and the
radiator are contacted with each other through high thermal conductivity material. The intrinsic
mechanism of the coupled system is that the SOFC generates power output P. and acts as the heat
source of the NFTC to generate additional power output P,. The SOFC releases heat-leak rate g, and
heat flow g, into the ambient and the NTFC, respectively. The infrared photons emitted from the
radiator, through the vacuum gap due to photon tunneling effect, are absorbed by the PV cell to
generate electron-hole pairs inside the semiconductor, which are extracted to an external circuit to
electricity. Simultaneously, the back surface of the PV cell releases the heat flow g, to the ambient.
For the convenience of discussion, we assume that the radiator directly contacts with the SOFC and
works at a fixed temperature T,=T..

The working principle of NFTC is presented in Fig. 1(b), where n, and n, denote the refraction
indexes. The PV cell is composed of p-type and n-type semiconductors. E. and E, are the energy
levels at the bottom of the conduction band and top of the valence band, whose difference (E.-E,)
corresponds the band-gap E,. E, and E, are the quasi-Fermi levels of electrons and holes, whose
difference (E,-E,) corresponds to the voltage output Vv, multiplied by an elementary positive
charge e. The photo-generated electron-hole pairs can be separated by selective contact electrodes.
The electrons flow through the external load to produce useful electricity. The material properties of
the radiator and PV cell are described by the frequencies dependent complex dielectric functions

& (0) and &, (). The thermal radiation generated by the random thermal motion of particles within

an object can be described by the fluctuation dissipation theorem (FDT). By combining of the
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Maxwell’s equations and the FDT, the fluctuational electrodynamics theory was established to
compute the near-field radiative heat transfer (NFRHT). As the incident angle ¢ and the reflex angle
¢, meet the relation =6, >arcsin(n,/n, ), the evanescent (Evan) waves contributing to the NFRHT
are significantly enhanced under the condition that the vacuum gap d is smaller than the thermal
wavelength 4, . Meanwhile, the propagating (Prop) waves contributing to the NFRHT should be
taken into consideration as 6,=6, <arcsin(ng /n, ). Importantly, the fluctuational electrodynamics theory
for calculating for the NFRHT between two semi-infinite plates at different temperatures was
experimentally demonstrated [19-21]. Recently, the physical model of the NFTC was theoretically and
experimentally studied [22]. Therefore, the similar model can be used to discuss the problem of the
optimal coupling between the SOFC and the NFTC.
2.1. The power output and efficiency of an SOFC

The irreversible thermodynamic model of an SOFC has demonstrated that the efficiency 7. and
the power output P. depend on the number of electrons transferred in reaction N =2, the Faraday’s
constant F =9.65x10° Cmol™, the universal gas constant R=8314 Jmol'K™, the current density J., the
operating voltage V., and the surface area of the contact electrode A. etc. The formulas for ». and

P. are, respectively, presented as [23-28]

_ R
M= _AH (1)
and
PF :VFJFAF = (VRev _Vact _Vcon _Vohm )‘JFA: J (2)

where -AH =-AhJ.A./(NF) represents the total enthalpy change for electrochemical reaction. ah

stands for the molar enthalpy change for electrochemical reaction. The reversible voltage v., and

Rev

irreversible voltage losses including the ohmic overpotential Vv, , concentration overpotential Vv,

on !

and activation overpotential V_, . These overpotential terms can be, respectively, expressed as [23-28]
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v _ﬂln(sz\/E}_Ag(TF) (3)

UNF U P NF
el T (W
V., = - exp[RT%], 4)
RT
V., =—N—FF[|n(1—JF/JL,a)+|n(1—JF/JL,C)], (5)
and
= ZF;TF [sinh* (0.53,/3,, )+sin (0.53,/3,. ), (6)

where Ag(T.) means the molar Gibbs energy change under the standard atmospheric pressure. p,, ,

Po,» and p, ., are, respectively, the partial pressures of the hydrogen, oxygen, and water. J,, and J,,

ea

are, respectively, the exchange current densities of the anode and cathode. J , and J, . represent the

limiting current densities of the anode and cathode. L, , W,

e !

and o are, respectively, the electrolyte
thickness, the activation energy for ion transport and the reference ionic conductivity. The
performance parameters of the SOFC are listed in Table 1.

