
 

1. Introduction 

The capacity of solar photovoltaics (PVs) is increasing world-

wide, which gives impetus to the development of methods to 

generate more electric power per unit area of a photovoltaic 

(PV) module. These methods would allow reducing the number 

of modules required to achieve the desired power generation, 

and thus lowering the cost of a PV system installation. 

One of the approaches to maximise the generated power in-

volves using concentrated photovoltaics (CPV), where mirrors 

or lenses concentrate solar energy onto the surface of the mod-

ule, thus increasing the solar irradiance that enters the module. 

Various CPV configurations are available. One of them is  

a V-trough consisting of two flat mirrors placed at a predeter-

mined angle relative to the module’s surface. It is an example of 

non-imaging optics, which offers low concentration of solar en-

ergy. Compared to high concentration optics, in V-trough based 

systems, using sun-tracking can be avoided [1], which reduces 

the cost of the installation. Moreover, their simple geometry 

translates into a lower production cost and allows more uniform  

Co-published by 

Institute of Fluid-Flow Machinery 

Polish Academy of Sciences 

Committee on Thermodynamics and Combustion 

Polish Academy of Sciences 

 
Copyright©2025 by the Authors under licence CC BY-NC-ND 4.0 

 
http://www.imp.gda.pl/archives-of-thermodynamics/ 

Influence of partial shading on performance of  
a V-trough CPV system with various truncation levels 

Stanislawa Halon*, Natalia Stabrowska, Pawel Pacyga 

Wroclaw University of Science and Technology, Faculty of Mechanical and Power Engineering, Wyb. Wyspianskiego 27, Wroclaw, 50-370, Poland 

*Corresponding author email: stanislawa.halon@pwr.edu.pl 

 

Received: 12.12.2024; revised: 01.09.2025; accepted: 12.09.2025 

Abstract 

This study experimentally investigates the performance of a fixed concentrated photovoltaics system consisting of a photo-
voltaics module coupled with V-trough concentrators under partial shading conditions. V-troughs had the same trough angles, 
but different truncation levels (reflector lengths). Their geometric concentration ratios were 2.35 and 1.80. Research covers  
a wide range of operating parameters  generated power, electrical efficiency, module’s average temperature, and character-
istic curves  offering a unique multidimensional experimental comparison of concentrated photovoltaics performance with 
V-troughs of different truncation. The objective is to determine a relationship between the V-trough geometry, working con-
ditions, and generated power. Findings reveal that the maximum power point and short-circuit current are strong functions of 
the truncation level and angle of incidence. For angles close to 0°, these parameters reach greater values at lower truncation. 
At higher angles, this trend reverses. While concentrator-integrated systems have a higher peak power than the bare module 
(by 23% and 18% for the longer and shorter concentrators, respectively), they experience greater temporal fluctuations in 
operational parameters due to shading. Their daily average power production was comparable to that of the bare module as 
shading cast by V-trough reflectors led to a loss in the instantaneous generated power of up to 45% compared to the system 
with no concentrator. Thus, among the tested concentrators, the shorter one is more cost-effective due to reduced material 
consumption. Additionally, the maximum power of concentrator-integrated systems was produced when the module temper-
ature reached 70ºC, rather than when the solar irradiance was maximum. 
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Nomenclature 

a ‒ receiver area, m2 

A ‒ aperture area, m2 

Ain ‒ area through which solar rays enter the system, m2 

C ‒ geometric concentration ratio 

G ‒ solar irradiance on a tilted surface, W∙m-2 

H ‒ height of the concentrator, m 

Hinit‒ height of the concentrator without truncation, m 

Imp ‒ maximum power current, A 

ISC ‒ short-circuit current, A 

L ‒ aperture length, m 

LPV ‒ length of the PV module, m 

Pin ‒ incoming solar power, W 

PPV ‒ power produced by the PV module, W 

SU,CF‒ standard deviation in voltage calculated using calibration  

           function, V 

SU,DMM‒ standard deviation in voltage measured with 

              a multimeter, V 

tave ‒ average PV module temperature, °C 

tbottom‒ temperature of the PV module bottom part, °C 

tmid ‒ temperature of the PV module middle part, °C 

ttop ‒ temperature of the PV module top part, °C 

u ‒ uncertainty 

Ump ‒ maximum power voltage, V 

Uoc ‒ open-circuit voltage, V 

w ‒ receiver width, m 

W ‒ aperture width, m 

WPV  ‒ width of the PV module, m 

Z ‒ length of the reflectors, m 

 

Greek symbols 

βopt – optimum tilt angle, deg 

δ – acceptance angle, deg 

δmax– maximum acceptance angle, deg 

Δ – decrease from maximum to minimum relative to maximum, % 

ηe – electrical efficiency of the system 

θ – trough angle, deg 

φ – latitude, deg 

Ψ – vertex angle, deg 

 

Subscripts and Superscripts 

ave – daily average value  

instant– instantaneous value 

max – maximum value 

 

Abbreviations and Acronyms 

AoI – angle of incidence, deg 

CPC – compound parabolic concentrator  

CPV – concentrated photovoltaics  

GTI – global tilted irradiance, W∙m-2 

MPP – maximum power point 

MPPT– maximum power point tracking 

PV – photovoltaic 

PVs – solar photovoltaics 

TL – truncation level  

illumination of the PV module compared to the other popular 

CPV geometry – compound parabolic concentrator (CPC) [2]. 

However, when a V-trough with no sun-tracking is employed, 

uniform illumination cannot be assured throughout every day of 

its operation due to the change of the elevation angle of the sun 

[1]. The non-uniformity has an adverse effect on the PV mod-

ule’s open-circuit voltage, efficiency [3,4] and operational life-

time [5]. 

Ustaoglu et al. [4] numerically investigated the performance 

of a PV module coupled with chosen non-imaging concentra-

tors, such as V-troughs and CPCs, and a cooling system. They 

demonstrated that with a V-trough concentrator, the heat flux in 

the central part of a photovoltaic module can be approximately 

eight times higher than at the edges, depending on the angle of 

incidence (AoI) of the sun rays. In a more recent paper, Ustaoglu 

et al. [6] performed another numerical analysis of the perfor-

mance of a cooled PV module coupled with truncated  

V-troughs, CPCs, and compound hyperbolic concentrators. 

They showed that for the case with no truncation, the heat flux 

reaching the surface of a PV module with a V-trough varied 

from nearly 0 W/m2 close to the edges to approximately  

2000–4000 W/m2 near the central part of the module, depending 

on the AoI. For angles of incidence greater than 0º, the PV mod-

ule experienced a step-wise change in heat flux of approximately 

1000 W/m2 along its length. The authors did not provide the 

length-wise heat flux distribution for the truncated concentra-

tors. However, they reported that for AoI of 0º, introducing  

a 55% truncation level reduced the maximum temperature of the 

PV module from 335 K to 330 K, and  that  for  AoI < 30º  higher 

truncation resulted in reduced power generation. Ustaoglu et al. 

