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ABSTRACT
PV module operating temperature is the second-most important factor influencing PV system 
yield—after irradiance—and a substantial contributor to uncertainty in energy system yield 
predictions. Models commonly used to predict operating temperature in system simulations are 
based on a simplified energy balance that lumps together different heat loss mechanisms—including 
radiation—and assumes an overall linear behavior. Radiative heat loss to the sky is usually 
substantial, but modeling it accurately requires additional information about down-welling long-wave 
radiation or sky temperature and increases the complexity of temperature model equations. 

In this work we show how radiative losses to the sky can be separated into two parts to improve the 
accuracy of modeling without additional complexity. We also predict and demonstrate the variation 
of these losses at different tilt angles and show that the effective view factor is reduced by the non-
isotropic distribution of down-welling long-wave radiation. Finally, we demonstrate substantial 
reduction in bias (MBE) and scatter (RMSE) when the new radiative loss term is added to the 
Faiman model using one year of measurements at Sandia National Labs.
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ACRONYMS AND TERMS

Acronym/Term Definition
ε emissivity (in particular in the infrared region)

F view factor (in particular view factor from a PV module to the sky)

NOCT nominal operating cell temperature

PV photovoltaic

SAPM Sandia array performance model

Ta ambient temperature

Tm module temperature

Ts equivalent sky temperature

U heat loss coefficient

WS wind speed
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1.0 INTRODUCTION
PV modules convert part of the absorbed solar radiation to thermal energy or heat, and as a result 
module temperature rises. As the temperature rises, the rate of heat loss to the environment 
increases until the loss rate matches the gain rate from solar energy absorption. At that equilibrium 
point the temperature would remain stable if all other conditions remain constant; however, air 
temperature, wind speed and other external conditions vary continuously such that module 
temperature is rarely stable. Module temperature is the second-most important factor influencing PV 
system yield, but since simulations of PV systems have historically used (and still usually use) one-
hour time-steps, the dynamics of temperature fluctuations are usually ignored. Instead, so-called 
steady-state thermal models are used which assume the average conditions over the hour are 
constant.

The steady-state thermal models most commonly used in simulation software for yield assessment 
and energy rating are one-dimensional, linear, lumped-parameter models with empirically determined 
coefficients: Faiman [1], SAPM [2], PVsyst [3], SAM-NOCT [4]. This means they use just a few 
parameters to represent all the complexities of the heat exchange between the module and its 
environment, and indeed also of the heat generation and transfer within the module. Heat flow is 
assumed to occur only in the direction perpendicular to the PV module surface, which makes them 
one-dimensional models. The rate of heat rejection varies linearly with the difference between 
module temperature (Tm) and ambient temperature (Ta), which means that when Tm equals Ta, no 
heat can be rejected according to the models. In reality, however, a substantial amount of heat is 
usually rejected under this condition because of the long-wave radiation exchange with the colder 
sky. This is very much apparent at night when module temperatures frequently drop below ambient 
temperature, but this exchange also takes place during the day. 

The Fuentes model [5] implemented in PVWATTS v5 (and earlier versions) is an exception to the 
above description as it incorporates the estimation of sky temperature and radiative losses to the sky. 
Consequently the model predicts module temperatures several degrees below ambient in the first 
and last hours of each day when irradiance is low. However, the model incorporates several default 
behaviors and unfamiliar parameters, and it has not been adopted by any other mainstream software. 
In fact, the latest version of PVWATTS v8 no longer uses the Fuentes temperature model but has 
been changed to the SAM-NOCT model in order to be more consistent with the SAM software [6]. 

