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Abstract. The business case of novel integrated applications of solar energy is often regarded as a
straightforward extrapolation of standard solar parks. But when the design of the solar park is remarkably
different from typical solar parks, the operating conditions of the PV panels could also be changed. We have
applied the digital twin to an R&D location with nine rows of eight bifacial PV panels in a vertical east/west
orientation with varying row-row distances. We simulated the in-plane irradiances, based on measured GHI,
which turned out to be in good agreement with observations of in-plane irradiances. But, using default free-
standing PV heat transfer coefficients, the modelled module temperatures were too high and the simulated
module powers too low. Applying an in-house developed method, we found that the heat transfer coefficient Uc is
nearly double, and the vertically placed modules operate at a much lower temperature. The adjusted value for Uc
leads to a 2.5% higher annual energy yield and higher performance ratio, partially offsetting the energy loss due
to the less than optimal configuration. In conclusion, the digital twin increased the understanding of the vertical
PV system and support future decision making, for instance for the application of vertical PV in combination
with agriculture, where the low ground coverage ratio of vertical PV matches well with the needs from the

agricultural sector.
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1 Introduction

The allocation of scarce land to agriculture, housing and
renewable energy generation is a very topical and political
issue and leads to demands for dual land use, like
agrivoltaic systems [1-3]. The business case of novel
applications of solar energy, particularly in integrated
solutions, is often regarded as a straightforward extrapola-
tion of standard solar parks. But the design of the
integrated solar park could be remarkably different from
typical solar parks in the same region. This could affect the
operating conditions of the PV panels themselves. For
example, vertical PV panels have very different daily
generation profiles compared to low-tilt East-, West- or
South-facing solar panels.

Digital twins are often used to support the operations
and maintenance of utility-scale solar parks. The twins
consist of a real PV system and a copy in digital format.
The real part are the PV panels, weather station, power
electronics, sensors and surroundings. The digital version
mimics the output of the PV panels based on the time series
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of weather and other environmental data. The simulated
values are compared to observed data. This takes place in
near-real time for urgent issues or later in offline analysis of
the performance.

The aim of this work is to show that digital twins,
combining environmental and PV measurements in a real
system with a virtual model describing the interaction of
light and temperature with the solar panels, lead to a better
understanding of the real system. This holds for the general
operating conditions, answering questions like “how much
renewable enerqy does the system convert from sunlight?”,
but also for deviations due to accidental damage or gradual
degradation.

We present measured results taken on an R&D
vertical installation with bifacial panels in the
Netherlands. The digital counterpart is created in
BIGEYE [4], TNO’s in-house bifacial simulation soft-
ware. For both direct and diffuse light, shading and
ground-reflected light are taken into account. BIGEYE
simulates the maximum power-point voltage and cur-
rent. For that it also determines the operating tempera-
ture of the module. Finally, it reports the average
in-plane irradiance for each module, separated in front
and rear and the constituting components.
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We will show validated time-series of simulated and
measured in-plane irradiances, module temperatures and
operating voltages. As far as we know, this contribution is
the first to report on the real-life operating temperature of a
vertical bifacial PV system. Previous work focused, for
example, on the effect of module bill of materials [5],
[ambient| temperature-dependent energy gain [6] or cost
effectiveness [7]. Based on these comparisons, we deduced
that the vertical PV panels operate at lower temperature
than expected for standard free-standing PV based on
default heat transfer coefficient values. We also present
aggregated daily energy generation and show that the
expected annual energy yield is 2.5% higher due to the
lower operating temperature.

2 Methods

2.1 Real twin — physical set-up

A vertical PV system is installed, located near the TNO
facilities in Petten, the Netherlands, with nine rows of eight
bifacial PV panels in a vertical east/west orientation. The
spacing between module rows is 2, 4 or 6 m. For most
modules, the front and rear side of the modules face West
and East, respectively. Some are installed the other way
round. Various crystalline Si n-type cell technologies and
module bills of materials are installed. Most PV panels in
our system are standard, glass-glass modules with nominal
power of 315 Wp with an estimated transparency of 6.6%
due to the lack of white scattering material around the
cells’ edges. They contain 60 n-type M2 solar cells with
TOPCon technology. The 72 PV modules are individually
optimized with SolarEdge power optimizers. In addition,
global horizontal irradiance, east- and west-facing plane of
array irradiance and ambient and module temperatures are
recorded in 5 min intervals.

Figure 1 shows the overview of our vertical PV system.
Both real and virtual versions of the twin are shown. We
focus here on the second row from the top, East side, with
6 m distance on both sides to the next module row.