[6] concluded that among all the analysed geometries V-troughs 

demonstrated the most beneficial performance. 

In outdoor experiments, Singh et al. [5] measured illumina-

tion along the width of the V-trough’s receiver using fourteen 

photodiodes. They reported that, depending on the angle of in-

cidence, the relative intensity of illumination can vary between 

approximately 5 and 55 across the receiver. They used  

a V-trough with its focal line oriented in the east-west direction.  

Hadavinia and Singh [7] simulated the performance of a PV 

module coupled with a V-trough having various trough angles. 

They analysed trough angles ranging from 0 to 45º and AoI var-

ying from 0 to 45º. Their results indicate that for a 50-cm-high 

V-trough, the highest optical concentration ratio averaged over 

AoIs corresponding to the highest solar irradiance throughout 

the day was achieved for the trough angle of 22º. 

In his PhD thesis, Hadavinia [8] presented more detailed re-

sults of his studies on a PV module with V-troughs having 

trough angles of 15º and 22º. His simulations showed that apart 

from AoI = 0º, where the energy flux distribution on the PV 

module surface was uniform, most of the other AoIs resulted in 

two areas on the module’s surface, where the energy flux con-

centration differed by approximately 20 units. In his experi-

mental studies using a V-trough with a trough angle of 19º, he 

observed that the current-voltage curves differed from the typi-

cal ones. Instead of the current plummeting after a certain volt-

age was exceeded, it decreased gradually over the full range of 

voltages. Hadavinia [8] attributed this behaviour to the partial 

shading of the PV module. 

https://www.editorialsystem.com/editor/aot/article/514435/view/
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More papers address the influence of partial shading on 

a bare PV module. Under such conditions, the PV module’s 

power-voltage characteristic curve can have multiple local max-

imum power points (MPPs) [9]. This can negatively affect a PV 

system coupled with an MPPT solar charge controller, as the 

controller cannot differentiate between local and global MPPs 

[9]. Zhang et al. [9] showed both analytically and experimen-

tally that introducing different irradiance levels to one or two PV 

cell strings out of a three-string PV module with bypass diodes 

results in one or two additional MPPs in the characteristic curve, 

respectively. The lower the irradiance reaching the strings, the 

lower the power associated with those additional MPPs. De-

pending on the shading scenario, the minimum local MPP could 

be approximately half of the maximum. Similar results were ob-

tained by Bharadwaj and John [10], who reported that introduc-

ing three areas of different irradiance on the surface of a PV 

module with bypass diodes resulted in three different voltages 

in the I-V curve for which the current started to drop signifi-

cantly. In other words, the current decreased in a step-wise man-

ner, remaining constant within a given voltage range and drop-

ping with each subsequent interval of higher voltage. In their 

experiment, the maximum current within the three intervals was 

7 A, while the minimum was approximately 4.7 times lower. 

Brecl et al. [11] simulated the performance of a PV module with 

bypass diodes under partial shading conditions caused by chim-

neys or a pole. They reported that for the shortest day of the year 

in Ljubljana, Slovenia, shading could result in a power loss of  

26–78%, and that this loss is influenced by the orientation of the 

PV module (landscape or portrait). 

Despite many works on partial shading of PV modules, little 

attention has been given to experimental investigations of PV 

modules coupled with V-troughs of various truncation levels. 

Discussed papers either examine single V-trough geometry or 

rely on numerical simulations, leaving systematic experimental 

data on the effect of truncation on PV module performance 

largely absent. This paper addresses this gap by experimentally 

assessing how the performance of a fixed PV module with  

V-trough concentrators of different reflector lengths (truncation 

levels) is affected by shading from the reflectors. The main goal 

is to determine the relationship between the V-trough geometry, 

operational conditions, and power generation. Lower truncation 

levels increase geometric concentration ratios and shading. The 

former leads to higher module temperatures and reduced electri-

cal efficiency. Thus, to assure a comprehensive analysis, a mul-

titude of operational parameters are studied: generated power, 

solar irradiance, the PV module electrical efficiency and average 

temperature, as well as the module current-voltage and power-

voltage characteristic curves. By studying such a broad set of 

parameters, our paper provides a multidimensional experimental 

comparison of a PV module performance while coupled with  

V-troughs of various truncation levels, offering insights unavail-

able in prior works. 

2. Experimental setup 

The experimental setup is shown in Fig. 1. Its main component 

was a commercially available PV module (brand: Maxx, model: 

10 W) that was connected to a maximum power point tracking 

(MPPT) solar charge controller (Lumiax MT1050EU). An am-

meter (EXTECH EX470A multimeter) was used to measure the 

current from the PV module, while the MPPT controller moni-

tored the produced voltage. Generated electricity powered 

a 10 W LED lamp, and any excess power was stored in three 

parallel-connected batteries (each having the capacity of 

7.2 Ah). Three T- type thermocouples, placed at the top, bottom, 

and in the middle of the module's back surface, measured the 

module temperature. These thermocouples, together with a py-

ranometer (Kipp&Zonen SP Lite) for measuring solar irradi-

ance, were connected to a data recorder (LUMEL KD7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three cases were studied: the PV module without a concen-

trator and the same PV module coupled with shorter and longer  

V-trough concentrators differing in truncation level (TL). These 

concentrators had the same trough angles but different lengths 

of their reflectors (Z). Detailed specifications of the PV module 

used are provided in Table 1.  

 

 

 

 

 

 

 

2.1. V-trough concentrators 

In the experiment, two types of non-imaging V-trough concen-

trators were used, the geometry of which is schematically pre-

sented in Fig. 2. Each comprises two flat reflectors positioned at 

a trough angle (θ) of 10° measured from the normal to the re-

ceiver plane. Constructed from stainless steel 304 with a BA fin-

ish, the concentrators vary in truncation level, defined as: 

 TL =  
𝐻𝑖𝑛𝑖𝑡− 𝐻

𝐻𝑖𝑛𝑖𝑡
, (1) 

where 𝐻 represents the height of the truncated V-trough, and 

Hinit denotes the height of the initial V-trough without trunca-

 

Fig. 1. Schematic of the experimental setup used in the study. I – PV 

module, II – PV module with the shorter concentrator, III – PV module 

with the longer concentrator, IV – MPPT solar charge controller, V – 

ammeter, VI – batteries, VII – LED lamp, VIII – thermocouples used to 

measure PV module temperature, IX – data recorder, X – pyranometer. 

Table 1. Specification of the PV module used in the experiments. 

Power, W 𝑼𝒐𝒄, V 𝑰𝒔𝒄, A 𝑼𝒎𝒑, V 𝑰𝒎𝒑, A 
Dimensions 

LPV  WPV,  

m  m  

10 22.64 0.58 18 0.54 0.43 x 0.19 
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tion. For the concentrator with no truncation, the reflectors were 

735 mm long, and Hinit was 724 mm. For the truncated concen-

trator, the reflectors were 399 mm long, resulting in a height H 

of 393 mm and a truncation level of 46%. Varying heights of  

V-troughs led to differences in another crucial parameter char-

acterising V-trough geometry – the geometric concentration ra-

tio (C) expressed as: 

 𝐶 =
𝐴

𝑎
=

𝑊

𝑤
. (2) 

The values of C together with the geometric dimensions of 

both concentrators are detailed in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Experimental procedures 

The experimental campaign took place outdoors on the campus 

of Wroclaw University of Science and Technology, Wroclaw, 

Poland (51°6'35.72"N and 17°3'28.13"E) in May and June 2023. 

