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Abstract

This work presents a practical approach to designing an optical filter for thermal man-

agement for photovoltaic modules. The approach emphasizes the practicality of

manufacturing over optical performance. Simulation work demonstrates that, for an

interdigitated back contact solar cell architecture, complete rejection of infrared radi-

ation offers limited thermal benefits requiring highly complex optical filter designs.

An alternative approach consists of reducing thermalization losses by providing

reflectance at lower wavelength values. An optical filter design that fulfills this

requirement is possible using simple structures based on two materials and taking

advantage of the harmonics present in quarter wavelength optical thickness designs.

The filter is later optimized for angular performance via second-order algorithms,

resulting in a device consisting of only 15 thin-film layers. Performance simulations

on two locations, Delft (the Netherlands) and Singapore, estimate a temperature

reduction of 2.20�C and 2.45�C, respectively. In a single year, the optical loss pro-

duced by the filter is not compensated via temperature reduction. However,

improvements in the annual degradation rate show that in Singapore, the overall

effect of the filter on the lifetime DC energy yield is positive.
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lifetime, optical filters, performance modeling, reliability, thermal management

1 | INTRODUCTION

In recent years, research has been driving the efficiency of crystalline

silicon (c-Si) solar cells to such an extent that it almost reaches its the-

oretical limit. There is, however, still room for improvement. The effi-

ciency of a solar cell is highly dependent on its operational

temperature. C-Si solar cells have temperature coefficients related to

output power in the range of �0.3% to �0.4%.1 If operating at 60�C,

a c-Si solar cell that produces 4 W under standard test conditions

(STC) can lose between 11% and 14% of its power due to its

increased temperature.

Moreover, research suggests that the reliability of photovol-

taic (PV) modules seems very sensitive to their operational

temperature.2–4 Modules that consistently perform at high tem-

peratures throughout the year can have a significantly shortened

lifespan. Improving reliability is instrumental in bolstering the eco-

nomics of PV systems and is essential, more specifically, for build-

ing integrated photovoltaics (BIPV). A module installed on an

integrated system usually presents a higher operational tempera-

ture than operating on a standard rack-mounted configuration.5

Long lifetimes are required on BIPV modules so they can be com-

petitive in this aspect with the building materials they are
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replacing. Thus, thermal management is an increasingly important

aspect of the design of PV modules.

Over the last decades, researchers have studied many options to

reduce the operating temperatures of PV modules.6–8 Though widely

varied, the proposed solutions fall into two main categories: passive

and active approaches.9 Active approaches utilize auxiliary systems,

usually to significantly improve convective cooling, and utilize the

heat produced on the PV modules for other applications, such as resi-

dential or commercial water heating.10 The active system provides

more predictable cooling power than the passive approach but

demands an external energy source.

Passive approaches rely on environmental factors (such as wind

speed) or installation layouts (e.g., non-insulating PV module backside)

to provide observable benefits.6 A passive approach utilizes devices

that take advantage of physical principles that can increase cooling

effects, such as those driven by radiation or convection, and require

no additional energy to function. Notable examples of passive cooling

are phase change materials (PCM).11,12

Spectral cooling approaches are interesting since they can work

alongside other cooling technologies, given their unique nature. These

solutions can also be divided into thermal radiative approaches and

full spectrum management approaches, as presented in the review

work by Zhao et al.13 Thermal radiative approaches refer to the

improvement of emissivity of solar cells and modules at wavelengths

in the so-called atmospheric window wavelength band (8–13 μm)

where heat from a photovoltaic device can be dissipated through dry

clear air into outer space. The seminal work of Zhu et al.14 numerically

demonstrated the cooling potential of this mechanism for bare Silicon

solar cells, with potential temperature reductions of 18.3 K. When this

approach is applied to conventional photovoltaic modules, however,

Zhao et al.15 argued that its cooling potential was 1.75 K, mainly

because conventional PV modules already present suitable emissivity

in the range of interest due to the front glass. The authors argued that

the approach is much more suitable to extraterrestrial applications, a

similar conclusion reached by Safi and Munday,16 who demonstrated,

through the detailed balance method, that for space applications, the

radiative cooling approaches could provide an absolute efficiency

increase up to 2.60%, compared to a 0.87% when applied on a terres-

trial application. Further studies by Zhao et al.17 proved the radiative

cooling potential of PV modules, particularly during nighttime (with

temperature reductions up to 12�C), and the negative effect that envi-

ronmental factors (increased relative humidity, wind speed, and ambi-

ent temperature) have on this potential. Further examples of radiative

cooling approaches can be found in the abovementioned review by

Zhao et al.13 as well as in the works of Sato and Yamada18 and Hu

et al.19

Full-spectrum management approaches also consider the rejec-

tion of sub and above-bandgap radiation that contributes to tempera-

ture increases in photovoltaic modules. Khorrami et al.20 created

numerical models of spectral shields to assess the performance gains

obtained by the rejection of 40% and 80% of the solar irradiation at

wavelength values from the sub-bandgap range of 1 to 2.4 μm. The

authors state that under high irradiance conditions (above 1,025 W/

m2), a shield with 80% reflectance provides a relative electrical effi-

ciency improvement of up to 5.72%. Vaillon et al.21 also showcased

that sub-bandgap reflection and improved radiative cooling were

interesting options for thermally managing PV modules. Sun et al.22

performed an opto-electro-thermal simulation of the potential cooling

provided to PV modules by the ideal rejection of sub-bandgap irradi-

ance and enhancing emissivity in the atmospheric window range. The

authors demonstrated temperature reductions as high as 10�C. Simi-

larly, Heideier et al.23 used numerical models and estimated a poten-

tial energy yield increase of 6.8% by ideally reflecting light at

wavelengths above 1,000 nm for an equatorial location.

Other research efforts focus on feasible alternatives to achieve

spectral management. Lu et al.,24 for example, presented a technique

that uses broadband textured imprinted glass that provides high emis-

sivity within the atmospheric window combined with high transmit-

tance within the visible spectrum, resulting in an increased short

circuit current (5.12%) and power conversion (3.12%) compared to a

standard case. Lin et al.25 reported a relative increase in efficiency of

3.23% on a c-Si PV module by using flexible photonic architectures on

polydimethylsiloxane. Cui et al.26 studied the effect of thermal regula-

tion coatings used either on the front side or back side of a glass/glass

PV module. The authors found that an optimized TPX (polymethyl

pentene) polymer matrix doped with SiO2 particles located at the back

side of the module provides radiative coating with temperature reduc-

tions of 1�C, which translates into an absolute increased efficiency of

0.21%. However, they also argue that, from an ideal standpoint, front-

side spectral management has better cooling potential.

