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Abstract: A solution to increase the electrical output of the photovoltaic systems relies on solar
tracking mechanisms that increase the amount of received solar energy. The experimental results
obtained during a monitoring period of one year are comparatively presented in the paper for five
types of photovoltaic modules installed on a fixed platform (as reference) and on a dual-axis solar
tracking platform in the Renewable Energy Systems and Recycling R&D Centre of the Transilvania
University of Brasov, Romania. The influence of the solar-tracking mechanism and the meteorolog-
ical conditions specific to the four seasons during the monitoring period on the output of the ana-
lysed photovoltaic technologies are discussed in the paper. The solar tracking increases by 28% the
amount of the yearly received solar energy and by 29.6% the electrical energy output of the entire
PV platform. The solar conversion efficiency of the tracked PV platform is slightly increased
(14.34%) when compared with the fixed one (14.17%). When assessing the influence of solar tracking
on each type of PV, the results show that the CIGS PV module has the highest relative energy gain
(34%) followed by CIS (30.8%), m-Si (30.6%), p-Si (27.3%) and CdTe (23.4%) PV modules.

Keywords: photovoltaic system; solar tracking system; solar conversion efficiency

1. Introduction

The buildings and the communities of the future will have to meet increased energy
consumption standards defined by the nZEB (nearly Zero Energy Building) concept [1].
This concept recommends that at least 50% of the energy required by a building/commu-
nity be locally produced with renewable energy systems (RES) installed on or in the vi-
cinity of the building/community [2,3].

The development of such high-efficiency buildings has become even more important
considering the current context of very high energy prices [4,5].

In order to meet such high energy standards, two steps are required: reducing of
losses and the choosing of an optimal renewable energy system mix according to the dif-
ferent local restrictions related to the architecture, construction and the renewable energy
potential of an area [6].

Any type of building mainly requires two forms of energy in order to function
properly and ensure a general level of comfort for its inhabitants: electrical energy and
thermal energy. The current paper only focuses on the production of electrical energy in
the built environment.

Among the renewable energy systems producing electrical energy, the ones used in
the built environment are mainly photovoltaic (PV) systems and wind turbines [7]. For
the latter, different problems occur when functioning in the built environment, related to
low wind speeds and vortices, noise and other risks related to high-speed moving blades.

A very important issue related to PV systems installed in the built environment is
their performance in real-life conditions compared to the specifications provided in the
product datasheets. PV module type [8], installation location and climate, PV system age
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and the ability to follow the Sun’s apparent movement ([9-11]) can substantially influence
the electrical energy production of a PV system.

There are many papers available in literature which analyse the energy production
of PV systems but most of them consider only crystalline silicon (c-Si)-type modules from
different producers (e.g., [12,13]), giving information about their reliability.

Fewer papers study the performance of thin-film modules. For example, the research
in [14] indicates an unexpectedly improved performance with increasing age for CIGS
modules of -0.92%/year, [15] revalidates the low embodied energy of CdTe PV technology
and [16] studies only the cost/m? of CIGS solar PV modules, which are comparable to c-Si
modules.

Even fewer papers can be found in the literature which compare the performance of
¢-Si with thin-film PV modules. Moreover, the PV systems analysed in these papers are
spread across the entire globe, with most of them in the other three climates than the con-
tinental climate which is considered in the current paper.

As such, in the tropical climate: [17] identifies in Ghana an early performance degra-
dation after 14 production months of 13.8% for a-S5i modules, 9.3% for CIS modules and
7.9% ... 9% for c-Si ones; [18] indicates a much lower price for PV energy compared to the
subsidised price of energy generated in Malaysia from fossil fuels; [19] shows a similar
performance of c-5i, CIS and CdTe modules regardless of the BIPV or BAPV mounting;
and [20] demonstrates that p-Si systems have better electricity unit costs in Lahore, Paki-
stan.

Further, in the arid Saharan climate, characterised by hot and dusty conditions, Ref.
[21] shows that Heterojunction Intrinsic Thin-Layer (HIT) and a-Si/pc-5i modules per-
formed best out of five technologies tested in Algeria, while [22] demonstrates the best
energy performance for a-Si and CdTe PV plants. The authors of [23], on the other hand,
although located in a similar climate—Kuwait—indicate that m-Si, p-Si and HIT modules
showed superior performance during high irradiance, while a-Si and CdTe modules per-
formed much worse.

In the temperate climate, [24] indicates in Morocco the best Levelised Cost of Energy
(LCOE) for p-Si modules, followed by m-Si and a-Si modules; [25] shows normal, rather
equal performance ratios, in the range between 81% and 82% for the p-Si, a-5i and CdTe
modules tested. Opposite this, [26] concludes that the PV modules tested in Shanghai,
China have an average annual uncalibrated PR in the following order: bifacial HIT > CIGS
> n-type multi-busbar module > monofacial HIT > sc-Si PERC > mc-Si PERC > CdTe.

In the continental climate, [27] indicates very high degradation rates of -5.55%/year
for the CdTe modules for at least 25 months of exposure to the solar irradiance available
in the city of Prague, Czech Republic. Additionally, a stable operation was identified for
the ¢-Si modules.

Even fewer papers discuss the comparison between c-Si and thin-film modules in-
stalled on fixed and tracked surfaces targeting the nZEB standard in the built environ-
ment. To the best of our knowledge, only [28-30] analyse the influence of meteorological
parameters like humidity, temperature and rain-/snowfall on the performance and for-
mation of thin water/ice/snow surfaces on the transparent glass layer of five types of PV
modules (m-Si, p-Si, CIGS, CdTe and CIS) which are installed on fixed and dual-axis
tracked platforms.

