
SCIENCE CHINA
Technological Sciences Print-CrossMark

https://doi.org/10.1007/s11431-021-1873-9

c© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021 tech.scichina.com link.springer.com

. Article .

Design of an all-day electrical power generator based on
thermoradiative devices

ZHANG Xin1, YANG GuoFeng1, YAN MengQi1, ANG Lay Kee2, ANG Yee Sin2* & CHEN JinCan3*

1 School of Science, Jiangnan University, Wuxi 214122, China;
2 Science, Mathematics and Technology, Singapore University of Technology and Design, Singapore 487372, Singapore;

3 Department of Physics, Xiamen University, Xiamen 361005, China

Received April 1, 2021; accepted June 4, 2021; published online August 4, 2021

Energy harvesting from sun and outer space using thermoradiative devices (TRDs), despite being promising renewable energy

sources, is limited only to daytime and nighttime period, respectively. Such a system with 24-hour continuous electric power

generation remains an open question thus far. Here, a TRD-based power generator that harvests solar energy via concentrated

solar irradiation during daytime and via thermal infrared emission towards the outer space at nighttime is proposed, thus achieving

the much sought-after 24-hour electrical power generation. Correspondingly, a rigorous thermodynamical model is developed to

investigate the all-day performance characteristics, parametric optimum design, and the role of various energy loss mechanisms.

The calculated results predict that the daytime TRD-based system yields a peak efficiency of 12.6% under 10 suns, thus sig-

nificantly outperforming the state-of-art record-setting solar thermoelectric generator. This work reveals the potential of TRD

towards 24-hour electricity generation and future renewable energy technology.
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1 Introduction

Developing renewable energy harvesting technologies capa-

ble of continuously operating throughout 24 h is strongly de-

sirable, especially for supplying electricity to remote rural ar-

eas where access to electricity is challenging [1–7]. While

solar power systems have offered a wide variety of electricity

generation approaches, including photovoltaics [8–10] and

solar thermal power systems [11, 12], the ability of gener-

ating electricity during both the daytime and nighttime with

no necessity of energy storage remains an open question to-

day. Serving as a omnipresent resource to almost all parts

of Earth, the outer space is an easily accessible thermody-

namic cold sink, whose role in renewable energy applica-

tions has been largely ignored until very recently. Energy

*Corresponding authors (email: yeesin ang@sutd.edu.sg; jcchen@xmu.edu.cn)

harvesting utilizing the coldness of the outer space has been

extensively explored as a new route towards renewable en-

ergy future [13, 14], for example, the concept of electric

power generation using radiative sky cooling (RSC) and ther-

moelectric generators (TEGs) [15–17]. This concept of RSC

has been experimentally demonstrated [16] via the coupling

between the cold side of the TEG composed of a near-black

surface that radiates thermal radiation to outer space and

the hot side heated by ambient air. Similarly, all-day elec-

tricity generation using RSC and TEGs has also been ac-

tively explored [18–21]. While these recent experimental ef-

forts concretely demonstrated the potential usefulness of en-

ergy harvesting from space, their performance is still lim-

ited by the relatively low figure of merit of thermoelectric

materials.
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One feasible alternative to TEGs is to employ thermora-

diative devices (TRDs) [22–25] that operate based on the

thermoradiative effect of a semiconductor photodiode. The

TRD is an emerging heat-to-electricity technique that radi-

ates a fraction of above-bandgap thermal radiation to the cold

environment when operates at higher temperatures, and con-

sequently, electrical power generation is achieved via photon

exchange [24]. Different from RSC, the TRD, a semiconduc-

tor photodiode, undergoing radiative exchange with a colder

object, can generate electric power by harvesting the outgo-

ing thermal radiation from the diode. This negative illumina-

tion effect is in contrast with a usual “positive illumination”

mode of operation for energy harvesting, such as the opera-

tion of a solar cell, where the photodiode harvests incoming

thermal radiation from a hotter object. Experimentally, a ther-

moradiative semiconductor photodiode based on HgCdZnTe

generates up to 1 pW of electrical power, which is insufficient

for practical applications [26]. To further improve the ability

of power generation beyond the pW scale, we take the ad-

vantages of the naturally-existed temperature difference be-

tween the Sun, the environment, and the outer space to gener-

ate larger temperature difference. Thus, increasing the output

electrical power could be a feasible approach [27–29]. How-

ever, a number of open questions remain unaddressed so far:

(i) Can the concentrated solar thermal power and the ther-

moradiative effect be synnergized for harvesting energy from

both sun and the outer space? (ii) How to construct a rigor-

ous computational model to understand the performance of

such system in the presence of realistic optical, electric, and

thermal losses? (iii) Which loss mechanism is the most dom-

inant in limiting the system performance? (iv) What is the

thermodynamic bounds of the system performance, and the

optimal design strategies that can be applied to mitigate the

effects that negatively impact the system performance?

In this paper, the above questions are addressed by compu-

tationally designing a energy conversion system that couples

a nighttime thermoradiative system with a daytime concen-

trated solar thermal power to produce electricity continuously

throughout 24 h. Such system is capable of providing small-

scale, distributed renewable power generation for 24 h a day

and its performance is uniquely enabled by the optical cou-

pling among Sun, outer space, and Earth’s ambient environ-

ment.

2 Model and methods

Figure 1(a) shows an improved design of all-day ther-

moradiative system configuration that employs a three-

dimensional structured graphene metamaterial (3D-SGM)

solar absorber, a TRD based on a HgCdTe p-n junction, and

an Ag back surface reflector (BSR) under a parallel-plate ge-

ometry. The Sun (∼6000 K), the environment near the Earth’s

surface (∼300 K), and the outer space (∼3 K) are three sep-

arate locations with a large temperature difference. Radia-

tive heat transfer links the three thermodynamic resources

through solar heating and thermal infrared radiation. During

the daytime, the easily accessible sunlight serves as a heat

source, and the ambient air acts as a cold sink to establish a

consider temperature difference (∼5700 K). An optical reflec-

tor allows the concentrated sunlight to impinge on the solar

absorber, which convert entire solar spectrum into heat. The

TRD absorbs a portion of the input thermal energy and oper-

ates at the temperature range of 500–800 K, generating elec-

tricity via photon exchange with the cold environment. At

night, employing the warm environment as the heat reservoir

and the outer space as the cold sink, the TRD radiates pho-

tons into the cold space through the atmospheric transparency

window to generate electric power. A spectrum-selective mir-

ror located on the right side reflects the infrared thermal emis-

sion, meanwhile, is transparent for other wavelength range so

that the non-infrared radiation from the TRD can be emitted

into the environment. Thus, the system does not incur ad-

ditional daily power consumption to reconfigure the system

mechanically. The solar absorber is modeled based on a rep-

resentative design of 3D-SGM with period 0.8 μm, trench

depth 1 μm, hole width 0.59 μm, and film thickness 30 nm

as reported in ref. [30].

s

s

o

μm

(a)

(b) (c)

Figure 1 (Color online) (a) Schematic of a 24-hour TRD system for contin-

uous electricity generation by optically coupling with the Sun, outer space,

and environment; (b) and (c) correspond the energy flow diagram of daytime

and nighttime TRD system.
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2.1 Daytime concentrated TRD systems

For simplicity, the subscripts “A” and “E” are used to de-

note absorber and environment, respectively. At daytime, the

solar-to-electric conversion efficiency of the system is defined

as

η =
P

Psun

=
JV

C
∫ ∞

0
IAM1.5D(λ) dλ

, (1)

where P = JV represents the output electric power density,

J is the current density, and V is the output voltage. Psun is

the concentrated solar power flux impinging on the top sur-

face of the absorber. IAM1.5D represents the AM1.5D solar

irradiance varying with the wavelength λ (Figure 2(a)). C de-

notes the solar concentration factor. The overall efficiency is

also the product of the optothermal efficiency of the absorber

(ηot) and the thermoelectric conversion efficiency of the TRD

(ηTRD), i.e., η = ηot ·ηTRD. Here ηot = Qabs/Psun characterizes

the solar-to-thermal conversion capacity of the absorber that

converts the concentrated solar power flux into heat flux that

flows into the TRD (Qabs) and ηTRD is defined as the ratio of

the output electric power density to the incoming heat flux,

i.e., ηTRD = P/Qabs.