In this work a practical method is presented for incorporating radiative losses to the sky dome into 
any of the existing one-dimensional linear lumped-parameter models. Since radiative losses are site-
dependent this offers a two-fold advantage: the parameters for the modified models become less 
site-dependent, and at the same time operating temperature predictions using the modified models 
become more site-specific. These advantages could be desirable in a range of applications from 
energy rating to yield assessments and from performance metrics to digital twinning.
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2.0 BACKGROUND: THERMAL BALANCES EVERYWHERE
Although “thermal balance” or “heat transfer” labels are often used to tag more advanced modeling 
efforts that go back to first principles, all the simple lumped parameter models in use actually 
describe a thermal balance between a PV module and its environment—it’s just a less detailed and 
exact balance. A high-level, steady-state, thermal balance (disregarding thermal capacitance) is 
expressed by the following equation: 

𝑞𝑠𝑢𝑛 ― 𝑞𝑒𝑙𝑒𝑐 ― 𝑞𝑟𝑎𝑑 ― 𝑞𝑐𝑜𝑛𝑣 ― 𝑞𝑐𝑜𝑛𝑑 = 0 (1)

where qsun is the energy flux from the sun, qelec the energy flux extracted as electrical power, and the 
remaining three terms are the heat losses by radiation, convection and conduction (all in W/m2). 
Conduction is usually negligible since the area of contact between the PV module frame and 
mounting structure is very small, and it will therefore not be mentioned further. 

Figure 1 illustrates how an energy balance might evolve during a sunny day in Albuquerque, and the 
temperatures corresponding to this energy balance are shown in Figure 2. For the purpose of the 
illustration the individual energy fluxes are approximated as follows: 

 Solar is the measured plane-of-array irradiance.
 Electrical is 16% of Solar (constant efficiency).
 Radiative loss to the sky and ground are calculated from measured module temperature and 

estimated sky and ground temperatures respectively using an emissivity of 0.88 and view 
factor of 1.0. Sky temperature is calculated from pyrgeometer readings and ground 
temperature is assumed to be equal to air temperature.

 Conduction through the module frame is assumed to be zero.
 Convection is the amount needed to balance the other flows.

Figure 1 Energy flows into and out of a PV module over the course of a sunny day (Sept. 9, 2016) 
in Albuquerque, NM.
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Figure 2 Estimated sky and measured air and module temperatures over the course of a sunny 
day (Sept. 9, 2016) in Albuquerque, NM. Effective sky temperature is calculated from pyrgeometer 

measurements of long-wave radiation.

The most prominent feature of Figure 2 is the substantial and rapid fluctuation in module 
temperature, which is caused by fluctuations in wind speed that alter the rate of convective cooling. 
However, the most important feature for this report is the fact that module temperature descends well 
below ambient air temperature at night. This is due to radiative losses to the sky, which has an 
effective temperature that is much lower than the ambient temperature. As Figure 1 shows, the 
night-time radiative losses are balanced by energy gains through convection; i.e., the surrounding air 
provides the energy that is radiated out. This is not only a night-time phenomenon but heat is lost to 
the sky by radiation throughout the day, and must therefore be included in some way in PV module 
temperature models.

The simplest way to include radiative losses is to lump them together with the convective losses:

𝑞𝑠𝑢𝑛 ― 𝑞𝑒𝑙𝑒𝑐 ― 𝑞𝑐𝑟 = 0 (2)

Although qcr actually depends on a large number of parameters and properties, its main tendency is 
to increase as the temperature of the module (Tm) rises above the temperature of the environment 
(Ta). Using a one-dimensional, linear approximation of this tendency produces the thermal balance 
equation:

𝑞𝑠𝑢𝑛 ― 𝑞𝑒𝑙𝑒𝑐 ― 𝑈𝑐𝑟 ∙ (𝑇𝑚 ― 𝑇𝑎) = 0 (3)

where Ucr is the combined or lumped heat loss coefficient representing transfer by both convection 
and radiation. This can easily be rearranged to calculate module temperature:

𝑇𝑚 = 𝑇𝑎 +
𝑞𝑠𝑢𝑛 ― 𝑞𝑒𝑙𝑒𝑐

𝑈𝑐𝑟

(4)

