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ABSTRACT

This paper presents a computational performance
analysis of the photovoltaic (PV) cell string configuration
of'a concentrating photovoltaic thermal (CPVT) collector.
Itlis observed that the bottom PV cells of the receiver are
significantly impacted by shading, and the performance
degrades at elevated temperatures. Shading analysis
reveals partial shading in certain cases, while other
scenarios show complete shading of all bottom-side PV
cells. Additionally, simulations reveal that elevated
temperatures cause significant performance
degradation in these PV cells, highlighting the need to
reconsider existing PV cell technology and potentially
replace it with more advanced alternatives. The findings
from this study are expected to provide insights into
strategies for mitigating the adverse effects of shading
and temperature-related performance losses,
contributing to the development of more efficient PV cell
string' configuration designs for CPVT systems. This
research will inform future optimization approaches to
enhance the overall performance and reliability of such
collectors.

Keywords: Concentrating photovoltaic thermal, shading
analysis, electrical configuration, optical simulations.

NOMENCLATURE
Abbreviations
CPVT Concentrating photovoltaic thermal
MaReCo Maximum Reflector Concentration
DM Double MaReCo
STC Standard testing conditions
NS, EW North-south, East-west
SS, WS Summer solstice, Winter solstice
Symbols
Geell Irradiance on a PV cell (W/m?)
Grer Reference irradiance (1000 W/m?)
Rs Series resistance (Q)
Rsh Shunt resistance (Q)

Voc Open circuit voltage (V)

lsc Short circuit current (A)

Pmp Maximum power (W)

Teel Cell temperature (°C)

Tret Reference temperature (°C)

a Temperature coefficient for current
B Temperature coefficient for voltage
I Output current (A)

lov Photocurrent (A)

g Diode saturation current (A)

q Electron charge (C)

n Ideality factor

k Boltzmann constant (J/K)

1. INTRODUCTION

Concentrating photovoltaic-thermal (CPVT) collectors
utilize reflective surfaces to focus solar radiation onto a
smaller receiver area. This approach enables CPVT
systems to achieve higher thermal energy outputs
compared to traditional flat-plate PVT collectors,
particularly at elevated operating temperatures [1]. The
Double MaReCo (Maximum Reflector Concentration) or
DM is a stationary, non-imaging CPVT collector designed
to maximize solar energy capture over a wide range of
solar angles without the need for mechanical tracking
(Figure 1). It uses a compound parabolic reflector (CPR)
geometry in a dual arrangement to concentrate solar
radiation onto a centrally located PVT receiver, which
comprises photovoltaic cells and a thermal absorber.
One of the key advantages of DM collector design is its
ability to operate efficiently over a broad range of
incidence angles, making it well-suited for fixed
installations that do not follow the sun [2]. Additionally,
this geometry allows for seasonal optimization: the
collector position can be adjusted for specific latitude
angles to maximize energy yield throughout the year.
Despite these geometrical characteristics, the DM
collector is still observed to have certain drawbacks.



Figure 1: Computer-aided rendering of Double MaReCo (DM)
collector.

In this study, we have focused on analyzing the ones
related to the PV cell configuration through
computational simulations, specifically on the bottom
side of the receiver, which occurs due to the exposure to
partial shading and elevated PV cell temperatures.

1.1 Impact of shading on PV cell performance

Shading has a significant influence on the performance
of PV modules [3]. In PV modules, the solar cells are often
connected in series to achieve higher voltages; thus, one
completely shaded solar cell will reduce the output of the
whole string. Bypass diodes can be used to mitigate this
effect by allowing current to flow in a different path at
the expense of a minor fraction of the total power [4].
However, the introduction of diodes increases both
assembly time and material requirements, which leads
to increased system costs. In most practical scenarios, it
is’not possible to completely avoid shading. In the CPVT
system under consideration, significant shading can
impact the performance of the bottom PV cell array, and
hence, it is important that shading be minimized by
studying and formulating suitable mitigation measures.

1.2 Influence of temperature on PV cell performance

Another notable drawback of the DM collector arises due
torthe concentration of the reflected solar radiation on
the bottom surface of the receiver. In this design, the
reflector directs a significant portion of the incident
sunlight upward onto the underside of the PVT receiver.
This concentrated irradiation leads to elevated
temperatures on the rear side of the PV cells (up to 95
°C). This will lead to performance degradation of PV cells,
as it is already reported that for every one-degree rise in
PVcell temperature above the STC, the PV efficiency will
drep by 0.4 % [5]. Since the DM collector is specifically
designed for operations at higher temperatures, it is
necessary to study the performance of PV cells,
especially at the bottom side of the receiver, when the
temperature is high.

2. METHODOLOGY
2.1 Current configuration of the PVT receiver

The DM collector has a PVT receiver that incorporates
both electrical and thermal systems into a single unit. It
is made of Aluminium and has a receiver core with 2310
mm of length, a width of 165 mm, and a thickness of 14.5
mm. Figure 2 illustrates an exploded drawing of the PVT
receiver of the DM collector, highlighting the key
components.
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Figure 2: Exploded view of the PVT receiver highlighting key
components.