Each geometry (the bare module and the module with the 

longer/shorter concentrator) was investigated individually on 

separate days from 10:00 to 14:00 (UTC+02:00). Throughout 

the experiments, the PV system was facing south with a slight 

tilt towards the east, resulting in an azimuth angle of approxi-

mately 30 degrees. The focal line of the V-trough was vertically 

oriented, and the experiments were carried out under clear sky 

conditions. During the experiments, voltage and current pro-

duced by the PV module, along with solar irradiance, were rec-

orded at 15-minute intervals. 

Performance of a PV module is significantly influenced by 

its tilt angle, the optimum value of which depends on, inter alia, 

the latitude of an installation site and cloud cover. Consequently, 

to determine the optimum tilt angle for a PV module installed in 

Wroclaw, with a latitude of approximately 51 degrees north, we 

employed the formula developed by Jacobson and Jadhav [12]. 

This formula incorporates meteorological data from locations 

investigated by the authors, and for the northern hemisphere is 

given by: 

 𝛽𝑜𝑝𝑡 = 1.3793 +  

 +𝜑[1.2011 + 𝜑(−0.014404 + 0.000080509𝜑)]. (3) 

For Wroclaw, Eq. (3) yields the optimum tilt angle equal to 

approximately 35º, and this value was used in our experiments. 

In our experiments, we used vertically oriented V-troughs of 

fixed tilt and azimuth angles (see Fig. 3) so that we could study 

the influence of partial shading on PV module performance dur-

ing experiments of relatively short duration. This allowed us to 

assess the power loss introduced by the shadow cast by the  

V-trough reflectors when no two-axis sun-tracking is employed. 

 

 

 

 

 

 

 

 

 

 

 

4. Data reduction and uncertainties  

4.1. Electric performance of the system 

As the experimental setup consisted of a PV module coupled 

with an MPPT solar charge controller, it was assumed that the 

module always worked at the maximum power point for given 

irradiance conditions. The electrical efficiency of the system in 

all studied cases was calculated as:  

 𝜂𝑒 =
𝑃𝑃𝑉

𝑃𝑖𝑛
, (4) 

where:  

 𝑃𝑃𝑉 = 𝑈𝑚𝑝𝐼𝑚𝑝,  

(5) 

 𝑃𝑖𝑛 = 𝐴𝑖𝑛𝐺.  

Ain is the area through which solar rays enter the system. For the 

case with no concentrator, it equals the surface area of the PV 

module (An = LPVWPV), whereas for the cases with concentra-

tors, it equals their aperture area (Ain = LW). 

4.2. Solar irradiance on a tilted surface 

The pyranometer used to measure solar irradiance incident on 

the system was placed at the same angle as the PV module. Con-

sequently, it measured global tilted irradiance (GTI), which is 

the sum of direct, diffuse and reflected radiation reaching the PV 

module or the aperture of the concentrators, depending on the 

case studied. Therefore, in this work, G in Eq. (5) equals GTI. 

Table 2. Geometric dimensions of  V-trough concentrators used in the 

study.  
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Longer 0 450 ± 1 200 ± 1 470 ± 1 735 ± 1 2.35 

Shorter 46 450 ± 1 200 ± 1 360 ± 1 399 ± 1 1.80 

 

 

Fig. 3. Tilt angle used in the experimental campaign. 

 

Fig. 2. V-trough concentrators used in the study. a - geometry,  

b - a photo showing both V-troughs: 1 – the longer one,  

2 - the shorter one. 

https://www.editorialsystem.com/editor/aot/article/514435/view/
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4.3. Uncertainties 

Uncertainties of direct measurements (current, solar irradiance 

and module’s back surface temperatures) were determined 

based on the accuracy of the measuring equipment. Voltage was 

measured using a built-in function of the MPPT controller (Lu-

miax MT1050EU). We calibrated the controller with a multime-

ter (UNI-T UT89XD) of known accuracy and applied a regres-

sion analysis to determine the calibration function. This function 

takes the following form: y = bx + a, where x is the actual value 

(taken from the multimeter), and y is the value measured with 

the controller. We calculated uncertainty in Ump as a sum of 

standard deviation in the actual voltage determined using the 

calibration function sU,CF and standard deviation in the measure-

ment taken with the multimeter sU,DMM: 

 𝑢(𝑈𝑚𝑝) = √𝑠𝑈,𝐶𝐹
2 +

𝑠𝑈,𝐷𝑀𝑀
2

3
. (6) 

Uncertainties of the calculated parameters (incoming solar 

power, electrical efficiency and the average module’s back sur-

face temperature) were determined using the error propagation 

method. Specific values of measured and calculated parameters 

together with their uncertainties are listed in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Results and discussion  

In order to compare the performance of the PV module working 

with and without concentrators, it was necessary to verify that 

all the systems were investigated under similar irradiance con-

ditions. Figure 4 presents temporal variations of solar irradiance 

for the PV module with and without concentrators. In all studied 

cases, changes in solar irradiance followed a similar pattern: 

first, it increased to reach its peak value at between 11:30 and 

12:15 depending on the day of the experiment, and then it stead-

ily declined until the end of the experiment. This behaviour is 

primarily due to the absence of sun-tracking in the experimental 

setup, resulting in decreased irradiance as the sun’s position 

shifted over time. Generally, deviations from this pattern were 

minimal across all cases, except for an anomaly observed at 

11:30 for the system with the shorter concentrator, attributed to 

transient cloud cover. However, this deviation did not substan-

tially impact the average solar irradiance reaching the system, 

which was 984.53 W∙m−2 for the PV module without a concen-

trator, 997.88 W∙m−2 for the system with the shorter concentra-

tor, and 990.35 W∙m−2 for the longer concentrator. Thus, the 

overall irradiance levels in all the cases were comparable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1. Power generation 

Figure 5 shows the power output for each analysed system over 

time. Concerning instantaneous power generation, the system 

equipped with the longer concentrator demonstrated the highest 

performance, reaching a maximum power of 12.68 W. The sys-

tem with the shorter concentrator achieved only slightly worse 

maximum power output of 12.19 W. In contrast, the system 

without a concentrator yielded a maximum power of 10.33 W. 

These results are a consequence of the amount of solar power 

reaching the PV module in each system, which was the highest 

when the longer concentrator with the highest geometric con-

centration ratio was used, and the lowest when there was no con-

centrator.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When considering the time-averaged power generation, the 

system without a concentrator attained an average power output 

of 9.61 W with a standard deviation of 0.45 W. In comparison, 

the system with the shorter concentrator produced on average 

 

Fig. 4. Solar irradiance as a function of local time for all studied cases. 