However, qsun is always positive and qelec must be smaller than qsun; therefore, this equation cannot 
model module temperatures that fluctuate both above and below ambient temperatures as they do in 
reality.
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The electrical power output can be handled in two different ways. It can be left where it is in (4), but 
since qelec is approximately proportional to qsun (i.e. qelec = qsun x module efficiency) it is also possible to 
incorporate it into the heat loss coefficient by scaling the latter:

𝑇𝑚 = 𝑇𝑎 +
𝑞𝑠𝑢𝑛 ∙ (1 ― 𝑚𝑜𝑑𝑢𝑙𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)

𝑈𝑐𝑟

𝑇𝑚 = 𝑇𝑎 +
𝑞𝑠𝑢𝑛
𝑈𝑐𝑟

1 ― 𝑚𝑜𝑑𝑢𝑙𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

𝑇𝑚 = 𝑇𝑎 +
𝑞𝑠𝑢𝑛

𝑈
(5)

We will move forward with this simplified linear equation. A second linear approximation usually 
finds its way into this equation to represent the fact that wind enhances cooling, and therefore 
increases the value of the combined heat transfer coefficient U. This leads to an equation for 
module temperature that most closely resembles the Faiman model, but is also fundamentally 
equivalent to the PVsyst and SAM NOCT models:

𝑇𝑚 = 𝑇𝑎 +
𝑞𝑠𝑢𝑛

𝑢0 + 𝑢1 ∙ 𝑊𝑆
(6)

In the Faiman model qsun is equated with plane-of-array irradiance (Gpoa), whereas in the PVsyst and 
SAM NOCT models the value of Gpoa is reduced to account for the facts that some of the incidence 
energy is reflected, and some is extracted as electricity. Although it looks different at first sight, the 
SAPM model also fits this template. It differs only in the formulation of U, which has a non-linear 
wind coefficient:

𝑈 = 𝑒―(𝑎+𝑏∙𝑊𝑆) (7)

These four models require different values for their model coefficients but have very similar overall 
behavior. In fact, their equivalence has been analyzed in detail in [7] and functions that translate the 
coefficients between models are available in pvlib-python [8] It is important to establish this 
equivalence between the models and view them all as thermal balance calculations because this is the 
reason why the proposed adjustment for radiative losses can be used to improve any or all of them.
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3.0 MODEL DEVELOPMENT

3.1 The radiative loss term
In this section we examine the exact calculations for radiative losses and propose a simplification 
that is more realistic than the lumped heat transfer coefficient, yet still easy to use. An intuitive way 
to formulate the radiative exchange between the module and sky is by using an effective sky 
temperature, Ts:

𝑞𝑟𝑎𝑑 = 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ (𝑇4
𝑚 ― 𝑇4

𝑠) (8)

where F is the view factor or configuration factor between the module and the sky, ε is the 
emissivity of the module surface facing the sky, and σ is the Stefan-Boltzmann constant with a value 
of 5.7x10-8 W/m2/K4. Ts cannot be measured directly but is an abstract value that represents the 
downward radiation from the atmosphere to the module. When Eq.(8) is inserted into the thermal 
balance, the resulting equation can no longer be rearranged into closed form to find Tm but must be 
solved by numerical methods instead, for example fixed-point iteration. This is not a major challenge 
for a computer programmer and certainly less complex than finding the maximum power point for 
the single-diode PV cell model, but traditionally linear simplifications tend to be preferred as they 
permit even complex thermal systems to be analyzed and solved more easily. 

The usual way to simplify the radiative exchange is to assume linear behavior over the range of 
temperatures of interest; however, this blurs the distinction between radiative and convective losses 
and leads to the use of a single lumped heat transfer coefficient. What we propose instead, is to split 
the radiative loss to the sky into two parts, qrad,m and qrad,s, using the ambient temperature, Ta, as a 
common reference temperature:

𝑞𝑟𝑎𝑑,𝑚 = 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇4
𝑚 ― 𝑇4

𝑎
(9)

𝑞𝑟𝑎𝑑,𝑠 = 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ (𝑇4
𝑎 ― 𝑇4

𝑠) (10)

