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Thermodynamic performance bounds for radiative heat engines
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Heat engines cannot generally operate at maximum power and efficiency, imposing a trade-off between
the two. Here, we highlight the exact nature of this trade-off for engines that exchange heat radiatively
with a hot source. We derive simple analytical expressions for the performance bounds of reciprocal and
nonreciprocal radiative heat engines. We also highlight that radiative engines can achieve a better power-
efficiency trade-off than linear ones. These bounds are especially relevant for thermophotovoltaics, offering
useful metrics against which to compare device performance.
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Heat engines are ubiquitous for energy applications,
allowing power generation from any heat source. Heat
engines that can deliver substantial power at high effi-
ciency are earnestly sought after, as any marginal per-
formance increase promises tremendous economic returns
due to the large markets involved [1]. To optimize the
operation of heat engines, it is crucial to understand their
performance bounds, particularly the trade-off between
power output and efficiency. Thermodynamics, which ana-
lyzes energy and entropy flows at the macroscopic level,
offers an ideal framework to determine these bounds.

Radiative heat engines are a class of nonlinear engines
that exchange heat as thermal radiation. One practical
implementation of such engines is thermophotovoltaics
(TPVs), where a photovoltaic cell directly converts the
thermal radiation emitted by a hot source into electric-
ity [2]. TPVs is a very active and promising research
field, with many impressive results reported recently, both
in terms of efficiency [3,4] and power output [5]. TPV
devices are particularly appealing for energy conversion
at very high temperatures (above 1000◦C, a region where
efficiencies well above 50% are theoretically possible) for
applications such as thermal energy storage [6]. There-
fore, establishing the general performance bounds of TPV
devices is both worthwhile and timely.

The efficiency of any heat engine operating between a
hot source at temperature TH and a cold sink at tempera-
ture TC is bounded by the Carnot limit ηC = 1 − TC/TH
[7]. However, except for very particular configurations
[8–10], operating close to Carnot efficiency leads to van-
ishing power output. In that regard, it is well known
that TPV systems can theoretically approach the Carnot
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efficiency in the limit of zero power output by considering
a narrowband emitter [2].

At the same time, the power output bounds of radiative
heat engines have been explored in great detail, partic-
ularly in the context of solar energy conversion, using
both detailed balance models [11–13] as well as ther-
modynamic descriptions [14–18]. These bounds readily
extend to radiative heat engines by adjusting the temper-
ature of the hot and cold reservoirs. We emphasize that,
as the power received from the sun is free (the sun is out-
side the conversion system), the term “efficiency” in the
context of solar energy refers to normalized power den-
sity. Hence, the quantity being considered and optimized
is the power output. Additionally, the efficiency bound
at maximum power, known as the Curzon-Ahlborn limit
ηCA = 1 − √

TC/TH for linear heat engines [19,20], has
been generalized to nonlinear (and particularly radiative)
heat engines in the context of endoreversible thermody-
namics [21,22]. Finally, the efficiency and power output
limits of single-, double-, and triple-junction TPV cells
have been previously derived using a detailed balance
formalism [23].

Despite these results, the general trade-off between
power output and efficiency for radiative heat engines has
not been previously investigated. Furthermore, while uni-
versal trade-off relations between power and efficiency
have been identified [24,25], they do not provide specific
answers for given classes of heat engines. As a result,
the performance bounds of radiative heat engines (which
encompass TPV systems) remain largely unidentified.

In this paper, we clarify the nature of the power-
efficiency trade-off for radiative heat engines, determining
the maximum power achievable by a radiative heat engine
operating at any given efficiency. To do so, we gener-
alize the thermodynamic formalism developed for solar
energy-conversion limits, first introducing the well-known
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FIG. 1. (a) General representation of a radiative heat engine.
(b)–(d) Different heat-engine models. (b) Endoreversible engine:
a single blackbody coupled to a Carnot engine. (c) Infinite recip-
rocal engine. (d) Infinite nonreciprocal engine for isentropic
conversion.

endoreversible engine model before deriving performance
(i.e., power-versus-efficiency) bounds for reciprocal and
nonreciprocal engines.

We consider a hot emitter at temperature TH and a cold
sink at temperature TC, exchanging power in steady state
through a heat engine. The emitter and the engine inter-
act radiatively while the engine is in thermal contact with
the sink. We call PH and PE the power densities emit-
ted by the hot emitter and the engine, respectively. The
radiative heat engine generates an output power density W
with an accompanying heat flux Q. The system is schemat-
ically represented in Fig. 1(a). In the following, we do
not account for near-field effects. We consider that the
emitter and heat engine fully see each other (the emitter
receives radiation from the heat engine from all directions,
and vice versa). As a result, we only need to consider
exchanged power densities (i.e., power per unit area). In
TPVs, this means equating the system efficiency to the
pairwise efficiency by assuming a lossless cavity [26].

