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HIGHLIGHTS

« Applicability of photovoltaic temperature models to bifacial panels has been validated.
» Model parameters and panel temperatures can be reliably predicted using simulations.
« Panel-specific model parameters improve the temperature estimations.

ARTICLE INFO ABSTRACT

Keywords: Bifacial photovoltaics have rapidly gained significant market share; however, their thermal modeling is lagging
Thermal modeling behind. Reliable thermal modeling contributes to more robust predictions of the temperature-dependent out-
Bifacial photovoltaics put power, which emphasizes the need for accurate thermal models for emerging photovoltaic technologies.

Vertical installation
Panel temperature
Temperature prediction

This study addresses the literature gap related to the validation of thermal models for bifacial photovoltaic (PV)
systems. Key novelties include extending the investigation of bifacial PV temperature models to vertical installa-
tions and providing insights into their accuracy in challenging Nordic conditions. The applicability of common
PV temperature models to bifacial panels was evaluated using experimental data collected from two bifacial sys-
tems with vertical and open-rack mounting. Temperature model parameters of Sandia, Faiman and PVsyst models
for bifacial panels were extracted from both experimental and computationally simulated temperature data to
investigate the use of computational methods in predicting model parameters and panel temperature. The good
matching of experimental and simulated parameters with different installation geometries suggests that simula-
tion is a powerful method to identify new parameters for solar devices with different material combinations and
cell technologies. Further, one of the key questions was whether standard temperature model parameters—orig-
inally developed for monofacial panels—are suitable for bifacial panels. The results revealed that replacing the
standard model parameters with bifacial-specific ones enhanced the accuracy of temperature estimation in all
cases studied, e.g., for open-rack mounted bifacial panel 0.2—1.2 °C depending on the temperature model. Overall,
the findings of the study improve the prediction of power output of bifacial panels in different installations.

1. Introduction cells are accelerating the growth of solar power production due to their
ability to absorb sunlight from both the front and rear surfaces [4,5].
The challenge is that the rapid increase in PV capacity will reduce the
price of electricity and, thus, the profits resulting from the PV system
at solar noon [3,6]. To avoid this so-called self-cannibalism, new ways
to improve grid stability are actively explored. For instance, east-west
oriented vertically installed bifacial photovoltaic (VBPV) panels shift

Global installed photovoltaic (PV) capacity is expected to increase
significantly in the coming decades [1,2]. Industry and national energy
systems should prepare for the change to minimize potential challenges,
for instance, dramatic electricity price fluctuations and collapses in so-
lar power capture rates [3]. Applications of bifacial photovoltaic (BPV)
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the production peak from noon to morning and evening, which aligns
well with the typical energy demand of households [6], and variation in
production profiles enables a larger share of solar power to be integrated
into the energy system [7]. Reducing the mismatch between production
and consumption and, thus, balancing the power in the grids is, in fact,
one of the rising areas of interest in the field.

Considering the relevance of BPV technologies in commercial ap-
plications, accurate estimations of their performance are crucial. The
performance [8] and stability [9] of solar panels are strongly affected
by the operating temperature, which highlights the necessity of reliable
thermal modeling. However, the existing literature reveals a gap in the
performance analysis of different thermal models validated with the ex-
perimental data collected from PV systems with different installation
configurations and technologies [10]. To advance PV thermal model-
ing, the requirements of new PV technologies and installation solutions
should be considered. This is relevant because the panel operating tem-
perature depends not only on environmental conditions [11-13] but also
on the characteristics of the system, such as the installation configura-
tion [11,13] and cell technology [14,15]. The environmental conditions
that affect the operating temperature include, for instance, the ambient
temperature, wind speed and direction, and solar radiation impinging
on the panel, that is, plane-of-array (POA) irradiance.

A recent literature review [10] on thermal modeling of mono- and
bifacial solar panels emphasized the need for thermal modeling of bi-
facial panels in different installation configurations and validation of
the models. Furthermore, the study [10] identified the role of tem-
perature models as a basis for the simulations performed with the
majority of commonly used PV modeling software, including PVsyst,
PVGIS, HelioScope, and SAM. The panel operating temperature can be
estimated using (semi-)empirical temperature models in which infor-
mation on heat generation and transfer and system characteristics is
included in the model parameters [13,16]. This enables the operating
temperature to be directly predicted from easily accessible meteorolog-
ical data. (Semi-)empirical temperature models are practical to apply
in power production modeling due to their simplicity. Even so, many
software applications lack a suitable temperature model for BPV pan-
els or the model has constraints [10]. Furthermore, because BPVs have
become popular only recently, there is limited amount of long-term
data sets available. Long-term temperature data are required to pro-
duce panel-specific temperature model parameters, for instance. When
the availability of experimental data is limited, the use of temperature
data generated through computational simulation offers an alternative
for determining model parameters [14]. However, studies evaluating the
use of computationally simulated temperature data for determining the
model parameters for BPV are missing.