2.2. The power output of a NFTC

The two dielectric functions &, (w) and &, (@) of the radiator and the PV cell can be described as

[15]
~ o’ —(3.032x10™")? +1.001x10" wi
% (@) =4 Loz —(2.575x10%)? +1.001x1012wi} (7)
and
Ny, ©<a, .
o (@)= [nN +(ica4/a)/a)g —l)(ZCz))fl}2 L 020 ' ®)

where n, =351 is the refractive index of the PV cell. » is the angular frequency. « is the
absorption coefficient [8]. «, is the band-gap frequency of the PV cell. ¢ is the speed of light.

According to the fluctuation electrodynamics theory, the Prop and Evan waves in the vacuum gap

generate the NFRHT flows q,,, and q,,, i.e., [19-22, 29]
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Gren =22 [, S2T (T -0 Ty Jpoom [ 4 )

and
Qe = J' 0,To) = (0=, Ty) Jrox [ S (10)
where the sum of q., and q, isequalto q, i.e., 0., +0,, =dy. B is the parallel wave vector
component. ¢(e,T)=1/{exp[#o/(KT)]-1} is the Bose distribution. K is the Boltzmann constant.
=0 means that the PV cell can’t generate electron-hole pairs when w<a,; «,=V,e/n indicates
that the PV cell can generate working voltage V,,. e is the elementary positive charge. » is the
of evanescent waves and

reduced Planck constant. The two coupling coefficients s., and s

Evan Prop

propagating waves can be expressed as [15, 19-22, 31]

_Im(r ) Im(r,, ) B L Im(rz,) Im(r,;) Be”

Evan . (11)
|1 Mo plp€ ™ ’ |1—rRYSrNVSeZ"‘ZVd ’
and
2 2 2 2
B L D L LG R LS R ) (12)
Prop — . '
’ 4|1— o plpl ™ ? 4|1— AR ?
k., —k k, —k k., —k k, —k
where =R g v Tow o SRR ognd o =S TSN denotes  the
' sz + sz Y sz + kZN ' 8R sz + sz ' SN sz + kzN

vacuum-medium Fresnel’s coefficients. The subscripts s and p represent two polarized waves.

ky =y(o/c)’—p* is the z component of the wave vector in the vacuum. k, :\/SR(a))(a)/c)z—ﬁz

v

and k, =\/5N (w)(w/c)’ -p* are the z components of the wave vectors inside the radiator and the
PV cell.
When the PV cell is in operation, the current density J, is computed as [22, 30, 31]
12 p0T) - do-on T [ A+ [ 9, | (13)
Based on Eq. (13), the power output P, of the NFTC can be expressed as [22, 30, 31]
Pu=Vidn Ay - (14)

2.3 The power output and efficiency of the coupled system
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According to the first law of thermodynamics, an energy balance equation is determined as
~AH = P: =0, = 0y = Geyan +Chrop » (15)
where qL=(AF—AN)[U (T;‘—T:)] is the heat leak. U =2.8x10°wWem?K™ is the effective heat transfer
coefficient. Only when -AH-P.-q, >0, the NFTC can be driven. Hence, an inequation can be
derived as
AN, /(NF)=Vede —(1- A /AU (T -TX) | >0, (16)

Through numerical analysis, one can find that there exists a start-up current density J., of the

F,su

SOFC. Only when J. >J__, the system can work at coupled state. On the other hand, Eq. (15) shows

that three parameters v,,, V., and A /A, are coupled with each other when relevant parameters are
given. Inserting Egs. (2)-(12) into Eq. (16), A./A, can be determined for given two voltages v, and

V.

Using Egs. (1), (2), and (14), one can derive the power output and efficiency of the coupled system

as
P:PF + I:)N = (VRev _Vact _Vcon _VOhm ) JFAF +VNJNAN (17)
and
n= P = (VRev _Vact _Vcon _Vohm ) JFAF +VNJNAN . (18)
_AH —AhJ_A./(NF)

Equations (14)-(18) can be directly used to analyze the optimum performance of the coupled system.
3. Optimum performance analyses

Using Egs. (15), (17), and (18), the dependences of area ratio A./A, , the power output density P",
and the efficiency » on V. and Vv, can be obtained, as shown in Fig. 2. In Fig. 2(a), A/A,
decreases with increasing Vv, at a given V., because the increase of Vv, increases the
electrochemical potential ev, of the infrared photons and decreases the near-field radiative heat flow

9



9, [32, 33]. Consequently, the coupled system should decrease A. /A, to meet the energy balance
Eq. (15). Fig. 2(a) shows that A./A, increases with increasing V. at a given V,, because the
increase of Vv, decreases the waste heat flow (—AH—PF), and thus, the coupled system should
increase A./A, to meet the energy balance Eq. (15). One can find from Fig. 2(b) that the voltages V.
and v, of the two subsystems can be optimized to obtain a maximum power density P; . Because
the power output of the coupling system is mainly delivered by the SOFC, the effciency ». is a
monotonic increasing function of V., and thus, one can only optimize Vv, to obtain a local maximum
efficiency for a given V., while » increases monotonically with increasing V., as verified in Fig.
2(c).