As observed above and in Table 1, the conclusions of the papers indicate different
and also contradictory results for the different PV technologies, mainly due to the climate
of the implementation site.
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Table 1. Main parameters of the studied literature.

Paper Climate * Location Time Interval PV Type / Technology PV SystemPosition
Ifrane
’ 6 years . . . . o
[12] temperate 1;)4?1‘30;;(; (Jan. 2015-Dec. 2020) m-Si, p-Si, a-Si Fixed tilted 32°, south
Fukushima,
, Si p-Si aSi CI
[13] temperate/continental Japan 2 years m-5i, p-5i, a-5i, CICS Fixed tilted 20°
& =37.8° (30 producers)
Jaén, . . .
[14] temperate Spain 6.5 years a-5i, a-Si/ucSi, Fixed tilted 30°, south
& =37.8° CdTe, CIGS
Gurgaon,
[15] temperate India - CdTe Fixed, south
¢ =285°
Singapore,
. . 1 year . . .
[16] tropical Malaysia (2015) p-Si, CIGS Fixed tilted 10°
B=14°
Kumasi, a-Si, m-Si, HIT
[17] tropical Ghana 14 months ’ e -
©=67° CIS, p-Si
Kuala Lumpur, Ma- 1 vear
[18] tropical laysia Y m-Si, CIS Fixed tilted 17°, south
32 (2014)
Pekan,
[19 tropical Malaysia - c-Si, CIS, CdTe - (BIPV / BAPV
P Yy
¢ =3.5°
Lahore, Fixed tilted:
[20 tropical Pakistan 1 year -Si, CIS 30° (p-Si
P Y p p
¢ =31.5° 15° (CIS)
Saida,
. 1 year m-Si, CIS, HIT, . . o
[21] dry q)Aigaeilgo (2014) m-Si (B-C), a-Si / pic-Si Fixed tilted 30°, south
Ghardaia, 1 year
[22] dry q)Aig;ZrI;lo (May 2015-Apr. 2016) m-Si, p-5i, a-Si, CdTe -
South,
23] dr Kuwait 1 year m-Si, p-Si, HIT, CdTe, fixed tilted:
y b =29.5° (2014) CIGS, cyl. CIGS, a-Si 0° (cyl. CIGS, a-Si)
20° (rest)
Ifrane,
4 years . . . . . o
[24] temperate 1;)4?1‘30;;(; (Oct. 2014-Dec. 2018) m-Si, p-Si, a-Si Fixed tilted 32°, south
Madrid
. 1 year e Fixed tilted 30°,
[25] temperate ¢S_p28“40 (Dec. 2014-Dec. 2015) p-5i aSi, CdTe Azimuth angle: 3°
Shanghai, 3 vears bi- and monofacial HIT, CIGS,
[26] temperate China 20 lZ—Z 018) n-type multi-busbar, m-Si and Fixed tilted 30°, south
$=31.3° p-Si PERC, CdTe
Bustéhrad, 2 years A;ilizzt:nag%:dle?
27 tinental h R li dTe, m-Si, p-Si )
[27] continenta Czed| - ;)pltib ic (Aug. 2015-Sep. 2017) CdTe, m-Si, p-Si 90° (m-Si, p-Si)
¢ ) 75° (CdTe)
Brasov, . .
R T 1 year m-Si, p-Si, CIS, R . .
[28] continental quZIZ;r;;o (2015) CIGS, CdTe Fixed tilted 47.3°, south
[29] tinental If ra@ov., 1 year si Fixed tilted 40°, south vs.
contmenta q)zrzgrg;o (Jun. 2018-Jul. 2019) Pt dual-axis tracker

* according to Kdppen climate classification. https://www britannica.com/science/Koppen-climate-
classification. Accessed on 14 January 2023.
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In addition, no reference was found related to the influence of solar-tracking mecha-
nisms on the conversion efficiency of PV modules of different technologies and on their
functioning in continental climate conditions.

The aim of the present paper is to assess the effect of solar tracking on five different
PV module technologies (m-Si, p-Si, CIS, CIGS and CdTe) after 10 years of deployment.
The five types of PV modules were installed on both a fixed tilted and a dual-axis tracked
platform in the continental mountain climate of Brasov, Romania [31]. The analysed time
interval ranges from September 2021 to August 2022.

This paper is organised in five sections. Section 1 (the current section) provides the
introduction, the background and the aim of the paper. It highlights the importance of PV
performance studies for all four major climates existing throughout the globe and espe-
cially for the continental climate, where a large volume of such analyses is missing. A
description of the methodology and of the computational methods used for analysing the
monitored solar and electrical energy data is presented in Section 2. The third section pre-
sents the experimental outdoor infrastructure with all the details related to the equipment
used during the experiment. Section 4 presents and discusses the obtained results and is
divided into five subsections related to the solar energy potential (4.1), the electrical en-
ergy output of the fixed and tracked photovoltaic platforms (4.2), the energy yield of both
platforms (4.3), their experimental solar conversion efficiency (4.4) and the experimental
solar conversion efficiency of the fixed and tracked photovoltaic modules (4.5). Finally,
the general conclusion section (Section 5) summarises the key findings of the paper in the
context of other papers from similar climate conditions.

