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ABSTRACT: Lowering the operating temperature of solar cells can increase efficiency and lifespan of these devices.
Among the available thermal management options, radiative cooling shines because of its passive nature and systemic
simplicity. Unfortunately, the applicability of most radiative coolers to industrial manufacturing is questioned by high
cost or UV instability. We have recently shown that stable and cost-effective cement-based materials can be designed
to be suitable radiative coolers for solar cells. However, we have done so in line with the literature, by modeling the
solar cell in the radiative limit and neglecting the thermal contact resistance at the cell/cooler interface, which might
actually be large enough to hinder heat transfer because of the poor adhesion properties of cement-based materials. In
this work, we have generalized the model used to assess radiative coolers by incorporating solar cell non-radiative
losses (Auger, Shockley-Read-Hall) and a thermal barrier between cell and cooler. The final model provides a
description of the thermal behavior of a solar cell with radiative cooler closer to reality, while preserving the
transparency of the detailed-balance approach, that has allowed us to better assess these systems and provide design
guidelines, with focus on cement-based radiative coolers.
Keywords: solar cells, radiative cooling, cement-based materials, detailed-balance principle

1 INTRODUCTION

Radiative cooling has been drawing a lot of attention
in the last decade as a thermal management solution for
buildings and solar cells [1], after the experimental
demonstration of sub-ambient temperatures under direct
sunlight [2]. Radiative coolers are designed to dump
excess heat directly into outer space by emitting thermal
radiation within the atmosphere transparency window
(AW) between 8 and 13 µm [3]. When thermally coupled
to a solar cell, a radiative cooler can reduce the cell
temperature by collecting the excess heat generated upon
sunlight absorption and thermally radiating it out of the
device [4]. This approach is extremely attractive because
of potential efficiency and systemic simplicity, but its
applicability beyond research is questioned by the reliance
on expensive materials [5] or fabrication processes [6], or
on organic polymers with potential UV instability [7].

Faced with this challenge, we have recently shown
that, from an electromagnetic perspective, cement-based
materials could be ideal candidates for highly effective
radiative coolers of solar cells, fulfilling also economic
and stability requirements for large-scale deployment
[8]–[10]. In particular, by combining chemical kinetics,
molecular mechanics, effective-medium theory and
electromagnetic simulations, we have first explained how
these materials can be equipped with optimal thermal
emissivity by tuning their micro-structure. Then, we have
shown how they can be exploited in a system like the one
depicted in Figure 1 to reduce the temperature of standard
silicon cells by up to 20 K, de-facto matching the
performance of much more expensive meta-materials.
The system in Figure 1 corresponds to the detailed-
balance model commonly employed in the literature [11]
to determine the operating temperature of a solar cell with
a radiative cooler, by describing the energy exchange
between cell, cooler, environment and end-user.

Figure 1: Solar cell with radiative cooler. The terms
entering the corresponding detailed-balance model are
shown.

Experimental realization of this concept would be
technologically disruptive, since it could lead to efficiency
relative gains up to 9% [12] and lifetime prolongation up
to 4 times [13] at a very small additional cost, thanks to
the reliance on cheap, available, stable and scalable
materials.

In this work, we have extended the analysis done in
[9] by including relevant non-idealities in the photovoltaic
and thermal models, to obtain a more accurate evaluation
of the cooling capability and derive useful guidelines at
material/device level toward the practical realization of
solar cells with cement-based radiative coolers.

First, the performance of radiative coolers is
commonly assessed by describing the solar cell with the
Shockley-Queisser model in the radiative limit [9], [11].
However, intrinsic and extrinsic non-radiative
recombination mechanisms such as Auger [14] and
Shockley-Read-Hall (SRH) [15] are often more prominent
and strongly temperature dependent. By incorporating
these terms into the description of the cell, we have



obtained a thermal model for the whole system much
closer to reality. Furthermore, by introducing these terms
in a simple parametric form, we have eschewed the use of
specific solutions and treated the problem on a rather
general footing, which can provide the researchers with a
broader view.

Second, the system is usually assumed to be
isothermal in its stationary state, with a perfect thermal
contact between the cell and the cooler. However, cement-
based materials usually exhibit poor adhesion to surfaces
[16], suggesting that the thermal resistance at the
cell/cooler interface might be non-negligible; this might
happen also in the case of good adhesion because of
acoustic mismatch [17]. Unfortunately, a poor thermal
contact is going to hinder heat transfer from the cell to the
cooler, hence worsening the cooling performance. By
extending the detailed-balance model to incorporate the
effect of the thermal contact resistance at the cell/cooler
interface, we have enabled a better assessment of the
potential of cement-based radiative coolers and the
definition of thermal contact requirements.