Despite the scarcity of suitable models for BPV panels, only a lim-
ited number of studies have suggested modifications to temperature
models to account for the irradiance received by the rear surface of
the panel [17-22]. Furthermore, of these studies, only a few have ex-
perimentally validated the suggested modifications or investigated the
suitability of temperature model parameters reported in the literature
(i.e., standard parameters) for BPV panels [20-22]. Additionally, the
conclusions of their analyses contrast with each other in some respects.
For instance, Riley et al. [20] suggested that Sandia model parameters
for monofacial photovoltaic (MPV) panels can be reused for BPV panels,
while Mannino et al. [21] showed that determining specific parameters
for BPV panels improves the accuracy of the temperature estimation
notably. Furthermore, de Oliveira et al. [22] presented noticeable differ-
ences between the bifacial-specific Faiman parameters and the standard
ones. Similarly, the PVsyst model was reported to introduce significant
errors in temperature estimation with the standard parameters [22].
These few studies evaluating the applicability of existing temperature
models to BPV panels focused on systems with tilted mounting [20-22]
or a single-axis tracker [22] and similar studies on vertical mounting
are lacking. In addition, the experimental data included in analysis were
collected from measurement sites located, for instance, in Italy (37.4° N,
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15° E) [21] or Brazil (27.4° S, 48.4° W) [22], and locations with high
seasonality such as Nordic conditions are missing.

The present study considers vertical mounting and expands the anal-
ysis to Nordic conditions, focusing on low solar elevation angles, as
the experimental data were collected from two locations in Southern
Finland. In particular, high-latitude locations benefit from VBPV systems
during the summer due to the low sun elevation angles and extended
daylight hours [7], which underlines the relevance of Nordic countries
in bifacial PV research. This study was conducted to 1) validate the ap-
plicability of PV temperature models to bifacial panels with different
installation configurations; 2) investigate the use of computationally
simulated temperature data to predict the missing model parameters
for vertically installed bifacial panels and understudied parameters for
open-rack mounted ones; and 3) evaluate the need for the bifacial-
specific model parameters to help address the discrepancies in the
literature. The PV temperature models investigated in the present study
were Sandia [13], Faiman [16], and PVsyst [23] models, which are
commonly used in commercial PV modeling software [10]. The simu-
lated model parameters were predicted using a physical device thermal
model presented in our previous work [14]. The computationally sim-
ulated parameters are worth studying due to their independence from
experimental data, which enables easy analysis of different PV systems
in various geographical locations. Furthermore, experimental data col-
lected from one MPV and two BPV systems, with vertical and open-rack
mounting, were used to determine the experimental model parameters
and to evaluate the performance of the physical device thermal model
and (semi-)empirical models.

2. Experimental data

The experimental panel temperature data were collected from three
PV systems: a monofacial system (MPV) [24], a conventionally mounted
(open-rack, tilted) bifacial system (CBPV), and a vertically mounted bi-
facial system (VBPV) [25] (Fig. 1). The MPV system was installed on
the rooftop of the Finnish Meteorological Institute’s (FMI’s) office in
Helsinki, Finland [26]. The CBPV and VBPV systems were built at the
measurement sites of Turku University of Applied Sciences (TUAS) in
Turku, Finland. The specifications of the PV systems are presented in
Table 1, and more information on the MPV and VBPV systems can be
found in previous contributions [26,27].

In the MPV system, the temperature sensors were placed on the rear
surface of the panel close to the point corresponding to the center of the
cell. The system has two: one in the southwest (SW) corner and another
in the northeast (NE) corner. The temperature data collected from the
SW corner were utilized in this study. In the CBPV panel (first panel
from the left in Fig. 1(b)), the temperature sensor was installed on the
rear surface, while in the VBPV system, they were attached to the front
(east-facing) surface of the panels. In addition, the sensors were placed
between cells to avoid shading an active area in both bifacial systems.
The VBPV system consisted of four panels, and the temperature data
used here were collected from one of the panels placed in the middle
of the panel array. In this study, the panel temperature refers to the
highest (MPV panel) or lowest (CBPV and VBPV panels) temperatures
of the panel’s rear surface.

Weather and solar radiation data were collected from weather sta-
tions near the PV systems. The measurements are listed in Table S2. Of
the solar radiation measurements, the POA irradiance received by the
front surface of the panel (G;) and global horizontal irradiance (GHI)
measurements were implemented at all weather stations. However, for
the CBPV panel, information about POA irradiance received by the rear
surface of the panel (G,) was unavailable. For consistency, G¢ and G,,
used as inputs for the temperature models, were calculated based on the
observed GHI utilizing the irradiance model.