From this perspective, photonic crystals represent one of the most

promising technologies. These devices affect the propagation of electro-

magnetic waves, allowing the tuning of the reflectance and transmittance

of a surface via interference effects. This versatility makes them suitable

for a variety of applications in solar cells and modules, like optional back

reflectors,27,28 coloring technology,29–32 and light management in thin film

solar cells.33 Regarding thermal management, An et al.34 studied the use

of a combination of a one-dimensional (1D) photonic crystal based on

10 layers of nine different materials with a two-dimensional

(2D) photonic crystal based on grated SiO2. The combination provided

high sub-bandgap reflection and high emissivity in the atmospheric win-

dow, providing a potential cooling on a c-Si solar cell of 10�C with an

absolute increased power conversion efficiency of 0.43%. Akerboom

et al.35 studied a 2D photonic crystal based on Silica cylinders that pro-

vided a 3 K cooling potential to a c-Si module, representing a potential

relative efficiency increase of 1.35%. Other examples of 2D photonic

crystals can be found in the works of Zhao et al.,36 which presented a

combination of a 1D and 2D photonic crystal to enhance diurnal PV per-

formance and nocturnal radiative cooling, and Perrakis et al.,37 which sim-

ulated a 2D photonic crystal implemented on a PV module based on an

interdigitated back-contacted (IBC) solar cell, which provided a cooling

potential of 0.63�C and a relative efficiency increase of 3% thanks to a

better optical behavior within the useful wavelength range (0.3–1.1 μm).

Perrakis et al.38 compared the cooling performance effects on a

commercial PV module of implementing a 2D photonic crystal (radia-

tive cooling) versus the implementation of a 1D photonic crystal
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(spectral management). Their results conclude that a 1D photonic crys-

tal that rejects UV and sub-bandgap radiation while providing high

transmittance in the useful range for c-Si solar cells outperforms the 2D

device. One-dimensional photonic crystals are simpler to manufacture

but present some technical challenges. Achieving high reflectance over

a wide range of wavelengths demands the use of several different

materials and a high number of layers. Additionally, they are required to

have stable angular behavior, which can increase the complexity of the

design. Fan et al.,39 for example, designed a 1D photonic crystal based

on ZnS and MgF2 for a concentrated PV application in space. A total of

247 layers were required to meet the abovementioned requirements

(reflectance at UV/IR, transmittance between 0.4 and 1.1 μm, and angu-

lar stability). Simulation results predicted a temperature reduction of

30�C and an absolute efficiency increase of 1.4%. Slauch et al.40

designed and optimized several 1D photonic crystals with the purpose

of cooling a PV module working under the climatic conditions of

Golden, Colorado. The authors demonstrated that achieving angular

stability and good optical performance required designs with 34 layers

and four materials for a photonic mirror located in the air/glass interface

and 35 layers and two materials for one placed between the front glass

and the EVA. Simulation results predicted an increase in energy output

of up to 3.4% for the selected location.

Li et al.41 also introduced a comprehensive study on the thermal

management of solar cells using a 1D photonic crystal that rejects

light at wavelengths that only contribute to the temperature increase

of an encapsulated cell without any contribution to its electrical out-

put. The device presents near-ideal performance and consists of alter-

nating layers of four materials (TiO2, Al2O3, SiN, and SiO2) with a total

count of 45 layers. The proposed filter provides a solar cell tempera-

ture reduction of 5.7 K compared to a standard, uncoated encapsu-

lated solar cell under the same illumination conditions.

High layer counts imply complexity in manufacturing, and simplified

designs could contribute to widespread implementation. This work

explores the experimental implementation of simple 1D photonic crys-

tals (henceforth referred to as optical filters) to be used as PV thermal

managing devices and the related modeling to simulate the energy yield

and the degradation rate of PV modules endowed with such filters. This

work shows that it is possible to produce a reflectance profile contain-

ing two high reflectance peaks with a low layer count by following basic

optical filter design rules. These reflectance peaks are tailored to par-

tially reflect unwanted infrared (IR) irradiation and light at wavelength

values where a c-Si solar cell presents high thermalization losses. Reduc-

ing thermalization also entails reducing electrical output, which pro-

duces designs with a reduced performance compared to more

sophisticated alternatives such as those presented before. Such com-

prehensive designs are preferred, provided adequate economic feasibil-

ity of their implementation.

The main contribution of this study is the implementation of a full

simulation framework that considers not only the impacts of tempera-

ture on the instantaneous performance of a PV module but also its

expected lifetime, thus allowing the analysis of when these simplified

optical filters can provide a net positive benefit when implemented on

PV systems.

This article is organized as follows. Section 2 presents an over-

view of the modeling framework. Section 3 presents the steps to

design a simplified optical filter for thermal management. Section 4

presents the results from simulation work on how the filter affects

the overall performance in various locations. Additionally, it studies

the potential benefits of implementing the thermal filter concerning

an improved degradation rate. Section 5 draws the main conclusions.

At the end of this document, the reader can find all the experimental

work and model validations.

2 | MODELING FRAMEWORK

The computational model framework follows the same approach pre-

sented in our previous work.42 The models consist of spectrally resolved

algorithms that estimate the effective irradiance reaching the solar cell,

its operating temperature, and its electrical energy output at any instant.

The Simple Model of the Atmospheric Radiative Transfer of Sunshine

(SMARTS)43 allows the estimation of the solar spectrum. These spectra

are used for optical, thermal, and electrical assessments.

The optical pillar utilizes two software packages: GenPro444 and

OptiLayer®.45 The former produces four main outputs: first, it

matches the spectral behavior of the chosen solar cell optically. The

SunPower Maxeon® II interdigitated back-contacted (IBC) solar cell46

is the selected structure in this work. Second, it computes the optical

current densities Jopt (in mA/cm2) of each layer within a PV module,

which are the basis of the irradiance scaling factors τ0 and iopt, defined

mathematically as

τ0 ¼ Jopt cSið Þ
P

Jopt Layð Þ þ Jopt cSið Þ
, ð1Þ

iopt θð Þ ¼
Jopt θð Þ
Jopt 0�ð Þ

: ð2Þ

In Equation (1), Jopt cSið Þ (mA/cm2) represents the optical current

density of the c-Si solar cell. Jopt Layð Þ (mA/cm2) is the optical

current density of each layer within a PV module that contributes to

losses (reflectance or absorptance), such as glass, encapsulant, anti-

reflective coating, emitter, and the optical filter. τ0 is a factor that

accounts for the optical losses at normal incidence. Equation (2)

defines the factor that accounts for the optical loss at different angles

of incidence (AOI). It is calculated by dividing the optical current den-

sity at any given AOI Jopt θð Þ by the optical current density at normal

incidence Jopt 0�ð Þ. Notice that, at normal incidence, Jopt 0�ð Þ = Jopt cSið Þ.

The effective irradiance reaching the solar cell Gcell depends on these

two factors as they scale the plane of array irradiance GPOA as follows:

Gcell θð Þ ¼ τ0 � iopt θð Þ �GPOA: ð3Þ

Third, GenPro4 helps in the first stage of the design, which aims

to find an adequate range of wavelengths at which thermal manage-

ment produces as low optical loss as possible at normal incidence.

LIZCANO ET AL. 755
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OptiLayer® allows finding potential design candidates that ensure low

optical losses at different angles of incidence via second-order optimi-

zation methods.

Lastly, GenPro4 provides the spectral absorptance of all the layers

within a PV module, which are fed into the thermal model. This model

uses a two-dimensional finite volume transient approach that esti-

mates the volumetric heat produced within every layer as a function

of wavelength. The model provides the solar cell operating tempera-

ture (Tcell) as output, which serves as a guideline for the design of the

thermal filter.

Tcell and Gcell are the inputs for a two-diode equivalent circuit

electrical model. After an iterative process (given the direct relation-

ship between electrical power and thermal power in the cell), the max-

imum electrical output power at each instant is obtained.

