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(Dated: October 10, 2024)

We propose a unified description of dual radiative heat engines (RHEs), consisting of two facing
optoelectronic components (diodes) and capable of generating electrical power from heat. They can
operate in three regimes depending on the applied biases, namely in thermoradiative-negative elec-
troluminescent (TRNEL), thermoradiative-photovoltaic (TRPV) or thermophotonic regimes (TPX,
consisting of a light-emitting diode and a PV cell). They have access to operating conditions that are
unachievable by single RHEs such as thermophotovoltaic systems: at the radiative limit, TRNEL
devices can reach the Carnot efficiency for any bandgap, while TPX devices achieve large power
outputs by means of electroluminescent enhancement. Expressions of the maximum power output
and related efficiency achieved by dual engines are derived analytically, and reveal that the power
output of TPX engines is not bounded. A comparison to usual efficiency bounds also highlights the
impact of thermalisation losses, and the subsequent interest of spectral filtering to extend the oper-
ating region. The influence of nonradiative recombinations is also investigated. This work provides
common framework and guidelines for the study of RHEs, which represent a promising solution for
reliable and scalable energy conversion.

The conversion of heat into electrical power by means
of solid-state heat engines [1], such as thermoelectric [2]
and thermionic generators [3], have gathered sizeable at-
tention in the past decades due to their reliability and
scalability. These engines also include optoelectronic
systems, the most popular ones probably being photo-
voltaics (PV) for solar application, and thermophoto-
voltaics (TPV) [4–7]. In the latter case, the radiation
comes from a hot emitter maintained at a high temper-
ature by the heat supplied to the system. This gives
access to a broad range of applications, for instance in
latent heat TPV batteries [8]. But apart from PV and
TPV, other optoelectronic systems are able to convert
heat into electricity. One is the thermoradiative (TR)
cell: as opposed to the PV cell, it is able to generate
electrical power by emitting negative electroluminescent
radiation to the cold surroundings [9, 10] (e.g. the night
sky, outer space) or towards a cold absorber [11]. TR
cells, along with PV and TPV cells, are single radiative
heat engines: they are heat engines in which one active
component produces electrical power either by emitting
or absorbing radiation [12]. Their typical electrical char-
acteristic is provided in Section I of Supp. Mat. [13].

It is also possible to couple two different optoelec-
tronic components into a dual radiative heat engine (see
Fig. 1). One such dual engine is the thermoradiative-
photovoltaic (TRPV) device [14, 15], in which a hot TR
cell is coupled to a cold PV cell: both components are
then able to generate electrical power, although produc-
tion by the TR cell limits its emission due to negative
electroluminescence, and therefore reduces the PV cell
production. Nonetheless, having two components pro-
vides better control of the operating conditions. Ther-
mophotonics (TPX) [16–18] has also gathered interest
recently. In such a device, the hot emitter is a light-
emitting diode (LED). While an LED consumes electrical
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FIG. 1: Representation of the dual radiative engine
(here in a thermophotonic configuration). It consists of

two optoelectronic components which exchange
electroluminescent radiation. By thermally connecting

them to a heat source and a heat sink, the heat
supplied can be converted into electrical power.

power, it can emit electroluminescent radiation towards
the PV cell with an above-unity wall-plug efficiency (i.e.
emitting more power than what it consumes), enabling a
significant increase in power output [19]. Recently, TPX
devices have mostly been studied in near-field operation,
as near-field radiation further increases the power output
[20, 21] and limits the impact of non-radiative losses [22].

Although the aforementioned systems are all radiative
heat engines and share the same core physical laws, they
are studied independently of one another in the liter-
ature. In this letter, we provide a unified overview of
the performance of dual radiative engines, for which ev-
ery device previously mentioned corresponds to a specific
operating regime. It highlights the respective merits of
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each engine, and provides a fair comparison of their per-
formance. It also clarifies their capabilities in compari-
son to single radiative engines. We particularly focus on
the maximum achievable power and efficiency, for which
we are able to derive closed-form expressions. The com-
parison to usual limits reveals the significant influence
of thermalisation, making spectral filtering an attractive
solution to achieve better performances.

