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Abstract
Thermoelectric generation via radiative cooling holds promise as a renewable electricity source.
However, the governing mechanisms have not been fully explained, and the optimal operating
conditions are yet to be identified. To address this issue, detailed parametric analyses of the most
basic, passive configuration are presented here, where the cold side of the thermoelectric gener-
ator is coupled to a radiative cooling surface and the hot side collects heat from the ambient sur-
roundings. We note that the operation deviates significantly from the constant temperature condi-
tions because the radiative cooling power under realistic conditions is not large enough to act as a
cold reservoir. The system is thus considered as imperfectly coupled to the reservoirs with a finite
thermal conductance. In this regime, the contributions of both electrical and thermal conduction
within the thermoelectric generator, along with their interdependence, must be carefully treated to
describe the steady-state behaviour. An analytical solution is derived, as an explicit function of sys-
tem parameters such as the radiative cooling surface area, the degree of thermal insulation of the
radiative cooling surface, and the heat transfer coefficient at the hot side. As a result, electrical and
thermal impedance matching conditions are presented for the generation of maximum electrical
power in terms of these parameters. Our findings serve as a design guide for renewable thermo-
electric generation based on the temperature difference between the ambient and the coldness of
the sky.

1. Introduction

Renewable energy can be harvested from the naturally occurring radiative heat flows. For example, solar
energy, a heat flow from the sun at 6000 K to the earth at approximately 300 K, has served as the staple
source of energy via various modes of harvesting, such as photovoltaics generation [1–4], solar thermal
generation [5, 6] and solar thermoelectric generation [7–10]. Another major heat flow from the earth at
around 300 K to the outer space at 3 K, termed radiative cooling, can also serve as a source of renewable
energy, providing a cooling power of tens of Wm−2 at the terrestrial level [11, 12].

Recently, there has been growing interest in electricity generation via radiative cooling using a ther-
moelectric generator (hereafter referred to as a TEG). When the cold side of the TEG is coupled to
a radiative cooling substrate facing the sky and the hot side to the ambient air, a temperature gradi-
ent develops across the TEG to generate electricity [13–19]. At night, a power density as large as a few
hundred mWm−2 has been demonstrated [20], and it is predicted that the power density could reach
the Wm−2 level [21], comparable to that of wind power or geothermal energy [22]. Considering the
relatively small cost per unit energy, simplicity and scalability, nighttime thermoelectric generation via
radiative cooling holds promise as a renewable electricity source complimentary to solar photovoltaics at
nighttime [17, 23–28], reducing the need for energy storage devices.

The system considered in this study is depicted in figure 1. The cold side of the TEG is in thermal
contact with a radiative cooing surface facing the sky to dissipate heat radiatively into the sky. The hot
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surface of the thermoelectric generator, at temperature Th, is in thermal contact with the ambient at
temperature Tamb, via a heat sink. By being exposed to the sky, the radiative cooling surface is cooled
below the ambient temperature such that, whereas the hot surface temperature is closer to the ambi-
ent temperature such that Th ≈ Tamb. Electricity is generated by the corresponding temperature differ-
ence between the hot surface and the cold surface, ∆T= Th −Tc. It should be noted that if heat were
applied to the hot side of the TEG, the generated electricity would be greater than that produced by
this configuration. For example, there have been various attempts to combine solar heating and radi-
ative cooling [19, 29–35]. However, no other heat sources or cold sources are considered in this study, in
order to rigorously benchmark the renewable energy harvesting potential of the most basic and passive
configuration.

This study is motivated by the observation that, to fully characterise the behaviour of the system
depicted in figure 1, the dimensionless thermoelectric figure-of-merit ZT̄ of the TEG unit and the radi-
ative cooling performance of the radiative cooling surface are, when considered separately, insufficient.
Importantly, the operating conditions of the TEG of the system depicted in figure 1 deviate signific-
antly from the constant temperature condition, where large reservoirs of cold and hot sources at fixed
temperatures are assumed to be perfectly coupled to each side of the TEG. This is because the radiative
cooling power, under realistic conditions, is not large enough to act as a reservoir maintaining a con-
stant temperature at the cold side of the TEG, independently of the internal current and heat conduc-
tion from the hot side. To address this issue, the TEG unit is treated as imperfectly coupled to the reser-
voirs, the cold sky and the ambient, with finite thermal conductance. Derivations are made based on
thermal input and output power, without assuming any fixed temperatures on each side of the TEG. In
this regime, the thermal conductance across the TEG is an important factor to consider, depending not
only on the inherent properties of the TEG but also on the external parameters, such as the load resist-
ance and current. Therefore, to fully explain the steady-state behaviour, the interplay between Fourier’s
law and Ohm’s law must be carefully considered [36]. As a result, the temperature gradient across the
TEG ∆T and the electrical and thermal impedance matching conditions are obtained as explicit analyt-
ical functions of relevant system and environmental parameters.

Unlike electrical impedance matching, which can be satisfied by adjusting the load resistance, thermal
impedance matching conditions must be met at the design stage. Therefore, it is important to under-
stand how the electrical and thermal impedance matching conditions depend on system parameters. To
date, the optimal operating conditions have been identified mostly through the numerical solutions of
Ioffe’s formula [18, 37–39]. Numerical solutions have revealed that the electrical impedance matching
conditions obtained depend on the area of the radiative cooling surface, which suggests an interdepend-
ence of the electrical and thermal impedance matching conditions. However, the optimal operating con-
ditions in these studies can only be estimated from trends obtained through the repeated trials varying
the input values of the system parameters. Furthermore, the intricate relationship between parameters is
often hidden in the numerical solutions. To address these issues, this study aims to obtain a fully ana-
lytical model of the system to identify optimal working conditions as explicit functions of system para-
meters such as the area of the radiative cooling surface, the degree of thermal isolation of the radiative
cooling surface and the heat transfer coefficient of the heat sink attached to the hot side. The analytical
solutions will not only provide insights into the governing mechanisms but also serve as a powerful tool
for the ab initio design.