𝑞𝑟𝑎𝑑 = 𝑞𝑟𝑎𝑑,𝑚 + 𝑞𝑟𝑎𝑑,𝑠 (11)

qrad,s does not depend on Tm and can therefore be evaluated without simplification in a module 
temperature calculation (provided Ta and Ts are known). Only qrad,m is linearized in the usual way:

𝑞𝑟𝑎𝑑,𝑚 = 𝑢𝑟𝑎𝑑,𝑚 ∙ (𝑇𝑚 ― 𝑇𝑎) (12)

creating a heat transfer coefficient urad,m and the thermal balance equation:

𝑞𝑠𝑢𝑛 ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ (𝑇4
𝑎 ― 𝑇4

𝑠) ― (𝑢𝑟𝑎𝑑,𝑚 + 𝑢𝑐𝑜𝑛𝑣) ∙ (𝑇𝑚 ― 𝑇𝑎) = 0 (13)

Finally, urad,m is merged (lumped) with uconv and module temperature can be calculated explicitly as:

𝑇𝑚 = 𝑇𝑎 +
𝑞𝑠𝑢𝑛 ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ (𝑇4

𝑎 ― 𝑇4
𝑠)

𝑈
(14)

This model relies on one additional input variable, Ts, and has two additional parameters, F and ε, 
compared to Eq. (7). With these small changes the radiative losses to the sky can be introduced 
easily into the numerator of all four linear temperature models. 
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Nevertheless one small detail should be changed. Sky temperature is a convenient way to think 
about (and calculate) net radiative exchange with the atmosphere, but it is really an indirect way of 
representing down-welling thermal radiation. We prefer to make down-welling radiation qdr itself an 
input parameter for the model since this is the quantity available from databases and measurements. 
Therefore, the final model equation in generic form is:

𝑇𝑚 = 𝑇𝑎 +
𝑞𝑠𝑢𝑛 ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇4

𝑎 ― 𝑞𝑑𝑟
𝑈

(15)

Using the Faiman / IEC 61853 nomenclature this becomes:

𝑇𝑚 = 𝑇𝑎 +
𝐺𝑝𝑜𝑎 ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇4

𝑎 ― 𝑞𝑑𝑟

𝑢0 + 𝑢1 ∙ 𝑊𝑆

(16)

The PVsyst variant can also be improved as follows:

𝑇𝑚 = 𝑇𝑎 +
𝐺𝑝𝑜𝑎 ∙ 𝛼 ∙ (1 ― 𝜂) ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇4

𝑎 ― 𝑞𝑑𝑟

𝑢𝑐 + 𝑢𝑣 ∙ 𝑊𝑆

(17)

Similarly for the SAM NOCT variant: 

𝑇𝑚 = 𝑇𝑎 +
𝐺𝑝𝑜𝑎 ∙ 𝜏𝛼 ― 𝐺𝑝𝑜𝑎 ∙ 𝜂 ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇4

𝑎 ― 𝑞𝑑𝑟

𝑈𝐿

(18)

And finally the SAPM model: 

𝑇𝑚 = 𝑇𝑎 +
𝐺𝑝𝑜𝑎 ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇4

𝑎 ― 𝑞𝑑𝑟

𝑒―(𝑎+𝑏∙𝑊𝑆)

(19)

To use any of these improved models for a PV system simulation we simply need down-welling 
radiation data, values for the new parameters F and ε as well as the modified values for the original 
heat-transfer coefficients. These are discussed in the following two sections.

3.2 Model input: downward radiation
There are at least three ways to obtain downward radiation data: from pyrgeometer measurements, 
from published correlations with other weather parameters, and from global weather models. 
Pyrgeometer measurements are rarely collected at photovoltaic plants or testing facilities, therefore a 
model requiring them might not find broad acceptance. An established alternative to direct 
measurement is to use one of many correlations with air temperature, humidity, time of day, and/or 
other commonly available parameters to estimate sky temperature (and indirectly the down-welling 
radiation). One caveat with this option is that many of these correlations are specifically for cloud-
free conditions; this is the reason why the Fuentes model [5], which has such a correlation built-in, 
predicts below ambient module temperatures even under cloudy skies. 