The findings can be useful for designers/installers of PV systems in order to size the
systems according to the requirements of the beneficiaries, for off-grid end-users in order
to adjust their consumption with the PV production and for large grid-connected power
plants in order to accurately predict their hourly/monthly/yearly or even lifetime energy
production.

2. Methodology

To evaluate the advantages of a tracked PV module vs. a fixed one installed at a
yearly tilt angle (), the following relevant indicators are defined and assessed.
The available (Ec) and the received (Ecn) global solar energy are calculated using:

Eg = 3¢’ 5y [Wh/m?], Egn = 54722, [Wh/m?] ()

t1 60
where:

ot and t2 are the sunrise and sunset times of the day;
o G and G are the available and the received global solar irradiance calculated each
minute using;:

G = B + D, [W/m?] G, = By, + D,, [W/m?] @)

where:

o B and Bs are the available and the received direct solar irradiance, the available being
measured each minute and the received being calculated based on the incidence an-
gle (v), defined as the angle between the sunray and the normal (1) of the PV module
(Figure 1) using;:

B, = Bcosv, [W/m?] 3)
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PV module

Hoﬁz,on‘a\ plane

Figure 1. The tilt angle (x) of a fixed PV module and the incidence angle (v) between the Sun ray
and the normal (n) of the PV module.

o theincidence angle is calculated based on two pairs of angles defined in the horizon-
tal plane of the observer (Figure 2a), using;:

v = arccos(cos a cos &, cos(ip — P,) + sina sinay,), [°] (4)

First Meridian | N=Z
Horizontal N

W

—90°_ Horizontal |
'El-?'ile | T
V=S . VAR _T_J]:E uatorial plane
Yo=5 /¥ Y O the Earth
(@) (b)

Figure 2. Angles in the Observer Q horizontal plane (a) and in the Earth equatorial plane (b).

where:

o anis the altitude angle of the PV platform (Figure 2a) defined as the angle between
the horizontal plane and the normal (1) of the PV platform;

o Ymisthe azimuthal angle of the PV platform (Figure 2a) defined as the angle between
the south direction and the projection in the horizontal plane of the normal (1) of the
PV platform;

o a and i are the solar altitude angle and the solar azimuthal angle calculated based
on the declination angle (6), hour angle (w) and site latitude (¢) (Figure 2b) using:

a =arcsin (sin 6 - sin ¢ + cos § - cos ¢ - cos w), [°] (5)

, 5 “sing —sin 8-
ll) — szgn W arccos cos CoS w SCl:.Sq; Sin cos (p, [O] (6)

The declination angle (Figure 2b) depends only on the number of the day (N) in the
year and is calculated based on [32] using:

5="23.45 - sin (360 - (N — 80)/365), [°]. @)

The hour angle (Figure 2b) is a linear function of the solar time (t:) expressed in hours
and is calculated using:
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w=15- (12— t), [°]. 8)

o D and D are the available and the received diffuse solar irradiance calculated based
on the diffuse solar irradiance measured each minute in the horizontal plane (Dx), on
the solar altitude angle («) [32] and on the PV tilt angle () using:

1+sina
2

1+cosy

D =D, [W/m2] D, = Dy - 5, [W/m?] )

The relative solar energy gain of the tracked vs. the fixed PV module indicates the
benefits brought by tracking and is calculated using;

Egn o
Rs = %ﬂ; 100, [%] (10)

where:
o  Ecnis the solar energy received in the plane of the tracked PV module
o  Eawis the solar energy received in the plane of the fixed PV module

The absolute electrical energy gain of the tracked vs. the fixed PV modules is calcu-
lated using;:

A = E, — Ef, [Wh] (11)

where:

o  Erand Eris the electrical energy output of the tracked and fixed PV modules, recorded
daily, monthly or yearly by the monitoring system of the PV platform.

The electrical energy output of the tracked and fixed PV module is calculated us-

ing:

E =325 [wh E; = 2L, [Wh] (12)

t1 60’ t1 60

where:

ot and t are the sunrise and sunset times of the day;

o Pt is the electrical power output of the tracked PV module measured each minute
through the power optimizers and stored on the SolarEdge monitoring platform;

o  Pris the electrical power output of the fixed PV module measured each minute
through the power optimizers and stored on the SolarEdge monitoring platform.

The relative electrical energy gain defined as the ratio between electrical energy
produced by the tracked and fixed PV modules indicates the benefits brought by track-
ing and is calculated using:

Re =§—;- 100, [%] (13)

The energy yield of a photovoltaic module indicates the number of hours that the
PV module may operate at its nominal power, and is calculated using:

E
Y =2, [KWh/kW] (14)

where:

o E[Wh]is the energy produced by the PV module during a specific time interval;
o P [W]is the nominal power of the analysed PV module in Standard Test Condition
(STC).
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The solar conversion efficiency, showing how much of the solar energy is transformed
in electricity, is calculated using;:

E

n= - 100, [%] (15)

EGgn'Spy

where:

o E[Wh]is the electrical energy produced by the PV module or platform during a spe-
cific time interval,;

o Eci [Wh/m?] is the global solar energy received during a specific time interval;

o  Srv[m?]is the surface of the photovoltaic module or platform.