There are two identical PV cell strings on the receiver,
one at the top and another at the bottom. Each cell string
layout has a total length of 2100 mm and comprises 38
one-third-size PV cells (156 x 52 mm) connected in series
to lower the amount of current in each cell. Thus, one
PVT receiver has 76 one-third-size PV cells together on

Table 1: Characteristics of PV cells used in the current study.

Description Value Unit
# of diodes 4
Total cell area (38 cells) 0.309 m?
Voc 0.63 Y
Isc 3.13 A
Pmp 1.57 w
Rs 0.025 Q
Temperature coefficient for 0.034/- | %/°C
current (a) / voltage (B) 0.314
Efficiency 20.1 %

both sides. Each PV cell string has 4 sub-strings
configured at an 8-11-11-8 arrangement with one diode
in each substring, meaning 4 diodes in one PV string.
Table 1 shows the characteristics of PV cells used in the
current PVT receiver.

2.2 Optical simulations

TracePro software [7] is used for optical design and
simulation of the CPVT collector. To account for the



impact of latitude in the sun-collector geometry,
simulations are conducted for a set of representative
geographical locations: Stockholm (SE, 59.3 °N), Athens
(GR, 37.9 °N), Wiirzburg (GE, 49.7 °N), and Mexico City
(MX, 19.4 °N). Each location is evaluated under various
collector installation configurations, including both
north-south (NS) and east-west (EW) orientations.
Simulations are performed at solar noon during the
summer solstice (SS) and winter solstice (WS).
Additionally, scenarios with and without collector tilt are
considered to provide a comprehensive assessment of
performance under diverse solar exposure conditions.
Based on these combinations, a total of 36 cases have
been considered in this study. The output from the
optical simulations, namely, the irradiance at the bottom
surface of the PVT receiver, is used as input to the
collector’s electrical performance simulation.

2:31 Modeling and simulations

Aniin-house MATLAB script is developed to model the PV
cell configuration and carry out the simulations. A single-
diode model, as shown in Figure 2 is adopted to
represent a PV cell. The governing equation (Eq. 1) used
to'model the collector’s current output is adopted from
Bader et al. [6].
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Since the output from TracePro cannot be directly used
astinput in MATLAB, the same is pre-treated using a
Python script to make the irradiance data suitable for
input to the MATLAB code. The output of this treated
irradiance data is the weighted average irradiance on
each PV cell.
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Figure 2: Equivalent circuit diagram representing a single-
diode PV cell [6].

2.4, Shading analysis

The influence of shading on PV cell performance is
determined by the various criteria based on the input
and output parameters. As such, a threshold is defined
for. each of those parameters to define the shading. For
instance, if the irradiance on a PV cell is less than the
defined threshold, then that PV cell is considered
shaded. Table 2 represents the threshold laid down for

the shading analysis.
Table 2: Thresholds defined for the shading analysis in the

present study.
Parameter Threshold
Irradiance 0.2*Gref
Voltage 0.1V
Power 0.05 * Vo * lgc

Based on the above-defined criteria, a PV cell on the
bottom side of the receiver is considered shaded if it
meets any of the following conditions: (1) the irradiance
incident on the PV cell falls below the specified irradiance
threshold, (2) the cell's maximum power point voltage
(Vmp) drops below the voltage threshold defined in
absolute values, or (3) the maximum power output (Pmp)
falls below a power threshold. Additionally, the criterion
based on whether the PV cell is reverse-bias is also
defined. i.e., a PV cell is classified as reverse bias if its Vmp
becomes negative, meaning it is not just
underperforming but actively experiencing reverse
voltage, often due to heavy shading or mismatch effects.

2.5 Temperature dependence of PV cells

The influence of temperature on PV cell performance can
be defined based on the temperature coefficients for
voltage and current defined by the manufacturer. The
general equations for the temperature dependence of
PV cells on these parameters are given in Egs. 2 and 3.

leen = (ISC—Tef +a (Teen = Tref)) ' (%) (2)

Veen = (Voc_ref +pB- (Tcell - Tref)) (3)
3. RESULTS AND DISCUSSION
3.1 Model validation

The single-diode model developed in MATLAB is
validated using the experimental data available in the
literature. The maximum power (Pmp) obtained at STC
from the simulations (52.72 W) is compared with that of
the experimental value (50 W) [2], and the % difference
is observed to be less than 5.5%.

3.2 Influence of shading

Based on the shading criteria established in Section 2.4,
simulations were conducted for all the cases studied,
considering a PV cell temperature of 25 °C. Figure 3
presents a representative example for a simulation study
based on Athens (GR), with NS orientation at WS noon.
In this scenario, according to the defined thresholds, it is
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Figure 3: Shading analysis based on the defined criteria. Location: Athens (GR), Orientation: North-south (NS), Time: Winter solstice

(WS) noon.

observed that the first two PV cells experience shading.
Specifically, the first PV cell (from the left-most edge of
the receiver) satisfies all shading criteria, whereas the
second PV cell is shaded based only on the irradiance
threshold. Both cells are part of the first substring of

eight PV cells protected by a bypass diode. Consequently,
the entire substring becomes electrically disconnected
from the PV array, which affects the electrical output of
the system. Figure 4 summarizes all cases impacted by
shading. Apart from Athens (NS orientation, WS noon),
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Figure 4: Illustration of scenarios where shading occurs on the bottom side PV string. Shaded cells are designated by downward
diagonal stripes. PV cells are numbered from 1-38.