The data were processed to create appropriate datasets. The studied
temperature models are stated to be unsuitable for high resolution input
data (A7 < 1 min) [10]. Furthermore, in PV energy production modeling,
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Table 1
Photovoltaic system specifications.
MPV CBPV VBPV
PV panel SolarWorld Protect SW 250 poly =~ JAM60D10 335/MB/1500V Prism Solar model Bi60-375BSTC
Tilt angle 15° 45° 90°
Azimuth angle 135° 180° 90°
Latitude 60.20° 60.27° 60.27°
Longitude 24.96° 22.17° 22.17°

Dataset from - to ~ 26/Aug/2015 — 31/Dec/2021

03/Nov/2021 — 31/Mar /2025

18/Aug/2017 — 02/July/2021

1]

I

Fig. 1. MPV (a), CBPV (b), VBPV (c) systems located at the measurement sites of FMI at Helsinki (a) and TUAS at Turku (b, c). Original photographs by Karhu/FMI
(reproduced from [26] under CC by license) (a) and Anttalainen/University of Turku (b, c).

the use of weather data with a time averaging interval of 15 minutes or
less is recommended in the literature [28]. Because the wind speed was
measured at a 10-minute interval and it meets the recommendations for
both temperature and energy production models, datasets with an av-
eraging interval of 10 minutes were created. In addition, the data point
was removed if the value of any relevant model input (GHL, T,,, Tp,
or v) was missing.

Data points corresponding to periods during which snow depth on
the ground was more than zero were removed from all PV system
datasets. Snow cover is a complex factor affecting, for instance, ground
albedo, and thus, rear surface gain of the BPV panel. However, its over-
all impact on PV energy yield is assumed to be small because snow cover
mainly occurs during periods with short days and low solar irradiance
[29]. Furthermore, PV temperature models are unable to consider the
effects of snow when it covers the surface of the PV panel [30], and
therefore, snowy periods were excluded from this study. It was expected
that snow-free ground implies a snow-free panel surface [30]. The ac-
cumulated snow depth data used to filter the MPV system dataset were
recorded daily at 00:00 at the weather station close by. Similarly, snow
data used to filter the CBPV and VBPV system datasets were collected
daily at 06:00 from the Turku Artukainen weather station (60.45° N,
22.18° E).

Irradiance quality control was performed using filtering conditions
1-9 introduced by Gueymard and Ruiz-Arias [31] (see Section S1.4). The
night time data points were removed by the filtering condition 6, > 85°.
The filters related to the night time data points and negative GHI, diffuse
horizontal irradiance (DHI), and direct normal irradiance (DNI) values
rejected most (52%—61%) of the data points. Approximately 0.025%—13%
of the remaining points, depending on the PV system, were removed by
the other filters.

3. Methods

In this study, physical and semi-empirical thermal models were ap-
plied. In the physical thermal model, the modeled MPV and BPV panels
were similar in geometry, consisting of front and rear glasses, 72 sili-
con solar cells (15.6 cm x 15.6 cm), and ethylvinylacetate layers on both
sides of the cells. Heat generation in the panels was calculated ac-
cording to a previously published method [14] including an irradiance
and temperature dependent power conversion efficiency (PCE) model
[8,32-35] and a band-gap-dependent absorption model [36] (see the
applied parameters in Table S1). Conductive heat transfer within the

panels and convective and radiative heat exchange with the environ-
ment were considered [37,38]. The relevant equations are described in
the Supporting Information (Section S1.1) and, with further explanation,
in our previous work [14].

The (semi-)empirical models, namely Sandia [13], Faiman [16], and
PVsyst [23], were modified for the possible rear side irradiance (G,) of
BPVs:

T = Tamp + (G + G,) exp(bv + a) 1

Ty = Tamp + (G¢ + G) /(U v + Upg) (2)

T = Tamp + [(Gg @01 (1 = PCE ¢ ) + Gy @ (1 — PCE ¢ )1/ (Uq v + Up),
3)

where T}, and T,,;, are the module and ambient temperatures, respec-
tively, b, a, Uy1, Upg, Uy, and U, are system-specific model parameters,
Gy is the front side irradiance, ay, is an absorption parameter (here 0.9
[23]), and PCE, ; and PCE,; , are the front and rear side PCEs, respec-
tively. In the case of monofacial panels, G, = 0 and PCE, , = 0. These
models were fitted to the experimental and simulated panel tempera-
ture data in the linearized forms with reference to the wind speed (see
Section S1.2) to find the model parameters for the different PV systems.

The commercial software PVsyst [39] was applied to model the
annual PV energy production using both the predicted panel-specific
and the standard temperature model parameters. The annual energy
production of the CBPV and VBPV systems in Turku was estimated us-
ing synthetic hourly weather data generated in PVsyst. The modeled
CBPV and VBPV panels corresponded to those installed at the TUAS’
measurement sites (Table 1).