3 | THERMAL FILTER DESIGN AND
OPTIMIZATION

Optical filters reflect light by depositing thin layers of dielectric mate-

rials with a mismatch in their refractive indexes n. As mentioned

above, the selected optical filter structure in this study consists of two

materials, one with a high refractive index (nH) and another with a low

refractive index (nL). These materials are deposited sequentially in

pairs, and, depending on the wavelength value (λ0, in nm) at which

high reflectance is desired, the thickness of the layers (d, in nm) is cal-

culated via the quarter wavelength optical thickness (QWOT)

formula.47

dLjH ¼ λ0
4 �nLjH

ð4Þ

In literature, it is common practice to notate a QWOT layer as the

capital letter of its refractive index hierarchy. Thus, H refers to a layer

with refractive index nH and thickness dH (nm) given by Equation (4),

and L is the corresponding value for a layer with a lower refractive

index. This work follows this same notation scheme. When a layer

does not have a thickness value equal to that given by Equation (4),

the presented notation is a fraction of it. For example, 0.5H repre-

sents a layer of the high refractive index material with a thickness that

is half of that of the QWOT value.

When stacks of several pairs of layers are involved in the design,

the notation utilized here follows the form (LH)p, where p is the num-

ber of pairs of LH layers. More detailed information about the pre-

sented designs is available in Appendix B. The selected materials are

silicon nitride (SiNX), represented henceforth as H, and silicon dioxide

(SiO2), represented as L. These materials were selected due to their

optimal optical properties and ease of manufacturing, as explained in

Ortiz Lizcano et al.42 The appendix at the end of this document pro-

vides details on the optical properties of these materials.

The design of the thermal filter starts by studying the optical

behavior of the selected IBC solar cell structure. Figure 1a presents

the measured data. It is noticeable that the cell either transmits or

rejects a significant portion of the near-infrared (IR) spectrum (from

1,200 to 1,800 nm). This IR behavior is due to the architecture of the

IBC solar cell itself, and different topologies will show different behav-

iors in this region.48 Optical simulations of a PV module help analyze

its spectral absorbed irradiance (see Figure 1b). It is noticeable that

most of the spectrum in the abovementioned near-infrared region

range is not absorbed.

3.1 | Infrared rejection

Previous studies have shown that high rejection of the near-infrared

region could have potential cooling benefits on PV modules.48 Rejec-

tion of light on this wavelength range eliminates thermal gain without

producing an optical loss. Therefore, it is interesting to see the poten-

tial cooling effect on the selected solar cell. The optical filter must

provide high reflection for a wavelength range from 1,200 to

1,800 nm and high transmittance from 300 to 1,200 nm. Fulfillment

of these requirements usually results in very complicated structures.

Figure 2a presents an example of such a complex filter. The initial

design of the filter consisted of layers arranged as 0.5Aj(AB)20jBj0.5A,
based on the work by Seoane da Silva,49 where A and B refer to

QWOT layers of MgF2 and TiO2, respectively. OptiLayer® allowed

optimization of this starting design by using the needle tech-

nique.45,50,51 The resulting design consists of 81 layers, whose simu-

lated reflectance at normal incidence is presented in Figure 2b. After

the optimization, the final thickness values of the materials differ from

their starting QWOT value, and Figure 2a only depicts their order.

The complete details about this design can be found in Table B1.

The complete optical model of a PV module with this IR filter

implemented (see Figure 2a) aimed to study the predicted effect on

the operational cell temperature. The module was considered to oper-

ate at maximum power point under NOCT conditions. The optical,

physical, and thermal properties are presented in Appendix A. The

results were then compared to the case of the same PV module with-

out the filter implemented. The steady-state temperature on the solar

cell obtained for the standard PV modules was estimated at 45.2�C.

Figure 3a shows the temperature profile of the entire module for this

case. A PV module with the optic filter implemented presents a steady

state temperature of 41.7�C, representing a reduction of 3.5�C. The

profile for this case is shown in Figure 3b.

Implementing such a complex filter design for this cell architec-

ture does not provide a significant temperature reduction. Moreover,

optical filters have markedly different behavior at different angles of

incidence (AOI) (see Figure 2b). Estimating the scaling factors τ0 and

iopt, defined by Equations (1) and (2), allows analysis of the optical

losses produced by the filter. The absolute optical loss produced by

the infrared filter at normal incidence is 1%, as presented in Table 1.

The angular optical loss is significantly higher for the case of the

PV module with an IR optical filter compared to the standard, as pre-

sented in Figure 4. The filter will substantially reduce the effective

irradiance reaching the solar cell for values of AOI above 20�. At 50�,

for example, the scaling factor iopt of a standard PV module has a
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value of 0.94. Implementing the IR filter will reduce the value of such

a factor to 0.8, an additional 15% loss. Improving the angular behavior

of the filter will only increase its complexity. With its high layer count

and limited thermal benefits, this design has no practical application

for a PV module made with IBC solar cells.

3.2 | Reduction of thermalization losses

Another option to provide thermal management on the solar cell is by

reducing its thermalization losses. Thermalization is one of the primary

sources of heat within a solar cell. Simulations of the PV module

under NOCT conditions help highlight the range of wavelengths at

which the difference between absorbed irradiance and extracted

power is the largest. The selected optical model for the PV module, in

this case, differs from that of Figure 2a. To ensure protection from

environmental damage, the filter is positioned at the backside of the

front glass, as shown in Figure 5. Figure 6a highlights this difference.

The selected wavelength of interest was from 400 to 500 nm.

Although the difference between absorbed and extracted power is

the highest at 470 nm, lower wavelength values allow thermal man-

agement with lower optical losses.

Equation (4) allows finding the thickness values of the H and L

layers for λ0 = 450 nm. The higher the number of pairs p, the higher
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F IGURE 1 (a) Measured reflectance (R) and transmittance (T) for a SunPower Maxeon II IBC solar cell (non-encapsulated) using a PerkinElmer
Lambda Spectrophotometer. (b) Heatmap of the simulated absorbed irradiance of a PV module endowed with an IBC solar cell. The heatmap
showcases that most of the irradiance on the near-infrared does not affect the PV module. The subscripts F and B refer to the front and back

layers of the module with respect to the c-Si cell.
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F IGURE 2 (a) Final design layout of a near-ideal optical filter with high reflection in the near-infrared region and high transmittance from
300 to 1,200 nm. (b) Simulated reflectance profile of the complete optical model of the PV module, with the optimized IR optical filter deposited
on the front surface of the glass, for three different angles of incidence (AOI). At higher values of AOI, the reflectance of the filter shifts towards

lower wavelength values. Moreover, additional reflectance peaks appear between 500 and 700 nm, increasing the optical loss.
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the filter's reflectance at λ0. However, as established by Macleod,61 a

high layer count produces an equal amount of reflectance ripples

around the central reflectance peak. These ripples, alongside

the wider reflection range, translate into significant optical losses.

Furthermore, at higher angles of incidence, the reflection peak shifts

towards lower wavelength values, meaning that the angular stability

of the optical filter must be guaranteed to maintain the cooling poten-

tial. This work suggests and implements the use of a more straightfor-

ward design strategy, that is, using a harmonic peak produced by a

filter with a high value of λ0. These peaks appear at λ0/3, λ0/5, λ0/7,

and lower harmonics for the case of filters with an (LH)p layout. Their

maximum reflectance value decreases as the harmonic order

increases, meaning that the harmonic with the highest reflectance

peak will be at λ0/3.