In the following, we assume that the dual engine oper-
ates in the far field. To maximise the achievable power
output, the emission of radiation is assumed to follow
the generalised Planck law, which corresponds to the ex-
tension of the usual Planck law for non-thermal (here,
electroluminescent) radiation [23, 24]. Furthermore, the
bandgaps of the two components are assumed to be equal,
and the radiation exchanged below the bandgap is ne-
glected to obtain an upper bound of the efficiency. Thus,
the emitted photon flux density Ṅ and the related heat
flux density q, respectively expressed in photon and en-
ergy per unit time and area, can be expressed as

Ṅi =
1

4π2c2h̄3

∫ ∞

Eg

E2

exp
(

E−µi

kBTi

)
− 1

dE, (1a)

qi =
1

4π2c2h̄3

∫ ∞

Eg

E3

exp
(

E−µi

kBTi

)
− 1

dE, (1b)

where i relates to the emitting body (either “h” or “c”)
with bandgap energy Eg and temperature Ti. µi is the
chemical potential of the emitted radiation, which must
remain strictly smaller than Eg and is assumed to be re-
lated to the voltage Ui applied to the component through
µi = eUi [23, 25, 26], e being the elementary charge. The
above integrals can be expressed analytically using poly-
logarithms [27], leading to

Ṅi =
(kBTi)

3

4π2c2h̄3

(
e2g,i Li1(e

−xi) + 2eg,i Li2(e
−xi)

+ 2Li3(e
−xi)

)
,

(2a)

qi =
(kBTi)

4

4π2c2h̄3

(
e3g,i Li1(e

−xi) + 3e2g,i Li2(e
−xi)

+ 6eg,i Li3(e
−xi) + 6Li4(e

−xi)
)
,

(2b)

where Lin is the n-th order polylogarithm, eg,i =
Eg/kBTi and xi = (Eg − µi)/kBTi. Finally, to obtain
an upper bound of the dual engine performance, we as-
sume that any active component operates at the radiative
limit (i.e. without any non-radiative losses). The electri-
cal power generated by a component i facing a component
j is then

Pi = Ui · e(Ṅj − Ṅi) = µi(Ṅj − Ṅi). (3)

The total power output is therefore

P = (µc − µh)(Ṅh − Ṅc). (4)

FIG. 2: Performance of dual radiative systems at the
radiative limit and for Eg = 5kBTh = 0.26 eV. This

performance is quantified by the electrical power output
P for heat engines (central area, right colour scale), and

by the heat extracted from the heat sink
qsink = qh − qc − Pc for heat pumps used for cooling

purposes (upper-left area, left colour scale).

Since qsource = qh − qc + Ph, the overall heat engine effi-
ciency is

η =
P

qsource
=

(µc − µh)(Ṅh − Ṅc)

qh − qc − µh(Ṅh − Ṅc)
. (5)

We start by studying how the power output of the dual
engine varies in the (µh,µc) plane. The results obtained
considering Th = 600 K and Eg = 5kBTh are illustrated
in Fig. 2. Although we are mostly interested in heat
engine operation, the dual system can also operate as a
heat pump [19, 28], and we indicate in a blue colour scale
the cooling power. Note that such high cooling powers
can only be achieved because below-bandgap radiation is
neglected [29].
For the bandgap selected, the dual system is able

to operate both as a heat engine and a heat pump in
three of the four quadrants: namely, the TPX quadrant
(µh > 0, µc > 0), the TRPV quadrant (µh < 0, µc > 0)
but also the “TRNEL” quadrant (µh < 0, µc < 0), in
which a cold negative electroluminescent (NEL) diode
consumes electrical power to limit the radiation sent to
the hot facing TR cell. The basic principle of TRNEL
operation is similar to that of TPX operation: by supply-
ing one component with electricity, the power generated
by the other component get enhanced. The only differ-
ence is that TRNEL devices rely on negative (rather than
positive) electroluminescence. For more details on TR-
NEL operation, the corresponding energy diagram can
be found in Section I of Supp. Mat. To the best of our
knowledge, TRNEL devices have never been mentioned
in literature. Going back to Fig. 2, both the power
output and the cooling power appear to increase with
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µc, while P also increases with µh: the maximum power
point (MPP) is therefore located in the TPX quadrant,
while the maximum cooling power is reached in TRPV
operation for µc → Eg, where it converges towards a
constant value [30]. Additionally, note that for low Eg,
the TPX device becomes unable to perform cooling (see
Section II of Supp. Mat. [13]).