It should be noted that approximate analytical solutions have been obtained from energy balance
at the cold surface [21], which explain the measurement results [15, 20]. Whilst providing immediate
insights, these analyses do not predict electrical impedance matching conditions and provide approx-
imate estimates of thermal impedance matching conditions. This is because the thermal conductance
across the TEG is assumed to be a constant value and that the thermal conductance from the hot side
to the ambient air is infinite, thereby largely disregarding the interplay between Fourier’s law and Ohm’s
law, as will be explained in more detail later. The general behaviour of a small-scale test system may be
explained with such approximate solutions. However, when scaled up for large-area deployment, analyt-
ical functions governing the inter-dynamics of relevant experimental parameters will prove crucial for
performance optimisation.

2. Thermoelectric generation via radiative cooling

2.1. Electrical and thermal model
The following analysis evaluates TEG dynamics, where heat is exchanged with two thermostats through
contact resistances. Both hot and cold sides exchange heat with the ambient surroundings through the
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contact resistances, with the cold side additionally dissipating heat radiatively towards the sky, as depic-
ted in figure 1. Note that the footprints of both cold and hot sides differ from that of the TEG. Thus, a
radiative cooling surface, acting effectively as a heat spreader, is assumed to facilitate dissipation (con-
ductive, convective and radiative), whilst a heat sink thermalised to the ambient, acting effectively as a
heat concentrator, collects the input thermal power from the ambient (conductive and convective). The
electrical and thermal configurations of the system are depicted in figure 2. The heat flux through a TEG
unit Q̇TEG is expressed as [36]:

Q̇TEG = αT̄I+KI=0∆T (1)

where α is the Seebeck coefficient, T̄ is the average temperature T̄= Th+Tc

2 , and KI=0 is the thermal con-
ductance at zero electrical current (open circuit). The electrical current through the TEG unit I is then
given by I= α∆T

R+Rload
, where R is the internal electrical resistance of the TEG unit and Rload is the load

resistance, and ∆T= Th −Tc is the temperature difference across the TEG unit. Then, the thermal con-
ductance across a TEG unit KTEG, defined via Q̇TEG = KTEG∆T, can be written as

KTEG = KI=0

(
1+

IR

α∆T
ZT̄

)
(2)

where the dimensionless thermoelectric figure-of-merit ZT̄ is defined with Z= α2

RKI=0
. Equation (2) shows

that the thermal conductance of the TEG unit KTEG depends not only on inherent properties such as the
electrical resistance R and the thermal conductance at zero current KI=0, but also on the external para-
meters such as the load resistance Rload and the average temperature T̄. Importantly, equation (2) expli-
citly shows that the thermal conductance across the TEG, KTEG, depends on the current I and the tem-
perature difference ∆T. This elucidates the interplay between the thermal and electrical behaviours, gov-
erned respectively by Fourier’s law and Ohm’s law (see section 1.1 of supplementary information for the
full derivation of equation (2)). The thermal conductance across the TEG, as described by equation (2),
is one of the key differences compared to the solutions in [15, 20, 21], where the thermal conduct-
ance is assumed to be a constant value. The difference between the thermal conductance KTEG and the
thermal conductance at zero current KI=0 can be non-negligible under realistic operating conditions. For
example, for a commercially available TEG (Marlow TG12-4), which will be considered as an exemplar
system in section 3, the thermal conductance across the TEG unit KTEG can be more than 30% higher
than the inherent thermal conductance at zero current, KI=0, under impedance matching conditions for
optimal electrical power.

The outgoing heat flux at the cold surface of the TEG unit, Q̇out is given by

Q̇out ≈ Q̇rad (Tamb)− (Krad +Kc)

(
KTEG +Kh

Kh

)
∆T (3)

where the first term Q̇rad (Tamb) represents the net radiative cooling power of the radiative cooling sur-
face. It is defined as the difference between the total flux emitted by the radiative cooling surface at
ambient temperature Tamb and the total flux of atmospheric emission absorbed by the radiative cooling
surface. The net radiative cooling power Q̇rad (Tamb) is therefore a quantity characterising the radiative
cooling part of the system. It is determined both by the material property of the radiative cooling surface
and by the local sky conditions, and it is independent of the properties of the TEG.

The thermal emission from the radiative cooling surface can be assessed by integrating the thermal
emission of the radiative cooling surface σεrcs (λ,θ)T4

c over wavelength λ and angle θ, where σ is the
Stefan-Boltzmann constant and εrcs (λ,θ) is the emissivity of the radiative cooling surface. The atmo-
sphere appears semi-transparent about the zenith direction within the wavelength range from 8 to
14 µm, the so-called ‘sky window,’ whereas the atmosphere outside the sky window appears as opaque
as a blackbody at ambient temperature Tamb. The atmospheric emission can be modelled as a function
of ambient temperature and the sky emissivity [40, 41], simulated [42] or directly measured [43]. In
general, the atmospheric emission depends heavily on the local conditions such as humidity or cloud
coverage [44–46]. The detailed methods for evaluating the net radiative cooling power Q̇rad (Tamb)
have been given in numerous other references, for example, [12, 47], and will not be repeated here
(see sections 1.2 and 1.3 of supplementary information for further details). It is only mentioned here
that the sky appears colder than the ambient air and the total absorbed atmospheric emission at each
measurement location, affected by the weather condition and the cloud coverage, is reflected in the
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Figure 1. Sketch of the system considered in this study. A radiative cooling surface is attached to the cold surface of a TEG and disposed to face the sky. The cold surface of the TEG is in thermal contact with a radiative cooing
surface which dissipates heat radiatively into the sky. See text for details.
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Figure 2. (a) Schematics of the electric and thermal configurations of the system. (b) Thevenin-equivalent circuit of the electrical configuration shown in (a).