Figure 6b presents the reflectance profile of three different filters

that guarantee a peak at the wavelength range of interest for different

values of λ0. The practical advantage of the design with a value of

λ0 = 1,350 nm resides in three main aspects. First, the filter produces

a reflectance width of around 60 nm, less than the other options,

which in both cases surpasses 100 nm, thus reducing optical losses.

Second, the ripples around the 450 nm reflectance peak are signifi-

cantly lower than their counterparts, improving optical performance.

Lastly, the central reflectance peak at 1,350 nm has an additional

cooling contribution that its alternatives lack.

Narrow reflectance peaks across the wavelength range of interest

(400–500 nm) can be achieved simply by shifting the value of λ0 from

1,200 to 1,600 nm. The number of pairs p that achieved near unity

reflectance is 11, as presented in Figure 7a. Notice that, for the sake

of clarity, the units of λ0 are expressed in μm on the graphs.

Models of the different filter candidates were obtained by chang-

ing λ0 from 1,200 to 1,600. The right axis of Figure 7b shows the cal-

culated difference (ΔJopt) between the optical current density of a

module without an optic filter and the possible candidates at STC. On

this axis, the greater the value of ΔJopt, the greater the optical loss.

(A) (B)

F IGURE 3 Thermal profile as a
function of a PV module's width (x
axis, in meters) and depth (y axis, also
in meters) depicting (a) the steady-
state temperature profile of a PV
module under NOCT conditions, with
a cell temperature value of 45.2�C.
(b) The steady-state temperature
profile of a PV module with the

optical filter is presented in Figure 2a.
The filter reduces the cell's operating
temperature by 3.5�C to a value of
41.7�C.

TABLE 1 Simulated value of τ0 for both PV module layouts

Parameter Standard IR filter

τ0 0.93 0.92

0 20 40 60 80
Angle of incidence (°)

0

0.2

0.4

0.6

0.8

1

i o
pt
(-
)

Standard
Infrared filter

F IGURE 4 Simulated value of iopt as a function of the angle of
incidence for a standard and an IR filter PV module

F IGURE 5 Optical model of a PV module with an optical filter
deposited on the backside of the front glass. The filter is made of p
pairs of LH layers and is the basis for the optimization presented in
this section. In the experimental work, the filter was deposited into a
glass substrate via plasma-enhanced chemical vapor deposition
(PECVD). Afterward, the glass was used as the front layer of an
encapsulated solar cell, creating a mini-module. The mini-module was
manufactured using a vacuum laminator with a curating temperature
of 140�C. In the optical model, no air layer is considered at any
interface within the mini-module.
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Notice that a filter with λ0 = 1,200 nm presents a more significant

loss than one with λ0 up to 1,450 nm. This higher loss is because part

of the high reflectance width around 1,200 nm falls at wavelengths at

which a c-Si still produces current, such as 900 nm. Once λ0 increases,

this reflectance range shifts more and more towards the IR region,

where it does not produce any optical loss.

Examination of the steady state solar cell temperature at

NOCT conditions also provides insights into the optimal value of

λ0. The temperature difference (ΔTcell) compared to a PV module

without the filter is presented on the left axis of Figure 7b. This

parameter represents the potential cooling power, so the greater

the value of ΔTcell, the better the filter's performance. A filter

should have relatively good cooling performance and low optical

loss. The left axis in Figure 7b shows that the behavior of ΔTcell

differs from that of ΔJopt. From the starting value of

λ0 = 1,200 nm, the temperature difference lowers slightly until

λ0 = 1,300 nm. The differences are marginal and driven mainly by

the shift of the high reflectance band and its ripples at around

900 nm towards higher values.

At λ0 = 1,350 nm, the harmonic reflectance peak coincides with the

peak differences between absorbed and extracted power. Once that peak

shifts towards higher wavelength values, the temperature difference

drops again for 1,400 < λ0 < 1,500 nm. The temperature difference then

increases until λ0 = 1,600 nm, caused by harmonics at λ0 /5 and λ0/7

that contribute to the cooling effect and produce higher optical losses

(see the dashed reflectance profile in Figure 7a). A suitable value of λ0 lies

between 1,300 and 1,350 nm. At normal incidence, a filter with a λ0 value

of 1,300 nm produces lower optical current losses, albeit with a slight

reduction in cooling potential compared to one with λ0 = 1,350 nm.

However, at higher angles of incidence, the shift of the reflectance peaks

towards lower wavelength values on the filter with λ0 = 1,300 nm pre-

sents higher optical losses than the one with λ0 = 1,350 nm, as depicted

in Figure 8a. The relative optical loss, calculated via Equation (2) for both

filters, indicates that at values of AOI greater than 20�, the filter with
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F IGURE 6 (a) Absorbed and extracted power of a PV module based on IBC solar cells by simulating the behavior of the PV module at
maximum power point under NOCT conditions. (b) Reflectance profile of three different optic filter designs that provide high reflectance at the
wavelength range of interest (400–500 nm, focused towards 470 nm) based on their value of λ0

F IGURE 7 (a) Reflectance profile of the two limits of λ0 studied (1,200 and 1,600 nm) that produces narrow reflectance peaks ranging from

400 to 533 nm. (b) Solar cell temperature difference (ΔTemp in �C) and optical current density difference (ΔJopt in mA/cm2) between an
encapsulated solar cell with and without a deposited thermal filter. The greater the value of temperature difference, the better the cooling
provided by the filter. On the contrary, higher values of current density difference represent higher optical losses, leading to reduced electrical
output.
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λ0 = 1,300 nm presents higher optical losses, reaching a maximum of 4%

around AOI = 60�, compared to the filter with λ0 = 1,350 nm (see

Figure 8b). This relative optical loss was estimated using the following

equation:

Relative loss %ð Þ ¼ � iopt λ¼1300� iopt λ¼1350

iopt λ¼1350
�100, ð5Þ

where iopt λ is the angular optical loss factor as defined by Equation (2).

Since simplicity is at the core of this work, a filter with

λ0 = 1,350 nm was considered the best in providing a sensible ther-

mal and optical performance combination.

Optical losses are reduced by lowering the value of p. As with λ0,

the optimization involves a tradeoff between optical loss and cooling

improvement. Figure 9a shows how reducing the value of p impacts

both the optical current density Jopt, estimated at STC, and the

steady-state solar cell temperature Tcell, estimated at NOCT. This dif-

ference in scenario (STC vs. NOCT) was selected to optimize the opti-

cal effect produced by the different filter layouts separately, for the

same value Tcell, and later study its effect on the steady-state temper-

ature reached by the cell under the environmental conditions of the

NOCT scenario. Finding a practical value of p was done by comparing

the different values of p with those designs that provide the best per-

formance in terms of Jopt (p = 2) and Tcell (p = 11). Figure 9b presents

the trends obtained. Reducing the number of pairs to p = 4 causes a

gain in the optical current density Jopt of 0.82 mA/cm2 while increas-

ing the value of Tcell by 0.55�C, compared with the abovementioned

best-performing designs.