Table 3. Uncertainties of measured and calculated parameters. 

Parameter 
Measured/calculated 

range 
Uncertainty 

Ump 14.72  19.66 V 0.10  0.13 V 

Imp 0.225  0.849 A 0.011  0.026 A 

ttop 28.70  74.30 °C 0.5 °C 

tmid 28.80  88.40 °C 0.5 °C 

tbottom 28.70  88.30 °C 0.5 °C 

tave 28.77  82.53 °C 0.3 °C 

G 838  1089 W∙m-2 2.4% 

PPV 3.96  12.68 W 0.19  0.40 W 

Pin 52.22  224.61 W 1.31  5.44 W 

𝜼e 0.023  0.167 0.001  0.007 

 

 

Fig. 5. Power produced by each studied system as a function of local 

time. Labels show the maximum values for each system. 
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9.66 W with a standard deviation of 2.47 W, while for the longer 

concentrator system, the average was 9.57 W with a standard 

deviation of 2.80 W. Thus, all the studied systems produced sim-

ilar average power, however the fluctuations in generated power 

over time were greater for the systems with concentrators, as ev-

idenced by their higher standard deviations. These fluctuations 

can be attributed to shading effects caused by the reflectors of 

the concentrators. As the sun's position shifted during the exper-

iment, changes in the angle of incidence of the incoming radia-

tion led to partial shading of the PV module. At 14:00, this trans-

lated into about a 45% loss in generated power compared to the 

bare module. 

The data presented in Fig. 5 show that the optimum angle of 

incidence occurred at around 11:00 for the system with the 

shorter concentrator and approximately at 10:30 for the system 

with the longer concentrator. The more the time of a given meas-

urement was away from the time corresponding to the maximum 

produced power, the greater the drop in power generation was 

observed. Both systems equipped with concentrators exhibited 

a maximum percentage drop in instantaneous power production 

of 68% compared to their maximum generated power, while for 

the PV module without a concentrator, this drop was only 18%. 

Such substantial losses in instantaneous power in the case of the 

systems with V-trough concentrators highlight that their perfor-

mance is strongly affected by the angle of incidence of the in-

coming radiation, and the resulting partial-shading and illumi-

nation non-uniformity. Similar behaviour of the power gener-

ated by a bare PV module and a system with a V-trough concen-

trator was reported by Hadavinia and Singh [7]. In their experi-

ments (conducted between 10 a.m. and 2 p.m.), the standard de-

viation of the power produced by the system with the concentra-

tor was eight times higher than for the bare module, whereas in 

our study for the system with the shorter concentrator, it was  

5.5 times higher than for the bare PV module. Furthermore, re-

sults of simulations performed by Parapudi et al. [13] show that 

in the summer months of June and July in London, UK, bare 

monocrystalline silicone PV modules and those coupled with  

a V-trough having a geometric concentration ratio of 1.40 and  

a trough angle θ = 20° yielded nearly the same monthly electri-

cal energy production. 

5.2. Optimum operating point 

Comparing the data in Figs. 4 and 5 also shows that for the sys-

tems with concentrators, the time of peak power generation did 

not coincide with the time of the maximum solar irradiance. In-

stead, the peak power output occurred approximately an hour 

earlier than the peak solar irradiance was observed. This indi-

cates that solar irradiance is not the only factor affecting gener-

ated power. One such parameter of interest is the temperature of 

a photovoltaic module. The temporal evolution of the module’s 

temperature, together with changes in solar irradiance and gen-

erated power for all the examined cases, is illustrated in Fig. 6.  

The data shown in the figure indicate that for the systems 

with concentrators, the maximum power was generated when 

the PV module’s temperature was approximately 70ºC (Fig. 6b 

and Fig. 6c). This points to the existence of an optimum operat-

ing point for the CPV system in terms of the amount of incoming 

solar energy. It seems that this point should not be chosen solely 

based on the maximum value of solar irradiance, but also based 

on the PV module’s temperature. As this temperature is a strong 

function of irradiance, its high value is an indicator of a large 

amount of solar energy reaching the PV module. However, its 

value should not exceed a certain limit (in our case 70ºC), be-

cause then the performance loss due to the temperature rise starts 

to be visible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bahaidarah et al. [14] reported a similar 30-minute shift be-

tween the time of maximum irradiance and the time of maxi-

mum power generated by a PV module with a V-trough. In their 

 

Fig. 6. PV module temperature, solar irradiance and generated power for 

each studied system as a function of local time. 
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simulations for a chosen day in September, the peak power pro-

duction of the V-trough system occurred around 11:30 a.m., 

when the module temperature was approximately 61ºC (about 

2ºC lower than the maximum temperature of the PV panel dur-

ing that day), while the maximum irradiance occurred at 12 p.m. 

As in their work, the optimum temperature in terms of power 

production was 61ºC, and in our study, it is 70ºC, additional ex-

periments need to be conducted to identify parameters which de-

termine the optimum operating temperature. These parameters 

could be, e.g. V-trough geometry and material, PV module’s 

model and type, day of the year, location, or weather conditions. 

Interestingly, no time shift between the peak generated 

power and the peak solar irradiance was observed in the case of 

the system without a concentrator (Fig. 6a). This might be due 

to the fact that when no concentrator was used, the PV module’s 

temperature did not exceed the limit of 70ºC, so it did not have 

a noticeable negative impact on the module performance. 

5.3. Temperature of the photovoltaic module 

Figure 7 shows a comparison of PV module temperature for all 

the studied systems. As expected, the highest panel temperature 

was observed for the system with the longer concentrator, 

 i.e. with the highest geometric concentration ratio. The maxi-

mum recorded temperature for this system reached 82.5ºC. For 

the system with the shorter concentrator, the maximum temper-

ature was 75ºC, and for the bare PV module, it was 48.3ºC. The 

higher the concentration ratio, the greater solar irradiance 

reaches the PV module’s surface, resulting in higher module 

temperatures. Similar values of the maximum panel temperature 

were reported by Parapudi et al. [13]. In their simulations for a 

chosen day in June, the temperature of a bare PV module was 

ca. 47ºC, and for a panel coupled with a V-trough (C = 1.40), 

the temperature was about 79ºC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The most significant change in temperature over time oc-

curred for the system with the longer concentrator. After 13:00, 

its temperature dropped below that of the system with the shorter 

concentrator. This can be attributed to the shading introduced by 

the reflectors of the concentrator. The longer the reflectors are, 

the greater the shading and its impact on the PV module temper-

ature. 