In the TRD, considering the effect of non-radiative (NR)

process, the current density is given by [22, 24, 25]

J = e[Nabs(0, TE) − Nem(Δμ,TTRD)] − JNR(Δμ, TTRD), (2)

where N(Δμ, T ) = c
4π

∫ λg

0
εTRD(λ)D(λ)Θ(Δμ, T ) dλ is the

photon flux, e is the electron charge, c is the speed of light

in vacuum, T is the temperature, λg is the cut-off wavelength

corresponding to the semiconductor bandgap Eg, εTRD(λ) is

the emissivity of the TRD or HgCdTe surface and, according

to Kirchhoff’s law, is equal to the absorptivity, and D(λ) =

1/(cπ2λ2) is the photon density of states in a homogeneous

bulk material. Θ(Δμ, T ) = 1/[e(�cλ−Δμ)/kBT −1] is the modified

Bose-Einstein distributions of photons, and Δμ = eV is the

chemical potential driving photon emission. The first term

in eq. (2) is related to the above-bandgap photon flux. The

corresponding net radiative energy flux from the TRD to the

environment is ΔEday

rad
= Eday

em (Δμ, TTRD) − Eday

abs
(0, TE), where

Eday(Δμ,T ) = �c2

4π

∫ λg

0

εTRD(λ)D(λ)Θ(Δμ,T )

λ
dλ. To quantitatively

describe the non-radiative loss, including the Auger and

Shockley-Read-Hall (SRH) process, the net current losses

generated in the high-injection regime can be calculated as

[31]

JNR(Δμ, T ) = et
⎡⎢⎢⎢⎢⎣τaugern3

i exp

(
3Δμ

2kBT

)
+

n2
i

τSRH

exp

(
Δμ

2kBT

)⎤⎥⎥⎥⎥⎦ ,
(3)

where t denotes the thickness of the active region, τauger rep-

resents the intrinsic Auger recombination times, ni is intrinsic

carrier concentration, and τSRH = 1 μs is the bulk Shockley-

Read-Hall lifetime based on the experimental measurements

[32]. The temperature dependence of τauger and ni is deter-

mined by [33, 34]

τauger(T ) = 8.3 × 10−13E0.5
g (e/kBT )1.5eEg/kBT (4)

and

ni(x, T ) =(5.585 − 3.82x + 0.001753T − 0.001364xT )

× 1014E0.75
g T 1.5e−Eg/2kBT . (5)

Eq. (3) illustrates that the non-radiative recombination is a

volumetric effect because the number of non-radiative recom-

bination events per unit area is proportional to the device’s

thickness. A thickness of t = 100 nm [34] is chosen, such

that there is sufficient thickness for photon absorption while

the layer remains thin enough to mitigate the non-radiative

effect. The temperature-dependent bandgap of Hg1−xCdxTe

compounds is also considered, which can be described as

Eg(x, T ) = −0.312 + 1.93x − 0.81x2 + 0.832x3

+ 5.35 × 10−4(1 − 2x)T. (6)

The conversion efficiency and current density can be cal-

culated from eqs. (1)–(5) once the TRD’s temperature is de-

termined from the energy balance condition. Taking into ac-

count all the power fluxes involving the absorber and TRD

(Figure 1(b)), one can obtain

Psun − Erad,A − Eref − Qcon,A − Qabs = 0, (7a)

Qabs − ΔEday

rad
− Qcon,TRD − P = 0, (7b)

( 
  
  
  
  
  
  
  
  
  )

Wavelength (μm)
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Figure 2 (Color online) Optical properties of the components in the system.