Reducing the number of pairs decreases the optical loss depicted

by τ0. An additional strategy for reducing the optical loss consists of

eliminating the ripples produced between the two main reflectance

peaks. These ripples appear both at lower and higher wavelengths
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F IGURE 8 (a) Simulated angular factor iopt for a thermal filter with λ0 = 1,300 nm (dashed line) and λ0 = 1,350 nm (line with cross markers).
The trend of the filter with λ0 = 1,350 nm indicates a better optical performance. (b) Relative loss produced by a filter with λ0 = 1,300 nm
compared to one with λ0 = 1,350 nm for different angles of incidence. Notice that the negative sign in Equation (5) transforms the calculated
relative loss into a positive number for easier understanding.
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F IGURE 9 (a) (Right) Simulated optical current density in mA/cm2 (under STC conditions) and (left) steady state temperature in �C (under
NOCT conditions) as a function of the number of pairs for an optical filter with an λ0 = 1,350 nm. (b) (Right) Differences in optical current density
(mA/cm2) with respect to the filter with the highest current density (p = 2). (Left) Differences in steady-state temperature with respect to the
filter that provides the lowest cell operating temperature (p = 11)
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from the central reflectance peak (determined by λ0). They can be

suppressed by placing layers with half QWOT at both ends of the

filter. If the layer belongs to material H, the ripples for wavelengths

greater than λ0 are suppressed. Conversely, placing material L at each

end eliminates ripples below λ0. This latter option is applied in this

case. Figure 10a shows how going from an (LH)4 design towards a

0.5Lj(HL)3jHj0.5L design significantly eliminates ripple without major

effects on the reflectance peak at 450 nm.

As presented in the case of the IR filter, iopt also represents an

essential optical loss that needs optimization. The angular behavior of

the simplified filter based on 0.5Lj(HL)3jHj0.5L still presents important

losses. Figure 10b shows the behavior of this filter at two different

angles of incidence, 0� and 50�. At 50�, the high reflectance peak

shifts to lower wavelength values. For example, at 1,000 nm, the filter

presents a reflectance value of 0.4, which translates into substantial

optical losses on the PV module. Notice that the results presented in

Figure 10 belong to an optical system of airjglassjfilterjair. This simpli-

fied optical system is easier to optimize in OptiLayer®.

OptiLayer® was used to improve the angular stability of the fil-

ter by using its second-order optimization algorithm, the so-called

needle technique.45,50,51 The main inputs for the deployment of the

needle technique are the initial filter design, the desired final reflec-

tance, and, for each wavelength value of reflectance, the accepted

tolerance in percentage. The selection of the target reflectance and

the allowed tolerance per wavelength plays an important role in the

complexity of the filter's design. Figure 11a gives an example of a

potential reflectance target. The target aims to eliminate the remain-

ing ripples to reduce optical losses further while keeping both areas

with high reflectance. The blue and green areas depict the upper

and lower tolerance limits. These target and tolerance values allow

the algorithm to accept any value of reflectance that falls within the

colored areas. However, with this target, the algorithm also forces

the elimination of the small ripples. Reduction of these ripples will

have a less significant impact on the incurred optical losses com-

pared to the improvement of angular stability. Figure 11b presents a

more appropriate reflectance target. The ripples are considered

acceptable, and the effort in the optimization procedure focuses on

a slight reduction of the reflectance at 450 nm (notice the difference

between the blue and green areas, which forces the algorithm to

reduce the peak) and to maintain angular stability. The target is fed

(A) (B)

500 1000 1500
Wavelength (nm)

0

0.2

0.4

0.6

0.8

1

R
(-
)

(LH)4 0.5L|HLHLHLH|0.5L

500 1000 1500
Wavelength (nm)

0

0.2

0.4

0.6

0.8

1

R
(-
)

0° 50°

F IGURE 10 (a) Reduction of
ripples by changing the layout of the
filter from (LH)4 to 0.5Lj(HL)3jHj0.5L.
(b) Even though the ripple is
substantially reduced, the angular
behavior still presents shifts that
produce significant optical losses on
the PV module.
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F IGURE 11 (a) Original reflectance (continuous dotted line), target reflectance (red dashed line), and tolerance ranges (delimited by the dash-
dotted green and dotted blue lines) for a highly optimized filter design. Such strict target leads to highly complex and thick filter designs. (b) A
more practical approach is to use a target reflectance that mimics the reflectance behavior of the initial design and set tolerance limits to the
algorithm that also follows the reflectance pattern. Acceptable losses from small ripples force the algorithm to focus mainly on reducing the peak
at 450 nm and improving angular stability, keeping the design of the optical filter practical.
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into OptiLayer® as being the same for normal incidence, 20� and

50�.

OptiLayer® has different options for automating the optimization

process. An explanation of the different approaches can be found in

the developer's work.45 However, the automation process is

extremely fast, inserting new layers quickly. Filters obtained by this

approach quickly reach a layer count that easily surpasses 20 layers.

The aim of this work is to obtain filters that have a relatively low layer

count. To achieve this, the layer insertion was done manually accord-

ing to the value of a merit function.52 The merit function estimates,

according to the position where a new layer is added, if the resulting

reflectance gets closer (negative value) or further (positive value) from

the target.

The resulting filter (hence referred to as a Thermal filter) consists

of 15 layers with no repetitive thickness values, and its detailed design

is presented in Table B2. The main objective of the optimization was

to improve angular behavior while limiting the number of layers to a

practical value. Easy manufacturing was deemed preferable compared

to near-ideal optical behavior. For comparison, Figure 12b presents

the reflectance profile of this thermal filter at the same angle of inci-

dence values as its base design once implemented on a PV module.

Notice that at 1,000 nm, the thermal filter has a reflectance value of

0.23, which reduces optical losses (comparing Figure 12a,b). The trend

depicted by the iopt scaling factor of this thermal filter showcases the
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F IGURE 12 (a) Simulated reflectance at normal incidence and an angle of incidence equal to 50� for a filter with a 0.5Lj(HL)3jHj0.5L layout
implemented on a full PV module. (b) Simulated reflectance of the improved thermal filter under the same angle of incidence conditions. Notice
the reduced value of (R) at 1,000 nm for the case of AOI = 50�. The optimization technique shifted the high reflectance zone towards higher
wavelengths while keeping the peak at the desired value of 450 nm. (c) The simulated trend of the angular scaling factor iopt for the filter with
p = 4 compared to a standard module without the filter. (d) The same trend simulated for the thermal filter highlights the results from the
optimization process, reducing the gap with respect to the standard module.

TABLE 2 Simulated values of τ0, estimated under STC conditions,
and Tcell, estimated under NOCT conditions for the baseline filter
design (0.5Lj(HL)3jHj0.5L) and the final thermal filter design after
optimization (15 non-QWOT layers) via needle technique

Filter 0.5Lj(HL)3jHj0.5L Thermal filter

τ0 (�) Tcell (�C) τ0 (�) Tcell (�C)

0.80 41.32 0.85 41.86
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improvement with respect to the filter with 0.5Lj(HL)3jHj0.5L. More-

over, the peak at 450 nm was reduced to improve the value of τ0.

The optimization procedure increased the value of τ0 from 0.80

to 0.85. An increased solar cell temperature follows this reduction of

the optical loss at normal incidence. Simulations at NOCT predict that

this increase amounts to 0.54�C compared to the baseline design

(0.5Lj(HL)3jHj0.5L). The overall results from the simulations are pre-

sented in Table 2.