5



J. Phys. Energy 8 (2026) 015017 J Hwang and D Narducci

net radiative cooling power Q̇rad (Tamb). In the temperature range under discussion, the thermal emis-
sion spectrum given by the emissivity εrcs (λ,θ) is nearly disjoint with the solar spectrum. Therefore,
εrcs (λ,θ) fully characterises the thermal emission from the radiative cooling surface but does not define
its response to the solar irradiation. For example, a radiative cooling surface with a given emissivity spec-
trum εrcs (λ,θ) can be fully reflective or fully absorptive of the solar irradiation, therefore can have any
colour in the visible spectrum. The term ‘blackbody’ in this study thereby refers to a surface with unity
emissivity where, not a black surface in appearance. The heat gain on the radiative cooling surface due
to the absorption of solar irradiation is characterised by Psolar, independent of the small temperature
change ∆T. The solar heat gain is included to reduce the net radiative cooling power Q̇rad (Tamb)

′
=

Q̇rad (Tamb)− Psolar.
With regard to the second term of equation (3), the heat dissipation at the cold surface occurs

via two channels, radiative and non-radiative (via conduction, convection or both), with radiative
thermal conductance Krad and with effective thermal conductance Kc, respectively. Both the radiat-
ive thermal conductance Krad and the effective thermal conductance Kc are proportional to the area of
the radiative cooling surface. The radiative contribution is approximated as linearly dependent on the
temperature, with radiative thermal conductance Krad related to the average emissivity value εrcs, via
Krad = 4εrcsσT3

ambA. It should be noted that this approximation does not assume a uniform emissivity
spectrum. As discussed previously, the wavelength- and angle-dependence of the emissivity εrcs (λ,θ)
must be integrated in order to determine the average emissivity εrcs and the net radiative cooling power
Q̇rad (Tamb). The linear approximation assumes only that the radiative cooling power varies linearly from
Q̇rad (Tamb) with small ∆T, with the average emissivity εrcs being the key parameter in the proportional-
ity coefficient. Under this approximation, the average emissivity εrcs and the net radiative cooling power
Q̇rad (Tamb) define the radiative cooling part of the system. This approximation will be justified further
in equation (7). The effective heat conductance Kc at the cold surface is determined by the degree of
thermal insulation of the radiative cooling surface from the environment. It should be noted that the
outgoing heat flux at the cold surface of the TEG according to equation (3) also depends on the thermal
conductance Kh at the hot surface of the TEG and the thermal conductance across the TEG KTEG. The
hot surface of the TEG unit receives heat from the ambient, for example via a finned heat sink for nat-
ural convection. The thermal conductance is defined by the capacity of the heat sink attached to the
hot side of the TEG. In general, the thermal conductance Kh should be maximised such that the hot
surface temperature Th is as nearly equal to as possible to the ambient temperature Tamb. However, the
minute difference is crucial for the accurate assessment of system dynamics. Both thermal conductances
Kc and Kh represent the linear dependence of the heat transfer to and from the environment upon
the temperature difference, according to Fourier’s law of heat conduction. Equation (3) rests upon two
reasonable approximations: firstly, it is assumed that the temperature drop from ambient temperature
to the radiative cooling surface temperature is much smaller than the ambient temperature, namely,
Tamb −Tc ≪ Tamb; secondly, as in Apertet et al [36] it is stipulated that the output electrical power
P= Q̇in − Q̇out is negligible compared with Q̇out, such that KTEG∆T≈ Q̇out. The second approximation
is valid for most realistic thermoelectric generators, especially when the temperature difference ∆T is
much smaller than Tamb, whereby the Carnot efficiency and the Novikov–Curzon–Ahlborn efficiency are
small, and the actual efficiency is even smaller (see sections 1.2 and 1.3 of supplementary information
for the derivation of equation (3)).

The temperature difference across the TEG unit ∆T can be obtained from Q̇out ≈ KTEG∆T using
equations (2) and (3). The corresponding open circuit voltage Voc = α∆T is then:

Voc = α
KhQ̇rad (Tamb)

KI=0 (Kcrad +Kh)+KcradKh
− IR

KI=0 (Kcrad +Kh)

KI=0 (Kcrad +Kh)+KcradKh
ZT̄ (4)

where Kcrad = Krad +Kc. Equation (4) is in the form of Voc = V ′
oc − IR ′ with

V ′
oc =

αQ̇rad (Tamb)

Kcrad

Kcontact

KI=0 +Kcontact
(5)

R ′ = R
KI=0

KI=0 +Kcontact
ZT̄ (6)

where Kcontact =
KcradKh
Kcrad+Kh

, defined here as the ‘contact thermal conductance,’ is the combined thermal
conductance to the reservoirs at both surfaces of the TEG, which includes the radiative, conductive, and
convective channels at the hot and cold surface of the TEG. Kcrad represents the serial combination of
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the radiative and conductive/convective channels at the cold surface. Kcontact represents the parallel com-
bination of Kh and Kcrad. The contact thermal conductance Kcontact represents the overall thermal con-
ductance, reflecting the finite degrees of heat transfer to and from the two reservoirs considered here, the
cold sky and the ambient environment. The relative magnitude of Kcontact to KI=0 is one of the key para-
meters in determining the thermal impedance matching. It should be noted that the contact thermal
conductance Kcontact is not limited by the interfacial thermal resistances between the surfaces of the
TEG and the heat sink. For the purpose of this discussion, these interfacial thermal resistances are not
included in the contact thermal conductance Kcontact as they can be rendered negligible compared with
Kcontact through proper application of heat sink compound [15, 20]. Equations (4)–(6) show that the
voltage source provided by the TEG unit can no longer be considered perfect, given its dependence upon
the current I. Instead, the electrical configuration of the TEG unit can be represented as the Thevenin
equivalent circuit, comprising a perfect voltage source with an open-circuit voltage V ′

oc and a resistance
R+R ′ connected in series (figure 2(b)). This is a direct consequence of imperfect thermal coupling of
the TEG unit to the reservoirs [36] and is considered the physical origin of the non-trivial electrical and
thermal impedance matching conditions, which are discussed in the following section.

