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Summary  

Cost-effective photovoltaics (PV) requires a high energy yield with a long system lifetime. However, both 

are adversely affected by temperature. Here, we assess the economic impact of thermal effects on PV 

systems by establishing a temperature-dependent levelized cost of energy (LCOE) model. Using this model, 

we introduce an equivalent ratio γ  (with the unit of absolute efficiency %/K) as a new metric that 

quantitatively translates the LCOE gain obtained by reducing the module temperature (𝑇𝑚𝑜𝑑 ) to an 

equivalent absolute power conversion efficiency increase. The substantial value of γ motivates us to 

investigate the root causes of heating in solar cells and modules, with a focus on crystalline-Si (c-Si) PV, 

given its market dominance. To link the heat analysis with 𝑇𝑚𝑜𝑑 , we establish and validate an opto-
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electronically coupled thermal model to predict 𝑇𝑚𝑜𝑑. This modelling approach enables the quantification 

of possible ways to mitigate undesired heating effects.  
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I. Introduction  

To date, the overriding goal of photovoltaics (PV) research and industrial production has been aimed at 

decreasing the levelised cost of energy (LCOE) from PV electricity generation via cost-effective increases 

in the power conversion efficiency (PCE or η), as determined at standard test conditions (STC), i.e. AM1.5G 

spectrum at 1-sun intensity and 25 oC. However, as the PCE of c-Si solar cells approaches their practical 

upper limit1, 2, it is timely to consider other measures that can decrease the LCOE, which might be even 

more significant than further marginal gains in PCE at STC.  

Aside from their primary functionality – the direct conversion of sunlight to electricity – all solar cells 

generate and dissipate heat3, thereby increasing the module temperature (𝑇𝑚𝑜𝑑) above the environment 

temperature (𝑇𝑒𝑛𝑣). This is of particular relevance for real-world PV applications, as the PCE tends to 

decline with increasing 𝑇𝑚𝑜𝑑
4, 5. In addition, the failure modes of PV modules are often thermally activated, 

and so an increased 𝑇𝑚𝑜𝑑 shortens the module time to failure (TTF)6. These two temperature effects – 

lower PCE and higher failure rates – compromise the energy yield and reliability of PV electricity 

generation, adversely impacting the LCOE.  

To account for these thermal effects the cell and module PCE can be measured at elevated temperatures, 

representative of actual operating conditions, and their thermal performance can be assessed via the 

temperature coefficient (TC)5, 7, 8 and the nominal operating cell temperature (NOCT)9, 10 (refer to 

Supplemental A for more detail). However, the TC/NOCT method of predicting cell and module 

temperatures, and so PCE and ultimately energy yield, is subject to significant error and measurement 

uncertainty11. One obvious shortcoming is that the NOCT is measured at open circuit and so does not 

account for performance differences of modules operating at their maximum power point. In addition, 

the TC/NOCT metrics provides neither insight into the physical processes that govern the generation of 

heat within the solar cell and module nor does it offer possible strategies to mitigate the degradation in 

the PCE. Given the significance of thermal processes in the reduction of module power output and lifetime, 

and that locations of high temperature and high insolation are an attractive market for PV deployment, a 

study of fundamentals of heat generation within c-Si solar cells and modules comes timely. 

In this article we first demonstrate the significance of cell and module heating on the overall system cost 

by establishing a temperature-dependent LCOE model that considers both temperature-dependent 

energy yield and TTF. We then define an equivalent ratio γ (with the unit of absolute PCE %/K) as a new 
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criterion to comprehensively evaluate the influence of temperature on PV performance. This ratio 

expresses which absolute percentage in PCE increase would be needed for achieving the same reduction 

in LCOE as would a 1 K decrease in 𝑇𝑚𝑜𝑑. 

Next we investigate cell heating from first principles by assessing the absorption of sub-bandgap photons 

(i.e. photons with an energy less than the bandgap energy), and other electrical and optical losses, in the 

most prominent solar cell architectures available in the market today12: multi-crystalline Si aluminum back 

surface field (Multi-BSF), monocrystalline BSF (Mono-BSF), passivated emitter and rear cell (PERC), as well 

as silicon heterojunction (SHJ) technology (refer to Supplemental B for details). With these experimental 

data, we establish an opto-electronically coupled thermal model to predict the actual 𝑇𝑚𝑜𝑑 due to the 

energy exchange between module and environment. We go on to validate this model by analyzing module 

field data for the different cell types studied. In contrast to the empirical models typically used in system-

level simulations13, 14 that involve ad hoc parameterizations without clear physical meaning, our model 

comes from fundamental principles, thereby allowing to predict 𝑇𝑚𝑜𝑑 from the basic solar cell and module 

materials and device architecture properties. We then compare different cell technologies based on their 

cell and module heating analysis, and go on to critically evaluate the possible ways to mitigate undesired 

thermal effects in order to increase the cell PCE under actual operating conditions, decrease the module 

degradation rate, and ultimately lower the LCOE of PV generated electricity. 