When the total irradiance received by the solar panels was mod-
eled, the plane-of-array irradiance (Gpga) was determined utilizing the
Purdue Bifacial irradiance model from PVLIB Toolbox [40] presented
with more specifics in the Supporting Information (Section S1.3). Gpga
consists of the beam (Gy,e,,), diffuse (Gyif), and ground-reflected (G eq)
components. Gy, Was defined as the product of the DNI and the cosine
of the angle of incidence [41], while G4 was calculated from the DHI
according to the model presented by Perez et al. [42,43]. The Perezl
decomposition model, also referred to as the DIRINT model [44], was
applied for the decomposition of the GHI into the DHI and DNI. G, was
calculated using a view-factor based approach described by Sun et al.
[18]. Albedo of the PV installation environment was set to 0.18, which
describes the reflectivity of an urban environment [30]. In addition, the
angular reflection losses of the panels were considered by adapting the
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model presented by Martin and Ruiz [45,46]. The angular loss coeffi-
cient of 0.16, a typical value for commercial silicon panels [47], was
applied.

4. Model validation
4.1. Physical device thermal model validation

A physical device thermal model was used to simulate the operating
temperatures of MPV, CBPV, and VBPV panels under varying environ-
mental conditions. The electrical parameters used as an input values
corresponded to those reported for the panels from which the experi-
mental temperature data were collected (Table 1). For validation of the
thermal model, a set of data points that represent actual PV operating
conditions was selected from the dataset (see Section S2.1) and the panel
operating temperatures were simulated under these selected conditions.

The accuracy of the present thermal model was evaluated by compar-
ing the simulation results with the experimental validation data (Fig. 2).
The operating temperatures were first simulated using a literature value
for convective heat transfer coefficient (7 = 3 (Ws/m>K) v+2.8 (W/m?K))
and then using an & value optimized for each system. The optimized &
values and the description of the optimization procedure can be found
in the Supporting Information (Section S2.2). The thermal model al-
lows solving the average, minimum, and maximum temperatures of
each component of the panel, such as the cell and rear surface. The
simulations performed in our previous work [14] show that the panel
temperature reaches its maximum value close to the centers of the cells
and decreases toward the inter-cell gaps. Therefore, the measured tem-
peratures were compared to either the simulated maximum or minimum
temperature of the rear surface of the panel depending on whether the
temperature sensors are located at the point corresponding to the center
of the cell (MPV panel) or between cells (CBPV and VBPV panels).

The temperature estimation accuracy of our model increased in all
cases when the optimized 4 value was applied instead of the literature
value (Table 2). In particular, the VBPV panel simulations benefited
from the optimization of the convective heat transfer coefficient be-
cause RMSE decreased from 5.1°C to 3.1°C and the bias from —3.9°C
to —0.24°C (Table 2). Going forward, the optimized convective heat
transfer coefficients (Table S3) were utilized.

4.2. Irradiance model validation

Validation of the irradiance model was carried out by comparing
the calculated solar irradiances with the experimental ones (Fig. 3). The
experimental irradiance data, which were included in the model valida-
tion, were filtered as described in Section 2. The averaging interval of
10 minutes was used in all cases. In the validation of the CBPV irradi-
ance model, only G; was taken into account because measured G, was
unavailable. When validating the VBPV irradiance model, G, was also
considered. In the literature, PV irradiance models have been observed
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Table 2

The root-mean-square error (RMSE), mean absolute error
(MAE), correlation coefficient (corr. coeff.), and bias of the
operating temperatures of MPV, CBPV, and VBPV panels
simulated with the physical device thermal model using un-
optimized (initial) and optimized convective heat transfer

coefficients.
RMSE [°C] MAE [°C] Corr. Coeff. Bias[°C]

Initial
MPV 3.1 23 0.957 —0.11
CBPV 2.9 22 0.968 —0.90
VBPV 5.1 4.4 0.954 -39
Optimized
MPV 2.8 22 0.966 —0.051
CBPV 2.8 2.0 0.968 0.16
VBPV 3.1 2.5 0.957 —-0.24

to perform more reliably for south-facing tilted panels than for vertical
panels, due to assumptions related to the modeling of ground-reflected
irradiance, for instance [41,48]. Therefore, G, of the CBPV panel is likely
to be estimated more accurately than that of the VBPV panel.