(a) The solar irradiance of AM1.5D solar spectrum, spectral emissivity εA(λ)

and reflectance rA(λ) of the 3D SGM absorber; (b) atmospheric transmit-

tance Γ(λ) and emissivity of the TRD εTRD(λ) varying with the wavelength,

where wavelength range from 8 to 13 μm corresponds to atmospheric win-

dow.
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where Erad,A =
2π�c2∫ ∞

0
εA(λ)[Θ(TA)−Θ(TE)]λ5 dλ

is the blackbody ther-

mal radiation flux from the absorber into the environment,

εA(λ) is the emissivity of the absorber’s top surface, Eref =

C
∫ ∞

0
r(λ)IAM1.5D(λ) dλ is the reflected radiation flux of the

absorber, r(λ) = 1 − εA(λ) represents the spectral reflectance

(see Figure 2(a)), Qcon,A = hA(TA − TE) (Qcon,TRD =

hTRD(TTRD − TE)) is the heat flux caused by heat convec-

tion and conduction between the absorber (TRD) and the en-

vironment according to the Newton heat transfer law, and

hTRD = hA = 7 W m−2 K−1 is the corresponding global

heat transfer coefficient that is compatible to the standard air

conditions. It should be noted that the radiative energy flux

from the TRD into the outer space via the atmospheric trans-

parency window could affect the daytime operation of the

TRD system. Like the working principle of RSC to dissipate

heat, such a portion of radiative flux at the wavelength range

of 8–13 μm can also cool down the TRD’s temperature via

radiative cooling and degrade device performance. However,

compared with the above-bandgap photon radiative flux, the

radiative flux with the wavelength range of 8–13 μm is rela-

tively low. It can be assumed that the effect of TRD’s ability

to dissipate heat in the 8–13 μm window into outer space on

its daytime operation is not considered in this work.

2.2 Nighttime TRD systems

At nighttime, the TRD system enables electric power genera-

tion by coupling the cold outer space with the warm ambient

environment through the atmospheric transparency window.

The current density is given by [35]

J = e[εatm(λ)Fabs(0, Tatm) + (1 − εatm(λ))Fabs(0, Tspace)

− Fem(Δμ, TTRD)] − JNR(Δμ,TTRD), (8)

where

F(Δμ,T ) =
c

4π

∫ 13μm

8μm

εTRD(λ)D(λ)Θ(Δμ, T ) dλ (9)

is the photon flux at wavelength range of 8–13 μm. The

angle-dependent emissivity of the atmosphere is given by

εatm(θ, λ) = 1 − Γ(λ)1/ cos θ, where Γ(λ) is the atmospheric

transmittance in the zenith direction as obtained from MOD-

TRAN5 [36], θ is the average solid angle of 35◦ [35]. Tatm

and Tspace are the temperatures of the atmosphere (298 K)

and outer space (3 K), respectively. In eq. (8), the 1st, 2nd,

and 3rd terms in the braces are the incoming photon flux

from the atmosphere, the incoming photon flux from the outer

space, which is mostly in atmospheric transparency window

(8–13 μm), and the outgoing photon flux from the TRD, re-

spectively.

The power conversion efficiency can be expressed as

η =
JV

JV + ΔEnight

rad
+ Qcon,TRD

, (10)

where

ΔEnight

rad
= Enight

em (Δμ,TTRD) − Enight

abs
(0, Tatm) − Enight

abs
(0, Tspace)

(11)

is the net radiative energy flux among the TRD, outer space,

and atmosphere. In eq. (11), the nighttime radiative energy

flux Enight is given by

Enight =
�c2

4π

∫ 13 μm

8 μm

εTRD(λ)D(λ)Θ(Δμ, T )

λ
dλ. (12)

In the nighttime temperature range, the incoming photon flux

from the outer space can be neglected, because the spectral

irradiance from 3 K black body is extremely low.

The operating temperature of the TRD is assumed to be

the same as that of the solar absorber, i.e., TTRD = TA,

because the high-melting materials with ultrahigh thermal

conductivity are usually filled between them. A mole frac-

tion of x = 0.12 for Hg1−xCdxTe is selected, which corre-

sponds to a low bandgap of 0.05 to 0.08 eV at the temper-

ature range of 300–800 K, which enables significant above-

bandgap emissivity in the atmospheric transparency window

(0.09–0.15 eV) [34].