 

II. Influence of temperature on PV electrical performance, reliability and cost 

It is widely understood that a c-Si solar cell’s PCE decreases with increasing cell temperature5 (see 

Supplemental C for in-house temperature-dependent current-voltage (TD-IV) measurements for each of 

the cell types analyzed in this study) and that this must be accounted for when calculating a system’s 

energy yield. In addition, modules located in hot and humid climates degrade faster than those in more 

temperate climates15, 16. The temperature-dependent degradation rate can be quantified via the TTF 

calculation in Supplemental D. This is displayed graphically in Figure S2, which quantifies the extent to 

which a decrease in the module effective operating temperature (𝑇𝑚𝑜𝑑
∗) can increase the TTF. For the 

same decrease in 𝑇𝑚𝑜𝑑
∗, the lower the initial effective temperature 𝑇𝑚𝑜𝑑,0

∗, the greater the relative gain 

in the TTF (𝑇𝑇𝐹𝑔𝑎𝑖𝑛, refer to Supplemental D for details), although this trend diminishes when Δ𝑇𝑚𝑜𝑑
∗ =

𝑇𝑚𝑜𝑑
∗ − 𝑇𝑚𝑜𝑑,0

∗  becomes smaller in absolute value. Considering that the TC of c-Si cells is generally 

between -0.25 %/K to -0.45 %/K, a 4 oC decrease in 𝑇𝑚𝑜𝑑
∗ would enable a relatively modest 1.0 % to 1.8 % 

relative PCE increase. However, the TTF can be improved by more than 50 % for the same absolute Δ𝑇𝑚𝑜𝑑
∗ 
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decrease for a broad range of 𝑇𝑚𝑜𝑑,0
∗ (25-75 oC), and this improvement increases to over 100 % with a 7 

oC reduction.  

The most important criterion to judge the effect of cell and module heating is through its influence on the 

cost of the generated energy, since ultimately the influence of thermal effects on the electrical 

performance and reliability of a module will be reflected in the PV system’s energy cost. Here we utilize 

the concept of LCOE17-20 and study the influence of 𝑇𝑚𝑜𝑑
∗ on LCOE via a temperature-dependent LCOE 

model (refer to Supplemental E for details). The influences of module PCE, TC, 𝑇𝑚𝑜𝑑
∗  and effective 

relatively humidity (𝑅𝐻∗) on LCOE are given in Figure 1a. From the simulations we find that the LCOE can 

vary from 0.055 - 0.109 USD/kWh, under the range of parameters investigated. As expected, the lower 

the module PCE, the higher the LCOE; also, the higher 𝑇𝑚𝑜𝑑
∗, the higher the LCOE. The negative influence 

of 𝑇𝑚𝑜𝑑
∗ on the LCOE is exacerbated when the TC is low (i.e. its absolute value is higher) and RH is high. 

To formulate a clearer expression of how significant the influence of 𝑇𝑚𝑜𝑑
∗ is on the cost of PV energy, 

the data of Figure 1a can be analyzed to find the local gradient of LCOE against 𝑇𝑚𝑜𝑑
∗ and its gradient 

against module PCE at each data point. More specifically,  

∆LCOE(𝜂, 𝑇𝐶, 𝑇𝑚𝑜𝑑
∗, 𝑅𝐻∗, ∆𝑇𝑚𝑜𝑑

∗) =
𝜕𝐿𝐶𝑂𝐸(𝜂,𝑇𝐶,𝑇𝑚𝑜𝑑

∗,𝑅𝐻∗)

𝜕𝑇𝑚𝑜𝑑
∗ × ∆𝑇𝑚𝑜𝑑

∗     1 

∆LCOE(𝜂, 𝑇𝐶, 𝑇𝑚𝑜𝑑
∗, 𝑅𝐻∗, ∆𝜂) =

𝜕𝐿𝐶𝑂𝐸(𝜂,𝑇𝐶,𝑇𝑚𝑜𝑑
∗,𝑅𝐻∗)

𝜕𝜂
× ∆𝜂      2 

where ∆𝑇𝑚𝑜𝑑
∗ is the change in 𝑇𝑚𝑜𝑑

∗, and ∆𝜂 is the change in module PCE. By fixing the change of LCOE 

through either decreasing 𝑇𝑚𝑜𝑑
∗ or by increasing the module PCE, i.e. 