We define a first figure of merit, ρ, as the output power
density normalized to the power density emitted by a
blackbody emitter at temperature TH (note: this is how
efficiency is defined for solar energy conversion):

ρ = W
σT4

H
, (1)

where σ is the Stefan-Boltzmann constant. In the fol-
lowing, we refer to this quantity as the power output.
Meanwhile, the second figure of merit is the efficiency

η, in which the denominator accounts for the net heat
drawn from the emitter (the photons re-emitted towards the
emitter do not count as a loss):

η = W
PH − PE

. (2)

With these definitions, ρ ≤ η, since the net exchanged
power must be smaller than the incoming blackbody radi-
ation. In the following, we consider a blackbody emitter,
such that PH = σT4

H .
First, we present the performance limits of an endore-

versible engine consisting of a single blackbody at temper-
ature TE coupled to a Carnot engine [Fig. 1(b)] [14,16].
Endoreversible means the converter itself is reversible
(Carnot engine) while losses arise from the heat exchange
with the hot and cold reservoirs. The power output and
efficiency take the expressions:

ρE =
[

1 −
(

TE

TH

)4
] [

1 − TC

TE

]
, (3)

ηE = 1 − TC

TE
. (4)

From Eqs. (3) and (4), we obtain the endoreversible model
(power-versus-efficiency) by sweeping the engine temper-
ature TE from TC to TH . Carnot efficiency is achieved in the
limit TE → TH , leading to zero power output. The maxi-
mum power output ρ̄E is found by solving 4T 5

E − 3TCT 4
E −

TCT 4
H = 0, leading to the so-called blackbody (or endore-

versible) limit ρ̄E = 85.36% for solar energy conversion
(when TH = 6000 K and TC = 300 K) [14–16]. We can
also write a direct relation between ρE and ηE , independent
of TE:

ρE = ηE

[
1 −

(
TC

TH

)4 1
(1 − ηE)4

]
. (5)

We emphasize that Eqs. (3) and (4) have been derived
before, for example, in Ref. [16]. However, they do not
impose performance bounds on radiative energy conver-
sion. To derive general bounds, we consider two cases.
In the first, the engine consists of an infinite number of
endoreversible subengines, each converting an infinitesi-
mal part of the incident radiation [Fig. 1(c)]. This case,
detailed in the Supplemental Material [27], leads to the
reciprocal bound, i.e., the upper bound for engines that
obey time-reversal symmetry. However, as we will see, it
only marginally surpasses the endoreversible model. The
second case, presented below, allows for nonreciprocity,
leading to the absolute performance bound for radiative
energy conversion. We stress that, for both the recipro-
cal and nonreciprocal bounds, only power maximization
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has been previously performed [14,17] without regard for
efficiency.

Here, we consider a radiative heat engine perform-
ing isentropic energy conversion, similar to the approach
considered by Landsberg for solar energy conversion
[14,17]. Approaching such an isentropic conversion pro-
cess in practice requires the radiative heat engine to com-
bine an infinite number of endoreversible subengines con-
nected via nonreciprocal optical components [18,28,29]
[see Fig. 1(d)]. Considering an engine temperature TE and
emitted power density PE = σT4

E , the power output and
efficiency are [14]

ρN = 1 − 4
3

TC

TH
−

(
TE

TH

)4 [
1 − 4

3
TC

TE

]
, (6)

ηN = ρN

1 −
(

TE
TH

)4 . (7)

Equations (6) and (7) can be applied to calculate the power
output and the efficiency for all engine temperatures 0 ≤
TE ≤ TH , leading to the nonreciprocal bound for radia-
tive energy conversion. The power output is maximized
for TE = TC, leading to

ρ̄N = 1 − 4
3

TC

TH
+ 1

3

(
TC

TH

)4

, (8)

which gives ρ̄N = 93.33% for TC = 300 K and TH =
6000 K, the absolute (Landsberg) limit for solar energy
conversion [14,17]. In the limit TE → TH , the efficiency
tends to the Carnot limit ηC as the power output goes to
0. We note that operating at TE ≤ TC is always subopti-
mal as both efficiency and power can increase from that
point. By combining Eqs. (6) and (7), we can also write a
closed-form expression between ηN and ρN , independent
of TE:

ηN = 1 − 4
3

ηN

ρN

TC

TH

[
1 −

(
1 − ρN

ηN

)3/4
]

. (9)

We have thus obtained simple analytical expressions for
the universal thermodynamic bound of radiative energy
conversion between bodies at temperatures TH and TC. A
blackbody emitter is optimal as it offers the highest inci-
dent power and, therefore, the highest power output for any
given efficiency.