3 Results and discussion

The all-day TRD system is modeled and its theoretical per-

formance limit is determined based on the following assump-

tions: (i) The optical properties such as the emissivity and

reflectivity are independent of temperature. While real ma-

terials’ optical properties are all temperature dependent, the

assumption of temperature independent properties will allow

identification of key parameters affecting the system perfor-

mance. Analysis based on temperature dependent properties

will be presented in the future. (ii) The device’s materials

keep stable under cyclic temperature variation. (iii) Adhe-

sion, electrical and thermal contact resistances are negligi-

ble. The effects of those factors inevitably exist in the ac-

tual device. This approximation is made to allow us focus-

ing on predicting the best performance of the all-day TRD-

based system. These assumptions are consistent with all of

the previously established theoretical limit for solar energy

harvesting [37–39] and outgoing thermal radiation harvest-

ing [10, 22, 24–29].

Figure 2 shows the optical properties of the components

in the all-day TRD system, such as normalized AM1.5D so-

lar spectrum, 3D SGM, the mid-infrared atmospheric trans-

parency window, and HgCdTe. The nearly unity absorptivity



Zhang X, et al. Sci China Tech Sci 5

(∼0.96) in the solar irradiance region (0.3 to 1.6 μm) ensures

an excellent absorption of sunlight to heat up the TRD mod-

ule under the Sun. The low reflectance allows the efficient

absorbtion of most of the concentrated sunlight. Importantly,

3D-SGM absorber exhibits these unique features, such as

the superior selective absorption for solar spectrum, flexible

tunability of wavelength-selective absorption, high thermal

stability, and excellent opto-thermal performance, which are

particularly beneficial for designing high-performance solar-

thermal energy harvesting device. Additionally, an excellent

emissivity εTRD of HgCdTe (around 0.9) in the atmospheric

transparency window ensures thermal infrared radiation with

outer space.

Using eqs. (1)–(7), the performance characteristics of the

daytime TRD system are simulated realistically (Figure 3(a)

and (b)). Figure 3(a) shows the efficiency of the daytime TRD

system and subsystems as a function of the output voltage.

Individually, the opto-thermal efficiency and the TRD’s ef-

ficiency reach 92.8% and 18.5%, respectively, thus reveal-

ing the TRD as the bottleneck that limits the conversion ef-

ficiency during daytime operation. The product of these two

individual efficiencies, i.e., 78.2% and 16.1%, yields the com-

bined peak efficiency of 12.6% under 10 suns. Figure 3(b) ob-

tains the volt-ampere characteristic curve of the daytime TRD

system. The current density decreases with an increasing out-

put voltage, and the system exhibits an open-circuit voltage of

−0.168 V and a short-circuit current density of −6.32 A cm−2.

Here the operating current density and voltages have opposite

signs in contrast to photovoltaic cell because the radiative

processes are reciprocal. Since the energy exchange of the

TRD is closely dependent on the net radiative energy fluxes

from the TRD, the TRD’s temperature decreases at higher

output voltages (Figure 3(b)) to satisfy the energy balance in

eq. (4), where the radiative energy fluxes transported from

the TRD to the environment are substantially lower.

Furthermore, the process that contributes to the major en-

ergy losses in the TRD is identified. The peak efficiencies

of the system are calculated in four cases, including (1) the

ideal system, (2) the system with only the optical loss, (3)

the system with only the non-radiative loss, (4) the system

with only the heat conduction and convection loss. The cor-

responding values are 28.6%, 25.4%, 22.9%, 27.3%. Com-

pared with the proposed system with all losses (12.6%), the

non-radiative recombination is a main loss mechanism that

significantly degrades the daytime TRD system performance.

The ongoing research efforts suppress the Auger process us-

ing quantum wells, doping profile control, superlattices, or

heterostructures and, meanwhile, mitigate surface recombi-

nation by passivation. Moreover, to reduce the optical loss,

a back-reflector metallic grating (Ag mirror) can be used to

promote light utilization in the active layer, which is ther-

mally conducting on the bottom surface. A device module

encapsulation can also be used to protect the system from the

environment and to restrict conductive and convective heat

loss.