∆LCOE(𝜂, 𝑇𝐶, 𝑇𝑚𝑜𝑑
∗, 𝑅𝐻∗, ∆𝑇𝑚𝑜𝑑

∗) = ∆LCOE(𝜂, 𝑇𝐶, 𝑇𝑚𝑜𝑑
∗, 𝑅𝐻∗, ∆𝜂)     3 

we can then obtain the equivalent ratio γ. As stated above, γ represents the ∆𝜂 required to obtain the 

same decrease in LCOE that would result from a ∆𝑇𝑚𝑜𝑑
∗ of 1 K (i.e. ∆𝑇𝑚𝑜𝑑

∗ = 1 𝐾 for a given η, TC, 𝑇𝑚𝑜𝑑
∗ 

and 𝑅𝐻∗): 

γ(𝜂, 𝑇𝐶, 𝑇𝑚𝑜𝑑
∗, 𝑅𝐻∗) =

∆𝜂

∆𝑇𝑚𝑜𝑑
∗ = |

𝜕𝐿𝐶𝑂𝐸(𝜂,𝑇𝐶,𝑇𝑚𝑜𝑑
∗,𝑅𝐻∗)

𝜕𝑇𝑚𝑜𝑑

𝜕𝐿𝐶𝑂𝐸(𝜂,𝑇𝐶,𝑇𝑚𝑜𝑑
∗,𝑅𝐻∗)

𝜕𝜂

|       4 

We plot this equivalent ratio γ in Figure 1b and can see that in some extreme conditions (e.g. PCE = 26 % 

at STC, TC = -0.45 %/K, 𝑇𝑚𝑜𝑑
∗ = 80 oC, 𝑅𝐻∗ = 85 %), this ratio value could be over 0.82 %/K, i.e. a 1 K 

temperature decrease is equivalent to a 0.82 % absolute increase in PCE with respect to LCOE. Even after 
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minimizing the TC to -0.20 %/K, γ could be 0.63 %/K. This result demonstrates that thermal considerations 

– the management of heat generation within cells and modules – can have a significant impact on both 

the performance and financial considerations of a PV project. This is especially relevant considering the 

contemporary state-of-the-art in cell manufacturing, as c-Si based solar cells gradually approach their 

practical PCE limits1, 21. This can also have a considerable impact on cell and module designs for different 

climatic conditions: there is evidently considerable scope to tailor both cells and modules with respect to 

their deployed environment. From the perspective of heat management, once the cell PCE is approaching 

its practical upper limit, compared to allocating additional resources to incrementally improving the PCE, 

work on the control and mitigation of 𝑇𝑚𝑜𝑑
∗ would be equally or even more significant to decrease the 

LCOE. Besides extreme scenarios, by looking at average operating conditions for ground-mounted panels, 

(i.e. PCE = 17-22 % at STC, TC = -0.325 %/K, 𝑇𝑚𝑜𝑑
∗ = 60-70 oC, 𝑅𝐻∗ = 50 %-85 %), γ would be around 0.12-

0.36 %/K, corresponding to a 0.03-0.075 USD cents/kWh/K gain range in LCOE by ∆𝑇𝑚𝑜𝑑
∗ = 1 oC. This γ 

value – although much lower than the extreme case given earlier – is significant: it implies that a 𝑇𝑚𝑜𝑑 

change of 2.8-8.3 oC would be equivalent to a 1% absolute PCE change in terms of LCOE. Although γ is 

valid only for a small ∆𝑇𝑚𝑜𝑑
∗ for a given PCE, 𝑇𝐶, 𝑇𝑚𝑜𝑑

∗ and 𝑅𝐻∗ combination, we use 0.12-0.36 %/K as 

an upper/lower limit and apply this range to the ∆𝑇𝑚𝑜𝑑
∗  achieved by different cell technologies and 

different heat management methods explored below (< 6 oC for most cases in this study) to arrive at an 

estimation of the corresponding equivalent PCE with respect to LCOE. A similar method is applied to 

estimate the LCOE gain by multiplying ∆𝑇𝑚𝑜𝑑
∗ and the 0.03-0.075 USD cents/kWh/K LCOE gain range. In 

Supplemental F we show that this simple estimation method is reliable for the range of ∆𝑇𝑚𝑜𝑑
∗ < 6 oC.  

III. Heat source analysis 

Given the significance of temperature on solar cell and module performance from the above analysis, it is 

relevant to identify and quantify the sources of heat generation at the cell level.  