5.4. Electrical efficiency 

Time evolution of electrical efficiency for all the studied sys-

tems is presented in Fig. 8. The highest efficiency on average of 

15.70% was achieved by the system with no concentrator. The 

systems with the shorter and longer concentrators demonstrated 

significantly lower average efficiencies of 5.92% and 4.51%, re-

spectively. Employing concentrators increased solar power  

entering the system, however, it did not translate onto a propor-

tional rise in generated power, which is reflected in lower effi-

ciencies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For example, in the system incorporating the shorter concen-

trator, the incoming power was 1.8 times higher compared to the 

system without a concentrator, as determined by the geometric 

concentration ratio. However, the maximum generated power 

only increased by a factor of 1.18. Similarly, in the system with 

the longer concentrator, the incoming power was 2.35 times 

higher, yet the maximum generated power increased by a factor 

of only 1.23. The differences between the relative increases in 

the incoming and generated power can be attributed to the opti-

cal losses of the CPV system. 

Another issue is that not only electrical efficiencies of the 

systems with concentrators are at least 50% lower than for the 

PV module with no concentrator, but they also display greater 

temporal variability. Again, this can be attributed to shading – 

as the sun changes position, reflectors of concentrators start to 

cast shadow on the PV module, which reduces the performance 

of the module with time. These effects have been documented 

in the existing literature. Figure 9 shows a comparison between 

the electrical efficiencies of the bare PV module and the system 

with the shorter concentrator determined in this work and those 

reported by Parapudi et al. [13] as a function of the angle of in-

cidence (AoI). AoI was calculated according to the procedure 

described in [13]. We chose the system with the shorter concen-

trator for comparison as it bears more resemblance to the  

V-trough studied in [13] than the system with the longer con-

centrator (C = 1.80, trough angle θ = 10° and receiver width 

w = 200 mm vs. C = 1.40, trough angle θ = 20° and receiver 

width w = 33 mm in [13]).  

 

 

Fig. 7. Average temperature of the PV module as a function  

of local time for each studied system. 

 

Fig. 8. Electrical efficiency as a function of local time  

for each studied system. 
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In the case of the bare PV module and AoI < 33°, similar 

electrical efficiencies to those of Parapudi et al. [13] were ob-

tained. We did not study AoI > 33° due to the limited duration 

of the experiment, which restricted studied solar positions. For 

the system with the concentrator, the dependence of electrical 

efficiency on AoI in our work had a similar shape to that re-

ported in [13]. Up to AoI ≈ 20°, the electrical efficiency in our 

study was nearly constant, whereas in [13], it decreased slightly. 

When AoI was > 20°, electrical efficiency started to fall at 

a higher rate in both our investigation and the paper by Parapudi 

et al. [13]. This behaviour was attributed to partial shading of 

the PV module.  

The shape of ηel(AoI) in our study closely follows the theo-

retical angular acceptance function, which can be found, for ex-

ample in [15]. This function describes the dependence of the 

fraction of sun rays reaching the receiver of a V-trough to those 

reaching the aperture on the angle of incidence. For AoI below 

the acceptance angle δ, all incoming rays reach the receiver.  

For δ < AoI < δ + 2θ, the acceptance starts to fall gradually 

to the value of 0 at the maximum acceptance angle δmax = δ + 2θ 

where no sun rays reach the PV module. Analysing Fig. 9 indi-

cates that for both the V-trough used in our study and the one in 

Parapudi et al. [13] research, δ ≈ 20°. This value is further con-

firmed by calculating the acceptance angle using the rearranged 

formula that can be found in [16]: 

 𝛿 = asin(𝐶) − 𝜃. (7) 

For the shorter concentrator, the resulting acceptance angle 

is ca. 24º, and for the concentrator in the work of Parapudi et al. 

[13], δ ≈ 26°. However, for the system with the concentrator, the 

efficiencies obtained in our study are much lower than those re-

ported in [13]. This is probably due to the lower reflectance of 

the stainless steel that our concentrator was made of, compared 

to the one employed in [13]. Reflectivity has a direct impact on 

the fraction of sun rays falling on the aperture surface that 

reaches the PV module. The higher the reflectivity of the con-

centrator surface, the more light flux is incident on the PV mod-

ule. Parapudi et al. [13] used MICRO-SILVER 4200 AG, whose 

total reflectivity is 0.98, while Ustaoglu et al. [17] reported that 

for their polished stainless steel concentrator, the measured re-

flectivity varied between 0.383 and 0.653 for wavelengths of 

light ranging from 200 to 1200 nm. Similar to Ustaoglu et al. 

[17], we used a stainless-steel V-trough. Its lower reflectivity 

could translate into lower power production and, consequently, 

lower electrical efficiency compared to the system studied by 

Parapudi et al. [13]. 

Taking instantaneous and average daily power production as 

well as electrical efficiency into account, the system equipped 

with the shorter concentrator is a preferable choice for non-sun-

tracking configurations. It achieves comparable power genera-

tion to the system with the longer concentrator, but at a reduced 

cost owing to lower material consumption; the total reflectors 

area calculated as 2‧Z‧L is 0.36 m2 for the shorter concentrator 

and 0.66 m2 for the longer one. 

5.5. Manual sun-tracking 

For every studied system after finishing the experiments for its 

fixed position, we changed its position (azimuth) manually so 

that it directly faced the sun. Then, we took the final measure-

ment at about 14:10 to assess the impact of manual sun-tracking 

on generated power. The results presented in Fig. 10 show that 

the concentrator systems experienced an increase of more than 

200% in instantaneous generated power when their position was 

adjusted. This is a strong indicator that choosing the fixed posi-

tion of a CPV system with a V-trough may cause a significant 

loss in generated power due to partial shading of the PV module. 

Consequently, in terms of power maximisation, some form of 

sun-tracking is recommended for such systems. For example, in 

the systems with the focal line oriented in the east-west direc-

tion, seasonal adjustment of their tilt angle should be employed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the case of the system with no concentrator, and thus no 

partial shading, the gain in produced power was only 13%, indi-

cating lower sensitivity to the change of the angle of incidence. 

Comparisons between the performances of V-trough CPV 

systems with and without sun-tracking are rather scarce in the 

literature. The available papers mostly deal with comparative 

analyses of the power produced by a bare PV module with and 

without tracking, and the power of a CPV system with dual-axis 

 
Fig. 10. Comparison between the generated power for the systems with 

a fixed position and position facing the sun for all studied cases. 

 

Fig. 9. Comparison between electrical efficiencies obtained in this study 

and those of Parapudi et al. [13]. 
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tracking [18,19]. In this study, the use of manual sun-tracking in 

the system without a concentrator resulted in a 13% power gain. 

Hussein et al. [19] reported a similar increase of 24% in gener-

ated power for a bare photovoltaic module with a vertical single 

axis tracker, tracking diurnal movement of the sun in the W-E 

direction, compared to a module without tracking. 

Concepcion et al. [20] analysed the performance of  

a V-trough CPV system with and without a two-axis tracker. In 

their study, the energy produced by the former system was more 

than 20% higher than that of the latter, which is a significantly 

lower gain compared to our results. This might be due to the fact 

that the V-trough in [20] had a trough angle of 30º instead of 10º 

used in the current study. Reflectors placed at an angle of 30º 

cast less shadow than those at an angle of 10º. Consequently, 

limiting shading with tracking had a less profound impact on the 

performance of the V-trough system with a higher trough angle. 