Historically, correlations were the only alternative to on-site measurements, but in recent years easier 
access to global weather and climate model data has created another viable option. Global weather 
models must take into account short and long-wave radiation exchanges between the earth and sky, 
and even between different layers of the atmosphere in order to calculate energy flows and balances. 
Thus down-welling radiation at the earth’s surface is one of the many parameters they produce as a 
byproduct. The main drawbacks of this source compared to local pyrgeometer measurements are the 
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coarse spatial and temporal resolution. However, the data are relatively easy to obtain and have 
global coverage; therefore, lack of suitable data cannot be considered an obstacle to integrating 
radiative thermal losses into standard practice for PV system simulations. ERA5 is one such global 
dataset; documentation and download instructions for ERA5 are found in [9].

3.3 Model parameters: view factor and emissivity
The view factor and emissivity are present in the model only as a product, (F∙ε) which means that 
they could be replaced by a single parameter. However, it is important that they be kept distinct 
because the view factor is a function of tilt angle, which is an aspect of the installation, whereas 
emissivity is a property of the PV module. 

PV modules emit thermal radiation in all directions. However, the areas of the edges are very small 
therefore it should be sufficient to consider only the front and back surfaces. These may consist of 
different materials having different emissivities: values in the range 0.84 to 0.91 are reported for glass 
surfaces whereas polymer backsheets range from 0.85 to 0.89 [10]–[12]. The precise type of glass or 
back sheet is rarely identified in the scientific literature or on PV module spec sheets, which adds 
further uncertainty to the thermal modeling.

The other unknown parameter is the view factor F. It is tempting to apply the same view factor 
calculations for thermal radiation that are used for short-wave diffuse sky irradiance, but this would 
be incorrect since the anisotropy is very different. Positive downward radiation is much lower near 
the zenith and increases near the horizon, thus the net radiative loss to the zenith region is much 
higher than to the horizon region. This can be clearly seen in the sample thermal sky images in 
Figure 3. The precise distribution varies over time and depends on cloud cover and atmospheric 
conditions, so the use of a single constant view factor is an oversimplification of reality. 
Nevertheless, it is possible to make a few approximations to obtain the range of values that can be 
expected. At one extreme lies the isotropic hemispherical sky and at the other extreme the sky is 
represented by a single point at the zenith. As Table 1 shows, for moderate tilt angles the view 
factors for these two extreme cases do not lie very far apart, therefore their average value could be 
considered a reasonable first estimate for the long-wave radiation view factor.

Note that these estimates are only for the front surface. With moderate tilt angles the back of the 
module will primarily see the ground and warmer horizon area of the sky, therefore net radiative 
losses from the rear of the module to the sky should be much smaller.

Table 1 Expected values of the F∙ε product

Tilt
angle

Isotropic
assumption

Zenith-only
assumption Average F F∙ε

Change
from

horizontal
β F1 = (1 + cos β) / 2 F2 = cos β F = (F1 + F2) / 2 ε=0.88

0° 1.00 1.00 1.000 0.88

25° 0.95 0.91 0.930 0.82 -7%

35° 0.91 0.82 0.865 0.76 -14%

37.5° 0.90 0.79 0.845 0.74 -16%
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Figure 3 Relative magnitude of infrared downward radiation recorded by a sky camera system, 
showing the strong contrast between the cold zenith region (cloud-free), a warmer cloudy area 

near the zenith and the warm horizon. [13]
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4.0 EXPERIMENTAL VALIDATION

4.1 Method
Using the models discussed thus far, it is not possible to obtain separate values for emissivity and 
view factor by fitting the models to field data; however, it is possible to obtain their product. This is 
not trivial because F∙ε is quite strongly correlated with the existing combined heat transfer 
coefficients. Furthermore, these models only represent steady-state conditions whereas 
measurements of module temperature are naturally somewhat delayed with respect to changes in 
irradiance and wind speed. The way to circumvent both of these problems is to select only measured 
data points where the module temperature is very near to the ambient temperature, e.g. within ±0.5 
°C or less, where the loss by convection is very small. These conditions usually occur very early or 
late in the day when irradiance is mostly diffuse, so near steady-state conditions can also be 
expected. 