In this article, the widely-used solar cell current-loss analysis method 22, 23, typically evaluated up to 

wavelengths of 1200 nm for c-Si technology, is extended to 2500 nm (covering thus 99 % of the solar 

spectral range) for heat-source analysis and to account for the sub-bandgap absorption within the device. 

Figure 2a displays the spectral distribution of an in-house developed SHJ solar cell with an opaque Ag back 

electrode. The figure displays the SHJ cell’s external quantum efficiency (EQE), as well as its optical losses 

from reflection and parasitic absorption, i.e. photons that are absorbed by the solar cell without leading 

to electrical current generation.  The weighted integral of these distinct components with respect to the 
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AM1.5G spectrum yields the power distribution, used to calculate the cell heating power density. We refer 

to Supplemental G for more details.  

The same analysis method is applied to the five samples used in the TD-IV analysis in Supplemental B. The 

magnitude of the different energy-loss mechanisms are summarized in Figure 2b. Importantly, for devices 

with opaque rear contacts, the reflectance losses associated with the front metal, anti-reflection coating 

(ARC), and front-escape, as well as radiative recombination, represent energy losses due to reflected or 

re-emitted photons; all other energy losses will contribute to cell heating. Through such a spectral analysis 

we can see that most of the energy is lost via charge carrier thermalization and recombination, resistive 

losses, as well as through sub-bandgap absorption. Thermalisation of hot carriers is a fundamental 

limitation introduced by the bandgap value of the absorber (c-Si, in this case) that results in incomplete 

use of the energy of the blue part of the incident solar spectrum. This loss mechanism can be mitigated 

by device engineering, for example by constructing tandem solar cells24-26, or hot-carrier cells27-30, but 

these approaches are not considered in this study. Strategies to reduce non-radiative recombination and 

device resistance are arguably the general goal of performance optimization faced by all device 

technologists, so will also not be discussed in detail here. In this work, the focus rather lies on addressing 

sub-bandgap absorption losses. While such losses in homo-junction c-Si devices can largely be attributed 

to free carrier absorption (FCA) in their heavily doped regions31, it is of note that SHJ devices without 

diffused junction can also suffer significantly from sub-bandgap absorption. To understand this, we carried 

out a ray-tracing simulation which clearly shows that the main contribution to the sub-bandgap 

absorption loss of the in-house developed SHJ solar cell is the absorption in both the front and rear 

transparent electrode, fabricated here from indium tin oxide (ITO). We refer to Supplemental H for more 

detail.  

After understanding the heat generation sources associated with the different energy loss mechanisms, 

the total cell heating power can be easily calculated by either adding the components contributing to the 

cell heating in Figure 2b, or by subtracting the electrical power output of the cell/module and the 

reflected/escaped power from the incident power. Figure 2c shows the results of the five cell types 

studied here. We find that more than 60 % of the incident solar power leads to cell heating. In addition, 

the encapsulation of the cells into modules, as detailed in Supplemental I, further increases the heating 

power to over 65 % of the incident power, as also can be seen in Figure 2c. The total increase of the 

parasitically absorbed power because of encapsulation, for the studied cases, ranges between 31-63 

W/m2.  
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IV. From heating to temperature via an opto-electronically coupled thermal model 

Although we have seen the influence of the temperature on PV performance (namely via the TC) and 

quantified the module heating, an important factor missing from the above analysis is the quantitative 

link between the module heating power density and 𝑇𝑚𝑜𝑑. Without this link it is impossible to evaluate 

or compare different PV technologies due to the fact that modules operating at different 𝑇𝑚𝑜𝑑 , with 

different PCE and different TC, can have the same energy yield. For this reason we developed an opto-

electronically coupled thermal model using modeling and parameterization methods, built onto earlier 

work32-34. The model solves the equilibrium condition equation of the power system shown in Figure 3a 

(we neglect the conductive heat transfer at the edges of the module). We refer to Supplemental J for 

further details.  

To validate this model, field data of two commercial modules installed in Singapore, using different cell 

technologies (Multi-BSF and SHJ) are compared with our simulation platform. The outdoor data contains 

information regarding the solar irradiance incident on the module surface, the wind speed from the 

closest weather station (within 10m from the module), 𝑇𝑒𝑛𝑣  and 𝑇𝑚𝑜𝑑 . 𝑇𝑚𝑜𝑑  was measured using the 

SOL.Connect® PV Metering system with PT1000 sensors that are attached at 1/3 spacing along the 

diagonal line on the backside of the modules. To account for differences in the solar spectrum and 

intensity, and to determine the effective atmospheric emissivity (expressed by the “box” parameter 𝑒), 

we first normalize the field data using an empirical equation (refer to Supplemental K). We are then able 

to compare the empirical fitting results with the simulation platform at 1-sun intensity (1000 W/m2) and 

1 m/s module surface wind speed and a range of 𝑇𝑒𝑛𝑣, by assuming that the commercial modules have 

similar optical properties to the corresponding cell types studied above. The comparison of the data is 

shown in Figure 3b. It can be seen that most of the empirical fitting data of the outdoor modules falls 

within the simulation range and matches the case when 𝑒 = 0.5 (see Supplemental J for more details). 