In order to dedermine to optimal work regions, the curves of P", P’, 5., and » as a function of
J. are shown in Fig. 3, where the parameters A /A,, V., V,,and J, have been optimized. In Fig.
3(a), J, and (A./A,), are the values of J. and A./A, at the maximum power output density

*

P

max !

Jop and (A./A),, are the upper bound current density and the lower bound area ratio, J.,
and (A./A,), are the lower bound current density and the upper bound area ratio when the power
output density P” of the coupled system is equal to the maximum power output density B’ . of the

SOFC. Fig. 3(a) shows that only when J. is located in the region J., <J.<J.,,, can the coupled

F,su
system work normally. It is clearly observed from Fig. 3(a) that P" is not a monotonic function of
J. and A /A,, and consequently, there exists a maximum power output density P, =1.01Wcm?.
According to Eg. (15) and the values (A./A,),=5.63 and J..=1.95Acm?, the optimal value

Vi, =0.180V and V,, =0255V can be obtained. In Fig. 3(b), n, is the upper efficiency when

* *

Je=d;, and P =P __ ; n is the efficiency when P =P, . The calculated result

max

(P*—P* )/P* =79.8% indicates that the power output density has been significantly improved. Fig.

F,max F,max

3 shows that the efficiencies of the single SOFC operated in the region of J. <J.,, are larger than the
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efficiencies of the coupled system operated in the region of J. <J.<J.,. However, the power

F,su

output density is very small in the region of J.<J Obviously, when J.<J., and

Fsu *

A /A >(A/A,),  both the power output density P* of the coupled system is smaller than p;  of

the SOFC, and consequently, the coupled system operating in such a region is not significant. When
Jep <Je <y and (A/A).> A /A >(A/A)),, P >P ., both the efficiency and the power output
density of the coupled system decrease with the increasing J., and the coupled system cannot be
allowed to operate in this region. Thus, the optimal regions of J. and A /A, should be
Jew <Je <3 (19)
and
(A /A > A/ A Z (A /A, - (20)
According to the inequations (19) and (20), the power output density and the efficiency of the
coupled can be determined as
P =P >P (21)
and
M > 11 21, - (22)
The effects of the vacuum gap d on the maximum power output density and the optimum operating
conditions of the coupled system are shown in Fig. 4. It is seen from Fig. 4(a) that (A./A,),
monotonically decreases with increase of d, because the enhancement of A, based on the photon
tunneling effect is not significant as the NFTC with a large d. Fig. 4(a) displays that P firstly
decreases, and then increases as d transition from near-field to far-field, finally changes negligibly

with increase of d. The maximum power density in the near-field is 1.3 times than that in the

far-field. The result indicates that integrating NFTC with the SOFC to form the coupled system is

significant for enhancing the overall system efficiency. The variations of Vv, and v, with d
1



depend on the relations P, ~d and (A./A,), ~d. Because the emitter radiates the photons flow and
the heat flow towards the PV cell from the near-field to the far-field, thus, the curves of (A./A),, Ve,
and Vv,, varying with d are not smooth, as shown in Fig. 4(b).

When the vacuum gap is sufficiently larger than the characteristic wavelength of thermal radiation given
by Wien’s displacement law, i.e., the far-field limit condition, the simplified heat flow g, and current

density J, are, respectively, expressed as [34, 35]

- A E’ E®
W= e .[o pr[E/( KT, )]_1_ exp[ (E -V,e)/(KT, )]_JdE (23)
and
e © E? E2
In= A3 .[Eg pr[E/( KTy )]—1_ exp[ (E -V,e)/(KT, )}_JdE , (24)

By re-writing Egs. (23) and (24), the maximum power density P, =0.755Wcm? and the
corresponding conditions (A./A,),=5.29 , V., =029V , and V,,=0249Vv can be calculated.
Combining the calculated result and Fig. 4(a), one can find that P, (A-/A,),, and V,, of the
near-field coupled system are larger than that of the far-field coupled system, whereas the optimum
value V., of the near-field coupled system is smaller than the that of the far-field coupled system. As
the photon tunneling effect in the far-field regime can be neglected, the radiative heat flow and the
current density are not enhanced. The far-field coupled system needs a small value (A./A,), to meet
the thermal balance equation, i.e., Eq. (15).