3. Experimental Infrastructure

A dual-axis solar-tracked platform for five types of PV modules (Figure 3a) and a
fixed PV platform with five similarly arranged types of PV modules (Figure 3b) are in-
stalled on the ground near the buildings of the Research and Development Institute of the
Transilvania University of Brasov, Romania, in the Renewable Energy Systems and Recy-
cling R&D Centre (latitude ¢ = 45.67°; longitude A = 25.55°). The solar-tracking system
consists of a mobile frame that is rotated about the vertical axis by a rotary actuator and
about the horizontal axis by a linear actuator. The solar-tracking mechanisms allow for
change in the platforms azimuthal angle (i») between +125° and -125° (with 0°, +90° and
-90° corresponding to south, east and west directions, respectively) and adjustment of the
PV platform elevation angle (a») between 90° (horizontal position) and 10° (almost vertical
position). The two movements are controlled by a PLC where the required angles are com-
pared with data received from encoders and adjusted accordingly.

Figure 3. Azimuthal solar-tracking system for a PV platform with five PV modules (a) and fixed PV
platform (b) installed in the RESREC of the Transilvania University of Brasov, Romania.

Two polycrystalline and two monocrystalline silicon PV modules, each with identical
maximum power (250 Wp), are installed in the upper part of both tracked and fixed plat-
forms, as well as three types of thin-film PV module in the lower part: two 120 Wp CIGS,
three 80 Wp CdTe and two 125 Wp CIS PV modules. The thin-film PV modules are
grouped to have a maximum power equal or close to that of the silicon PV modules. The
technical characteristics under Standard Test Conditions (STC) of the five types of photo-
voltaic modules are presented in Table 2.
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Table 2. Characteristics of the photovoltaic modules under Standard Test Conditions (STC) *.

Name Unit m-Si p-Si CIGS CIS CdTe
Manufacturer Heliene LDK Solibro Avancis Calyxo
Model HEE215M 250P-20 SL2-120 PS125 CX3-80
Maximum power Wp 250 250 120 125 80
Power tolerance % +3 +3 -0/+5 -0/+4 -
Voltage at maximum power A% 30.8 30.2 76.9 43.8 47.0
Current at maximum power A 8.12 8.28 1.56 2.85 1.72
Module open-circuit voltage \% 37.4 37.5 97.6 59.1 62.8
Module short-circuit current A 8.67 8.59 1.69 3.24 2.01
Temperature coefficient at Pmax °Ct 0.0044 0.0045 0.0038 0.0039 0.0025
Module area m? 1.39 1.46 0.89 0.96 0.673
Nominal efficiency % 17.94 17.12 13.54 13.04 11.89

* Standard Test Conditions (1000 W/m?, 25 °C, AM = 1.5).

Each PV module is serially connected to a single-phase SolarEdge inverter (SE2200)
through individual power optimizers (P405) that monitor the voltage, current, power and
energy for each PV module and transmit these parameters to the inverter. The inverter
manages the data and transmits it to a web server where it is stored and can be down-
loaded for processing. The operation principle of the SolarEdge monitoring system in the
case of modules with different amounts of produced power is schematically described in
Figure 4.

Ideal Conditions Partial Shading

200W

200w

Figure 4. Operation principle of SolarEdge systems based on DC/DC power optimizers [33].

During the monitoring period, the fixed photovoltaic platform was south-oriented
(0° azimuth angle) with a tilt angle 0 = 43° (considering the horizontal plane as reference);
this tilt angle is in the recommended range for our location’s latitude in order to capture
a high portion of the available solar irradiance [34-37]. The position of the tracked photo-
voltaic platform was adjusted stepwise about the vertical axis to change its azimuthal an-
gle (1) and about the horizontal axis to change its elevation angle (@). An example of the
solar-tracking programme is presented in Figure 5 through the variation of the solar an-
gles (a and ¢) and of the PV platform (a» and 1) during the summer solstice (21 June).
The continuous variation of the solar elevation angle is followed by the PV platform in six
steps starting at 6:32 in the morning until 17:44 in the afternoon; outside this period the
PV platform is kept at an elevation angle of 10°. The azimuthal angle of the PV platform
(i) is changed twelve times between 4:08 in the morning and 21:08 in the evening. At
4:08, the azimuthal angle of the platform is changed from 0° (south direction) to 90° (east
direction) and kept in this position until 7:53. Between 7:53 and 16:01 the azimuth angle
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of the platform is changed each hour. At 16:02 the azimuthal angle reaches the value of —
90° (west direction) and is maintained at this value until 20:58 when it is changed back to
0° (south direction).

180 s,
_ ‘o.‘. XEXICN 1 .oqoolJ} an .Pn
=135 Soeus
% '......
W90 Ze
E “__“1 . -
€ a5 =i t e T
s T g
-'—n‘ 0 »e * e [
(] besjecte’ Peoe0sq e
Z 45 b,
] L
g -90 - :
St e L
2 135 “teed. 3
W '0.. P!
oy ¢
-180 *
012 3 45 6 7 8 9101112131415 16 17 18 19 2021 2223 0
Solar time [h]

Figure 5. Solar-tracking programme of the PV platform during the summer solstice (21 June 2022).

The meteorological parameters are locally measured using a Delta-T weather station
(Figure 6a). The temperature and the relative humidity of the outdoor air are measured
using a RHT2 sensor with +0.1 °C precision for the temperature and 2% accuracy for the
relative humidity. The wind speed and direction are measured with an AN4 anemometer
(0.5 m/s accuracy) and a WD4 wind vane (+2% accuracy), respectively. The precipitable
water amount is monitored using an RG2 rain gauge with an accuracy of +2%. The con-
tinuously monitored data is temporarily saved in a DL2e data logger (every minute for
solar irradiance and every 10 minutes for the other parameters) and further stored in a
database on a local computer. The direct solar irradiance (B) and horizontal diffuse solar
irradiance (Dr) are measured each minute with a CHP1 pyrheliometer and a CMP22 py-
ranometer installed on a Kipp & Zonen Solys 2 sun tracker (Figure 6b).