Using this value and the time-resolved field environment data as input, and by assuming that the module 

PCE is solar irradiance independent, we simulated the change in the SHJ 𝑇𝑚𝑜𝑑 over a day. The result is 

presented in Figure 3c along with the field data; the overall trend of the simulated data matches the field 

data very well, validating the model. However, some discrepancies can be seen, especially for the 

afternoon period, as shown in the inset of Figure 3c. To identify the underlying reason for this, 𝑇𝑚𝑜𝑑  is 

plotted against 𝑇𝑒𝑛𝑣  in Figure 3d and against solar irradiance onto the module in Figure 3e. The largest 

difference mainly appears at high 𝑇𝑒𝑛𝑣  and when the solar irradiance changes rapidly in time, which both 

happen in the afternoon. This finding explains the source of the discrepancy: the temperature simulation 
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model used in this study is based on thermal equilibrium conditions, while the variation in the data 

presented in the insert of Figure 3c largely follows the variation in irradiance with time (refer to 

Supplemental L for more detail).  

Using the validated simulation platform, the module heating data in Figure 3c, and the TC in Table S1, we 

can obtain 𝑇𝑚𝑜𝑑 and power at different 𝑇𝑒𝑛𝑣 for the five different solar cell architectures, as shown in 

Figure 4a. It can be seen that the modules operate at a temperature that is 17.9-23.0 oC higher than that 

of the environment in this simulated scenario. Interestingly, among the different cell architectures, at the 

same 𝑇𝑒𝑛𝑣, although the maximum module heating power difference is 60.9-62.5 W/m2, the largest 𝑇𝑚𝑜𝑑 

difference is only 2.1 oC. Despite this small difference in 𝑇𝑚𝑜𝑑 between the technologies considered here 

(specifically 2.1 oC at 48.0 oC and 2.0 oC at 69.9 oC), the TTF difference is calculated to be ~19%-24%. In 

addition, assuming the LCOE-equivalent ratio ranges between 0.12-0.36 %/K, a 2.1 oC difference 

corresponds to a 0.26 % to 0.77 % equivalent absolute PCE difference, and 0.064-0.16 USD cents/kWh 

LCOE gain.  

 

V. Pathways to mitigate cell heating 

Once the source of heating is identified and the influence of the environment parameters on 𝑇𝑚𝑜𝑑  is 

known, guidelines from system-to-cell level for mitigating the device heating can be proposed. Please 

note the Δ𝑇𝑚𝑜𝑑  discussed below would be slightly different from Δ𝑇𝑚𝑜𝑑
∗ , because a same cooling 

measure could introduce different Δ𝑇𝑚𝑜𝑑 if other conditions vary. However, as shown in Figure 4a,b and 

c, the temperature curves with different cooling parameters are roughly parallel especially when the 

Δ𝑇𝑚𝑜𝑑 is not large. Therefore, to ease the estimation of 𝑇𝑇𝐹𝑔𝑎𝑖𝑛 , equivalent absolute PCE difference, and 

LCOE gain, we assume Δ𝑇𝑚𝑜𝑑
∗ ≈ Δ𝑇𝑚𝑜𝑑 in this section. We also consider both the upper and lower values 

of the Δ𝑇𝑚𝑜𝑑 caused by one cooling measure in most cases. This will further reduce the error caused by 

this approximation.  

A. System level 

At the system level, the first consideration is the specific system-operating environment, which has been 

explored in the literature 32, 33, 35-37. We briefly review those effects, evaluate them using the opto-

electronically coupled thermal model, and quantify them from the aspects of 𝑇𝑇𝐹𝑔𝑎𝑖𝑛 , equivalent 

absolute PCE difference, and LCOE gain. 
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The simulation platform introduced in Section IV can be used to investigate the influence of wind speed 

on module performance. We sweep the front-wind speed, while keeping all other parameters as identical 

as the one used for Figure 4a and assuming the rear-wind speed is half that of the front. The result is 

shown in Figure 4c. For the studied range, the increase in wind speed from 0 m/s (no wind) to 10 m/s 