Next, how different solar concentration factors can affect

the optimal performance characteristics of the daytime TRD

system is investigated, as shown in Figure 4(a), where the

voltage has been optimized. In general, larger solar concen-

trations correspond to more input energy fluxes, and thus lead

to higher peak efficiencies (ηmax) and corresponding TRD’s

temperatures (T opt

TRD
). From a theoretical point of view, if does

not consider material limits, the peak efficiency first increases

and then decreases with the solar concentration factor. Actu-

ally, at exceptionally high solar concentration, the semicon-

ductor component of the system can be severely damaged by

high temperature which could lead to saturate or even down-

grade of peak efficiency at overly high solar concentration

factor. Because of this, the solar concentration factor is lim-

ited to the range of 5 to 15, which corresponds to a temper-

ature range of about 500 to 800 K. Such temperature range

is still manageable for used semiconductor materials, such as

HgCdTe, which has a melting point as high as 1000 K. In ad-

dition, the optimal current density (Jopt) and output voltage

(Vopt) decrease with solar concentrations (Figure 4(b)). Fur-

ther increment in overall efficiency is possible with higher

(a) (b)
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Figure 3 (Color online) (a) The opto-thermal efficiency ηot, TRD’s effi-

ciency ηTRD, and overall efficiency η; (b) current density J and TRD’s tem-

perature TTRD as functions of the negative output voltage V in the daytime

TRD system under 10 suns.

(a) (b)
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Figure 4 (Color online) (a) The peak efficiency (ηmax) and correspond-

ing TRD’s temperature (T opt

TRD
); (b) optimal current density (Jopt) and output

voltage (Vopt) under different solar concentration factors.
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optical concentration for the daytime TRD system to operate

at higher temperatures.

The peak efficiencies and the corresponding working tem-

peratures are also compared between the daytime TRD sys-

tem and the concentrated TEG-based solar cell, in which

a peak efficiency of 6% and 520 K has been theoretically

achieved [37]. The theoretically predicted values of the day-

time TRD system, i.e., 8% and 520 K when irreversible losses

are included, are higher than TEG-based solar cells. These

performance figure of merits demonstrate the potential ad-

vantageous of daytime TRD system in solar-to-electric en-

ergy conversion. The TEG is a solid state device that con-

verts heat flux (temperature differences) directly into electri-

cal energy through the Seebeck effect. Its conversion effi-

ciency (around 5%–8%) is significantly limited by low fig-

ure of merit of thermoelectric materials. Besides low effi-

ciency and relatively high cost, practical problems exist in

applications resulting from a relatively high electrical output

resistance, which increases self-heating, and a relatively low

thermal conductivity, which makes them unsuitable for appli-

cations where heat removal is critical, as with heat removal

from an electrical device. Compared with the TEG, the TRD

possesses the advantageous characteristics on account of the

large power density, relatively simple design and operation,

and low-cost manufacturing. The TRD converts part of the

supplied heat from the heat source into electricity via pho-

ton exchanges with surroundings under negative illumination.

The method is based on sustaining a difference in the chem-

ical potential for electron populations above and below an

energy gap and let this difference drive a current through an

electric circuit. The difference in chemical potential origi-

nates from an imbalance in the excitation and de-excitation

of electrons across the energy gap.

The operation of the TRD system at nighttime is differ-

ent from that at daytime. In the latter, the state of the max-

imum efficiency coincides with that of the maximum power

density (MPD) because the efficiency is defined as the ra-

tio of the output electric power to the total incident power

per unit area, which is a given quantity (∼1003 W m−2).