The extended detailed-balance model hereby
developed should not be intended as applicable to cement-
based radiative coolers only, but to any kind of radiative
cooler, as long as the cooler-dependent quantities (e.g.,
emissivity) are adapted to the specific case under
consideration.

2 METHODS

In case of perfect thermal contact between cell and
cooler, the net power density 𝑃net ejected by the
cell/cooler stack in terrestrial environment can be
calculated as:

𝑃net = 𝑃SC
rad − 𝑃Sun + 𝑃el + 𝑃RC

rad − 𝑃atm + 𝑃top
con

where 𝑃SC
rad is the power density radiated by the solar

cell, 𝑃Sun the one absorbed from the Sun, 𝑃el the one
delivered to the end-user, 𝑃RC

rad the one radiated by the
cooler, 𝑃atm the one absorbed from the atmosphere, and
𝑃top

con the one exchanged with the environment by
conduction and convection at the device top surface.

Explicit formulas to calculate these terms can be
found in [9]. In particular, 𝑃el = max

𝑉
𝐽 𝑉 𝑉 can be

obtained as the power density at maximum-power-point,
where the 𝐽 𝑉 relation is usually described in the
radiative limit considered by the original Shockley-
Queisser model [18].

In this work, we have first improved the description
of the cell/cooler system by incorporating Auger and
Shockley-Read-Hall non-radiative recombination into
𝐽 𝑉 according to the models developed in [14] and [15],
respectively. Interestingly, by performing some algebraic
manipulations, we could separate the dependence on
temperature of these terms from the one on the solar cell
band-gap 𝐸𝑔 and the one on material- and technology-
related parameters (e.g., effective density-of-states,
depletion region thickness). Then, we have incorporated
the latter into a single parameter for each non-radiative
recombination channel, denoted as 𝛽AUG and 𝛽SRH, which
quantifies the 𝑇-normalized strength of the losses
associated to the corresponding mechanism. More details

on the math can be found in the Full Paper [19].
Finally, this approach has let us express 𝑃net only as

a function of the solar cell operating temperature 𝑇 and
the triplet 𝐸g,𝛽AUG,𝛽SRH , given the emissivity of the
radiative cooler and the environmental conditions. Then,
one can determine the solar cell operating temperature 𝑇
as a function of 𝐸𝑔 ,𝛽AUG ,𝛽SRH by solving 𝑃net = 0with
respect to 𝑇.

As a second extension, we have introduced a finite
thermal contact resistance at the cell/cooler interface, to
empirically account for acoustic mismatch and poor
adhesion properties, quantified by the heat transfer
coefficient ℎint

𝑐 . Because of this, solar cell and radiative
cooler are not isothermal anymore, having temperature
𝑇SC and 𝑇RC, respectively. Their net power densities are
coupled through 𝑃int

con 𝑇SC ,𝑇RC = ℎint
𝑐 𝑇SC − 𝑇RC , as

depicted in Figure 1. Their operating temperatures are
again determined by the condition of zero net power
density [20] according to the following system of
equations, which we have used to study the impact of ℎint

𝑐
on 𝑇SC in the radiative limit:

𝑃SC
net 𝑇SC ,𝑇RC = 𝑃SC

rad − 𝑃Sun + 𝑃el + 𝑃top
con + 𝑃int

con = 0

𝑃RC
net 𝑇SC ,𝑇RC = 𝑃RC

rad − 𝑃atm − 𝑃int
con = 0

3 RESULTS

Although the methods developed are applicable to any
radiative cooler, we have hereby considered the best
cement-paste from our previous work [9] to perform the
numerical calculations, as discussed in more detail in [19].

First, we have calculated the temperature reduction
provided by the cement-based radiative cooler to the solar
cell as a function of band-gap and strength of the non-
radiative recombination losses, by calculating and
comparing the cell operating temperature with and without
radiative cooler; we have assumed that cell and cooler are
isothermal.

Figure 2: Solar cell temperature reduction provided by
the considered cement-based radiative cooler as a function
of band-gap and strength of the Auger recombination
losses, for negligible SRH losses.