More details of the designed thermal filter are explained in the

appendix.

4 | EFFECT ON PV PERFORMANCE AND
DEGRADATION RATE

A study of the overall effect of adding a thermal filter to a PV module

was done by simulating the DC energy yield obtained from two mod-

ules, one with the thermal filter and one being a standard module. The

chosen locations for the study were Delft (in the Netherlands) and

the city-state of Singapore. The weather data were extracted from

the PVGIS database53 for five consecutive years (2015–2020). The

PV modules were set to their optimal tilt and azimuth for each loca-

tion. The measured data obtained from the SunPower IBC solar cell

were used to model the PV modules. The resulting current (I) versus

voltage (V) curve was obtained experimentally and is presented in

Figure 13. Each module is considered to have 96 solar cells connected

in series. Even though the IBC solar cells under test are bifacial, we

consider that the transmitted light through them is lost. Therefore,

current losses and the effect of the back sheet were not considered

for the simulations. The total DC power was obtained by estimating

the individual contribution of each cell, all operating under the same

conditions. The data for the module under STC conditions are pre-

sented in Table 3. The temperature coefficients were taken from the

data sheet published by SunPower for their Maxeon® Gen II solar cell.

Simulations had a time resolution of hours. Estimation of hourly

DC yield and operating cell temperature for each module were used

to analyze the overall effect of implementing the thermal filter.

Results show that thermal gain cannot compensate for the optical

loss. In Delft, a PV module with a thermal filter presents a relative DC

energy yield loss compared to a standard module of 10.01%. The 98th

percentile value from the instantaneous temperature difference

between the standard module and the module with the thermal filter

was estimated at 2.20�C. The estimated relative energy loss in

Singapore was 9.76%, with a 98th temperature difference of 2.45�C.

The module with the thermal filter presented maximum and mean

values of Tcell lower than those obtained for the standard module.

Table 4 presents the main results from the simulation work for both

locations and modules. No degradation mechanism was accounted for

at this first stage of simulations.

To evaluate the yearly degradation rates/lifetime of the modules,

a physics-based approach that considers various aspects that might

influence PV reliability54 was used. In this approach, the electrical

model is modeled as time and climate/stress factors (i.e., module

temperature, relative humidity, and UV dose) using the degradation

rate and reliability models.4 The outputs of the degradation model are

the time series of electrical parameters (power, short circuit current,

open circuit voltage) with degradation. The 5 years of weather data

were replicated to estimate both locations' annual degradation rates

(DR). The UV component was estimated to be a 5% fraction of the

plane of array irradiance components obtained from the weather data.

The calculated normalized performance ratio (PR) serves as the

key performance indicator to determine the useful lifetime of a mod-

ule. The limiting value is a normalized PR of 0.8. The time it takes a

module to reach this limit is considered its useful lifetime (LT),

expressed in years. The lifetime energy yield was defined as the total

energy produced by the module until it reached the normalized PR

limit.

In the case of Singapore, the thermal filter increases the lifetime

of the PV module by 2 years. A standard PV module reaches its limit

in 22years (DR = 0.98%/year), whereas the module with the thermal

filter does it in 24 years (DR = 0.89%/year), as shown in Figure 14a.

During its lifetime, the standard PV module produces 8,934.09 kWh.

The PV module with the thermal filter produces 9,212.85 kWh, repre-

senting a relative energy yield gain of 3.12%. This gain means that the

TABLE 3 PV module parameters

Parameter Value

ISC (A) 6.005

VOC (V) 64.93

IMPP (A) 5.71

VMPP (V) 55.66

Pmax (W) 317.82

δVOC/δT (mV/�C) �1.84

δISC/δT (mA/�C) 2.60

δPmax/δT (%) �0.35

Note: The values belong to a module containing 96 solar cells without the

thermal filter installed.
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F IGURE 13 IV curve of a single encapsulated SunPower IBC
solar cell utilized for the simulation work
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net effect of the thermal filter on the DC energy production of a PV

module, despite the initial optical loss, is ultimately positive.

However, the benefits produced by the filter are very dependent

on the location. For the case of Delft, the benefits provided in terms

of a lower annual degradation rate did not compensate for the initial

optical loss. At this location, the lifetime energy yield of the standard

PV module (9,153.57 kWh) was greater than that of the PV module

with the thermal filter (8,925.29 kWh). The lifetime of a standard PV

module was estimated at 34 years (DR = 0.57%/year). The thermal

filter extended this lifetime to 35 years (DR = 0.55%/year). Imple-

menting a thermal filter will cause a relative energy yield loss of

2.49%.

Figure 14b presents the trend of the renormalized power ratio

(PR) for the Delft case for both PV modules. The overall results of the

degradation study are presented in Table 5. The mean, maximum, and

98th percentile values of operational cell temperature used for the

study are those presented in Table 4.

5 | OUTLOOK

The findings of this work indicate that the annual degradation rate can be

the critical performance parameter of optimization. This work's main limi-

tation lies in the detachment of the different optimization algorithms,

TABLE 4 Simulation results of the 5-year DC energy yield for two 96 IBC solar cell PV modules

Standard PV module PV module + thermal filter

DC yield (kWh) Tcell avg (�C) Tcell max (�C) DC yield (kWh) Tcell avg (�C) Tcell max (�C) ΔTp98 (�C)

Delft, NL 1,876.30 18.73 43.22 1,688.40 17.91 41.02 2.20

Singapore 2,749.80 36.11 51.83 2,481.40 35.02 49.38 2.45

Note: One standard PV module and another with a thermal filter implemented beneath the front glass. Hourly simulations were run for five consecutive

years using weather data from the PVGIS database.
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F IGURE 14 (a) Renormalized performance ratio (PR) of a standard PV module and a PV module with a thermal filter installed in Singapore.
(b) The renormalized PR of both modules is located in Delft.

TABLE 5 Simulated degradation rate
results for a standard PV module and a
PV module with a thermal filter

Singapore Delft

Standard PV + T. filter Standard PV + T. filter

RH (%) 84.45 84.45 83.11 83.11

UV dose (kWh/a/m2) 79.74 79.74 52.56 52.56

DR (%) 0.98 0.89 0.57 0.55

Lifetime (years) 22.00 24.00 34.00 35.00

DC lifetime (kWh) 8,934.09 9,212.85 9,153.57 8,925.29

Note: Values of ultraviolet light and relative humidity (RH) were extracted from the weather data. For the

case of UV light, the values were estimated as a 5% fraction of the irradiance components.
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particularly the second-order optimization stage aimed at improving angu-

lar stability while maintaining a simplified structure. Creating a single com-

prehensive modeling framework that includes this latter algorithm in the

overall design would be desirable. The best approach to optimizing the

benefit of the optical filter is to find a good balance between τ0 and

DR. τ0 is proven to be the main driver of optical loss and an essential con-

tributor to lower operational temperature. Therefore, an optimal thermal

filter is one whose value of τ0 optimizes DR such that the DC energy

yield lifetime surpasses that of a standard module.