However, Concepcion et al. [20] did not provide information on 

the V-trough height, so a conclusive comparison between the 

shadow cast by their and our reflectors cannot be carried out. 

5.6. Current-voltage and power-voltage characteristic 

curves 

The data for current-voltage and power-voltage characteristic 

curves for each system were collected in July 2024 at the same 

location, using the same module and concentrators with the 

same tilt angle as described in Sections 2. Experimental setup 

and 3. Experimental procedures. The tested systems faced south. 

In these tests, the module was connected to four sliding rheostats 

having a total resistance of 200 Ω instead of a solar charge con-

troller. For each system, the experiments started at 11:30 and 

ended at 15:30 (UTC+02:00). Every 30 minutes, the values of 

voltage and current produced by the module were collected for 

resistances varying from 0 to 200 Ω using two UNI-T UT890D+ 

multimeters. Additionally, global tilted irradiance (GTI) was 

measured with a Hukseflux SR05-D2A2 pyranometer. For  

the system with no concentrator, the average GTI was  

991.44 W∙m−2, for the system with the shorter concentrator,  

it was 970.78 W∙m−2, and for the longer concentrator  

1032.44 W∙m−2. Thus, GTI can be considered similar for all the 

studied systems. The temporal evolution of solar irradiance for 

each system is presented in Fig. 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 12a and 12b depict the current-voltage and power-

voltage characteristic curves for all the studied systems at the 

time when AoI of the sun rays was approaching 0°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11. Solar irradiance as a function of local time for all studied cases 

measured during the experiments on PV module characteristic curves. 

 
Fig. 12. Characteristic curves for all studied systems at selected times. 
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As expected, the longer the concentrator, the greater were 

the short-circuit current Isc and the maximum generated power 

(MPP). However, as the position of the sun changed, the shadow 

cast by the concentrator reflectors caused performance deterio-

ration, which can be observed in Figs. 12c and 12d for the local 

time of 14:30 and 15:00. At 15:00, the short-circuit current for 

the system with the longer concentrator was by 17% and 56% 

lower compared to the systems with the shorter concentrator and 

no concentrator. As for MPP, the system with the longer con-

centrator produced 13% and 51% less power than the systems 

with the shorter concentrator and no concentrator. This high-

lights the extent to which shading influences PV module perfor-

mance. 

Table 4 presents the comparison between Isc and MPP at 

13:00 and 15:00 for all the studied systems. The data indicate 

that the lower the TL of the system, the greater is the relative 

percentage drop in Isc and MPP it experiences as the position of 

the sun changes. Thus, low truncation levels (associated in our 

work with higher geometric concentration ratios) are not advis-

able when no sun-tracking is employed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multiple MPPs in the power-voltage curves were not ob-

served. This is because the PV module used in the experiment 

was probably not equipped with by-pass diodes. By-pass diodes 

would weaken the negative effect of shadow on the PV module 

performance. Thus, they are recommended in fixed systems with 

concentrators where no sun-tracking is used. 

6. Summary 

Table 5 presents a summary of the papers dealing with the im-

pact of shading on V-trough PV systems, including the results 

of the present study. It covers PV module and V-trough charac-

teristics, generated power, PV module temperature, electrical ef-

ficiency and characteristic curves. If information of interest was 

not directly given in the original paper but could be estimated 

from the figures included, it was denoted by approximately 

equals sign (≈). If the analysed paper included both a simulation 

and an experiment, the data from the experiment were given. 

Analysis of the summary indicates that most of the experi-

mental studies focus on either smaller or bigger PV modules 

(APV < 0.064 m2 or APV ≤ 1.24 m2) than the one used in our paper. 

The experiments featured V-troughs with higher trough angles 

20° ≤ 𝜃 ≤ 30° than in our work, but similar geometric concen-

tration ratios varying between 2 and 2.6, which entails a lower 

height of the concentrator reflectors. The instantaneous power 

loss in the experimental studies ranged from 40% to 98%, which 

further confirms that shading can substantially deteriorate the 

PV module performance. 

It is worth noting that apart from our work and the paper of 

Ustaoglu et al. [6], no authors provided the data on V-troughs 

with various truncation levels, and Ustaoglu et al. [6] based their 

analysis on numerical calculations. Nonetheless, the results of 

both our experiment and Ustaoglu et al.[6] simulations indicate 

that truncating V-troughs reduces the maximum PV module 

temperature. All studies show that introducing concentrators 

generally lowers the average electrical efficiency and leads to  

a more pronounced instantaneous power loss compared to the 

systems with bare PV modules.  

7. Conclusions 

In this work, three different PV systems were experimentally 

tested in outdoor conditions in May/June 2023 and July 2024 in 

Poland using a commercially available PV module: without 

a concentrator, and with two distinct stainless-steel V-shaped 

concentrators of different truncation levels. The position of all 

systems was fixed – they all faced either south or south with 

a slight tilt towards east, and the focal line of the concentrators 

was vertically oriented. The primary objective was to determine 

the dependence between the V-trough geometry, working con-

ditions and power output, taking into account the influence of 

shading introduced by V-trough reflectors. Here are the main 

findings: 

 The highest instantaneous power of 12.68 W was generated 

by the system with the longer concentrator; the system with 

the shorter concentrator ranked second with 12.19 W; the 

bare PV module reached 10.32 W. Thus, both systems with 

concentrators demonstrated similar performance in terms 

of the maximum instantaneous power production. 

 Due to shading, the systems with concentrators were sub-

ject to greater changes in generated power over time than 

the system with no concentrator. The instantaneous power 

loss reached up to 45% compared to the bare PV module. 

Consequently, all the systems produced a similar average 

power of 9.57–9.66 W. 

 The system with the longer concentrator reached the high-

est instantaneous PV module temperature (82.5ºC) and the 

lowest average electrical efficiency (4.51%). Due to shad-

ing, these parameters exhibited the greatest variation in 

time among all the studied systems. The bare PV module 

reached the lowest instantaneous surface temperature and 

the highest average electrical efficiency with their maxima 

of 48.3ºC, and 15.70%, respectively. It also demonstrated 

the lowest variation of these parameters. 

 The V-trough with the higher truncation level allowed lim-

iting the adverse effect of shading. It offered similar aver-

age power output to the system with the longer concentra-

tor at a lower price due to a reduction in material consump-

tion. Based on that, the system with the shorter concentra-

tor is the preferred option. However, its geometric concen-

tration ratio cannot be equated with the optimum value 

yielding the maximum possible power. Determining this 

optimum ratio requires further studies. 

Table 4. Comparison of 𝐼𝑠𝑐 and MPP between the studied systems  

at 13:00 and 15:00.  