(b)
Figure 6. Delta-T weather station (a) and Solys 2 sun tracker (b) installed in the RESREC of the
Transilvania University of Brasov, Romania.
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4. Results and Discussions

The solar energy potential, electrical energy output and solar conversion efficiency
of the fixed and dual-axis tracked PV platforms/modules are presented and discussed for
a monitoring period of one year (September 2021 — August 2022).

The two platforms are globally assessed in subsections 4.1 ... 4.4, considering all 11
PV modules (seven power optimizers) as described at the beginning of Section 3.

4.1. Solar Energy Potential

To evaluate the solar energy potential, the solar irradiance measured in Brasov be-
tween 1 September 2021-31 August 2022 is firstly processed and analysed. The yearly
global solar energy received on the horizontal plane is 1360 kWh/m?, of which 42% (575
kWh/m?) is diffuse. The yearly direct solar energy reached a total of 1355 kWh/m?. The
monthly distribution of the global horizontal (EGh), diffuse horizontal (EDh) and direct
(EB) solar energy is plotted in Figure 7. The global horizontal solar energy has a minimum
value of 22.5 kWh/m? as obtained in December 2021, nine times lower than the maximum
value of 202 kWh/m? as measured in June 2022. An even higher ratio of 11 results from
the maximum (185 kWh/m? in June 2022) and minimum (17 kWh/m? in December 2021)
monthly values of the direct solar energy. The minimum and maximum monthly diffuse
solar energy received in the horizontal plane were 17.7 kWh/m? in December 2021 and
74.8 kWh/m? in May 2022, respectively.

& 250
£ W Eg,
g 200
= 150
@
R B S e & B = BN B
§
: ll H
g 0 | B B IJ
Sep Oct Nov Jan Feb Mar Apr May Jun Jul Aug
Month

Figure 7. Monthly global horizontal (Ecr), diffuse horizontal (Epr) and direct (Es) solar energy meas-
ured in Brasov between September 2021 — August 2022.

Based on the measured values of the solar irradiance, the received direct, diffuse and
global solar irradiance are calculated using Equations (2)—(7) to obtain the monthly values
of the solar energy received in the plane of the fixed and tracked photovoltaic platforms
(Figure 8). A yearly solar energy gain of 28% is obtained by the tracked PV platform,
which yields 1783 kWh/m? per year, in comparison with the 1392 kWh/m? received by the
fixed PV platform over the same period using Equation (10). This gain ranges between a
minimum value of 0% in December 2021 and a maximum value of 47% in June 2022.

= 300
% & W Fixed platform B Tracked platform
2 E250
= S~
3 £200 -
150 1
= %"100
A Iﬂ 1l
- 0
Sep Oct Nov Dec Jan Feb Mar Apr May Jun  Jul Aug
Month

Figure 8. Monthly global solar energy received in the plane of the fixed (Ecr) and on the tracked
(Ecn) PV platforms between September 2021 — August 2022.
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4.2. The Electrical Energy Output of the Fixed and Tracked Photovoltaic Platforms

The monthly distribution of the electrical energy output of the entire fixed and
tracked photovoltaic platform is plotted in Figure 9. As expected, the tracked photovoltaic
platform produced almost 58.4 kWh/m? (29.6%) more electrical energy than the fixed one
during the entire year (255.7 kWh/m? against 197.3 kWh/m?). This yearly electrical energy
gain corresponds to the 28% gain in global solar energy received by the tracked photovol-
taic platform evaluated in subsection 4.1.

40
g M Fixed platform B Tracked platform
2 30
S e
£E 2
52
9
: -y |
&
g o
= Sep Oct Nov Dec Jan Feb Mar Apr May Jun  Jul Aug
Month

Figure 9. Monthly electrical energy output of the fixed and tracked photovoltaic platforms.

Analysing the monthly variation of the absolute and relative electrical energy gain of
the tracked vs. fixed PV platforms plotted in Figure 10, the highest values (12.15 kWh/m?
and 52%, respectively) were obtained in June 2022 when the tracked PV platform pro-
duced 35.51 kWh/m? while the fixed one produced 23.36 kWh/m?2. The lowest electrical
energy gain (0.8 kWh/m? and 9.4%, respectively) resulted in January 2022 when the
tracked and fixed PV platforms produced 9.3 kWh/m? and 8.5 kWh/m?. These maximum
and minimum relative gains in electrical energy output correspond to the global solar
energy gain of the tracked PV platform: 47% in June 2022 and 8.7% in January 2022 (Figure
9).

g o m Absolut Relati

g 50 olute elative

g &

§g30

iz

= =4

=10

3 I

= 0 LLLkLLLLL LL
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Month

Figure 10. Absolute and relative monthly electrical energy gain of the tracked vs fixed PV platform.

Further on, three sunny days (29 June 2022, 12 January 2022 and 23 December 2021)
are selected to analyse the highest relative electrical energy obtained in June 2022, the
lowest electrical energy gain obtained in January 2022 and the strangely high relative elec-
trical energy gain obtained in December 2021, respectively.