In the absence of convective losses the incoming short-wave irradiance should balance the radiative 
thermal loss to the sky simplifying the thermal balance to:

𝑞𝑠𝑢𝑛 ― 𝐹 ∙ 𝜀 ∙ 𝜎 ∙ 𝑇4
𝑎 ― 𝑞𝑑𝑟 = 0 (20)

The product F∙ε can then in principle be calculated as the mean ratio of incoming short-wave 
radiation and net outgoing long-wave radiation:

𝐹 ∙ 𝜀 =
𝑞𝑠𝑢𝑛

𝜎 ∙ 𝑇4
𝑎 ― 𝑞𝑑𝑟

(21)

In practice, using Eq.(21) produced inconsistent results because the selected points may be non-
uniformly distributed within the small temperature range. In fact, there are conflicting goals of 
narrowing the temperature range to minimize convection effects, and widening the temperature 
range to increase the number of points and obtaining a more representative average value. 
Therefore, the selected points were fitted to the more general energy balance of Eq. (13). This 
produces values for the convection parameters u0, u1 as well as F∙ε but only the latter is retained. 
(Normally u0 and u1 would be recalculated in a second regression using a much larger selection of 
data points, but that is outside the scope of the present document.)

Figure 4 Photograph of the reference cell type on which the measurements were taken, 
showing the module-like construction. 
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4.2 Data sources and fitting procedure
We have chosen to demonstrate the determination of F∙ε using data collected during the 
PVSENSOR project [14]. The test object is a reference cell that is constructed using the same 
materials and structure as a PV module (Figure 4). The dataset offers a number of useful features for 
this purpose:

 Irradiance is measured by the test object itself.
 Ambient and device temperatures are measured accurately by identical sensors and in close 

proximity to each other.
 Data are available at high temporal resolution (1s for irradiance and 10s for temperatures).
 Operation in two locations/climates can be compared: Albuquerque, NM and Freiburg, 

Germany.
 Physical mounting methods, temperature sensor and data acquisition details are largely 

identical between the two locations.
 Extensive reference instrumentation is located nearby, including pyrgeometers.
 Operation at different tilt angles (0 and 35) can be compared in Albuquerque.

As already mentioned, not all data points are used to determine F∙ε but only those where module 
temperature is very near ambient temperature. The full selection criteria used for the results in this 
report are as follows:

 Difference between module and ambient temperature < 0.5 °C
 Wind speed < 3 m/s
 Solar zenith angle < 90° (sun above horizon)

Although the selected operating conditions tend to be fairly stable, 15-minute average values are 
nevertheless calculated to reduce noise.
The final selection criterion for the data is the time period of the measurements. The period of 
horizontal operation in Albuquerque is limited to the second half of September so this is a given 
constraint. To increase the chances of making a fair comparison with tilted operation the period 
from mid-August to mid-September was chosen for this. For Freiburg the data from mid-August to 
the end of September were used. 
The parameter optimization then proceeds as follows: The left-hand side to of the energy balance 
equation is evaluated for all the selected time steps using an initial guess for the three parameters (u0, 
u1, F∙ε). The calculated energy imbalance values represent the model errors. The three parameters 
are then adjusted iteratively to minimize the sum of the squares of the model errors. The influence 
of outliers in this process is attenuated by optimizing the Huber loss function, rather than squared 
error as used in ordinary least squares. This is a form of robust parameter fitting that retains much 
of the sensitivity of squared error while reducing susceptibility to extrema. [15]

4.3 Results
In this section we first show the fitting results for one case in detail (35° tilt in Albuquerque) and 
then how all three cases produce F∙ε values in the expected range as per Table 1. 