Another important aspect of this work is the selected solar cell

architecture. As stated before, the selected IBC solar cell has a spe-

cific behavior in the near-infrared wavelength range. Since most of

the light at those wavelengths is being either transmitted or

reflected, the effect in temperature produced by reflecting in the

near-IR range is rather limited. This, however, is different for other

c-Si solar cell architectures. On aluminum back surface field (Al-BSF)

solar cells, for example, the contribution of the sub-bandgap absorp-

tion losses can be significant,55 leading to operational solar cell tem-

peratures higher than PERC architectures.48 For Al-BSF cases, a

practical design can be focused on only producing rejection on the

sub-bandgap range. In general, creating a practical design is depen-

dent on the target cell architecture. The findings produced in this

work will be adapted to a wider range of commercially available

solar cells in the future.

6 | CONCLUSIONS

This work presented a practical approach to the design of an optical

filter that provides passive thermal management to PV modules. The

filter was tailored to an IBC solar cell architecture. It was proven that

for this architecture, rejection of just IR radiation provides a limited

level of thermal management and requires an extremely complex opti-

cal filter design.

Therefore, another approach was proposed, consisting of find-

ing a wavelength range that ensures the best reduction of thermal-

ization losses. The simulation framework indicated that a narrow

rejection of light on a wavelength range from 400 to 500 nm pro-

vided the best cooling potential. It is demonstrated that a practical

way to achieve this is to use the harmonic reflection peak created

by an optical filter based on the QWOT approach with a design

wavelength of λ0 in the IR region.

The optimization of the optical filter was done by finding,

through simulations, the design that provided the lowest optical

loss with a reasonable temperature reduction. From an initial

design of 11 pairs (p) of SiO2(L)jSiNX(H), the value of λ0 was chan-

ged from 1,200 to 1,600 nm. A value of λ0 = 1,350 nm proved to

give the best tradeoff. Later, the number of pairs p was optimized

to a value of 4, reducing optical losses without sacrificing the cool-

ing potential significantly. Angular stability was improved using

OptiLayer's second-order optimization algorithm, establishing the

final number of layers as 15.

Simulating the thermal filter effect on PV modules predicted a

cooling potential of 2.20�C for a module located in Delft, NL, and

2.45�C for one located in Singapore. If no degradation effects are

accounted for, implementing the thermal filter onto a PV module

translates into a DC energy yield loss. For Delft, the relative DC

energy yield loss was found to be 10.01%, whereas for Singapore, this

value was estimated at 9.76%. The optical losses are not compensated

by the cooling provided to the PV module.

However, looking at long-term reliability, the thermal filter

extended the lifetime of a PV module by 2 years in Singapore and

1 year in Delft. With degradation effects accounted for, the

extended lifetime provided by the thermal filter in Singapore

yields an overall positive result in terms of DC energy yield in

both scenarios, with relative gains of 3.12%. The benefit provided

by the filter is location-dependent, as the overall effect for Delft

was still negative, with a relative loss in the lifetime energy yield

of 2.49%. Further improvements will be studied in later stages,

but this solution ensures reliability and energy yield benefits in

hot climates.

0.5L|(HL)6|H|0.5L for 0 = 1410 nm

L = SiO2

H = SiNX

500 1000 1500
wavelength (nm)

0

0.2

0.4

0.6

0.8

1

R
(-
)
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F IGURE 15 The test filter is
deposited on glass and measured so
that the filter is located on the
backside. The resulting filter was
measured on a PerkinElmer Lambda
device.

TABLE 6 MAE, MBE, and RMSE values for the assessment of the
optical model accuracy

Test filter

MAE 4.25%

MBE 1.49%

RMSE 6.59%
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7 | EXPERIMENTAL WORK AND MODEL
VALIDATION

A test filter was manufactured by plasma-enhanced chemical vapor

deposition (PECVD) with a flat glass as a substrate. The size of the

glass was 15 cm � 15 cm. The details of the filter layout are found

in Figure 15. The coated glass was measured with the filter located

at the backside (see Figure 15). The predicted reflectance and the

measured reflectance were compared to estimate the error of the

optical model. The metrics used to estimate accuracy were the

mean bias error (MBE), mean absolute error (MAE), and root mean

square error (RMSE).

Table 6 presents the results from the validation procedure. The

coated glass was then used as the top layer of a mini-PV module.

The module consisted of an encapsulated SunPower Gen II solar cell.

Another mini-module, without the thermal filter, was manufactured

for comparison. Electrical measurements of both mini-modules were

carried out under an AAA solar simulator under STC conditions,

obtaining IV curves for both samples. Parameters for electrical simu-

lations were extracted by using the equivalent circuit calculator from

PV Lighthouse.56 The ratio between the measured short circuit cur-

rent from the mini-module with the filter with respect to its counter-

part without the filter was used to scale down the irradiance value

of the two-diode electrical model. Results show that this approach is

very accurate in predicting the effect of the filter on the electrical

performance of the mini-module, as shown in Figure 16a. The elec-

trical model accuracy was assessed by comparing the current values

of the generated IV curve via the two-diode model with the

measured values, yielding an RMSE value of 0.05 A, as presented in

Table 7.

After the electrical measurements, both modules were taken for

outdoor temperature measurements. The measurements were carried

out for 11 consecutive days. A single T-type thermocouple was placed

at the backside of each mini-module, and temperature measurements

were taken every 10 s. Both modules were in VOC conditions. Assess-

ment of the thermal model shows that the predicted operating mod-

ule temperature (backside value) was in very good agreement with the

backside measurement, as shown in Figure 16b.

The model predicts the temperature of the backside of a mini-

module with a thermal filter with an RMSE value of 1.44�C for the

entire range of measured values, as shown in Table 7. The time reso-

lution for this simulation was 20 s to synchronize the temperature

data with the measured irradiance data. Application of the thermal

model for the case of the standard module produces slightly lower

values of MAE, MBE, and RMSE. Figure 17a shows the measured

and simulated values for the entire measurement range for this

latter case. The difference between these error values of both

validations falls within the uncertainty of the measurement sensor

(±0.5�C).

The values presented in Table 7, however, are calculated for the

entire range of measurements. Analysis of the potential effect on

model accuracy of the spectral approach is done by comparing the dif-

ferences between the prediction of the standard mini-module and the

mini-module with the implemented thermal filter. First, the difference

between the measured value and the simulated value for each case is

defined as
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F IGURE 16 (a) Validation of the electrical model for a standard mini-module and a mini-module with a thermal filter. (b) Thermal model
validation for 11 consecutive days of measurements of the mini-module equipped with the thermal filter with a time resolution of 10 s

TABLE 7 Accuracy assessment of
the electrical and thermal models used in
this work for simulating the thermo-
electrical performance of our mini
modules

Electrical model Thermal model standard Thermal model filter

MAE 0.03 A 0.87�C 1.00�C

MBE 0.01 A 0.34 �C 0.73�C

RMSE 0.05 A 1.22�C 1.44�C

Note: Numbers in the table refer to the case of a mini-module endowed with the thermal filter.
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ΔTmodule ¼ Tmeasured�Tsimulated: ð6Þ

Figure 17b shows the same trend for both mini modules.

There are, however, differences in the values of ΔT, which

sometimes presents greater values for the case of the

mini-module with the implemented thermal filter. Estimation

of a new parameter, ϵ, defined by Equation (7), enables further

analysis:

ϵ¼ΔTstandard�ΔTthermal: ð7Þ

Figure 17c indicates that, even though, on occasion, the value of

ϵ is greater on the thermal model, the error trend strongly correlates

to the error of the standard module. This correlation signifies that a

potential error in the model affects both the thermal mini-module and

the standard mini-module equally.