For the summer sunny day (29 June 2022), the variation of the solar irradiance re-
ceived by the tracked and fixed PV platforms is plotted in Figure 11. The advantage of
tracking is clearly visible in the morning and in the evening due to the large difference
between the 0° azimuthal angle of the fixed PV platform and the solar azimuthal angle,
which is between 123.17° at sunrise and —123.17° at sunset; the solar azimuthal angle is
followed by the tracked PV platform in approximatively one-hour steps. During the entire
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day, the tracked PV platform receives 11.44 kWh/m?, 65.3% more than that received by
the fixed PV platform (6.92 kWh/m?).
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Figure 11. Solar global irradiance received by the tracked (Gnt) and fixed (Gw) PV platforms on 29
June 2022.

The specific electrical output of the tracked (p:) and fixed (py) PV platforms on the
summer sunny day (29 June 2022) is plotted in Figure 12. Similar to the evolution of the
global solar irradiance received by the two PV platforms, high electrical energy gains oc-
cur during the morning and evening. During the entire day, the tracked PV platform pro-
duced 1.44 kWh/m?, 67.3% higher than the fixed PV platform which produced only 0.86
kWh/ma2.
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Figure 12. Specific electrical output of the tracked (p:) and fixed (ps) PV platforms on 29 June 2022.

In absolute values, the tracked PV platform produced 16.45 kWh electrical energy on
29 June 2022, with 6.62 kWh more than the fixed PV platform. The electrical energy con-
sumption of the tracking system accounted during the entire day for 0.07 kWh, represent-
ing only 1.06% of the electrical energy gain of the tracked PV platform. Thus, the real
electrical energy gain of the tracked PV platform is 6.55 kWh/day.

The variation of the solar irradiance received by the tracked and fixed PV platforms
on the winter sunny day (12 January 2022) is plotted in Figure 13. The advantage of the
tracking is not as clearly visible as in the case of the sunny summer day. The differences
also occur in the morning and in the evening but they do not have large values because
the solar azimuthal angle ranges only between 58.15° at sunrise and -58.15° at sunset,
closer to the 0° azimuthal angle of the fixed PV platform. The small advantage of the
tracked PV platform around noon is due to the elevation angle of the tracked PV platform
that has the same elevation angle as the solar elevation angle (22.7°) while the elevation
angle of the fixed PV platform is 47°. During the entire day, the tracked PV platform re-
ceived 5.57 kWh/m?, 19.9% higher than that received by the fixed PV platform (4.65
kWh/m?). The solar energy received on the sunny winter day is 48.7% for the tracked PV
platform and 67.2% for the fixed PV platform on the sunny summer day.
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Figure 13. Solar global irradiance received by the tracked (Gn) and fixed (Gw) PV platforms on 12
January 2022.

The specific electrical output of the tracked (p:) and fixed (py) PV platforms on the
winter sunny day (12 January 2022) is plotted in Figure 14. Similarly with the evolution of
the global solar irradiance received by the two PV platforms, high electrical energy gains
occur during the morning and evening. During the entire day, the tracked PV platform
produced 0.75 kWh/m?, 12% more than the fixed PV platform which produced only 0.67
kWh/m?2.
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Figure 14. Specific electrical output of the tracked (p:) and fixed (ps) PV platforms on 12 January 2022.

In absolute values, the tracked PV platform produced 8.52 kWh of electrical energy
in 12 January 2022, 0.91 kWh more than the fixed PV platform. The electrical energy con-
sumption of the tracking mechanism accounted for 0.04 kWh during the entire day,
smaller than in the summer day due to the smaller angular angles for both azimuthal and
elevation angles, representing, thus, only 4.4% of the electrical energy gain of the tracked
PV platform. Thus, the real electrical energy gain of the tracked PV platform is 0.87 kWh
for the sunny winter day.

To assess the strangely high relative gain of the tracked PV platform, the sunny day
of 23 December 2021 is further analysed. The variation of the solar irradiance received by
the tracked and fixed PV platforms is plotted in Figure 15. During December 2021, only
two days were almost sunny, both of them being partly cloudy in the morning with the
sky becoming clear only after 9:45. During the entire day, the tracked PV platform re-
ceived 4.49 kWh/m?, 17.1% more than that received by the fixed PV platform (3.84
kWh/m?).
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Figure 15. Solar global irradiance received by the tracked (Gn) and fixed (Gw) PV platforms on 23
December 2021.

The specific electrical output of the tracked (p:) and fixed (py) PV platforms on the
winter sunny day (23 December 2021) is plotted in Figure 16. A high electrical energy gain
occurs during the entire day, mainly during the morning and around noon. During the
entire day, the tracked PV platform produced 0.688 kWh/m?, 186.7% higher than the fixed
PV platform that produced only 0.240 kWh/m?2. Comparing the specific electrical power
output of the tracked PV platform on December 23, 2021 and January 12, 2022, similar
evolutions are observed. The same cannot be said about the evolution of the specific elec-
trical power output of the fixed PV platforms.

In absolute values, the tracked PV platform produced 7.85 kWh of electrical energy
on 23 December 2021 (Figure 16). A large drop in the fixed PV platform electrical energy
output resulted (5.1 kWh). Analysing the weather conditions in December 2021, a large
number of periods with snow fall were found, including the day before 23 December 2021.
During the morning of 23 December 2021, the snow which had accumulated during the
night on the tracked PV platform fell from it, due to its almost vertical position at sunrise,
while the fixed PV platform was partly covered with snow during the entire day because
of its fixed position. The electrical energy consumption of the tracking mechanism ac-
counted during the entire day for 0.04 kWh, representing, thus, only 0.8% of the electrical
energy gain of the tracked PV platform. Thus, the real electrical energy gain of the tracked
PV platform is 5.06 kWh for this sunny winter day with snow fall.
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Figure 16. Specific electrical output of the tracked (p:) and fixed (py) PV platforms on December 23,
2021.