Note how the dual system does not switch directly from
heat engine to heat pump operation as µ varies. Indeed,
there is a narrow region in-between where the system is
neither able to generate electrical power nor to cool the
cold source. This gap can especially be observed when
Eg − µh becomes lower than kBTh, but globally narrows
down as the bandgap increases: in the limit of infinite
bandgaps, the two operating regions become adjacent as
qh = qc and Ṅh = Ṅc are equivalent. In this situa-
tion, the term related to the lowest-order polylogarithm
dominates in the expressions provided in Eq. (2). By
linearising Li1, we obtain that the transition from one
region to the other, which corresponds to open-circuit
conditions since currents are then equal to zero, occurs
approximately for

µc =
Tc

Th
µh +

(
1− Tc

Th

)
Eg + kBTc ln

(
Th

Tc

)
, (6)

this linearised expression being a very good approxima-
tion as long as Eg − µi ≫ kBTi. The other side of the
power production region is simply delimited by the con-
dition µh = µc. These two expressions have already been
mentioned for TPX devices in [21].

To quantify and compare the performance of TPX,
TRPV and TRNEL devices, we provide in Fig. 3 the
η − P plots obtained by varying both µh and µc, con-
sidering three different bandgaps and a heat source tem-
perature of 600 K. For each device, the shaded area cor-
responds to achievable operation, while the full line is
the envelope of this area. It is first interesting to notice
that while the shape of the admissible η−P area changes
significantly when considering each engine individually, it
remains mostly unchanged with varying bandgaps for the
full dual radiative engine. For any of the bandgaps con-
sidered, the efficiency at maximum power remains mostly
constant (between 28% and 34% of the Carnot efficiency
ηC = 1−Tc/Th), while the maximum efficiency is always
ηC and is reached at zero power.

If we now compare the different regimes, TRNEL ap-
pears to be the one achieving the highest efficiencies.
This is enabled by the strong decay of the entropy
production when µh/c → −∞, which decreases much
faster than the power output. In open-circuit conditions,
which are reached roughly for µh/kBTh = µc/kBTc when
µh/c → −∞, this leads the efficiency to reach the Carnot
limit. This can be proven using that in such conditions,
the ratio (qh−qc)/(Ṅh− Ṅc) is independent of the chem-
ical potentials and can thus be neglected in comparison

FIG. 3: η − P plots of dual radiative engines at the
radiative limit, for Th = 600 K and for various

bandgaps. The coloured areas represent the η − P
couples achievable by each dual radiative engine, while
the full lines correspond to the envelope of these areas.
Power output is normalised by the blackbody emissive
power at Th to make the comparison between systems

with different heat source temperatures easier.
Efficiency is given relative to the Carnot efficiency: it

therefore corresponds to the exergy efficiency or
second-law efficiency, and is bounded by one.

to µh in Eq. (5). Note that Carnot limit can only be at-
tained because the engine operates at the radiative limit:
in Section III of Supp. Mat. [13], we analyse the impact
of non-radiative losses on performance by considering a
spectrally flat quantum efficiency, and pinpoint that the
interest of TRNEL operation vanishes when the quan-
tum efficiency goes significantly below unity. Even at
the radiative limit, the advantage of TRNEL operation
shrinks for large bandgap: as Eg → ∞, all radiative en-
gines are able to approach the Carnot efficiency in open-
circuit conditions. This has already been demonstrated
for TR [9, 10] and TPV [31], but can in fact be shown for
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any radiative engine. In the limit of an infinite bandgap
(qh − qc)/(Ṅh − Ṅc) → Eg, leading η to be expressed as
(µc−µh)/(Eg−µh). Using Eq. (6), and keeping in mind
that Eg − µh ≫ kBTh, we obtain that the efficiency in
open-circuit conditions equals ηC.