Figure 2 shows the results for the cases with negligible
Shockley-Read-Hall recombination, i.e., 𝛽SRH = 0.
Interestingly, the temperature reduction provided by the



radiative cooler increases for larger values of 𝛽AUG,
suggesting that the cooling performance of the latter is
underestimated in the radiative limit on the one hand, and
that the presence of a radiative cooler is more beneficial
for solar cells whose behavior departs more from the
radiative limit. Clearly, the same conclusions can be
reached concerning the efficiency gains provided by the
radiative cooler, which are larger for stronger non-
radiative recombination because of the larger temperature
reduction attainable by the radiative cooler and the larger
efficiency temperature coefficient due to increasing non-
radiative recombination; this latter point is shown and
discussed in more detail in [19]. We have observed a
similar behavior for the cases with negligible Auger
recombination, i.e., 𝛽AUG = 0, but 𝛽SRH > 0 [19],
suggesting that these conclusions are qualitatively
independent from the non-radiative recombination
channels considered.

Second, we have estimated the impact of a finite
thermal contact resistance at the cell/cooler interface as a
function of the associated heat transfer coefficient ℎint

𝑐 . To
minimize the number of parameters affecting the results
and preserve a simple data visualization, we have
performed this step by modeling the solar cell in the
radiative limit.

Figure 3: Solar cell operating temperature vs band-gap as
a function of the heat transfer coefficient at the cell/cooler
interface. The solar cell is modeled in the radiative limit.

Figure 3 shows the solar cell operating temperature
𝑇SC as a function of its band-gap 𝐸𝑔 for several ℎint

𝑐 values.
As expected, as the heat transfer coefficient decreases, the
solar cell temperature approaches the one of the system
without radiative cooler, suggesting that a too large
thermal barrier completely inhibits the effect of the
radiative cooler by decoupling it from the solar cell.
Although not surprising, this model and the corresponding
data allow one to quantify the temperature reduction that
can be achieved as a function of the thermal contact
resistance and define specifications for the values of the
latter depending on the temperature reduction required for
the application of interest. Therefore, it provides important
design guidelines concerning a critical but often
overlooked aspect of these systems. A more in dept
discussion can be found in [19].

4 CONCLUSION

In conclusion, we have generalized the detailed-

balance model commonly employed in the literature to
assess the performance of radiative coolers by
incorporating non-radiative recombination losses in the
Shockley-Queisser model of the solar cell and by
introducing an empirical finite heat transfer coefficient
between cell and cooler to model an eventual non-
negligible thermal contact resistance at their interface due
to acoustic mismatch or poor adhesion properties.

Although general, we have applied this model to the
specific case of cement-based materials, in particular to
the best cement-based radiative cooler that we have
designed in our previous work [9]. Our choice to focus on
these materials has been driven by the disruptive potential
of this solution due to its stability and low-cost, which are
problems affecting current state-of-the-art radiative
coolers.

This model extension and the corresponding
simulations and data analysis have enabled us to obtain a
description of the thermal behavior of a solar cell with
radiative cooler closer to reality, while preserving the
transparency of the detailed-balance approach, and to
better assess these systems while providing design
guidelines. Our results show that the beneficial impact of
radiative cooling and the subsequent efficiency gain are
relevant for all solar cell technologies, but more significant
for devices that depart more from operation in the radiative
limit. Moreover, some amount of non perfect-thermal
coupling between radiative cooler and cell can be
accommodated without hindering the cooling
performance.

ACKNOWLEDGEMENTS

This project has received funding from the European
Union’s Horizon 2020 research and innovation program
under grant agreement No. 964450.

REFERENCES

[1] M. Zeyghami, D. Y. Goswami, and E. Stefanakos,
“A Review of Clear Sky Radiative Cooling Developments
and Applications in Renewable Power Systems and
Passive Building Cooling,” Solar Energy Materials and
Solar Cells, vol. 178, pp. 115–128, May 2018, doi:
10.1016/j.solmat.2018.01.015

[2] A. P. Raman, M. A. Anoma, L. Zhu, E. Rephaeli,
and S. Fan, “Passive Radiative Cooling Below Ambient
Air Temperature Under Direct Sunlight,” Nature, vol.
515, no. 7528, pp. 540–544, Nov. 2014, doi:
10.1038/nature13883

[3] W. Li and S. Fan, “Radiative Cooling: Harvesting
the Coldness of the Universe,” Optics and Photonics
News, vol. 30, no. 11, p. 32, Nov. 2019, doi:
10.1364/OPN.30.11.000032

[4] L. Zhu, A. Raman, K. X. Wang, M. A. Anoma,
and S. Fan, “Radiative Cooling of Solar Cells,” Optica,
vol. 1, no. 1, p. 32, Jul. 2014, doi:
10.1364/OPTICA.1.000032

[5] M. A. Kecebas, M. P. Menguc, A. Kosar, and K.
Sendur, “Passive Radiative Cooling Design with
Broadband Optical Thin-Film Filters,” Journal of
Quantitative Spectroscopy and Radiative Transfer, vol.
198, pp. 179–186, Sep. 2017, doi:
10.1016/j.jqsrt.2017.03.046

[6] G. Perrakis, A. C. Tasolamprou, G. Kenanakis, E.