2.2 Digital twin — BIGEYE software

The digital counterpart is created in BIGEYE [4]. BIGEYE
is a state-of-the-art tool developed by TNO to simulate the
performance of PV systems, with a focus on bifacial
systems [8,9]. BIGEYE deploys the Erbs model [10] to
estimate diffuse horizontal irradiance (DHI) from global
horizontal irradiance (GHI) when DHI is not available.
BIGEYE uses the Perez model [11] to break down DHI into
sky dome and circumsolar components, and to assess
horizon brightening and darkening.

BIGEYE implements a 3D view factor model to
accurately handle the ground and other diffuse reflectors,
for instance, the irradiance from the ground to, in case of
vertical PV, both sides of bifacial modules. Therefore, in
vertical, bifacial systems, elements of the support structure
are more likely to cast shades on a light receiving surface of
the module than in conventional systems. BIGEYE has
flexibility in simulating such shades, and their impact on

Fig. 1. Photograph of the real part of the vertical PV system
twin (top). MATLAB generated drawing of the virtual part of the
twin, including horizontal and vertical construction elements
(bottom).

the IV curves (mismatch) of modules and strings. Amongst
others, it takes into account the division of the modules in
blocks of cells protected by by-pass diodes [9].

Shading due to the vertical poles and horizontal beams
is taken into account, as is the ground-reflected light due to
the albedo of the grass between and below the rows.
BIGEYE calculates the irradiance per cell, including hard
shading and inhomogeneities, and determines the corre-
sponding IV-curve of that cell. The module IV-curve is
extracted by combining the, in this case, 60 individual cell
IV-curves by current matching. From the full module IV
curve, the maximum power-point is calculated and thus
maximum power-point voltage and current are deter-
mined. For that it also determines the operating tempera-
ture of the module in the ambient conditions. Finally, it
reports the in-plane irradiance for each module and
timestep, separated in front and rear and the constituting
components: beam, circumsolar, diffuse sky, horizon and
ground-reflected.

2.3 Heat transfer coefficient Uc determination

We calculated weighted irradiance based on previous
irradiance measurements to compensate for the thermal
mass and slower thermal response of the module [5]. Based
on ambient temperature and the weighted, in-plane
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Fig. 2. Daily profile of the module temperature: blue solid line
shows observed temperatures, red dashed line presents modelled
ones, and green dotted line displays ambient temperatures.

irradiance for each data point, we calculate the root mean
square errors RMSE of the calculated module temperature
minus the measured module temperature for a range of
values for the heat transfer coefficient U..

3 Results
3.1 Module temperature and operating voltage

The electrical performance of the modules is modelled
using 1-diode parameters, fitted to I-V measurements
under standard test conditions. For the module temper-
ature, the steady state model is used, similar to PVsyst.
The standard heat transfer coefficient value for open rack
mounting, that is U, =29 W/m?/K, is used with label
“set,1” [12]. In Figure 2 the measured and modelled
module temperature for a sunny day in September are
given. Note that due to the vertical positioning of the
solar panels, the irradiance on the panels is low around
solar noon, causing an obvious reduction in module
temperature. Clearly, the observed module temperatures
are much lower than the modelled values for the module
temperature.

Looking at a larger dataset of observed module
temperatures and total in-plane irradiance, front and rear,
we find that a U, of 56 W/m?/K gives the best agreement
between observations and modelled module temperatures.
For simulations with the updated value, the label “set, 2’
will be used. We plot the module temperature also as
function of the total, front and rear, in-plane irradiance for
the period 26 August to 4 October 2022 in Figure 3.
Because of the large number of data points, we also
calculate the average module temperature per 50 W/ m®
irradiance bin and plot these as thick lines. The root mean
square error, RMSE, for the default and updated values
compared to the measured values are, respectively, 9.9 and
1.5. Clearly “set,2’ is in much better agreement with the
measured data than the original model.
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Fig. 3. Observed and modelled module temperatures. T _measare
the observed values; T _set, 1 are modelled using U, =29 W /m?/K
and T _set,2, using U, =56 W/m?/K. Lines are average tempera-
tures per 50 W/m? irradiance bin.

Figure 4 shows the corresponding operating voltage.
Although there are some differences between “set,2” and
measured values, the fit is much better than for the original
model. In particular, at higher total in-plane irradiances,
the operating voltage for the original model decreases due
to the prominent increase in module temperature, whereas
for both measured and “set, 2’ the decrease in voltage due to
increasing module temperature is more or less compensated
by the increase in voltage due to increasing irradiance.

Note: near the maximum power point, the P-V curve is
nearly flat. That means that at an operating voltage that
is 1% different from the maximum power voltage will lead
to only a —0.1% loss in power. Also in an outdoor set-up,
the conditions are constantly varying, making the
measured operating voltage an approximation of the
maximum power point voltage. The agreement between
observations of power optimizer voltage and modelled
maximum power point voltage with set,2 shows a root
mean square error of 0.5 compared to the RMSE of 1.3 for
the default value in set, 1.