To maximise the power output, TPX is almost always
the best candidate, TRPV becoming optimal only for
very low bandgap energies (here, for Eg < kBTh ≈ 0.05
eV) which are difficult to achieve in practice. This re-
mains true for lower or higher heat source temperatures
(see Section IV of Supp. Mat. [13]). TPX devices gener-
ally outperform other radiative engines in terms of power
output because the hot emitter operates as an LED: it
is therefore able to largely enhance its emission by elec-
troluminescence, increasing consequently the various en-
ergy flows in the system. For high enough bandgaps, this
causes Pmax to exceed σT 4

h (see Fig. 3c). This is impos-
sible to reach for single engines, TPV devices generating
for instance P = ηCσT

4
h at most when operating as a

Carnot engine and without emitting. Dual engines oper-
ating in the TPX regime can therefore largely exceed the
power output achieved by single engines for any bandgap
(drawn with a dashed line in Fig. 3c). This is one of the
main interests of these devices.

While TRNEL devices maximise efficiency and TPX
devices power, TRPV systems can in some conditions
provide interesting trade-offs between power and effi-
ciency (see Fig. 3b). However, this can only be observed
for low bandgaps (a few kBTh at most) which are hardly
achievable for the heat source temperature considered.

The study of η − P plots directly highlights that the
maximum efficiency of dual radiative engines is always
the Carnot efficiency, reached for zero power output. Re-
garding the MPP, it was observed that Pmax increases sig-
nificantly with Eg while ηMPP varies only slowly, but no
analytical expressions of these quantities have yet been
formulated. Therefore, in the following, we focus on the
analytical derivation of Pmax and ηMPP. To do so, we con-
sider once again that Eg → ∞, since this allows reaching
the largest possible power output (see Section V of Supp.
Mat. [13]). By doing so, the Li1 term dominates the
expressions provided in Eq. (2). The following deriva-
tions, which are summarised in Section VI of Supp. Mat.
[13], indicates that maximum power output is reached for
µi = Eg − ln(2)kBTi, where it is expressed as

Pmax =
1

h̄

(
ln(2)EgkB(Th − Tc)

2πch̄

)2

. (7)

It varies quadratically with the bandgap energy: unlike
PV or TPV system, the power output of dual radiative
engines is not bounded at the radiative limit. Since there
is no optimum bandgap, dual radiative engines are not
restricted to mid-infrared bandgaps for low ∆T , and can
also be made of near-infrared or visible diodes which typ-
ically operate closer to the radiative limit. Pmax also de-

FIG. 4: Variation of the efficiency at maximum power
ηMPP with the operating temperature ratio Tc/Th. For
simplicity, only the TPX quadrant has been considered.
The black lines represent the analytical expressions,

while the coloured lines correspond to numerical results,
either in the quasi-monochromatic case (in blue) or in
the broadband case for various bandgaps (from purple
to yellow). For comparison, the efficiencies at maximum

power achieved by single radiative engines at the
optimum bandgap and for broadband radiation are

drawn in grey.

pends quadratically on the temperature difference, simi-
larly to thermoelectric engines [32]. These dependences
of Pmax with Eg and ∆T were already pointed out in
[30], although without a complete closed-form expression.
Since Eg ≫ kBTi, both chemical potentials are positive
and the maximum power is reached in TPX regime, con-
sistently with the results from Fig. 3.
The efficiency at maximum power can be written as

η
Eg≫kBTh

MPP =
ηC

1 + (2− ηC)χ
, (8)

χ being a constant equal to 1
2 (

1
6 (

π
ln(2) )

2 − 1) ≈ 1.21.

The temperature variation of η
Eg≫kBTh

MPP is provided in
Fig. 4 (black line), and matches well the numerical re-
sults obtained for bandgaps larger than 100kBTh. It also
gives a good estimate of the efficiency obtained for stan-
dard bandgaps, as long as Eg ≫ kBTh: for Th = 600

K, η
Eg≫kBTh

MPP = 17.7% while ηMPP,1 eV = 17.1% and
ηMPP,0.52 eV = 16.6%. In addition, because maximum
power diverges when Eg → ∞, below-bandgap radi-
ation would be negligible in comparison to P , being
independent of the chemical potential. Consequently,
Eq. (8) holds even when below-bandgap radiation is in-
cluded, and corresponds to the analytical extension of the
Shockley-Queisser limit [33] for dual radiative engines.
To better understand how efficient dual radiative en-

gines are at maximum power, one can compare Eq. (8)
with classical upper bounds for ηMPP. The Novikov-
Curzon-Ahlborn efficiency ηNCA = 1 −