The temperature difference ∆T can be restated in a form independent of I from equation (4):

∆T=
Q̇rad (Tamb)

Kcrad

(1+m) Kcontact
KI=0(

(1+m)
(
1+ Kcontact

KI=0

)
+ZT̄

) (7)

where the ratio m= Rload
R represents the degree of electrical impedance matching. Equation (7) demon-

strates that the temperature difference ∆T depends explicitly upon both the degree of electrical imped-
ance matching m and the degree of thermal impedance matching Kcontact

KI=0
. In the linear limit–i.e. the first

approximation used in deriving equation (3)–the ratio Q̇rad(Tamb)
Kcrad

represents the largest temperature reduc-
tion achievable by the radiative cooling surface in isolation, when uncoupled to the TEG. Equation (7)
shows that the temperature difference ∆T, when coupled to the TEG, always remains below this value.
This is owing to the finite thermal conductance across the TEG unit. The thermal conduction pathway
from the ambient through the TEG unit to the radiative cooling surface persists as the principal source
of heat gain even in the case of high-vacuum shielding, whereby all other conductive heat gains to the
radiative cooling surface are suppressed [19, 20]. It is also noted that ∆T in equation (7) is explicitly
dependent on Kh via Kcontact, which is disregarded in the approximation made for ∆T in [15, 20, 21].
Equation (7) also further justifies the first approximation made for equation (3), ∆T≪ Tamb. Even the
state-of-the-art radiative cooling surfaces can cool themselves only by several degrees below the ambient
temperature in most climates [48, 49]. Equation (7) indicates that ∆T will be smaller still. Furthermore,
equation (7) shows that even when a vacuum enclosure is employed, Kc → 0, the amplification of ∆T
is modest because of the heat conduction across the TEG unit. Consequently, across all reasonable para-
meter ranges, ∆T remains substantially smaller than Tamb. The validity of the two approximations used
in equation (3) will be examined again in sections 3.2 and 3.3.

2.2. Maximisation of electrical power and efficiency
According to equation (6), the effective electrical resistance of the TEG unit RTEG increases by the
Thevenin equivalent circuit resistance R ′ (figure 2(b)) and is given by RTEG = R+R ′. The electrical

power P at the load, P=
V ′
oc

2Rload

(RTEG+Rload)
2 , is then maximised when Rload = RTEG = R+R ′. The electrical

impedance matching condition for maximum electrical power is thereby given by

m= 1+
ZT̄

1+ Kcontact
KI=0

. (8)

This result indicates that the optimal load resistance, Rload, is greater than the internal electrical resist-
ance of the TEG, R, as is also predicted by the numerical solution of Ioffe’s formula [39]. In the limit
where the contact thermal conductance, Kcontact, approaches infinity, or under constant temperature con-
ditions, the electrical impedance matching condition converges to m= 1. Approximating the electrical
power as proportional to (∆T)2 [15, 20, 21] also leads to the electrical impedance matching condition at
m= 1.

The thermal impedance matching condition is obtained by optimising the electrical power P with
respect to KI=0 for a fixed Kcontact and given by

KI=0

Kcontact
=

1+m

1+m+ZT̄
(9)
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namely for Kcontact = KTEG. The simultaneous thermal and electrical impedance matching conditions,
satisfying both equations (8) and (9), are given by

Kcontact

KI=0
=
√
1+ZT̄ andm=

√
1+ZT̄. (10)

At the condition satisfying the simultaneous electrical and thermal impedance matching condition

according to equation (10), the temperature difference ∆T according to equation (7) becomes Q̇rad(Tamb)
2Kcrad

,
half of the largest temperature reduction achievable with the given radiative cooling surface. At the sim-
ultaneous electrical and thermal impedance matching condition, the maximum electrical power is given
by

Pmax =
α2

4R

(
Q̇rad (Tamb)

Kcrad

)2 √
1+ZT̄(

1+
√
1+ZT̄

)2 . (11)

The maximum electrical power depends on the internal parameters of the TEG, namely the dimension-
less figure-of-merit ZT̄, the Seebeck coefficient α and the internal electrical resistance R but not on Kh,
which is proportional to the heat transfer coefficient at the hot surface of the TEG to the ambient. This
explains partly why the solutions in [15, 20, 21], which disregard the heat transfer coefficient at the hot
surface to the ambient, are still effective in estimating the maximum electrical power. However, as shown
in equations (8)–(10), the electrical and impedance matching conditions are also dependent on the heat
transfer coefficient of the heat sink at the hot surface. The examples illustrating this dependence will be
presented in section 3.2.

So far, the optimisation conditions related to the maximisation of generated electrical power. Instead,
the efficiency η = P

Q̇TEG
can be maximised at the electrical impedance matching condition given by

m=

√(
1+ZT̄

)(
1+

ZT̄

1+Kcontact/KI=0

)
. (12)

The simultaneous thermal and impedance matching conditions for the maximum efficiency can be
obtained numerically by optimising η in a similar fashion as equations (9) and (10). It is mentioned in
passing when the thermal input from the ambient to the hot side of the TEG is not considered as in [15,
20, 21], the maximum efficiency condition of operation cannot be defined.

3. Exemplar system analysis

In what follows we will consider the power generated by a commercially available TEG (Marlow TG12–4,
3 cm × 3 cm, 127 legs) whose specifications (KI=0 = 0.251 W K−1, R = 3.377 Ω, α = 0.046 V K−1,
ZT̄ = 0.764 at T̄ = 300 K) were reported in previous works [39, 50]. The TEG consists of serially-
connected 127 thermocouples made of n-doped and p-doped Bismuth Telluride (Bi2Te3) alloys. Each
of the 127 p–n legs is 1.6 mm tall and disposed over a 3 cm × 3 cm area between two 0.9 mm thick
Aluminium Oxide sheets, which act as the cold side and the hot side of the TEG. A near-blackbody
radiative cooling surface with the average emissivity = 0.95 will be considered as an example such that
the radiative heat transfer coefficient hrad =

Krad
A = 4εrcsσT3

amb is 6.00 Wm−2K−1 at ambient temperature
Tamb = 303.15 K (see section 1.3 of supplementary information for additional details). Such radiative
cooling surface can be implemented with a black acrylic paint on a thin metallic plate, such as copper
plate.