The results indicated that the irradiance received by the MPV and
CBPV panels can be estimated with good accuracy using the present ir-
radiance model (Figs. 3(a) and (b)). The MPV and CBPV panels showed
RMSEs of around 58 W/m? and 53 W/m?, respectively. Furthermore, the
correlation coefficient exceeded 0.98 in both cases (Table 3). In the case
of the VBPV panel, there was more variability in the irradiance estima-
tion (Fig. 3(c)). The RMSE:s of solar irradiance estimation were 73 W/m?
and 60 W /m? for the front (east-facing) and rear (west-facing) surfaces of
the VBPV panel, respectively. The correlation coefficients were approxi-
mately 0.96 and 0.97 for the front and rear surfaces (Table 3). The model
overestimated the irradiance received by the east-facing surface with
a bias of 25W/m?. In contrast, irradiance received by the west-facing
surface was underestimated with a bias of —17 W/m? (Table 3). The re-
sults aligned with those previously reported. Manni et al. [49] reported
that using the same decomposition and transposition models to predict
the solar irradiance received by both the east- and west-facing surfaces
results in an overestimation of the irradiance from one surface and its
underestimation from the other surface. Manni et al. [49] utilized the
data collected from the same VBPV system at the TUAS measurement
site in their study, which makes the observations highly comparable.

The difference between the panel and ambient temperatures
increases linearly with increasing solar irradiance, by around
0.021°C /(W/m?) (Figure S2). In other words, when the model over-
or underestimates the Gpgy, by 100W/m? or less, the impact on the
estimated operating temperature is at most 2.1 °C. It is reasonable to
assume that the error does not exceed this in any of the cases studied.

60 = 60 60
o o o
40 40 40
E E wE
3 3 3
= < , =
2 20 2 20 % 2 20
E " E S5 E
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Fig. 2. The operating temperatures simulated using the convective heat transfer coefficient optimized by fitting (black circles) and the unoptimized coefficient from
the literature (blue dots) as a function of the temperatures measured from a) MPV, b) CBPV, and c¢) VBPV panels. (For interpretation of the references to colour in

this Figure legend, the reader is referred to the web version of this article).
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Table 3
RMSE, MAE, correlation coefficient, and bias of the estimated irradiance
received by the front (G;) and/or rear (G,) surfaces of the PV panels.

RMSE [W/m?] MAE [W/m?] Corr. Coeff.  Bias[W/m?]
MPV (Gy) 58 39 0.990 36
CBPV (Gy) 53 34 0.986 -10
VBPY (Gpo) 94 66 0.939 79
VBPV (G; | G,)* 73160 43135 0.95710.971 251-17

5. Results
5.1. Applicability of PV temperature models to bifacial panels

In this section, the applicability of PV temperature models to es-
timate the operating temperatures of bifacial panels with different
installation configurations is validated. For this purpose, the linearized
Sandia, Faiman, and PVsyst models were first fitted to the experimen-
tal data from the CBPV and VBPV panels, as described in Section S1.2
(Fig. 4(d)-(1)). The models were also fitted to the experimental data from
the MPV panel for comparison (Fig. 4(a)-(c)). The experimental data ap-
plied to the linearized temperature models were filtered as specified in
Section 2. In addition, the data points where Gpo, Was below 200 W /m?
or above 1000 W/m? and T,,;, was below 5°C or above 30°C were ex-
cluded so that the environmental conditions present in the experimental
data were consistent with the simulation conditions.

The linearized temperature models fit all datasets, as Fig. 4 shows.
The data points were spread over a wide area, but the number of data
points farther from the linear fit was significantly smaller than the
number of points close to it (Fig. 4). Despite the large scattering, the
most frequently occurring data points showed a stronger linear correla-
tion compared to all observations. The experimental temperature model
parameters were obtained from the slope and intercept coefficients of
the linear fits (Fig. 4), and they are listed in Table 4.
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The experimentally determined model parameters were applied to
Sandia, Faiman, and PVsyst models (Egs. (1)-(3)) to estimate the operat-
ing temperatures. The estimated operating temperatures were compared
with the measured ones (Figure S3), and the RMSEs of the temper-
ature models for the MPV, CBPV and VBPV panels were determined
(Table 5). All the studied temperature models estimated the operating
temperatures of the MPV and CBPV panels, with the RMSE being around
2.1°C—-2.2°C (Table 5). For the VBPV panel, the RMSE of the estimated
operating temperatures was around 2.9 °C—3.0 °C, which means that the
accuracy of the temperature estimation was reduced by 0.7°C — 0.8°C
compared to the MPV and CBPV panels (Table 5). The bias was small
for all the temperature models and panel types studied, with a maximum
absolute value of 0.49 °C. A similar estimation accuracy of the MPV and
CBPV panel operating temperatures demonstrates that common PV tem-
perature models are applicable to bifacial panels when they are modified
to account for the rear surface irradiance.

5.2. Computationally simulated model parameters for bifacial panels

With the computationally simulated temperature model parameters,
the thermal behavior of several types of PV systems can be studied
without the need for experimental data. For instance, the electrical prop-
erties as well as geographical location and installation configuration of
a PV system can be easily modified. In this section, it is investigated
whether computationally simulated temperature data can be reliably
used to predict PV temperature model parameters and panel operating
temperatures.