Figure 5 plots measured module temperature rise vs. measured irradiance for relatively low 
irradiance conditions. The effect of radiant loss to the sky is clearly seen in the many points that lie 
below the x-axis. The red points near the x-axis (within ±0.5°C) are those used to determine F∙ε. by 
fitting.
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Figure 5 Close-up of temperature rise vs. irradiance for the tilted reference cell in Albuquerque, 
showing cell temperatures below ambient even with positive irradiance. The red points are used 

to extract the value of F∙ε.

Figure 6 plots the same data set; however, the x-values are no longer solar irradiance but the net 
values obtained after subtracting the long-wave losses from the incoming short-wave radiation. The 
optimal F∙ε value leads to the points used for fitting to lie clustered around the origin: here the 
temperature rise is near zero, therefore convection is near zero, and net radiation must also be near 
zero to complete the energy balance.

Figure 6 Close-up of the same data, but on the x-axis the irradiance is reduced by the amount of 
radiation lost to the sky. The red points representing equilibrium conditions are now centered 

around the origin as they should be.
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Three cases are evaluated for comparison to the expected values: 35° tilt and horizontal positions in 
Albuquerque, New Mexico and 25° tilt in Freiburg, Germany. The three F∙ε values thus obtained 
from the field data are plotted in Figure 7 in comparison to the range of expected values, based on 
the view factors and glass emissivities discussed in section 3.3. All three experimental values lie 
roughly within the expected range, and the reduction in view factor with increasing tilt angle is 
observable. Of course three points cannot be considered a complete validation; that could only be 
achieved by taking new measurements at a variety of tilt angles.

An important secondary observation is that the F∙ε product is very sensitive to the temperature 
difference Tm – Ta, and these values were only achieved after incorporating the temperature 
difference between the back of the module, where the short-wave radiation is absorbed, and the 
front of the glass, from where the thermal energy is radiated to the sky. Therefore, this fitting 
technique would likely not work very well with generic data collected from operating PV systems; 
for optimal performance, this method requires high-quality test-field data. The corollary to this is 
that the temperature difference is not very sensitive to the value of the F∙ε product, and hence low 
precision and low accuracy may be quite acceptable for module temperature modeling. 

Figure 7 Three observed values of the product F∙ε (dots) fall within the expected range (lines) 
based on different view factor assumptions, as discussed in section 3.3. 
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5.0 APPLICATION
PV module temperature models are used in simulations to predict module temperature, but prior to 
this the model parameters values must be determined. Frequently these values are simply obtained 
from databases, or some default values are used, but all empirical values have their origin in 
temperature measurements. Numerical fitting procedures are then used to find the model 
parameters that allow the model to best reproduce the measurements. The definition of “best” can 
vary substantially: for example, the IEC 61853-2 standard procedure minimizes the RMS error of the 
implicit heat transfer coefficients using a subset of available data representing stable conditions. A 
more general approach for fitting model parameters is to minimize the RMS error of the model 
output—which is PV module temperature in this context.

One of the challenges of fitting a simple model to a more complex phenomenon is that the optimal 
parameter values may be sensitive to the data selection. A trivial example is fitting a straight line to 
points lying on a curve: the section of the curve in question and the distribution of the points on 
that section both influence the slope of such a line. On the other hand, a model that perfectly 
represents a phenomenon can be fit to any selection of points with the same result (disregarding 
measurement error). For example, the coefficients of model that is a quadratic equation can be 
found from any set of three distinct measurement points. Adding the radiative loss term to any of 
the PV module temperature models discussed in Section 2 brings these models closer to reality, and 
should therefore both improve temperature predictions and the robustness of parameter fitting. 