4.3. The Energy Yield of the Fixed and Tracked Photovoltaic Platforms

The monthly energy yield of the fixed and tracked photovoltaic platforms is plotted
in Figure 17. The yearly energy yield of the tracked PV platform is 1686 kWh/kW, 29.6%
higher than that of the fixed PV platform (1301 kWh/kW).
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Figure 17. The monthly energy yield of the fixed and tracked PV platforms.

4.4. Experimental Solar Conversion Efficiency of the Fixed and Tracked PV Platforms

The global solar conversion efficiency of the fixed and tracked photovoltaic platforms
is further analysed, resulting in yearly solar conversion efficiencies of 14.17% and 14.34%
for the fixed and tracked platforms, respectively. The monthly solar conversion efficien-
cies are comparatively plotted in Figure 18. The monthly solar conversion efficiency
ranges between 11.1% (in October 2021) and 16.6% (in February 2022) for the fixed photo-
voltaic platform and between 10.3% (in October 2021) and 17.42% (in March 2022) for the
tracked photovoltaic platform. With the exception of September 2021, October 2021 and
April 2022, the solar conversion efficiency of the tracked PV platform is higher than that
of the fixed one, with a maximum difference of 3.1% in December 2021.
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Figure 18. The monthly solar conversion efficiencies of the fixed and tracked PV platforms.

4.5. Experimental Solar Conversion Efficiency of the Fixed and Tracked PV Modules

In subsection 4.4, the solar conversion efficiency was globally evaluated for all PV
types installed on fixed and tracked PV platforms.

Further on, the influence of the photovoltaic technology on the solar conversion effi-
ciency is assessed. The yearly electrical energy output of each PV module type is compar-
atively presented in Table 3. Based on these values the electrical energy gain (Equation
(13)) was calculated, with the result that the CIGS technology benefits most from tracking,
followed by CIS, m-Si, p-Si and CdTe PV technologies. This result can be explained based
on influence from the higher temperature coefficients of the thin-film modules (Table 3).
According to Table 3, the temperature coefficients of the tested PV modules decrease in
the same order as the electrical energy gain decreases, excepting the CdTe modules which
had high degradation rates during their first installation years, an aspect also mentioned
in [27].

The relation between the high electrical energy gain and the high temperature coef-
ficients can be explained in the following manner: since solar tracking increases the
amount of received solar irradiance, it also leads to an increase in the tracked module’s
temperature compared to fixed modules. The power produced under these circumstances
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by modules with high temperature coefficients will decrease in a smaller proportion than
in the case of modules with low temperature coefficients.

Table 3. Yearly electrical energy output and electrical energy gain of the 5 PV modules types in-
stalled on the fixed and tracked platform.

PV Technology m-Si p-Si CIGS CIS CdTe

Electrical energy output fixed module[kWh/m?/year]  245.46 239.37 175.28 160.18 125.94

Electrical energy output tracked module 320.56 30474 934,80 209.55 155.36
[kWh/m?/year]

Absolute electrical energy gain[kWh/m?/year] 65.37 75.09 59.54 49.38 29.42

Relative eled?)/c;‘l enersy sam 30.59 27.31 33.97 30.83 23.36

Temperature coefficient of Pmrr 044 045 038 039 095

[%/°K]

During the warm months, between March and November, the high solar irradiance
is heating the tracked PV modules to a higher degree than the fixed ones, enabling the
modules with higher temperature coefficients (CIGS, CIS) to perform better than m-5Si and
p-Si modules (which have smaller temperature coefficients).

Similar results related to the improved performance of CIGS modules during inter-
vals with high temperature/irradiance and in hot climates were also reported in [16] and
[38].

The monthly electrical energy output of each PV module type is quantified, and the
result plotted, in Figure 19 for the fixed PV platform and in Figure 20 for the tracked PV
platform. Both silicon-based PV modules show higher electrical energy output than thin-
film-based PV modules, with small differences between m-Si and p-Si technology, espe-
cially on the fixed PV platform.
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Figure 19. The monthly electrical energy output of the fixed photovoltaic modules.
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Figure 20. The monthly electrical energy output of the tracked photovoltaic modules.
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The yearly ranking of the PV technologies based on their relative electrical energy
gain (Equation (13)), presented in Table 3, is also consistent with results from the monthly
level except the cold season (Figure 21).

B m-Si H p-Si mCIGS CIS

Electrical energy gain

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
Month

Figure 21. Monthly relative electrical energy gain of the tracked vs. fixed PV modules.

Based on the individual electrical energy output of each PV module, the solar con-
version efficiency is calculated for each of the five photovoltaic modules and compara-
tively presented in Figure 22 for the fixed PV platform and in Figure 23 for the tracked PV
platform.
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Figure 22. The monthly solar conversion efficiencies of the fixed photovoltaic modules.
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Figure 23. The monthly solar conversion efficiencies of the tracked photovoltaic modules.