The simulated model parameters were predicted by fitting linearized
temperature models to the temperature data obtained from the physical
device thermal model (Figure S4). To generate the temperature data,
the panel operating temperatures were modeled under varying ambient
conditions, specifically wind speeds of 0— 10 m/s, ambient temperatures
of 5-30°C, and plane-of-array irradiances of 200— 1000 W /m?2. The Gpoa
values were calculated from measured GHI using the irradiance model
(Section S1.3). The temperature model parameters predicted using these
simulated temperature data are presented in Table 4.

Furthermore, the operating temperatures were estimated by applying
the simulated parameters to the temperature models (Figure S5). Using
Sandia, Faiman, and PVsyst models, the RMSEs for the MPV, CBPV,
and VBPV panels were 2.1°C, 2.2°C and 2.9 °C, respectively (Table 5).
The RMSE values obtained with the experimental and simulated model
parameters differed from each other by around 0.1 °C at most. In ad-
dition, bias was within the same order of magnitude in all the cases.
A good agreement between the operating temperatures estimated using
the experimental and simulated parameters validates the use of compu-
tationally simulated temperature data in predicting model parameters
and panel temperature. Furthermore, this finding highlights the poten-
tial of computational methods in analyzing the thermal behavior of new
PV technologies without the need for long-term field measurements.

The performance of the experimental and simulated temperature
model parameters was also evaluated on a daily level. Two consecu-
tive days were selected from the measurement period of the CBPV and
VBPV systems, one of which represented a sunny day and the other a
day with more fluctuating cloud cover (Fig. 5). The estimated operating
temperatures aligned well with the measured ones, especially on sunny
day. The difference between the estimated and measured temperatures
was more noticeable on a cloudy day.

The studied (semi-)empirical temperature models are steady-state
models, meaning that they predict the temperature at a particular time
and omit the evolution of temperature over time. Therefore, these mod-
els have constraints when environmental conditions, such as irradiance,
change rapidly. Indeed, on cloudy days the modeled temperature peaks
are higher and valleys lower in temperature while in reality, it takes
some time for the panel to heat up and cool down, resulting in somewhat
less variation in temperature (Fig. 5). For this reason, steady-state tem-
perature models also introduce errors to the power output estimations.
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measurement sites.

However, an error of less than 5°C in the temperature estimation
translates into an impact of less than 3% on the power output, which
can be suitable for many engineering purposes [13]. Additionally, the
(semi-)empirical temperature models are unable to account for the
effects of wind direction, which creates an additional source of er-
ror in the temperature estimation, whose significance is discussed in
the Supporting Information (Section S3). One of the main conclusions
from that discussion is that more extensive experimental data would
be needed to make corrections to temperature models to account for
the effects of wind direction. This is because the data collected from a
single measurement site may reflect the characteristics of that specific
site rather than the effects of wind direction in general. Nevertheless, a
good overall accuracy combined with the computational simplicity sup-
ports the use of these (semi-)empirical temperature models. However, if
more accurate estimations are desired, modeling approaches based on
machine learning and artificial intelligence, for instance, have shown a
good potential [50].

Furthermore, the experimental and simulated model parameters
produced similar estimated operating temperatures throughout the ob-
served period for the CBPV and VBPV panels (Fig. 5). This was expected
because the simulated temperature data was shown to perform as ac-
curately in predicting operating temperatures as the experimental data
(Table 5).

5.3. Comparison of mono- and bifacial-specific model parameters

In this section, the need for bifacial-specific model parameters is
evaluated. First, the simulated model parameters of mono- and bifacial
panels with similar electrical and thermal characteristics are compared.
Furthermore, it is investigated whether standard parameters, originally
determined for monofacial panels, can be reused for bifacial panels and
how their temperature estimation accuracy compares with that of the
bifacial-specific ones.

Table 4
The Sandia, Faiman, and PVsyst model parameters of MPV, CBPV, and VBPV
panels predicted using experimental and computationally simulated data.

Sandia Faiman PVsyst
a b Uy Up, Uy U,
[W/mZK] [Ws/m3K] [Ws/mzK] [Ws/mSK]

Experimental
MPV -3.50 —0.0917 30.0 5.00 23.0 3.83
CBPV  -350  -0.147 33.1 7.26 24.1 5.28
VBPV —3.38 —0.127 30.7 4.63 229 3.55
Simulated
MPV -3.60 —0.0715 34.0 3.80 26.0 291
CBPV  -346  -0.149 27.7 7.70 20.1 5.61
VBPV —3.46 —-0.102 31.0 4.15 23.1 3.14

The results show that the predicted temperature model parameters
of different PV panels varied (Table 4). However, the observed panels
also differed from each other in terms of the tilt and azimuth angles
as well as the electrical and thermal parameters (Table 1). Therefore,
it is unjustified to directly compare the predicted model parameters
of these panels. The suitability of MPV model parameters to estimate
the operating temperatures of BPV panels, with a consistent installation
configuration, was evaluated by simulating the operating temperatures
of the MPV and CBPV panels under the same convective cooling con-
ditions and with similar electrical and thermal parameters. In other
words, the only difference between the MPV and CBPV panel simula-
tions was that the rear surface irradiance was excluded from the MPV
panel simulation. Additionally, the operating temperatures of the VBPV
panel were simulated using the electrical and thermal parameters of
the CBPV panel while maintaining the cooling conditions of the VBPV
panel. These simulated operating temperatures were used to predict
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Table 5

RMSEs and biases of the operating temperatures of MPV, CBPV, and VBPV panels
estimated with the Sandia, Faiman and PVsyst models using experimental and
simulated model parameters.