Mexico City (NS orientation, WS morning) also
experiences partial shading. Note that, during partial
shading, the presence of diodes becomes significant.
Complete shading is observed in Stockholm (NS
orientation, WS morning and NS and EW orientations,
WS noon). A similar situation is also found in Athens (EW
orientation, WS noon) and Wirzburg (NS and EW
orientations, WS noon), where the whole PV array is
shaded. Figure 5 shows the performance of the bottom
PV array during partial shading with and without diodes.
If a substring with an underperforming PV cell is
protected by a bypass diode, then that substring alone is
bypassed during partial shading. In this case, since the PV
cell configuration is 8-11-11-8, the first substring from
the left gets bypassed for all the partially shaded cases. If
the PV array is not protected by diodes, then the
underperforming PV cell will impact the whole array,
leading to greater power loss. Considering this as a
hypothetical case, when the diodes are absent in the
circuit, the performance of the PV string under these
cireumstances is also shown in Figure 5 (no diode).
Among the partially shaded cases observed, in Athens
(NS, WS noon), the power loss is significant, where the
Pmp of the PV array decreases by nearly 81%.
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Figure 5: Performance comparison of the bottom PV array
during partial shading with and without diodes. Power loss due
to the absence of diodes is shown in %. Horizontal dotted line
corresponds to Pmp at STC.

However, the most significant impact is observed in the
case of Mexico City (NS, WS morning), where the PV

string in the absence of diodes cannot generate any
output. This is because the irradiance on the shaded cells
is quite low. Due to this, the current produced by these
PV cells will also be low. Since all PV cells are connected
in series, the string current is determined by the
underperforming PV cell. This is the reason why the Pmp
for the diode-less cases are considerably lower.
However, it is worth noting that the power loss due to
the absence of diodes is significant only in these
particular scenarios. Hence, the possibility of eliminating
the diodes to reduce the cost of the system and
integration challenges also needs to be considered.

3.3 Effect of temperature

In Figure 6, the influence of PV cell temperature on
electrical output is illustrated across a temperature
range from 25°C to 125°C (expected operational
temperatures), with increments of 25°C. The percentage
difference in electrical output relative to the reference
case at 25°C is also shown in the figure. It is important to
note that for all cases, the irradiance is kept constant at
1000 W/m?2,
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Figure 6: Influence of temperature on the performance of PV
cell string. % reduction in output compared to the reference
case (25 °C) is also shown.

It is observed that at the highest cell temperature
considered, 125°C, the performance drops by
approximately 45% compared to the reference case at
25°C. Given that the performance at 125°C is significantly
reduced and considering that the DM collector is
intended to operate at elevated temperatures—
particularly at the bottom side of the receiver, where PV
cells are exposed to concentrated irradiance—it
becomes essential to explore advanced c-Si PV cell
technologies with lower temperature dependence.
Among these, Interdigitated Back Contact cells show
promising potential to enhance PV cell performance



under high-temperature conditions [8]. Furthermore,
the simulations currently underway are expected to
provide additional insights into the applicability and
integrability of these cells within the DM collector.

4. CONCLUSIONS

With an objective to improve the electrical performance
of PV cells in the existing PVT receiver of the DM
collector, a series of simulations was performed using
MATLAB. The results indicate that partial shading occurs
in certain cases, while in others, all PV cells experience
shading, based on the defined shading criteria. To
mitigate the adverse effects of shading, two potential
strategies are identified: either modifying the existing PV
cell configuration or eliminating the PV cells located in
the shaded areas. Further analysis, which is currently
ongoing, is expected to reveal the most effective strategy
for' minimizing the impact of shading on the overall
electrical output.

In_addition to shading analysis, simulations were also
performed to study the influence of temperature on the
performance of the PV cell array. These simulations
demonstrate that with an increase in the cell
temperature, the degradation in electrical performance
becomes significant. This highlights a major concern, as
the existing PV cell technology employed in the collector
may not be suitable for high-temperature conditions,
considering the high temperatures expected at the
bottom side of the receiver due to the concentration
factor. As a result, it becomes necessary to reconsider
the type of PV cells used in the system. A promising
approach is to explore advanced PV cell technologies,
such as Interdigitated Back Contact (IBC) cells, which are
known for their superior performance at elevated
temperatures. It is also anticipated that replacing the
existing one-third PV cells with half-cut cells will enhance
the'overall electrical output. Such advanced technologies
will significantly enhance efficiency, thermal stability,
and overall performance of the collector under high-
temperature and partial shading scenarios. The ongoing
investigations are expected to shed more evidence on
these statements.
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