The probability histogram of ϵ, presented in Figure 17d, indi-

cates only a marginal deviation of ϵ with a median value of 0.29�C

(blue solid line in Figure 17d) and a 90th percentile value of

1.29�C (red dashed line). Therefore, it is unlikely that the infre-

quent differing values of ΔTthermal are related to the spectral ther-

mal model.
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APPENDIX A: OPTICAL PROPERTIES OF THE DIFFERENT

MATERIALS CONSIDERED IN THIS WORK

A.1 | Physical and thermal properties used in this work

Table A1 describes the thickness and the thermal properties of the

different materials employed in the modeled PV module. Thermal data

are obtained from Aly et al.59

A.2 | Additional details on the optical, thermal, and electrical

modeling

The modeling framework estimates the spectral plane of array irradi-

ance for every time instant. The spectrum is estimated based on the

F IGURE A1 Optical properties used in this work for glass (data obtained from Vogt et al.57), ethyl vinyl acrylate (EVA, with data obtained
from Vogt et al.58), silicon oxide, and silicon nitride (data obtained from measurements on a glass substrate via spectroscopic ellipsometry)

TABLE A1 Physical and thermal properties of the different materials considered in the model of the PV module59

Layer Thickness—d (m) Thermal conductivity—k (W/m K) Density—ρ (kg/m3) Specific heat capacity—Cp (J/kg K)

Glass 3.2 � 10�3 1.8 3,000 500

EVA (x 2) 580 � 10�6 0.35 960 2,090

PV Cell 210 � 10�6 148 2,330 677

Back sheet 100 � 10�6 0.2 1,200 1,250
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air mass using SMARTS (see Figure A2). The GenPro4 software

models the PV module's optical system based on each layer's optical

properties, as described in Figure A1. Spectral values of reflectance

(R), transmittance (T), and absorptance (A) are estimated for each layer

of the module for angles of incidence of light ranging from 0� (normal

incidence) to 87� with a resolution of 3�. Using these values of R, T,

and A, the scaling factors described in Equations (1) and (2) are calcu-

lated, which in turn allows the estimation of Gcell (Equation 3).

The spectral plane of array irradiance and the absorptance values

estimate the volumetric heat produced within the module (see

Figure A3), thus estimating Tcell. All the mathematical details can be

found in Ortiz Lizcano et al.42 and Aly et al.59

Using both Gcell and Tcell as inputs, a two-diode model provides

the electrical output of a single solar cell. The parameters used in this

model were extracted using the measured JV curve of a single solar

cell and PV lighthouse's calculator (see Table A2).56

F IGURE A2 Estimation of the spectral plane
of array irradiance for each time instant is done by
calculating the air mass and modeling a spectrum
based on clear skies using SMARTS. The
spectrums are normalized and then multiplied by
the respective scalar values of each irradiance
component, which are calculated using the Perez
Model and weather data obtained from
Meteonorm

F IGURE A3 (a) The PV module is divided into
finite volumes represented by nodes. At each
node, the appropriate heat transfer mechanisms
are used to obtain a temperature profile like the
one shown in (b).

TABLE A2 Two diode parameters used in this work

Parameter Symbol Unit Value

Light collected current (JL) (mA/cm2) 37.204

Saturation current 1 (J1) (pA/cm2) 0.14

Ideality factor 1 (m1) (�) 1

Saturation current 2 (J2) (nA/cm2) 3.74

Ideality factor 2 (m2) (�) 2

Shunt resistance (RSH) (kΩ cm2) 18

Series Resistance (RS) (Ω cm2) 0.6
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Note: The values were found using the calculator from PV

Lighthouse.56

APPENDIX B: DETAILS OF THE OPTICAL FILTERS USED IN

THIS WORK

TABLE B1 Near ideal IR optical filter from Figure 2a

Material Thickness (nm)

MgF2 71.786

TiO2 12.115

MgF2 14.143

TiO2 103.513

MgF2 9.596

TiO2 24.217

MgF2 31.757

TiO2 12.008

MgF2 206.884

TiO2 8.805

MgF2 43.425

TiO2 21.54

MgF2 25.762

TiO2 29.313

MgF2 6.916

TiO2 133.606

MgF2 13.158

TiO2 23.62

MgF2 39.08

TiO2 7.792

MgF2 200.468

TiO2 14.456

MgF2 23.749

TiO2 104.132

MgF2 11.274

TiO2 17.22

MgF2 24.399

TiO2 7.899

MgF2 184.479

TiO2 8.588

MgF2 42.585

TiO2 21.777

MgF2 18.303

TiO2 32.811

MgF2 5.328

TiO2 143.184

MgF2 13.315

TiO2 24.662

(Continues)

TABLE B1 (Continued)

Material Thickness (nm)

MgF2 35.75

TiO2 10.169

MgF2 189.375

TiO2 6.726

MgF2 18.704

TiO2 11.621

MgF2 13.452

TiO2 109.145

MgF2 22.992

TiO2 11.938

MgF2 195.57

TiO2 12.967

MgF2 23.1

TiO2 105.362

MgF2 22.859

TiO2 13.366

MgF2 192.455

TiO2 13.099

MgF2 23.413

TiO2 102.046

MgF2 23.67

TiO2 14.987

MgF2 183.67

TiO2 9.799

MgF2 11.723

TiO2 6.734

MgF2 14.9

TiO2 98.307

MgF2 17.149

TiO2 7.326

MgF2 11.924

TiO2 8.551

MgF2 178.002

TiO2 10.698

MgF2 25.996

TiO2 14.618

MgF2 6.851

TiO2 91.923

MgF2 16.756

TiO2 18.438

MgF2 39.163

TiO2 6.556

MgF2 186.103

Note: Final design of the thermal filter that was used for all the

performance and degradation calculations. The layers are not in the order

of deposition but rather in the order of how light travels through the filter

once it goes through the front glass.
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APPENDIX C: ANNUAL DEGRADATION RATE—OTHER

IMPORTANT RESULTS

The degradation rate from the simulated time series was evaluated

using the year-on-year (YOY) method based on NREL Rdtools,60 as

shown in Figure C1. Both temperature and irradiance corrections are

considered in the evaluations. The irradiance filter of 200–1,200 W/

m2 is used to remove nighttime data and non-uniform irradiance

scenarios.

TABLE B2 Thickness values and order of layers of the optimized
filter that provides the optical performance presented in Figure 12b
and 12d.

Material Thickness (nm)

SiO2 103

SiNX 163

SiO2 226

SiNX 176

SiO2 67

SiNX 16

SiO2 125

SiNX 169

SiO2 258

SiNX 16

SiO2 23

SiNX 151

SiO2 33

SiNX 17

SiO2 208

Note: Notice that, to replicate the behavior shown in Figure 12b, the filter

needs to be simulated working within the complete optical system

described Figure 5 (i.e., considering the entire PV module layout).

F IGURE C1 (Left) Evolution of daily renormalized daily performance ratio (PR) (dashed line is a linear fit) and (right) the corresponding
histogram of the annual degradation rate (DR) based on the YOY analysis (dashed line shows the median)
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