Sandia Faiman PVsyst
RMSE [°C] Bias [°C] RMSE [°C] Bias [°C] RMSE [°C] Bias [°C]
Experimental
MPV 2.12 0.35 2.16 0.15 2.16 0.15
CBPV 215 0.18 221 -0.20 222 -0.20
VBPV 295 0.0055 2.90 -0.46 2.90 -0.49
Simulated
MPV 2.13 0.32 2.13 0.30 2.13 0.30
CBPV  2.18 0.42 2.18 0.42 2.18 0.43
VBPV 290 —0.33 2.90 -0.34 291 -0.34
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Fig. 5. The operating temperatures of (a) CBPV and (b) VBPV panels estimated
with a Sandia model using experimental (red line) and simulated (blue line)
model parameters. The measured operating temperature (black line) is provided
for comparison. (For interpretation of the references to colour in this Figure
legend, the reader is referred to the web version of this article).
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Table 6

The temperature model parameters predicted for the MPV, CBPV, and VBPV
panels using the temperature data simulated with the electrical parameters of
the CBPV panel.

Sandia Faiman PVsyst
a b Uy Uy U, U,
[W/m?K] [Ws/m3K] [W/m2K] [Ws/m*K]
MPV -3.46 —0.149 27.8 7.75 20.1 5.63
CBPV -3.46 —0.149 27.7 7.70 20.1 5.61
VBPV -3.50 —0.102 315 473 229 3.44

* Tilt angles (and, thus, convective cooling conditions) of the panels simulated
with MPV and CBPV models are equal (6 = 45°).

comparable model parameters for the MPV, CBPV, and VBPV panels
(Table 6).

The model parameters of the MPV and CBPV panels, predicted using
the temperature data simulated under the same environmental condi-
tions and electrical parameters, were very similar (Table 6). The model
parameters of the VBPV panel differed from those of the MPV and
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CBPV panels more in terms of the wind-dependent model parameters (b,
U1, Up), which was expected due to the different tilt angles and, thus,
convective cooling of the panels (Table 6). When MPV-specific model
parameters were applied to the CBPV panel instead of CBPV-specific
ones, the impact on the accuracy of CBPV panel operating temperature
estimation was negligible. Similarly, applying MPV-specific model pa-
rameters to the VBPV panel resulted in a decrease of around 0.1 °C in
RMSE across all the studied temperature models. Thus, it is reasonable
to expect that when mono- and bifacial panels share similar electrical
characteristics, the operating temperatures can be estimated using the
same parameters, given that the irradiance is appropriately modeled.

A sensitivity analysis was performed on CBPV and VBPV panels
to further investigate the effects of the electrical parameters on the
operating temperatures and model parameters of PV panels. PCE, ¢
of the CBPV and VBPV panels was varied between 14% and 22% and
the temperature coefficient of efficiency (fr) between —0.45 %/°C and
—0.25 %/°C. The efficiency of the rear surface was expected to be 70%
of that of the front surface. Additionally, the effects of below-band gap
absorption (a; ﬂg) were studied by varying it between 0% and 50%. The
data points included in the sensitivity analysis represented the follow-
ing conditions: ambient temperatures from 10°C to 30 °C with steps of
10°C, wind speeds from 1 m/s to 6 m/s with steps of 1 m/s (0.5m/s for
VBPV panel), and irradiances from 300 W/m? to 900 W/m? with steps of
300 W/m?.

The sensitivity analysis demonstrated significant variations in the
temperature model parameters, especially as a function of PCE,; ; and
LN (Figures S6-S9). These variations led to notable differences in the
estimated PV operating temperatures (Figure S10). For instance, un-
der normal operating conditions (T, = 20°C, v = 1m/s, Gpoy =
800 W/m?), the estimated operating temperature of the CBPV panel de-
creased by 2.4°C, across all studied models, when PCE, ; used for
predicting the model parameters increased from 14% to 22% (Figure
S10a). The corresponding change in the operating temperature of the
VBPV panel was 2.1 — 2.4°C, depending on the temperature model
(Figure S10c). Furthermore, the estimated operating temperatures of
both panels increased by 3.2 — 3.3°C when «a,, i used to predict the
model parameters increased from 0% to 50% (Figures S10b and S10d).
Variations in fr did not have a significant effect on the panel operating
temperatures (Figures S10a and S10c).