For nighttime TRD operation, the absorbed heat flux is vari-

able and is closely dependent on the parameters of the TRD,

such as the voltage and bandgap. The power density ex-

hibits a non-monotonous dependence with the output volt-

age (Figure 5(a)). In contrast, the conversion efficiency de-

creases monotonously with the output voltage because the

input heat flux or TRD’s temperature increases with the out-

put voltage. The numerical results reveal that the night-

time TRD system operating at 293 K, can generate a MPD

of 0.81 W m−2 for a voltage of −0.026 V, while yielding

a corresponding efficiency of 7.5%. The detailed-balance

analysis here thus points to significant room for improve-

ment in the negative illumination concept. This MPD is

still lower than that of the Shockley-Queisser limit in neg-

ative illumination (54.8 W m−2 (ref. [27]) and 3.99 W m−2

(ref. [35])), where the effect of the atmosphere is consid-

ered and not considered, respectively. The relatively small

value comes from more comprehensive consideration of non-

radiative recombination and temperature-dependent parame-

ters for semiconductor materials. If we can reduce the re-

sponsivity in the wavelength range outside the transparency

window while keeping the external quantum efficiency (EQE)

of 1, the achievable output power density would approach

the Shockley-Queisser limit of negative illumination. For-

tunately, the predicted MPD in our work agrees reasonably

well with the previous value of ref. [35], i.e., 8.85 W m−2

with EQE of 0.14. This indicates that if the EQE is increased,

the power density can be significantly improved. Figure 5(b)

shows the volt-ampere characteristic curve of the nighttime

TRD system. The current density increases with the incre-

ment of the output voltage, and the system exhibits an open-

circuit voltage of −0.11 V and a short-circuit current density

of −88.6 A m−2.

It is further noted that the MPD and the correspond-

ing optimal values of the TRD temperature, current den-

sity, and output voltage are depended on the temperature of

the ambient environment. Taking MPD as the key objec-

tive function, it is found that the MPD and the TRD tem-

perature monotonically increases with increasing tempera-

ture in the range of 280 to 350 K (Figure 6(a)). In ad-

dition, the optimal current density and output voltage de-

crease with environment temperature (Figure 6(b)). Com-

paring the nighttime TRD system with the nighttime TEG

radiative cooling system based on a commercial TEG mod-

ule (TG12-4-01LS, Marlow Industries) [16], the MPD of

the nighttime TRD system proposed here is 0.81 W m−2 at

293 K, which is substantially higher than 52 mW m−2 [15]

and 20 mW m−2 [17] at room temperature of the nighttime

TEG system. It is noted that the proposed implementation

has another good advantage over the previously nighttime

(V)
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Figure 5 (Color online) Nighttime at 293 K. (a) The power density P and

conversion efficiency η; (b) current density J and TRD’s temperature TTRD

as functions of the negative output voltage V .
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Figure 6 (Color online) Nighttime. (a) The MPD and corresponding TRD’s

temperature (T opt

TRD
); (b) optimal current density (Jopt) and output voltage

(Vopt) under different environment temperatures.

TEG radiative cooling system, because the TRD integrates

both the electric power generation and RSC functions into

one component. Such a simplified system structure can avoid

the contact thermal resistance that would exist in the TEG ra-

diative cooling implementation. The above comparisons sug-

gest the superior nighttime energy harvesting performance of

the proposed TRD system.

The current study focuses on developing a thermodynam-

ical model of all-day TRD system to investigate its steady-

state performance characteristics, parametric optimum de-

sign, and the role of various energy loss mechanisms under

fixed irradiation and ambient conditions. But realistically, the

solar irradiation, ambient temperature, and relative humidity

vary throughout the 24-hour a day, a computational model

that takes into account all realistic effects, as suggested by

the reviewer, is beyond the scope of this work. A more com-

prehensive theoretical model of the all-day thermoradiative

system to analyze the 24-hour performance calls for extra in-

vestigations in the future studies.

4 Conclusion

In summary, a high-performance 24-hour TRD system is pro-

posed that enabled by HgCdTe p-n junctions for 24-hour har-

vesting energy from the sun and outer space. The daytime

system yields a peak efficiency of 12.6% under low concen-

tration factors, which significantly outperformed other rep-

resentative TEG-based solar energy harvesting devices. The

nighttime system has a MPD of 0.81 W m−2 at 293 K, which

is also higher than that of the nighttime TEG-based system.

The device model developed above and the device perfor-

mance characteristics outlined in Figures 3–6 shall offer an

important design guideline for developing high-performance

TRD-based energy converters. The results demonstrate TRD

as a viable alternative route towards off-grid and battery-free

renewable energy source.
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