(fresh breeze) already causes a Δ𝑇𝑚𝑜𝑑 ~16.2-19.9 oC and ~8.33-10.22 W/m2 PV power difference. This 

outstanding cooling effect via convection matches reported results 35-37. The Δ𝑇𝑚𝑜𝑑  caused by this 

convective cooling effect can result in a 𝑇𝑇𝐹𝑔𝑎𝑖𝑛 of ~334 % to 689 %. Because Δ𝑇𝑚𝑜𝑑 here is much larger 

than 6 oC, as discussed in Supplemental F, it is not appropriate to use the γ estimation method. The 

equivalent PCE difference and LCOE gain is therefore directly calculated from Equation 3 and Equation 

S10, and the result is 3.14–3.67 % equivalent absolute PCE difference and 0.3-0.37 USD cents/kWh LCOE 

gain, when RH = 50%. In addition, with increasing wind speed, while other conditions are the same as in 

Figure 4a, the 𝑇𝑚𝑜𝑑 difference between the different technologies shown in Figure 4a will become even 

smaller, with a maximum difference of only 0.8 oC at a wind speed of 10 m/s.  

A similar study can be applied on the atmospheric transparency. Sweeping the atmospheric transparency 

between 8 µm to 13 µm from 0 % (fully opaque) to 100 % will cause Δ𝑇𝑚𝑜𝑑~3.9-5.1 oC, corresponding to 

~47 % - 56 % 𝑇𝑇𝐹𝑔𝑎𝑖𝑛, ~0.47-1.85 % equivalent absolute PCE difference, and 0.12-0.39 USD cents/kWh 

LCOE gain (refer to Supplemental M). 

From this, we conclude that an environment that promotes these passive cooling affects, i.e. a low 𝑇𝑒𝑛𝑣, 

high atmospheric transparency and high wind speed, are factors worthy of consideration, in addition 

evidently to the solar irradiance, when deciding the system location and designing the module mounting 

system.  

In addition, active cooling is another system-level option, for example by combining a PV system with a 

water evaporation or distillation system38, 39, by applying water flow or spray directly on the panel 

surface40, 41 , by forced air ventilation42, by adapting hybrid PV/thermal (PV/T) collectors43, by utilizing 

phase-change materials (PCM)44, or by using a thermoelectric cooling system45. Floating PV systems may 

also benefit from a cooling advantage46, 47. Detailed assessments of these specific system designs are 

beyond the scope of this study; reviews can be found in the literature48-50.  

B. Module level 

The first option considered at the module level is spectrally-selective cooling that has been widely 

studied33, 51-55. We evaluate this option in an ideal scenario from the aspects of 𝑇𝑇𝐹𝑔𝑎𝑖𝑛 , equivalent 
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absolute PCE difference, and LCOE gain. In a simulation, a bandpass filter is applied on top of the module 

to screen the spectrum over 1200 nm, so the sub-bandgap absorption, which has no contribution to the 

electrical output, can be reduced or eliminated. To demonstrate the effect of this method, we simulate 

the in-house developed SHJ cell when the AM1.5G spectrum is modified to zero for any wavelength longer 

than 1200nm, and compare with the case of the unmodified AM1.5G spectrum. The results are in Figure 

4b and Figure 4e. Applying the filter introduces 107.51 W/m2 less module heating at 25 oC, resulting in 

Δ𝑇𝑚𝑜𝑑~4.7-5.1 oC for the tested 𝑇𝑒𝑛𝑣 range, and ~2.62 W/m2 higher PV power difference. This translates 

to a ~52-69 % 𝑇𝑇𝐹𝑔𝑎𝑖𝑛 , ~0.56-1.84 % equivalent absolute PCE improvement (assuming γ ranges between 

0.12-0.36 %/K), and 0.14-0.38 USD cents/kWh LCOE gain.  

Besides the adoption of a bandpass filter, improvements in front glass emissivity to maximize the radiative 

cooling, as reported in literature 32, 33, 56, 57 and detailed in Supplemental N, can potentially reduce Tmod by 

1.7-2.9 oC. In addition, moving towards bifacial modules, where the sub-bandgap absorption loss is 

expected to be lower than their mono-facial counterparts, because of the increased transparency58-60, is 

another approach to potentially lower module heating.  

C. Cell level 

Following the discussion in Section III, and knowing the source of cell heating, optimizations at the cell 

level can be proposed to mitigate parasitic heating. Here we investigate the impact of modifying the cell 

optics through appropriate choices of materials to limit the sub-bandgap absorption loss, using the in-

house developed SHJ cell as a test case.  