The challenge with the temperature model parameters presented in
the literature (i.e., standard parameters) is that they are likely to best
describe the operating temperatures of PV systems that are similar to
the systems based on which the model parameters were originally de-
termined. For example, the standard parameters of the Sandia model
for open-rack mounted panels (¢ = —-3.47, b = —0.0594) were intro-
duced in 2004 [13], since then the electrical efficiency of PV panels
has significantly increased. Similarly, the standard parameters of the
Faiman model (U, = 25W/m?K, U;; = 6.84 Ws/m>K) were exper-
imentally determined for panels with a glass-cell-backsheet (Tedlar)
structure in 2008 [16]. The standard parameters suggested by PVsyst
U, = 25W/m?K, U; = 1.2Ws/m*K) were defined based on experi-
mental data from several panels with different installations (open-rack,
facade) and cell types (mono- and polycrystalline silicon) [23]. The op-
erating temperatures of the CBPV and VBPV panels were estimated using
the standard parameters to evaluate their applicability to bifacial panels.
The RMSEs of these estimates were compared against RMSEs obtained
using the simulated and experimental parameters (Fig. 6). The simulated
parameters were predicted under varying PCE, ¢ values.

The use of standard parameters resulted in a significantly lower esti-
mation accuracy of CBPV panel operating temperatures than the use of
simulated or experimental parameters for all studied temperature mod-
els (Fig. 6(a)-(c)). The RMSE for the CBPV panel was reduced by at least
0.2 — 1.2°C, depending on the temperature model, when the simulated
parameters were applied instead of the standard ones. The simulated
model parameters outperformed the standard ones, even when the PCE
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the reader is referred to the web version of this article).

used for predicting the simulated model parameters did not correspond
well to the actual PCE reported for the studied panel. In contrast, the
RMSEs of the estimated operating temperatures of VBPV panel were
relatively similar regardless of whether the simulated, experimental, or
standard parameters were utilized (Fig. 6(d)-(f)). However, the simu-
lated model parameters still outperformed the standard ones under all
studied PCE, ; values. The results indicate that the standard parame-
ters were more suitable for estimating the operating temperatures of a
PV system with a lower PCE and a higher fg; (here a VBPV panel) than
vice versa (here a CBPV panel).

Overall, the temperature model parameters presented in the litera-
ture can, at worst, lead to notable inaccuracies in temperature estima-
tions, but at best, provide reasonable estimation accuracy. Furthermore,
the annual energy production of the CBPV and VBPV panels was es-
timated with PV modeling software (PVsyst) using both the simulated
panel-specific parameters (Table 4) and the standard parameters of the
PVsyst temperature model. The resulting difference in the estimated an-
nual production was around 0.3% for the CBPV panel and around 0.2%
for the VBPV panel. The difference is relatively small; however, for a
large utility-scale PV plant, such a difference can result in significant
variations in the estimated annual revenue [51,52]. Therefore, the use
of standard parameters in temperature estimations should be assessed
depending on the accuracy required for a specific case.

6. Conclusions

In this study, the applicability and accuracy of Sandia, Faiman,
and PVsyst temperature models for different bifacial panels were in-
vestigated. Furthermore, bifacial-specific temperature model parameters
were extracted from experimental data. The parameters were also pre-
dicted using computationally simulated data and then compared to
the experimental ones to demonstrate the possibility of producing re-
liable temperature estimations computationally. Finally, the suitability

of monofacial-specific parameters for estimating the operating tempera-
tures of bifacial panels was evaluated to help address the discrepancies
in the literature.

The results revealed that the studied PV temperature models are
applicable to bifacial panels with different installation configurations.
The linearized temperature models demonstrated reasonable alignment
with the most frequently occurring experimental data points collected
from the vertical and open-rack mounted systems. Furthermore, the
close match between simulated and experimental model parameters con-
firmed that computationally simulated temperature data can be used
to predict model parameters reliably. Finally, it was observed that the
use of literature parameters can lead to significant inaccuracies in the
temperature estimations of bifacial panels; however, if the mono- and bi-
facial panels are relatively similar in their electrical, optical, and thermal
characteristics, the same temperature model parameters can be applied.

This study responded to the identified need for validation of bifa-
cial PV thermal models. Based on the results, it is recommended to
consider the effects of the installation configuration and the electrical
characteristics of the panel on the bifacial-specific temperature model
parameters for accurate operating temperature estimation. In general,
the findings improve prediction of the temperature-dependent output
power of BPV in different installations. Additionally, predicting model
parameters through simulation, which was found to be a reliable ap-
proach, provides an opportunity to determine model parameters for
new photovoltaic technologies and panel types, even when long-term
measurement data are not available.
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