4. Discussion

*

Table 2 shows that V.., P.., n,,and 7, are nota monotonic function of T. when T, varies in
the range of 873~1273 K. Further, one can find that (A./A,), and V,, increase as T, is increased.

An objective function z=P; xn, Iis introduced to make a trade-off between the power density and

the efficiency. One can discover that there exists a maximum value of z and the corresponding
12



optimum T,.. The result indicates that the temperature T. is of great importance for the design of the
coupling system. By using the regenerator, the SOFC temperature can be adjusted to approach the
optimum temperature.

In order to expound that the performance of the coupled system mentioned here is better than that
of other SOFC-based coupled systems, we calculate the maximum power densities P, of the
coupled system operated at several temperatures T. (e.g., 873 K, 1073 K, 1173 K, and 1273 K), as
shown in Fig. 5. The curve connected by these points in Fig. 5 can be used to indicate the maximum
power output densities of the SOFC-NFTC coupled system operated in the normal operating

temperature range of SOFC. For the convenience of comparison, the maximum power output densities

*

P

max

of other SOFC-based coupled systems operated at different temperatures T. are marked on Fig.
5. In addition to SOFC-gas turbine and SOFC-Brayton coupled systems, the maximum power output
densities of the coupled system mentioned here are larger than those of other SOFC-based coupled
systems. More importantly, the SOFC-NFTC coupled system owns the advantages of small-size,
simple design, low noise, easy maintenance, etc. and consequently, theoretical simulation on the
SOFC-NFTC coupled system is very significant and the experimental investigation including the
optimum matching of two subsystems can be easily carried out.
5. Conclusions

A new energy system consisting of an SOFC and a NFTC has been proposed and theoretically
evaluated. The main results are listed as follows:

(1) According to the energy balance equation, the relations between the output voltages of the
subsystems and the area ratio of the SOFC to the NFTC are revealed, and the start-up current density
of the SOFC is numerically determined.

(2) The performance characteristics of the SOFC-NFTC coupled system are studied by numerically.
13



The maximum power output density P, =1.01wem? and the corresponding optimum conditions
(A-/A),=5.63, J.,=1.95Acm?, V., =0.180V, and V,,=0.255V are obtained. By comparing to the
single SOFC, the power output density is increased by 79.3%, and the optimally working regions of
key prameters are presented as EQs. (19)-(21). The effects of the NFTC’s vacuum gap on the optimum
performance of the coupled system are discussed.

(3) The far-field performance limit of the coupled system is studied. The results reveal that the
coupled system operated at near-field regime is better than it operated at far-field regime.

(4) The maximum power output densities of the SOFC-NFTC coupled system operated at different
temperatures are compared with those of other SOFC-based coupled systems.

In summary, the results obtained in present work show that the SOFC-NFTC coupled systems have
some advantages over other SOFC-based coupled systems and are worth to be further investigated.
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Table 1. The operating conditions and parameters of the SOFC [6, 7, 25].

Parameter Value
SOFC temperature, T, (K) 1073
Fuel composition pressures, p, (atm); p,, (atm) 0.97; 0.03
Air composition pressures, p, (atm); p, (atm) 0.21; 0.79
Cathode exchange current density, J,,(Acm?) 0.53
Anode exchange current density, J,.(Acm?) 0.20
Electrolyte thickness, L, (cm) 2x10°°
Activation energy of 0%, W_(Imol?) 8.0x10"
lonic conductivity of 0>, o(Scm™) 3.6x10°
Cathode limiting current density, J,, (Acm?) 2.99
Anode limiting current density, J, .(Acm?) 2.16
Standard molar enthalpy change at 1073K, Ah(Imol™) -248303

Standard molar Gibbs free energy change at 1073k, Ag(Jmol®) 188680
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Table 2. The key parameters of the SOFC-NFTC coupling system with varying T., where d=100nm.

() Veo(V) Vi (V) (A/A), P(Wem?) g
873 0158 0.225 259 0.647 0542 0.340
1073 0180 0255  5.63 101 0548 0.402
1173 0252 0266  9.55 113 0532 0439

1273  0.127 0.276 11.6 0.742 0.341 0.301
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Fig. 1. (a)The schematic diagram of a SOFC-NFTC coupled system and (b) the working principle of

NFTC.
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Fig. 2. Three-dimensional graphs of (a) the area ratio A./A,, (b) the power output density P*=P/A_,

(c) the efficiency » varying with v, and v,, where he,=E, =0.36eV and d=100nm.
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