As can be seen in Figure S4a, the main sub-bandgap absorption loss of the in-house developed SHJ cell 

stems from the front TCO layer, due to free-carrier absorption of infrared (IR) light. Therefore, we 

investigate the possible current and power gains that could be made if we reduce the thickness of the 

front ITO while guaranteeing effective anti-reflective coating (ARC) properties by capping it with a layer 

of highly transparent silicon nitride (SiNx)61 of appropriate thickness and refractive index. We perform 

these simulations using the experimentally extracted optical properties of the cell and modules’ 

constituent materials (i.e. the spectrally dependent refractive indices and extinction coefficients) and 

applying these data to ray-tracing simulations. We refer to Supplemental O for additional simulation 

details. The results on both the cell and module level, in generated current (mA/cm2, up to 1200 nm) and 

parasitic absorption (W/m2, up to 2500 nm), are plotted in Figure 4d. From a simple linear fitting of the 

modelled data, the current density increases ~0.02 mA/cm2 per nm of ITO removed, whereas the parasitic 

absorption drops ~0.6 W/m2 per nm. The trend on the module level is the same, except with lower overall 
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currents (~1 mA/cm2) and higher parasitic absorption (~53 W/m2) resulting from encapsulation materials 

such the front ethyl vinyl acetate (EVA).  

To further explore the impact on heat mitigation we simulated three optical structures at the module level 

assuming no change in cell PCE. In the first ideal structure, the front ITO is fully removed and is replaced 

by 75 nm thick SiNx. From Figure 4f, we find that the total parasitic absorption drops only 59 W/m2 despite 

initially contributing 132 W/m2 of heating power in the standard SHJ structure. Indeed, removing the front 

ITO drives more IR parasitic absorption into the other layers in the module, such as the glass, front EVA, 

rear ITO and fully Ag-metallized rear. Additionally removing the rear ITO enables another 24 W/m2 drop 

of parasitic absorption and now the front EVA becomes the main parasitic absorber, followed by the rear 

Ag electrode. Except for the ‘New Industrial Cell Encapsulation (NICE)’ technology developed by Apollon 

Solar62, for most commonly used module technologies, the exclusion of EVA may not be practical, but we 

also consider the IR absorption of an EVA- and ITO-free module. By doing this, another 29 W/m2 is saved 

and the rear Ag and glass dominate now the parasitic absorption in this scenario. Using the module-level 

simulated absorption curve of the different structures, and assuming that all structures have the same 

PCE and TC as the in-house developed SHJ cell, 𝑇𝑚𝑜𝑑  of those conceptual modules at 𝑇𝑒𝑛𝑣 = 35 oC is 

simulated (the other environmental conditions are the same as those used in the simulations of Figure 4a) 

and annotated in Figure 4f. By removing the front ITO, rear ITO and front EVA, step by step, 𝑇𝑚𝑜𝑑 

incrementally drops 1.0 oC, 0.9 oC and 0.6 oC respectively, giving a total Δ𝑇𝑚𝑜𝑑  of 2.5 oC. Considering the 

small difference between the different cell technologies as shown in Figure 4a, this value is actually 

significant. For practical considerations, even without removing EVA, a Δ𝑇𝑚𝑜𝑑 of 1.9 oC results in a 19.8 % 

𝑇𝑇𝐹𝑔𝑎𝑖𝑛, 0.23-0.68 % gain in absolute PCE (from the perspective of the LCOE gain, and assuming γ ranges 

between 0.12-0.36 %/K), and 0.057-0.14 USD cents/kWh LCOE gain.  

Although the trend of improving the cell’s thermal performance via thinning or removing highly 

parasitically absorbing materials is clear, the conclusion for the cell-level materials optimization is rather 

complex. This section is mainly an exercise to investigate the impact of such a drastic measure as thinning 

or removing the ITO may be, even if it may be difficult to practice in reality. We refer to Supplemental P 

for further discussion.  
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VI. Conclusion 

Single-junction crystalline silicon solar cells can in theory convert over 29 % of the incident solar power to 

electricity63, with most of the remaining power converted to heat, however. 𝑇𝑚𝑜𝑑 , therefore, is often 

much higher than 𝑇𝑒𝑛𝑣. This can increase the module and system cost by lowering its electrical output and 

shortening the module TTF. To evaluate this, we built a temperature dependent LCOE model and defined 

an equivalent ratio γ  as a simple metric to evaluate the significance of thermal effects on module 

performance. γ represents the equivalent absolute PCE increase in the PV module that is required to 

obtain the same decrease in LCOE as a reduction in 𝑇𝑚𝑜𝑑
∗ by 1 K and its value is typically around 0.12-

0.36 %/K (for the given location and cost assumption made in our modelling), but could be as high as 

0.82 %/K in some scenarios. While the temperature-dependent LCOE speaks to those working at system 

level, γ provides technologists working at the module and cell level a more tangible metric. γ, most 

importantly, demonstrates that once the cell PCE is approaching a practical upper limit, as is the case for 

state-of-the-art silicon solar cells1, 2, work on the control and mitigation of the 𝑇𝑚𝑜𝑑 can be equally or even 

more significant than costly marginal gains in PCE. Via managing this thermal heat generation, an 

“equivalent” absolute PCE higher than the practical limit becomes realizable. We also find that the main 

factor behind high values of γ is not the dependence of PCE on temperature, but rather through gains in 

the module TTF. 