N. Economou, S. Tzortzakis, andM. Kafesaki, “Combined
Nano and Micro Structuring for Enhanced Radiative
Cooling and Efficiency of Photovoltaic Cells,” Scientific
Reports, vol. 11, no. 1, p. 11552, Dec. 2021, doi:
10.1038/s41598-021-91061-1

[7] J. Mandal et al., “Hierarchically Porous Polymer
Coatings for Highly Efficient Passive Daytime Radiative
Cooling,” Science, vol. 362, no. 6412, pp. 315–319, Oct.
2018, doi: 10.1126/science.aat9513

[8] M. Cagnoni, A. Tibaldi, P. Testa, J. S. Dolado, and
F. Cappelluti, “Passive Radiative Cooling of Solar Cells
by Low-Cost and Scalable Metamaterials: Physical
Simulation and Efficiency Limits,” in Physics, Simulation,
and Photonic Engineering of Photovoltaic Devices, San
Francisco, US-CA: SPIE, Mar. 2022, p. 1199606. doi:
10.1117/12.2607489

[9] M. Cagnoni, A. Tibaldi, J. S. Dolado, and F.
Cappelluti, “Cementitious Materials as Promising
Radiative Coolers for Solar Cells,” iScience, vol. 25, no.
11, p. 105320, Nov. 2022, doi: 10.1016/j.isci.2022.105320

[10] J. S. Dolado et al., “Radiative Cooling Properties
of Portlandite and Tobermorite: Two Cementitious
Minerals of Great Relevance in Concrete Science and
Technology,” ACS Applied Optical Materials, Jun. 2023,
doi: 10.1021/acsaom.3c00082

[11] T. S. Safi and J. N. Munday, “Improving
Photovoltaic Performance Through Radiative Cooling in
Both Terrestrial and Extraterrestrial Environments,”
Optics Express, vol. 23, no. 19, p. A1120, Sep. 2015, doi:
10.1364/OE.23.0A1120

[12] E. Skoplaki and J. A. Palyvos, “On the
Temperature Dependence of Photovoltaic Module
Electrical Performance: A Review of Efficiency/Power
Correlations,” Solar Energy, vol. 83, no. 5, pp. 614–624,
May 2009, doi: 10.1016/j.solener.2008.10.008

[13] O. Dupré, R. Vaillon, and M. A. Green, Thermal
Behavior of Photovoltaic Devices: Physics and
Engineering. Cham, CH: Springer, 2017.

[14] T. Tiedje, E. Yablonovitch, G. D. Cody, and B.
G. Brooks, “Limiting Efficiency of Silicon Solar Cells,”
IEEE Transactions on Electron Devices, vol. 31, no. 5,
pp. 711–716, May 1984, doi: 10.1109/T-ED.1984.21594

[15] A. Schenk, “A Model for the Field and
Temperature Dependence of Shockley-Read-Hall
Lifetimes in Silicon,” Solid-State Electronics, vol. 35, no.
11, pp. 1585–1596, Nov. 1992, doi: 10.1016/0038-
1101(92)90184-E

[16] M. Bohnet and F. Ullmann, Eds., Ullmann’s
Encyclopedia of Industrial Chemistry. Weinheim, DE:
Wiley, 2003.

[17] E. T. Swartz and R. O. Pohl, “Thermal Resistance
at Interfaces,” Applied Physics Letters, vol. 51, no. 26,
pp. 2200–2202, Dec. 1987, doi: 10.1063/1.98939

[18] W. Shockley and H. J. Queisser, “Detailed
Balance Limit of Efficiency of p‐n Junction Solar Cells,”
Journal of Applied Physics, vol. 32, no. 3, pp. 510–519,
Mar. 1961, doi: 10.1063/1.1736034

[19] M. Cagnoni, P. Testa, J. S. Dolado, and F.
Cappelluti, “Extended Detailed Balance Modeling
Toward Solar Cells with Cement‐Based Radiative
Coolers,” Progress in Photovoltaics: Research and
Applications, Under Review.

[20] Y. A. Çengel and A. J. Ghajar, Heat and Mass
Transfer: Fundamentals & Applications, 5th ed. New
York, US-NY: McGraw-Hill, 2015.