In this section we briefly present the results of fitting the Faiman model with and without the 
radiative loss term to one year of measurements. For this purpose we use the estimated value F∙ε = 
0.76, which was also confirmed by observations as reported in Section 4.3. Down-welling radiation 
is obtained from the ERA5 reanalysis database as discussed in Section 3.2 and interpolated to the 
one-minute time interval of the module temperature and weather data.

For each model variation the two optimal parameters values are found using a non-linear least-
squares method to minimize the RMS-error of the predicted temperature during daytime (solar 
zenith angle < 90°). The MBE and RMSE are then calculated separately for day and night. Table 2 
lists the parameter values as well as the error values). The model errors are also plotted as a function 
of module temperature in Figure 8, and the distributions of the residuals are shown in Figure 9.

It is evident from both the numeric indicators and the graphical representations that using the 
proposed radiative loss term leads to substantially better fits on the daytime data: the mean bias error 
is reduced by nearly 1°C to near zero and the RMSE is reduced by 30%. The improvements in the 
night-time model predictions are even more substantial, especially considering that no night-time 
data were used for the parameter determination. Although night-time module temperature is not 
directly relevant for power generation, this improvement is clear evidence that the modified model is 
more closely aligned with reality.

Table 2 Results of fitting the Faiman model with and without the radiative loss term
Model variation u0 u1 MBE 

day
[°C]

RMSE 
day
[°C]

MBE 
night
[°C]

RMSE 
night
[°C]

Faiman (standard) 24.07 3.29 0.85 2.43 3.75 4.07

Faiman (modified) 20.74 2.91 −0.03 1.68 0.84 1.53
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Figure 8 Model errors using the standard Faiman model (upper) and modified Faiman model 
(lower). The color saturation of the day and night points indicates point density. The radiative term 

clearly reduces the skew and scatter.

Figure 9 Model error distributions from the standard Faiman model (left) and modified Faiman 
model (right). The radiative term reduces the frequency of larger errors (see RMSE in Table 2) and 

brings both day and night data into better alignment (see MBE in Table 2).
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6.0 SUMMARY AND CONCLUSIONS
In this work we have shown how a new radiative loss term can be used to improve any of the four 
commonly used module operating temperature models without increasing the complexity of module 
temperature calculations in simulations. The key to retaining simplicity is to separate the total 
radiative loss into two parts with ambient temperature serving as an intermediate between sky and 
module temperature. In addition to improving the alignment of the models with observed behavior, 
the new term introduces new flexibility to adjust for different situations: down-welling long wave 
radiation, view factor and emissivity are site-specific, installation-specific and module-specific factors 
respectively.  

The new required input data for the improved models, down-welling thermal radiation or equivalent 
sky temperature, can be readily obtained from global weather models such as the ERA5 reanalysis 
dataset from ECMWF. Thus, there is no significant barrier to begin incorporating radiative losses 
into PV system performance simulation software and practices. To support such a transition, 
candidate data sources should be further evaluated and compared to provide more specific guidance 
on their use. 

The emissivity of PV module front and back surfaces is subject to substantial uncertainty arising 
from lack of details and context for the range of values reported in the literature. This could in 
principle be resolved very easily by taking new emissivity measurements on a selection of commonly 
used materials and publishing them together with all other relevant related information about the 
materials and methods. Ideally front and back surface long-wave emissivity would be measured 
during PV modules type approval process and reported on specification sheets in the future. 

In this work we have also shown that it is inaccurate to assume an isotropic distribution of down-
welling long-wave radiation for the purpose of estimating the needed view factors.  Since view 
factors are installation-specific, further investigation is needed to determine the influence of factors 
such as tilt angle, and also more complex factors like adjacent PV module rows. Using the 
techniques described in this report and a variety of purpose-built experimental set-ups, new 
empirical models for long-wave sky view factor can be developed and validated. Additionally, data 
collected during the rest of the day can serve to provide much-needed insights into the effect of 
installation the same variables on convective heat losses.

Finally, we have presented a modest and effective improvement that appears ready for adoption. 
However, this work has also led to further insights into module temperature modeling, and 
additional modeling improvements that are under development now.
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