Concentrator  
in the system 

Time: 13:00 Time: 15:00 
Percentage drop  
relative to 13:00 

𝑰𝒔𝒄,  
A 

MPP, 
W 

𝑰𝒔𝒄,  
A 

MPP,  
W 

in 𝑰𝒔𝒄,  
A 

in MPP,  
W 

None 
(TL = 100%) 

0.64 9.7 0.55 8.2 14.1% 15.2% 

Shorter  
(TL = 46%) 

0.74 10.3 0.29 4.6 60.8% 55.4% 

Longer 
(TL = 0%) 

0.89 13.4 0.24 4.0 73.0% 70.1% 
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 The highest instantaneous power output was observed for 

the bare PV module when the solar irradiance was maxi-

mum, and for the systems with V-troughs when the PV 

module temperature was 70ºC. This indicates that the em-

ployed strategy for maximizing power output should de-

pend on module temperature. Below its certain (limit) 

value, the position of the system (tilt and azimuth angles) 

should ensure the maximum irradiance incident on the PV 

module. Above the limit, the position should prevent any 

additional temperature rise. Further experiments are re-

quired to determine parameters that can influence this lim-

iting temperature (V-trough design, PV module model, 

weather conditions, etc.).  

 MPP and short-circuit current are strong functions of trun-

cation level and AoI. For AoI close to 0°, the MPP and Isc 

reach greater values at lower truncation levels. At higher 

AoIs, lower truncation leads to an increased percentage 

drop in both these parameters relative to their values at 

AoI  0°. For the system with the longer concentrator, the 

drop reached more than 70% between 13:00 and 15:00. 

This shows the profound influence that partial shading can 

have on the CPV system performance. 

Manual adjustment of the CPV system azimuth angle may 

translate onto an above 200% higher instantaneous power pro-

duction. This shows that the CPV system design should reduce 

shading to the greatest extent possible. The results of our study 

show that for fixed V-trough systems, partial shading of PV 

modules causes substantial variation in operational parameters, 

and that in general, this variation is more pronounced in low 

truncation level systems. Designing and optimizing a fixed  

V-trough system requires performance assessment based on,  

e.g. the daily/monthly averages of operational parameters, in-

stead of their instantaneous maxima. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Summary of the data on V-trough systems including our research. 

Paper Study type 
PV module  

characteristics 
V-trough  

characteristics 
Generated power 

PV module  
temperature 

Electrical efficiency Characteristic curves 

Current 
study 

Experiment 
Wroclaw, Poland 
May/June 2023 
(10:00 – 14:00),  
July 2024  
(11:30 – 15:30) 
𝛽 = 35° 
Changing parame-
ter AoI and TL. 

𝐴𝑃𝑉 = 0.08 m2 
𝑃𝑃𝑉 = 10 W 
𝑈𝑜𝑐 = 22.64 V 
𝐼𝑠𝑐 = 0.58 A 
𝑈𝑚𝑝 = 18 V 

𝐼𝑚𝑝 = 0.54 A 

Stainless Steel 304 
BA Finish 
𝜃 = 10° 
𝐻𝑖𝑛𝑖𝑡 = 724 mm 
TL = 0 46%  
𝐶 = 2.35 1.80   

For bare/TL = 46%/ 
TL = 0%: 
𝑃𝑃𝑉
𝑚𝑎𝑥

= 10.33/12.19
/12.68 W 
𝑃𝑃𝑉
𝑎𝑣𝑒

= 9.61/9.66/9.57 W 
Drop in 𝑃𝑃𝑉 due to 
change of AoI: 

Δ𝑃𝑃𝑉
𝑖𝑛𝑠𝑡𝑎𝑛

= 18 68 68%  

For bare/TL =
46%/ TL = 0%: 
𝑡𝑎𝑣𝑒
𝑚𝑎𝑥  
= 48.3/75.0
/82.5℃ 
∆𝑡𝑎𝑣𝑒

𝑚𝑎𝑥  
= 40 60 57%  

For bare/TL =
46%/ TL = 0%: 
𝜂𝑒𝑙
𝑎𝑣𝑒  
= 15.70 5.92 4.51% 

Δη𝑒𝑙
𝑖𝑛𝑠𝑡𝑎𝑛

= 11/62/62% 

For bare/TL = 46%/ 
TL = 0%: 
At 13:00: 
𝐼𝑠𝑐 = 0.64/0.74/0.89 A 
MPP = 9.7 10.3 13.4 W 
At 15:00: 
𝐼𝑠𝑐 = 0.55/0.29/0.24 A 
MPP = 8.2 4.6 4.0 W 
Δ𝐼𝑠𝑐 = 14 61 73%    
ΔMPP = 15 55 70%   

Bahaidarah, 
Tanweer, 
Gandhida-
san, & Reh-
man, 2015 
[14] 

Simulation& 
Experiment 
Dhahran, Saudi 
Arabia 
June 2012  
(8:00 – 16:00) 
𝛽 = 45° 
Changing parame-
ter AoI. 

𝐴𝑃𝑉 = 1.24 m2 
𝑃𝑃𝑉 = 230 W 
𝑈𝑜𝑐 = 48.7 V 
𝐼𝑠𝑐 = 5.99 A 
𝑈𝑚𝑝 = 41 V 

𝐼𝑚𝑝 = 5.61 A 

Glass mirror 
Reflectivity 79% 
𝜃 = 30° 
𝐻 = 789.4 mm 
TL = 0% 
𝐶 = 2.15 

𝑃𝑃𝑉
𝑚𝑎𝑥 ≈ 200 W 

𝑃𝑃𝑉
𝑎𝑣𝑒 ≈ 147 W 

Drop in 𝑃𝑃𝑉 due to 
change of AoI: 

Δ𝑃𝑃𝑉
𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 88% 

𝑡𝑎𝑣𝑒
𝑚𝑎𝑥  ≈ 58 ℃ 
Δt𝑎𝑣𝑒

𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 31% 
No experimental 
data 

No experimental data 

Concepcion, 
Villanueva, 
Dalumpines, 
Magwili, & 
Pacis, 2020 
[20] 

Experiment 
Philippines 
May 2019 (7:00 – 
17:00) 
𝛽 = 60° 
Changing parame-
ter AoI. 

No info 

Aluminum 
Reflectivity 85% 
𝜃 = 30° 
𝐶 = 2 

For bare PV mod-
ule/module + con-
centrator: 
𝑃𝑃𝑉
𝑚𝑎𝑥 ≈ 31/41 W 

𝑃𝑃𝑉
𝑎𝑣𝑒 = 24/31 W 

Drop in 𝑃𝑃𝑉 due to 
change of AoI: 

Δ𝑃𝑃𝑉
𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 68/71% 

No experimental 
data 

No experimental 
data 

No experimental data. 
The data on charging pa-
rameters: 
For bare PV module 
/module + concentrator: 
At 12:30: 
𝐼 ≈ 2.5/3.1 A 
𝑃 ≈ 30/40 W 
At 17:00: 
𝐼 ≈ 1/1 A 
𝑃 ≈ 10/12 W 
Δ𝐼 ≈ 60 68%  
ΔP ≈ 67 70%  

Hadavinia & 
Singh, 2019 
[7] 

Simulation& 
Experiment 
London, UK 
September 2017 
(10:00 – 14:00) 
Changing parame-
ter AoI. 