The atmospheric emission of a clear sky can be determined via the atmospheric emissivity as a func-
tion of the dew point temperature Tdew, given by εatm = 0.741+ 0.0062(Tdew − 273.15) [51, 52]. It is
understood that the most accurate values of the sky emissivity are obtained through direct measure-
ments. For example, clouds further increase the atmospheric emissivity beyond the clear sky values,
thereby reducing the radiative cooling power [44]. Here, two extreme cases of clear sky examples will
be considered as representative atmospheric conditions. To model the atmosphere in a dry climate, a
relative humidity of 25% is assumed, corresponding to the dew point temperature Tdew = 281.0 K at
Tamb = 303.15 K. In the other extreme, for a humid climate, a relative humidity of 85% is assumed,
which corresponds to the dew point temperature Tdew = 300.3 K, at the same ambient temperature
Tamb = 303.15 K. We will refer to these two atmospheric conditions as ‘desert’ and ‘tropics,’ respectively.
Thus, Q̇rad (Tamb) is 95.69 W for the desert and 41.25 W for the tropics, assuming a radiative cooling
surface area A of 1 m2, with values scaling proportionally to the radiative cooling surface area A.

8
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Figure 3. Electrical impedance matching conditions for the maximum electrical power and the maximum efficiency, plotted as a
function of the degree of thermal impedance matching Kcontact/KI=0.

3.1. Maximum power vs maximum efficiency
We first demonstrate that the impedance matching conditions for maximising electrical power and effi-
ciency differ from one another for the exemplar system under consideration. Figure 3 presents plots for
two m values, representing the electrical impedance matching condition for maximising power accord-
ing to equation (8), the blue solid line, and the electrical impedance matching condition for maximising
efficiency according to equation (12), the orange solid line, respectively. The two m values are plotted
as a function of Kcontact/KI=0, representing the degree of thermal impedance matching. When the con-
tact conductance Kcontact is small compared with the TEG conductance KI=0, both m values converge to
1+ZT̄. In other words, when the couplings to the reservoirs are weak, there is no difference between the
electrical impedance matching conditions for maximum power and maximum efficiency. In this limit,
the so-called constant flux condition, the heat flux through the TEG Q̇TEG is fixed and the conditions
for maximising efficiency η = P

Q̇TEG
and electrical power P are manifestly the same [53]. However, when

Kcontact becomes comparable with KI=0, the two m values begin to differ from each other. When Kcontact

is much larger than KI=0, corresponding to the constant temperature condition, or to the case in which
both TEG surfaces are coupled to the thermostats with large thermal conductance, the m value for max-
imum power converges to 1, whereas the electrical matching ratio for maximum efficiency converges to
[54].

The point on the maximum power curve, labelled Pmax, corresponds to the condition for maximum
electrical power, optimised simultaneously in terms of electrical and thermal impedances according to
equation (10). It is noticed that at this point of thermal impedance matching, represented by the vertical
dotted line, the load resistances Rload for the simultaneous impedance matching for maximum efficiency
differs from that for maximum electrical power. This suggests that in practical systems, it is difficult to
satisfy the operating conditions for maximum power and for maximum efficiency simultaneously. Since
input power is attainable at no cost, we will focus mainly on the impedance matching conditions for
maximum power rather than efficiency.

The thermal impedance matching conditions must be determined at the design stage because the
parameters relating to the thermal impedance matching conditions are difficult to measure and not
straightforward to adjust once the device is deployed. In contrast, the electrical impedance matching
conditions according to equations (8) and (12) can be found even after deployment by varying the
external load resistance Rload. Therefore, in what follows, the electrical impedance matching conditions
will be considered as satisfied whilst the dependence of the electrical power on the thermal parameters
determining Kcontact will be explored.

3.2. Optimal area of radiative cooling surface
According to equations (9) and (10), the thermal impedance matching conditions depend only on Kcrad

and Kh. The former is proportional to the area of the radiative cooling surface A as

Kcrad = Kc +Krad = hcoldA+ hradA (13)

where hrad = 4εrcsσT3
amb and hcold is the heat transfer coefficient into the radiative cooling surface,

determined by the degree of thermal insulation around the radiative cooling surface (see section 1.3 of
supplementary information for details). For the convenience of calculation, it is assumed that the over-
all footprint of the device is delimited by the radiative cooling surface area A and that the heat sink
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attached to the hot side of the TEG is also bounded within that footprint, as depicted in figure 1. Then
the thermal conductance to the hot side of the TEG Kh can be written as

Kh = hhotA (14)

where the heat transfer coefficient hhot is the heat transfer coefficient of the heat sink to the ambient,
reflecting the degree of thermal exchange via conduction and convection to the environment. This stip-
ulation also covers the case where the lateral dimension is smaller than the radiative cooling surface
area A, as the heat transfer coefficient hhot can be simply adjusted to correctly represent the conduct-
ance Kh. From equations (13) and (14), Kcontact is a function hcold and hhot and proportional to the
radiative cooling surface area A. In the example considered, εrcs = 0.95 and hrad = 6.00 Wm−2K−1 at
Tamb = 303.15 K. Therefore, three experimental parameters control the thermal impedance matching
conditions: the radiative cooling surface area A and the heat transfer coefficients hcold and hhot.

From equation (10), the optimal area of the radiative cooling surface Aopt can be obtained at each
value of hcold and hhot. Figure 4(a) shows the plot of the optimal area Aopt as a function of hcold and
hhot while figure 4(b) shows the same plot but in terms of the optimal radius ropt given by Aopt =
π r2opt, assuming that the radiative cooling surface is of a circular shape. hcold spans values from 0 to

10 Wm−2K−1 while hhot ranges over values from 10 to 200 Wm−2K−1. When both heat transfer coef-
ficients are set to 10 Wm−2K−1, they represent the case of a system exposed to the surroundings without
any thermal insulation. Note that hcold can approach zero as hcold can be made negligible by enclosing
the radiative cooling surface within a vacuum chamber with an infrared-transmitting window evacuated
to a pressure below 10−5 torr [19, 20, 44, 55–57]. In the other extreme, hhot at 200 Wm−2K−1 corres-
ponds to a highly efficient heat transfer from the hot side of the TEG to the environment facilitated, for
example, by a large convective heat sink exposed to strong winds with a high thermal mass thermalised
with the ambient surroundings.