Through the developed first-principles opto-electronically coupled thermal model, we compared the 

thermal performance of different cell technologies, and investigate the possible strategies for mitigating 

module heating. First, consistent with literature 32, 33, 35-37, we find that the most effective and simple way 

to reduce the 𝑇𝑚𝑜𝑑 is to place the module in a windy environment with a proper mounting arrangement 

to enable effective heat transfer via convection. Secondly, reducing heating power at the cell level by 

reducing IR absorption is relatively ineffective and challenging, owing to the enhanced IR absorption of 

the encapsulant. For this reason, replacing EVA with a more transparent material, or even adapting an 

encapsulant-free module technology62, would be advantageous.  

Due to the difficulty of improving sub-bandgap absorption losses, as well as recombination and resistive 

losses (once the PCE reaching its practical limit), the remaining route to reduce 𝑇𝑚𝑜𝑑 would be to reduce 

the thermalisation losses. To this end, silicon-based tandem solar cells offer a promising path of improving 

both the PCE and thermal performance of PV modules8, 64.  
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VII. Experimental procedures 
Full experimental procedures are provided in the Supplemental Information. 
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XIII. Figure titles and legends 

 

Figure 1 Influence of 𝑻𝒎𝒐𝒅 on PV cost. a, Influence of PCE, TC, 𝑇𝑚𝑜𝑑
∗ and 𝑅𝐻∗ on the LCOE. b, Equivalent ratio 𝛾 at different 

conditions based on Figure 1a. 
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Figure 2 Heat source analysis. a, Heat source/loss analysis of an in-house developed SHJ cell as example. The meaning of each 
part of this distribution plot is annotated in the plot as text. For the definition of each part, please see Supplemental G for more 
details. b, Power-loss and heat-source analysis of different types of cells. c, The total cell and module heating power for five 
different types of c-Si solar cells when the device temperature is 25 oC 
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Figure 3 Optical-electrical-thermal coupled model and its validation. a, Illustration of the used optical-electrical-thermal coupled 

model. Blue colored arrows imply cooling of the module; red colored arrows imply heating.  b, Comparison of empirical fitting of 

field data with simulation. To extract the effective atmospheric emissivity input in our model, a range of values for the “box” 

parameter 𝑒 (from 0 to 1) are simulated to represent possible variations of the atmospheric emissivity in the zenith direction from 

8 µm to 13 µm wavelength (see Supplemental J for more details). The lower the 𝑒 value, the more transparent the atmosphere, 

affecting the radiative energy exchange with the environment. c, Comparison of instantaneous SHJ  𝑇𝑚𝑜𝑑  field data with 

simulation data over the span of one day.  Inset is the difference between simulation and field data vs. time. d, Comparison of 

field data with simulation data against 𝑇𝑒𝑛𝑣 of the same day. Inset shows  𝑇𝑒𝑛𝑣 vs. time for the same day. e, Comparison of field 

data with simulation data vs. solar irradiance of the same day. Inset is solar irradiance vs. time. 
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Figure 4 Influence of technologies and environment parameters on 𝑻𝒎𝒐𝒅 and heating mitigation measures. a, 𝑇𝑚𝑜𝑑 against 

𝑇𝑒𝑛𝑣 for different technologies, assuming 100% atmospheric transparency between 8-13 µm, 1 m/s front wind speed and 0.5 m/s 

rear wind speed. b, Comparison of 𝑇𝑚𝑜𝑑 and power of the in-house developed SHJ cell with and without spectral filter (AM1.5 over 

1200 nm). c,  Wind speed influence on the PV performance (in-house developed SHJ cell as example). d, Influence of the front TCO 

on the current and power of the SHJ cell. e, Heating power of the SHJ cell with and without a spectral filter (AM1.5 over 1200 nm) 

at 25 oC for both cell and module. f, Parasitic absorption of films in different SHJ structures (including the idealized structures) and 

simulated 𝑇𝑚𝑜𝑑 at 𝑇𝑒𝑛𝑣 =  35 oC. Insets in a, b, and c are the PV output power corresponding to the same environment conditions. 
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