3.2 Effect on daily energy

Finally, we look at the daily generated electricity. Plotting
the modelled daily energy using the default and updated U,
values against the observed daily energy, we find a very
good correlation, as seen in Figure 5. For the default U, the
slope of modelled versus observed daily energy is 0.95, for
the updated value the slope is even closer to unity, namely
0.99. Note that the U, is updated to reflect measured
module temperatures and is not fitted against hourly power
or daily energy performance.

In Figure 6, we plot the relative increase in daily energy,
comparing the model with the updated value for the heat
transfer coefficient Uc to the default value, as function of
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Fig. 4. Observed and modelled operating voltage. V_measare the
observed values; V_set, 1 are modelled using U, = 29 W/m? /K and
V_set,2, using U.,=56 W/ m? /K. Lines are average operating
voltages per 50 W /m? irradiance bin.

the observed daily energy. There is a clear trend that with
increasing observed daily energy, the relative increase also
increases. At the days with the highest observed daily energy
yield, the relative increase is as high as 4%. Obviously, the
observed daily energy yield will be highest for days with high
total irradiance. Under these high total irradiance con-
ditions, the modules will also absorb a lot of heat, both from
infrared heating and from the excess energy in the
photovoltaic conversion. As a result, for these days the
temperature difference between modules that operate with
different heat transfer coefficients will be highest. Conse-
quently, the modules with the higher heat transfer coefficient
will have the largest increase in energy conversion on days
with the largest irradiance and largest daily energy.

We have checked whether the results in Figure 6
depend on factors such as day light length or ambient
temperatures. When comparing hourly values of the
relative difference and the observed energy, the same
trend is observed: a linear increase at low energy, followed
by a broader cloud. We note a small deviation from
linearity at higher energies towards a lower slope.

The ambient temperature does make a minor differ-
ence: data points with higher ambient temperature tend to
have higher relative differences compared to data points
corresponding to lower ambient temperature at compara-
ble observed energies.

For the calendar year 2022, the whole system, including
row-row spacings of 2, 4 and 6 m, various cell and module
types and a mixture of sunny side West and sunny side East
orientations, produced 22.2 MWh with an installed nominal
capacity of 22.6 kWp, thus nearly 1000 kWh/kWp.
Unfortunately, the system was down for a period of six
weeks in March and April with an estimated production loss
of about 2 MWh. The specific AC yield for the panels with the
spacing of 6 m was actually as high as 1100 kWh /kWp, not
taking into account the lost production weeks. As the
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Fig. 5. Modelled daily energy against observed daily energy for
set, 1 using U, =29 W/m?/K and set,2, using U, =56 W,/m?/K.
The dashed line indicates y=z.

5%

X
X

8a4% | . X .
o % ix
u::- X X
®3% | xx >)|'<< **x
S x WK
c
g « XX
g2% F
= X
=
L5 Ky
S1% F x
ke X
&

o% 'l 'l 'l 'l

0 05 1 15 2 2.5

Observed daily energy [kwh]

Fig. 6. Relative increase in daily energy for the updated value,
U, =56 W/m?/K, compared to the default value.

considered year was exceptionally sunny in our region, we
also have modelled the annual energy yield using
Meteonorm data based on average climate data for
1990-2020. We find an annual DC energy yield of
1060 kWh/kWp for the vertical system with 6 m spacing
with the updated Uc value contributing an additional 2.5%.

4 Conclusions

We present a detailed analysis of the digital twin of a
vertical R&D installation with bifacial panels. We
validated the time-series of simulated west-plane and
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east-plane irradiances, based on measured GHI, which
turned out to be in good agreement with observations of in-
plane irradiances. In contrast, using standard heat transfer
coefficients for free-standing PV, the digital twin’s module
temperatures were too high, and consequently, the
simulated module powers too low.

Applying an in-house developed extraction method, we
found that the heat transfer coefficients U. of these
vertically placed modules are nearly double the default U,
values and operate at a temperature difference with respect
to ambient that is nearly halved. The adjusted value for U,
lead to a 2.5% higher annual energy yield. Thus, the
vertical modules operate at relatively low temperature with
a higher performance ratio, partially offsetting the energy
loss due to the less than optimal configuration. Project
developers and everyone else involved in optimizing or
evaluating the design of a solar park with vertical PV
modules should consider the effect of the increased heat
transfer coefficient for their business case.

In conclusion, the digital twin increased the under-
standing of the vertical PV system and supports future
decision making, for instance for the application of vertical
PV in combination with agriculture, where the low ground
coverage ratio of vertical PV matches well with the needs
from the agricultural sector.

This work contains results generated in the project SolarEcoPlus
and is partially funded by a Topsector Energiesubsidie from the
Dutch Ministry of Economic Affairs.
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