√
Tc/Th [34, 35]
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and the Schmiedl-Seifert efficiency ηSS = 2ηC/(4 − ηC)
[36] are respectively efficiency bounds for endoreversible
and exoreversible engines such as thermoelectric gener-
ators [37]. For the temperatures previously considered,
both efficiencies are close to 29%, hence 11 percent points

higher than η
Eg≫kBTh

MPP . This significant difference, which
highlights the presence of additional losses in radiative
engines, can be attributed to thermalisation losses - i.e.,
to the fraction of radiative energy exchanged which is
useless to optoelectronic conversion. To verify this, we
now consider the radiation to be quasi-monochromatic
around Eg (i.e. Eg ≤ h̄ω ≤ Eg+δE with δE ≪ kBTc) so
that thermalisation losses become negligible. As demon-
strated in Section VII of Supp. Mat. [13], this leads to

ηδE≪kBTc

MPP = 1−
√

Tc

Th
, (9)

exactly the Novikov-Curzon-Ahlborn efficiency. δE being
the radiation spectral bandwidth, the maximum power
output is then

Pmax =
1

h̄

(
Eg

√
kB(

√
Th −

√
Tc)

2πch̄

)2

δE, (10)

an expression similar to Eq. (7). Since P goes to zero
as δE → 0, there is a trade-off between power and effi-
ciency as a function of bandwidth, as illustrated in Fig.
5: to achieve non-zero output power, the efficiency must
fall below the usual bounds. It is noteworthy that the
efficiency starts to decrease for bandwidths as low as few
meV (corresponding to a quality factor Q = Eg/δE close
to 100 for Eg = 0.52 eV), while reaching the broadband
limit for a bandwidth of few tenths of eV (i.e. for Q ≈ 1
considering Eg = 0.52 eV). If the efficiency at maximum
power is too low for a given application, two main lever-
ages are thus available to increase it, although at the
expense of power: decrease the radiation bandwidth, or
change µh and µc to move in the broadband η − P plots
provided in Fig. 3, which can allow exceeding the afore-
mentioned bounds [7]. The interest of each of these lever-
ages depends on the bandgap, and on how far the system
operates from the radiative limit. In some cases, spec-
tral filtering can allow extending the region of achievable
operating conditions, limiting the power loss undergone
when high efficiency is required (see Section VIII of Supp.
Mat [13]).

In conclusion, we have studied the power output and
efficiency achievable by dual radiative heat engines, es-
pecially when they operate at the radiative limit. This
unified description allows shining light on the similari-
ties and respective merits of each operating regime. In
particular, TRNEL devices are found to reach Carnot ef-
ficiency for any bandgap, while TPX devices are almost
always the best dual engines in terms of power output
and offer the broadest range of operating conditions for
bandgaps over a few kBTh. In comparison to TPV or TR

FIG. 5: Variation of the maximum power (in blue) and
related efficiency (in orange) for varying spectral

bandwidth, considering Th = 600 K. For simplicity, only
the TPX quadrant has been considered.

systems, the use of dual engines significantly improves
the maximum efficiency of low-bandgap devices and the
maximum power of higher-bandgap devices. In addition,
we have derived analytical expressions of the maximum
power and related efficiency in the Eg → ∞ limit, where
power is maximised. This revealed that the maximum
power of dual engines is actually not bounded, and that
the efficiency is several percent points below usual effi-
ciency limits due to thermalisation losses. Interestingly,
spectral filtering can mitigate part of the power loss when
high efficiencies are targeted.

The aim of this work was to present the performance of
dual radiative engines in a best-case scenario; to model
more practical devices, below-bandgap radiation, more
advanced models of non-radiative losses and resistive
losses shall be included, as well as thermal resistance ef-
fects at the thermostats which reduce the operating tem-
perature difference Th − Tc [26]. In addition, it will be
worth investigating how the performance of such engines
changes in the near field, where radiative emission ex-
ceeds the generalised Planck law [20, 21, 26].

This work has received funding from the European
Union’s Horizon 2020 research and innovation pro-
gramme under Grant Agreement No. 951976 (TPX-
Power project). The authors thank T. Châtelet, P.
Kivisaari, O. Merchiers, J. Oksanen and J. van Gastel.
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