From figure 4(a), it is observed that the optimal area Aopt increases as hcold and hhot decrease.
Figure 4(b) shows that the optimal radius ropt ranges from approximately 8 cm to 16 cm- significantly
larger than the footprint of the TEG unit, 3 cm by 3 cm, thus confirming the assumption that the foot-
print is bounded by the area of the radiative cooling surface A but should exceed that of the TEG itself.
When the radiative cooling surface is maintained at ambient conditions and the hot surface is exposed
to the ambient air via a small, finned heat sink–corresponding to the heat transfer coefficient values
around hcold = hhot = 10 Wm−2K−1 - the optimal radius of the near-blackbody radiative cooling surface
(εrcs = 0.95) is 13.1 cm, regardless of the climate conditions. In the limit where hhot is very large, the
optimal area Aopt is given by

Aopt, hhot→∞ =
KI=0

√
1+ZT̄

hrad + hcold
. (15)

This indicates that the optimal area Aopt is proportional to the thermal conductance across the TEG at
zero current KI=0. This suggests that as both surfaces of the TEG become more thermally decoupled, the
overall footprint of the device can be reduced. It is also worth noting that the optimal area Aopt must be
larger when a vacuum enclosure is used (i.e. hcold → 0) compared to when the radiative cooling surface
is exposed to the ambient surroundings. For example, with and hhot = 10 Wm−2K−1, the optimal radius
is 16.8 cm. However, as we will see, the vacuum enclosure enhances the maximum electrical power Pmax.

Using realistic values for the heat transfer coefficients hcold and hhot, the validity of the first approx-
imation to equation (3), ∆T≪ Tamb can be assessed. The maximum temperature difference at simultan-

eous thermal and electrical impedance matching, according to equations (7) and (10), ∆T= Q̇rad(Tamb)
2Kcrad

.

For hcold = 8Wm−2K−1, representing exposure to the ambient condition, ∆T is 3.42 K and 1.47 K for
desert and tropics, respectively. For hcold = 0.05 Wm−2K−1, representing the use of a vacuum enclos-
ure, ∆T is 7.90 K and 3.40 K for desert and tropics, respectively. As noted from equation (7), the bene-
fit of using a vacuum enclosure to amplify ∆T is offset by the heat conduction across the TEG unit.
Therefore, the linear approximation is deemed valid ∆T< 0.03 Tamb, even when a vacuum enclosure
is used, ∆T = 7.90 K and Tamb = 303.15 K.

3.3. Maximum electrical power
Figure 5 shows the plot of maximum electrical power Pmax generated by a single TEG unit, evaluated
at the optimum radiative cooling surface area Aopt, according to equation (11), as a function of hcold.
With perfect thermal insulation of the radiative cooling surface (hcold = 0), the maximum electrical

power is around 10 mW in the desert and 2 mW in the tropics, enhanced by a factor, (hrad+hcold)
2

h2rad
. Where
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Figure 4. (a) Optimal area Aopt plotted as a function of hcold and hhot. (b) The same plot as (a) but in terms of the optimal radius ropt given by Aopt = π r2opt, assuming that the radiative cooling surface is of a circular shape.
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Figure 5. Plot of the maximum electrical power Pmax for two climate conditions, desert and tropics.

hcold = 10 Wm−2K−1, the enhancement factor for a perfect thermal insulation is 7.1. Since this enhance-
ment factor is independent of other parameters, it remains the same across different climatic conditions.
For example, with the radiative cooling surface is exposed to the ambient air (hcold = 10 Wm−2K−1),
the maximum electrical power is 1.40 mW in the desert, and 0.28 mW in the tropics. Recall from
equation (11) that Pmax does not depend on hhot. This indicates that, for any heat transfer coefficient
at the hot surface of the TEG, the electrical power can be optimised to the same maximum value by
adjusting the area of the radiative cooling surface Aopt. For example, in the desert with a vacuum enclos-
ure (hcold = 0.05 Wm−2K−1), the optimal radius for hhot = 5 Wm−2K−1 is 19.7 cm, while the optimal
radius for hhot = 100 Wm−2K−1 is 13.6 cm. Under these two conditions, the maximum achievable elec-
trical power remains the same, 9.8 mW. This demonstrates that with a stronger heat sink at the hot sur-
face, the total footprint of the device can be reduced.

The validity of the second approximation to equation (3), P≪ Q̇TEG, can be checked here. The total
heat flowing across the TEG is given by Q̇TEG = KI=0

√
1+ZT̄∆T, at the simultaneous thermal and elec-

trical impedance matching condition. Assuming, with hcold = 8Wm−2K−1, the ratio or the efficiency
Pmax/Q̇TEG is 0.00226 and 0.00097 for desert and tropics, respectively. With hcold = 0.05 Wm−2K−1,
representing the use of a vacuum enclosure, Pmax/Q̇TEG is 0.00302 and 0.00130 for desert and tropics,
respectively. The second approximation is therefore deemed valid with the current exemplar system.

3.4. Maximum electrical power density
Often, the most limited resource for energy harvesting is the land coverage, and the power density
pmax =

Pmax
Aopt

can be a critical parameter to optimise. Figures 6(a) and (b) show pmax as a function of

hcold and hhot, respectively, in the desert and in the tropics. At each value of hcold and hhot, the optimal
area Aopt is determined (figures 4(a) and 4(b)) and the maximum electrical power Pmax is calculated
(figure 5). The ratio of the two values yields the power density. The maximum power density pmax is
achieved when hhot is large and hcold is small. This suggests that the intuitive design choice, to minim-
ise the heat gain into the radiative cooling surface and to maximise the heat transfer coefficient from
the hot surface to the ambient, indeed results in the optimisation of the electrical power density. When
the heat transfer coefficient of the heat sink to the hot surface of the TEG is small, the power density
approaches zero. However, as indicated by figure 5 and equation (11), the maximum electrical power
does not depend on hhot. Therefore, it can be concluded that a heat sink with a high heat transfer coeffi-
cient is essential for maximising the areal power density but not for maximising the electrical power of a
given unit, since increasing the area of the radiative cooling surface can compensate for small hhot. In the
limit hhot →∞, the power density is given by

pmax,hhot→∞ =
Z(hrad + hcold)

4

(
Q̇rad (Tamb)

Kcrad

)2
1(

1+
√
1+ZT̄

)2 (16)

The maximum power density is therefore enhanced by a perfect thermal insulation by a factor hrad+hcold
hrad

.