We compare in Fig. 2 the power-versus-efficiency
bounds for the endoreversible model [Eqs. (3) and (4)],
the reciprocal bound (see Supplemental Material [27]) and
the nonreciprocal bound [Eqs. (6) and (7)], considering
an emitter temperature TH = 600 K and a sink tempera-
ture TC = 300 K. We note that these bounds are only a
function of the temperature ratio TC/TH , as seen from the
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FIG. 2. Thermodynamic performance bounds for radiative
energy conversion: maximum power output ρ (normalized to
the nonreciprocal limit ρ̄N ) as a function of the efficiency η

(normalized to the Carnot efficiency ηC) for the nonrecipro-
cal bound (blue area), the reciprocal bound (red area) and the
endoreversible engine model (dashed black line). The emitter
temperature is TH = 600 K and the sink temperature is TC =
300 K.

closed-form expressions [Eqs. (5) and (9)]. Crucially, the
reciprocal bound only marginally surpasses the endore-
versible model. Since it can be calculated very simply
[Eq. (5)], the endoreversible engine model is, therefore,
a useful approximation for the upper bound of recipro-
cal systems, and we will use both interchangeably in the
following.

Next, we show in Fig. 3 the nonreciprocal and recipro-
cal bounds for different emitter temperatures. We observe
that the relative difference between both bounds tends to
be more significant as the emitter temperature decreases
or when the efficiency approaches the Carnot limit (see
Supplemental Material [27] for a figure with their ratio).
Furthermore, we can show that the endoreversible model
and the nonreciprocal bound are bounded by

ρE ≤ 4
TH

TC
ηE(ηC − ηE), (10)

ρN ≤ 8
TH

TC
ηN (ηC − ηN ), (11)

and that these bounds are approached as TE → TH (first-
order approximation). Therefore, introducing nonreciproc-
ity enables twice as much power output when operating
close to the Carnot limit. We also emphasize that Eqs. (10)
and (11) follow the quadratic form of the “universal”
bounds derived in previous works [24,25].

Last, we focus on the trade-off between power output
and efficiency in radiative heat engines by comparing their
efficiency at maximum power to that of linear heat engines.
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FIG. 3. Nonreciprocal (solid lines) and reciprocal (dashed
lines) performance bounds in terms of maximum power output ρ

as a function of the efficiency η for different emitter temperatures.
The sink temperature is TC = 300 K.

For linear heat engines, the Curzon-Ahlborn limit, orig-
inally derived for endoreversible heat engines [19], was
shown to extend to all irreversible linear engines [20].
For nonlinear heat engines, efficiency at maximum power
has been previously derived, albeit only for endoreversible
engines [21]. When TH tends to TC, the behavior of radia-
tive heat engines becomes linear, so their efficiency at max-
imum power approaches the Curzon-Ahlborn limit ηCA ≈
ηC/2. Beyond the linear approximation, we show the effi-
ciency at maximum power for the endoreversible model
and the reciprocal bound in Fig. 4. We observe that the effi-
ciency at maximum power for a given temperature ratio
TH/TC follows η̄N ≥ η̄E ≥ ηCA. This result, which origi-
nates from nonlinearity [21], highlights that radiative heat
engines, such as TPV cells can achieve a better trade-off
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FIG. 4. Efficiency at maximum power for different bounds as
a function of the temperature ratio TH /TC.

between power output and efficiency than conventional lin-
ear heat engines, particularly for large temperature ratios.
Furthermore, for nonlinear engines such as radiative heat
engines, nonreciprocity can be exploited to achieve perfor-
mance beyond endoreversible thermodynamics.

Despite their broad validity, the bounds derived here
may be overcome in two cases. The first is near-field oper-
ation, where the heat transferred from the emitter to the
engine can be much larger than in the far field [30]. The
second is the introduction of a heat engine on the hot side,
either to increase the power radiated to the cold side (ther-
mophotonics [31]) or to generate additional power output
on the hot side (thermoradiative cells [9,10,32]).

In conclusion, we derive thermodynamic performance
bounds for radiative energy conversion, expressed in
terms of the maximum power achievable for any effi-
ciency. In doing so, we integrate the limits derived over
the previous decades for solar energy conversion within
a larger thermodynamic framework. The nonreciprocal
bound, which has a simple analytical expression, estab-
lishes the universal performance limit of radiative heat
engines. At the same time, the endoreversible engine
model offers a good approximation for the bound of recip-
rocal engines. We show that nonreciprocal systems may
significantly outperform reciprocal ones, especially for low
emitter temperatures or when operating at high efficiency.
We also reveal that radiative heat engines may achieve a
better power-efficiency trade-off than conventional linear
engines, especially for high-temperature sources. These
results add to the attractive potential of TPV systems
for high-temperature energy conversion and offer useful
figures of merits and bounds for their comparison.
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