𝐴𝑃𝑉 = 0.006 m2 
+ cooling 

Alanod Miro-Silver 
2 4200AG 
Reflectivity >98% 
𝜃 = 22° 
𝐻 = 50 mm 
𝐶 = 2.6 

For bare PV mod-
ule/module + con-
centrator: 
𝑃𝑃𝑉
𝑚𝑎𝑥

≈ 0.83/2.25 W 
𝑃𝑃𝑉
𝑎𝑣𝑒 ≈ 0.68/1.32 W 

Drop in 𝑃𝑃𝑉 due to 
change of AoI: 

Δ𝑃𝑃𝑉
𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 98/98% 

No experimental 
data 

For bare PV mod-
ule/module + con-
centrator: 
𝜂𝑒𝑙
𝑎𝑣𝑒  
≈ 13.88 10.44 % 
Δη𝑒𝑙

𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 25/56% 

No experimental data 
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Table 5. Summary of the data on V-trough systems including our research (continued). 

Paper Study type 
PV module 

characteristics 
V-trough  

characteristics 
Generated power  

PV module  
temperature 

Electrical efficiency Characteristic curves 

Parupudi, 
Singh, & Ko-
lokotroni, 
2020 [13] 

Simulation& 
Indoor experiment 
 
Changing parame-
ter AoI (0-60°) 

Monocrystalline 
PV module 
𝐴𝑃𝑉 = 0.003 m2 
𝑃𝑃𝑉 = 0.54 𝑊 
𝑈𝑜𝑐 = 0.65 V 
𝐼𝑠𝑐 = 1.13 A 

MIRO-SILVER 4200 
AG Reflectivity 
98% 
𝜃 = 20° 
𝐶 = 1.40 

No experimental 
data 

No experimental 
data 

For bare PV 
moule/module + 
concentrator: 
𝜂𝑒𝑙
𝑎𝑣𝑒  
≈ 16.85 15.37 % 
Δη𝑒𝑙

𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 59/90% 

For bare PV moule/mod-
ule + concentrator: 
For AoI = 0°: 
𝐼𝑠𝑐 ≈ 1.1/1.5 A 
For AoI = 30°: 
𝐼𝑠𝑐 ≈ 0.93/1.1 A 
Δ𝐼𝑠𝑐 ≈ 15 27%  

Singh, Sa-
bry, & Red-
path, 2016 
[5] 

Simulation& 
Experiment 
London, UK 
July 2015 
(10:30 – 14:30) 
𝛽 = 0° 
Changing parame-
ter AoI. 

4 x in series 
𝐴𝑃𝑉 = 0.016 m2 
𝑃𝑃𝑉 = 2.85 W 
𝑈𝑜𝑐 = 0.63 V 
𝐼𝑠𝑐 = 5.7 A 
𝑈𝑚𝑝 = 0.525 V 

𝐼𝑚𝑝 = 5.43 A 

Alanod Miro-Silver 
𝜃 = 25.95° 
𝐻 = 152.86 mm 
𝐶 = 2.2 
 

𝑃𝑃𝑉
𝑚𝑎𝑥 ≈ 25 W 

𝑃𝑃𝑉
𝑎𝑣𝑒 ≈ 22 W 

Drop in 𝑃𝑃𝑉 due to 
change of AoI: 

Δ𝑃𝑃𝑉
𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 40% 

𝑡𝑚𝑎𝑥  = 110.3 ℃ 
∆𝑡𝑚𝑎𝑥  ≈ 59% 

No experimental 
data 

No experimental data. 
The data on generated 
power: 
At 13:00: 
𝐼 ≈ 2.4 A 
𝑃 ≈ 22.5 W 
At 14:30: 
𝐼 ≈ 2.3 A 
P ≈ 25 W 
𝛥𝑃 ≈ 10% 
Δ𝐼 ≈ 4% 

Ustaoglu, 
Ozbey, & 
Torlaklı, 
2020 [4] 

Simulation 
Changing parame-
ter AoI. 

𝑊𝑃𝑉 = 0.1 m 
+ cooling 

Reflectivity 90% 
𝜃 = 10° 
𝐻 = 266 mm𝐶
= 1.94 

𝑃𝑃𝑉
𝑚𝑎𝑥 ≈ 210 W 

𝑃𝑃𝑉
𝑎𝑣𝑒 ≈ 151 W 

Drop in 𝑃𝑃𝑉 due to 
change of AoI: 

Δ𝑃𝑃𝑉
𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 96% 

𝑡𝑎𝑣𝑒
𝑚𝑎𝑥  ≈ 31.25℃ 
∆𝑡𝑎𝑣𝑒

𝑚𝑎𝑥  ≈ 22% 
𝜂𝑒𝑙
𝑚𝑎𝑥  ≈ 19% 
∆𝜂𝑒𝑙

𝑚𝑎𝑥  ≈ 3% 

For AoI = 0°: 
𝐼𝑠𝑐 ≈ 5 A 
MPP ≈ 4.1 W 
For AoI = 30°: 
𝐼𝑠𝑐 ≈ 2.2 A 
MPP ≈ 1.8 W 
Δ𝐼𝑠𝑐 = 56% 
ΔMPP = 57% 

Ustaoglu, 
Akgül, & 
Okajima, 
2023 [6] 

Simulation 
Changing parame-
ter AoI and reflec-
tor size 𝛼. 

𝐴𝑃𝑉 = 0.2 m2 
+ cooling 

Reflectivity 90% 
𝜃 = 10° 
𝐻𝑖𝑛𝑖𝑡 = 266 mm 
Reflector size 𝛼 
𝛼
= 1/0.72/0.55
/0.42 
𝐶
= 1.94/1.68/1.52
/1.40 

For 𝛼 = 1/ 0.42 
𝑃𝑃𝑉
𝑚𝑎𝑥 ≈ 39/29.5 W 

𝑃𝑃𝑉
𝑎𝑣𝑒 ≈ 33.5/29.0 W 

Drop in 𝑃𝑃𝑉 due to 
change of AoI: 

Δ𝑃𝑃𝑉
𝑖𝑛𝑠𝑡𝑎𝑛 ≈ 46/3% 

For 𝛼 = 1/ 0.42 
𝑡𝑙𝑜𝑐
𝑚𝑎𝑥  ≈ 62/55℃ 
∆𝑡𝑙𝑜𝑐

𝑚𝑎𝑥  ≈ 21/0% 

For 𝛼 = 1/ 0.42 
𝜂𝑒𝑙
𝑚𝑎𝑥  
≈ 13.2/12.7% 
∆𝜂𝑒𝑙

𝑚𝑎𝑥  ≈ 8/2% 

For 𝛼 = 1/ 0.42 
For AoI = 0°: 
𝑃 ≈ 39/29.5 W 
For AoI = 30°: 
𝑃 ≈ 21/28.5 W 
𝛥𝑃 ≈ 46/3% 
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