With hcold = 10 Wm−2K−1, the power density enhancement is 2.7, not as large as the enhancement

of the electrical power, where the enhancement factor is instead (hrad+hcold)
2

h2rad
. It is observed that the

enhancement in areal power density achieved using a vacuum enclosure is not as pronounced as the
enhancement in electrical power. This is because, as shown in figure 4 and discussed in the previous
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Figure 6. Plot of the power density in (a) desert and (b) tropics.
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section, the optimal footprint area increases alongside the maximum electrical power and with greater
thermal insulation of the radiative cooling surface. When considering the maximum power density as
the primary parameter to optimise, the additional costs and complexity associated with a vacuum cham-
ber should be carefully weighed against the gain in power density. For example, hcold = 0.05 Wm−2K−1

and hhot = 200 Wm−2K−1 - corresponding to a high-vacuum enclosure and a very large heat sink- the
resulting areal power density of 172.4 mWm−2, with an optimal radius of 13.4 cm in the desert. In con-
trast, a much simpler, therefore cheaper, configuration with the radiative cooling surface at ambient con-
ditions, for example, hcold = 6 Wm−2K−1 and hhot = 20 Wm−2K−1, yields an areal power density of
56.0 mWm−2 with a smaller optimal radius of 11.9 cm. Although a detailed economic analysis will not
be made here, a basic setup as depicted in figure 1 can be realised for less than $40 USD [13], whereas
the cost of a vacuum system, especially the infrared-transmitting window, is considerably higher.

3.5. Workflow to identify optimal working conditions
Figure 7 presents a flowchart summarising the process used to identify the optimal working conditions.
Three groups of system parameters are required. First, the radiative cooling and sky conditions are char-
acterised by the average emissivity εrcs and the net radiative cooling power Q̇rad (Tamb). The average
emissivity εrcs can be obtained from the measurement of εrcs (λ,θ) using an FT-IR spectrophotometer.
The net radiative cooling power Q̇rad (Tamb) can be estimated from εrcs (λ,θ) and either measured or
simulated downward atmospheric emission. Q̇rad (Tamb) can be directly measured without needing to
determine downward atmospheric emission- for example, by attaching an electric heater to the radiat-
ive cooling surface facing the sky. The power dissipated at the electrical heater to maintain the surface at
the ambient temperature corresponds to the net radiative cooling power Q̇rad (Tamb) under that specific
sky condition. Second, the heat transfer coefficients at the two surfaces of the TEG must be determined.
The radiative heat transfer coefficient hrad directly follows from the average emissivity εrcs. hcold, the heat
transfer coefficient at the radiative cooling surface, can be estimated from the largest temperature drop
∆Tc achievable with the radiative cooling surface when it is not attached to the TEG, using the relation
hcold ∼ Qrad (Tamb)/∆Tc. hhot, the heat transfer coefficient at the hot side of the TEG, depends on the
capacity of the heat sink attached to the hot surface. It can be measured by applying a known amount of
heat to the heat sink over the contact area for the hot side of the TEG and recording the resulting tem-
perature change of the heat sink. Third, the specifications of the TEG need to be known.

The contact thermal resistance Kcontact can be obtained from the heat transfer coefficients. The sim-
ultaneous thermal and electrical impedance matching conditions, according to equation (10), can be
obtained from the contact thermal resistance Kcontact and the specifications of the TEG. The maximum
electrical power Pmax can be evaluated, according to equation (11), using all the system parameters. The
optimal area Aopt of the radiative cooling surface follows from the thermal resistance balance condition
of equation (10). The maximum power density can be obtained from pmax = Pmax/Aopt.

3.6. Comparison of model with data
In the following, the maximum power density obtained from equation (16) will be compared with the
reported values for the system depicted in figure 1, where a TEG is used to harvest electrical energy
between the ambient surroundings and a radiative cooling surface facing the sky. In [39], Ioffe’s formula
(See S12 in section 1.2 of supplementary information) is numerically integrated to study the system’s
behaviour, considering a Marlow TG12–4, the same TEG as the exemplar system. Under the ‘desert’
condition specified above, hcold = 0.01 Wm−2K−1 and hhot = 20 Wm−2K−1 and a radiative cooling sur-
face (εrcs = 0.95) with area A= 0.0276 m2 yields the areal power density around 110 mWm−2. For the
same parameters, equation (16) yields 110.44 mWm−2, which largely agrees with the numerical results.
Equations (15) and (16) predict that the areal power density can be maximised to 137.5 mWm−2, with
the optimised radiative cooling surface area A= 0.0722 m2.

The experimental results are less straightforward to compare, mainly because the sky conditions
change with time and the exact value of the atmospheric emissivity εatm is often not measured or spe-
cified at the location of the measurement. However, for regions with extremely high or low humid-
ity, the range of the atmospheric emissivity εatm is narrowed if a clear sky is assumed. For example, in
[13], a radiative cooling surface (εrcs = 0.95) with a 10 cm radius is coupled to a TEG (Marlow TG12-
4) at ambient conditions. With hcold and hhot estimated to be 7–9 Wm−2K−1, an areal power density of
25 mWm−2 was measured under a night sky in California. Assuming the ‘desert’ condition specified
above, equation (16) gives, with hcold = hhot = 8 Wm−2K−1, an areal power density of 24.5 mWm−2,
close to the reported measurement value. Equations (15) and (16) predict that the areal power density
can be maximised to 27.9 mWm−2, with the optimal radius of the radiative cooling surface at 14.4 cm.
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Figure 7. Flowchart summarising the process used to identify the optimal working conditions.
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It is noted, however, that the choice of the radiative cooling surface area in this work was quite close to
the optimum.