On both PV platforms, the m-5i PV modules perform better than all other PV module
types with only one exception, occurring in December 2021 on the fixed platform when p-
Si efficiency is the highest. The lowest efficiency is obtained for the CdTe PV modules.
Between these extremes, p-5i PV modules stand in second place, CIGS in third and CIS in
fourth place. The monthly efficiency ranking corresponds to the nominal efficiency rank-
ing from Table 1. During the winter months—due to the air temperatures having maxi-
mum values ranging between 12.11 °C in December 2021 and 19.51 °C in March 2022,
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lower than STC (25 °C)—higher efficiencies than the nominal ones resulted for all PV
modules with the exception of CdTe ones.

The m-Si, p-Si and CIS PV modules had a higher efficiency than the nominal one
between November 2021 and April 2022 for both fixed and tracked PV platforms, except-
ing the month of December 2021 for the fixed PV platform where the snow does not drop
as fast as in the case of tracked platform. The CIGS PV modules performed with a higher
efficiency than the nominal one between January and March 2022.

The previously discussed degradation of the CdTe PV modules during the previous
10 years of functioning [27] is also visible in Figures 22 and 23.

5. Conclusions

The paper analyses the electrical output and solar conversion efficiency of five types
of photovoltaic modules (m-Si, p-5i, CIS, CIGS and CdTe) installed on a fixed and on a
dual-axis solar-tracked photovoltaic platform in the continental climate of Brasov, Roma-
nia, for an entire year between September 2021 and August 2022.

The solar energy received by the fixed and by the tracked photovoltaic platforms is
calculated based on the methodology described in Section 2 using values measured on-
site of direct, horizontal diffuse and horizontal global solar irradiance. The tracked pho-
tovoltaic platform received 1783 kWh/m? per year, 28% higher than the 1392 kWh/m? re-
ceived by the fixed platform in the same period. The monthly solar energy gain was sig-
nificant in summer, when a maximum of 47% was reached in June. Winter resulted in
lower gains, with 8.7% in January.

Accordingly, the tracked photovoltaic platform produced 29.6% more electrical en-
ergy than the fixed one over the entire year. In June, the electrical energy gain of the pho-
tovoltaic platform was 52% higher than that of the fixed platform. January resulted in the
minimum value of this gain (9.4%).

Based on the measured electrical energy output and on the measured solar irradiance
used to calculate the solar energy received by the fixed and tracked photovoltaic plat-
forms, their solar conversion efficiency was assessed globally (for all five PV types to-
gether) resulting in yearly efficiencies of 14.17% and 14.34% for the fixed and tracked plat-
forms, respectively. The highest global efficiency (17.42%) was obtained in March 2022 for
the tracked PV platform, while its lowest global efficiency (10.3%) was obtained in Octo-
ber 2021. Similar values were obtained for the fixed photovoltaic platform: 16.6% in Feb-
ruary 2022 and 11.1% in October 2021.

When comparing the electrical energy output of each individual PV module type, the
highest relative electrical energy gain was obtained from the CIGS PV module (34%), fol-
lowed by the CIS (30.8%), m-Si (30.6%), p-Si (27.3%) and CdTe (23.4%) PV technologies.
The better performances of thin-film PV modules (except CdTe PV) are due to their lower
temperature coefficients than that of m-Si and p-5i PV modules, considering the increased
temperature of the PV module when it is exposed to a higher amount of solar energy as a
result of solar tracking. The poor performance of CdTe modules is in line with other pa-
pers in the literature, which indicate similar results and a decrease of —5.55%/year [27]
from the continental climate and [24][26] other climates. In terms of solar conversion effi-
ciency —excepting December 2021, when the p-Si PV module performs best on the fixed
platform —the m-Si PV module has the highest efficiency both on fixed and tracked PV
platforms. In second place comes the p-Si PV module, followed by the CIGS, CIS and CdTe
modules.
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Nomenclature
B available direct solar irradiance, W/m?
Bn received direct solar irradiance, W/m?
D available diffuse solar irradiance, W/m?2
Dn diffuse horizontal solar irradiance, W/m?2
Dn received diffuse solar irradiance, W/m?
E electrical energy output of the PV module or platform, Wh
Es electrical energy output of the fixed PV module or platform, Wh
Ec available global solar energy, Wh/m?
Ecn received global solar energy, Wh/m?
Ecn global solar energy received in the fixed PV module plain, Wh/m?
Ecnt global solar energy received in the tracked PV module plain, Wh/m?
E: electrical energy output of the tracked PV module or platform, Wh
G available global solar irradiance, W/m?
Gn global horizontal solar irradiance, W/m?
Gn received global solar irradiance, W/m?
G global solar irradiance received in the plane of fixed PV platform, W/m?
Gt global solar irradiance received in the plane of tracked PV platform, W/m?
N number of the day (N=1 for January 1+)
p electrical power of the PV module or platform, W
pt specific electrical power output of the fixed PV module or platform, W/m?
P electrical power output of the fixed PV module or platform, W
p specific electrical power output of the tracked PV module or platform, W/m?
P electrical power output of the tracked PV module or platform, W
Re relative energy gain, %
Rs relative solar energy gain, %
Spv the surface of the photovoltaic module or platform, m?2
t1 sunrise time of the day, h
t2 sunset time of the day, h
ts solar time, h
energy yield, kWh/kW
a solar altitude angle, °
0 declination angle, ©
Ae absolute energy gain, Wh
A longitude angle, °
n solar conversion efficiency, %
v incidence angle, °
) latitude, °
X tilt angle, °
@ hour angle, °
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