For another example, in [19], a radiative cooling surface (εrcs = 0.60) with a 4 cm radius was
coupled to a Marlow TG12-4 TEG within a high vacuum chamber with a Germanium window with 85%
transmissivity. Under a night sky in Singapore, an areal power density of 1.3 mWm−2 was measured.
Assuming the ‘tropics’ condition specified above, hhot = 8 Wm−2K−1, and hcold = 0.05 Wm−2K−1 for the
high-vacuum, equation (16) gives 2.1 mWm−2. The discrepancy is attributed, apart from the inaccuracy
of the assumed atmospheric emissivity, to the finite transmissivity of the window to the vacuum cham-
ber, which reduces the radiative cooling power Q̇rad (Tamb). Equations (15) and (16) predict that the
areal power density can be maximised to 14.0 mWm−2, with the optimal radius of the radiative cool-
ing surface at 20.2 cm. The radius of the radiative cooling surface in this work was chosen to be quite
far from the optimum. However, given the restriction on the size of the infrared-transmitting window, it
will be technically challenging to facilitate a radiative cooling surface with 40.4 cm diameter.

4. Conclusions and discussion

A fully analytical solution is presented for the thermoelectric generation with the ambient and the sky
as the thermal resources. The main intuition is that the operating condition deviates substantially from
the constant temperature condition as the radiative cooling power is typically insufficient to provide a
constant temperature at the cold side, independently of the internal current and the thermal conduc-
tion from the hot side. This consequently leads to an increase in the internal electrical resistance and a
decrease in the open circuit voltage of the TEG, the extent being dependent upon the degree of electrical
and thermal impedance matching. Consequently, a simple analytical model, in which the hot side of the
TEG is exactly at the ambient temperature and the thermal conductance across the TEG is assumed con-
stant, does not explain certain system behaviours observed in either the experimental data or the black-
box simulations.

To address this issue, derivations are made based on the thermal input and output power, without
assuming any fixed temperature at either side of the TEG. This approach allows a rigorous description
of the system, overcoming the limitations of over-simplified assumptions as follows. Firstly, the form-
alism treats the thermal conductance across the TEG as a function of the current and the temperature
difference, fully accounting for the interplay between Fourier’s law and Ohm’s law. Secondly, to evalu-
ate accurately the heat flux through the TEG, a finite heat transfer coefficient is assumed at the hot side.
Consideration of the minute temperature difference between the hot side and the ambient is crucial for
accurately estimating the electrical power and the efficiency.

As a result, analytical expressions are derived for the conditions to maximise the electrical power, as
explicit functions of system parameters such as the radiative cooling surface area, the thermal isolation
of the radiative cooling surface, and the heat transfer coefficient of the heat sink. Importantly, using the
solutions, the optimal operating conditions can be identified without the need for iterative numerical
calculations in which each parameter is varied incrementally.

The validity of the model rests upon the approximations based on two key assumptions, (1) ∆T≪
Tamb and (2) P≪ Q̇TEG. These approximations will not hold when the ZT̄ value of a hypothetical TEG,

in which Z= α2

RKI=0
, becomes sufficiently large. It should be noted that the validity of both approxim-

ations in the example system originates principally from the high degree of thermal conduction across
the TEG, ∆T is less than several degrees even with a vacuum enclosure owing to the heat gain through
the TEG and a large value of Wm−2K−1, proportional to KI=0, maintains the overall efficiency at a low
level. With the improved TEGs having a smaller KI=0, the first approximation ∆T≪ (Tamb)should first
be examined for validity. The presented model is, on the other hand, relatively robust to the increase
of the Seebeck coefficient α. In an environment enabling a larger hcold than the cooling power typically
observed at the terrestrial level, for example at high altitude, the first assumption ∆T≪ (Tamb) must
also be examined for validity. When a selective emitter and a vacuum enclosure are used in a dry cli-
mate, the behaviour is largely linear up to ∆T ∼ 30 K, approximately 10% of the ambient temperature,
but beyond this value, the linear approximation underestimates ∆T [45]. This suggests that even in situ-
ations in which the validity of ∆T≪ (Tamb) is unclear, the presented formalism will provide an estimate
of the baseline performance.

Some of the parameters required to determine the optimal operating conditions are subject to
dynamic changes in environmental conditions. The heat transfer coefficients, hcold and hhot, depend on
wind speed, and the net radiative cooling power Q̇rad(Tamb) varies throughout the day and with the
local weather conditions such as the cloud coverage, the sky emissivity and the solar irradiation. The
model presented yields the steady-state solutions of the optimal conditions for fixed values of hcold, hhot
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and Q̇rad(Tamb). This means that if the values of hcold, hhot and Q̇rad(Tamb) are given as a time series, the
optimal conditions can be obtained also as a time series. However, the area of the radiative cooling sur-
face, for example, is difficult to adjust in situ to such dynamic changes. In this case, the optimal design
of the setup would have to be made considering the average values of the environmental parameters over
a relevant period.

One of the principal findings of our model is the analytic derivation of the optimal area of the radi-
ative cooling surface required to satisfy simultaneously the thermal and electrical impedance matching
conditions. Increasing the area of the radiative cooling surface beyond this optimum reduces both the
electrical power and the electrical power density. As an example, an off-the-shelf TEG with 127 p–n
legs has been considered. The optimal radius of a near-blackbody radiative cooling surface (εrcs = 0.95)
exposed to ambient conditions (hcold = hhot = 10 Wm−2K−1) is 13.1 cm. In a dry climate, the max-
imum electrical power obtainable with the system is 1.4 mW, corresponding to an areal power density of
25.8 mWm−2.

The analytical solutions also offer insights not necessarily obvious from numerical analyses. For
example, the optimal area of the radiative cooling surface increases with improved thermal insulation.
In contrast, the thermal insulation advantage offered by a vacuum enclosure is offset by the heat trans-
fer from the hot surface through the TEG. Therefore, the additional costs and complexity of a vacuum
chamber should be weighed carefully against the gain in power generation. In another example, the
maximum electrical power is independent of the heat transfer coefficient of the hot side, whereas the
maximum areal power density is not. The findings presented herein provide a detailed perspective on the
relevant parameters and serve as a useful design guide, which would be critical for optimised perform-
ance if these systems were scaled up for large-area deployment.

The system analysed herein was considered for the purpose of renewable energy harvesting, but a
related system could also be envisioned for a photodetection in the mid-infrared [58] or infrared target
detection [59] of tuneable infrared emitters [60, 61].
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