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ABSTRACT

Compared to their initial performance, solar photovoltaic (PV) arrays show long-term
performance degradation, resulting in lower like-for-like efficiencies and performance ratios.
The long-term durability of polycrystalline silicon (p-Si) solar PV modules in three roof-top
grid-connected arrays has been examined. Electrical output, ambient temperature, cell
temperature, solar irradiance, solar irradiation, and wind speed data were collected at hourly
intervals from 2017 to 2021 from three 50 kWp PV installations in Northern Ireland. The
results show the extent to which higher PV temperatures associated with more intense solar
radiation decrease efficiency, fill factor and maximum power output for PV arrays in a

temperate climate.

Long-term durability trends for grid-connected roof-top solar photovoltaic systems can be
obscured by diurnal and seasonal changes in environmental conditions. To reduce the influence
of variable conditions, performance ratios (PRcorr) were “corrected” using the measured annual
average cell temperature (Tcen avg). Introduction of this temperature-correction reduced the

seasonal variation of the performance ratio.

Using temperature-corrected performance ratios, long-term (in this case those seen after five-
years operation) performance degradation trends become evident with high confidence after
six months for one PV array and within three years for the two other arrays. If lower statistical
confidence in trends is acceptable, long-term degradation rates can be identified within one

year of operation for all PV arrays examined.

These results have the important implication that relatively short-duration outdoor PV
performance monitoring may be reliably used to estimate long-term degradation and/or to

calibrate normally-conducted accelerated testing.
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CHAPTER 1
OBJECTIVES AND SCOPE

The interrelated research questions that this thesis addresses are:

(i) Do similar PV arrays in the same climate show different measured performance, if so, why?

(if) Over what period of elapsed PV array operation does it become possible to disaggregate

long-term performance degradation from diurnal and seasonal performance changes?

To answer these questions, the long-term performance of three large-scale roof-mounted PV
arrays in three locations in Northern Ireland has been examined. This is reported in Chapter 3.
The disaggregation of long-term performance degradation from transient performance changes
using the measured data from these three arrays is reported in Chapter 4. The monitored data

obtained from these three large-scale PV arrays were analysed to determine:

. Array, final, and reference yields.
. Array, inverter, and system losses.
. Relative and absolute system-level performance degradation over five years

using linear regressions for weather-uncorrected performance ratio (PRuncorrected) and

temperature-corrected performance ratio (PRcorrected).

= Effect of solar irradiance and solar cell temperature on normalised output power efficiency,
system conversion efficiency, fill factor and maximum power output and AC power output.

= How variations in geographical site location, weather conditions and time of day influence

power output profiles.



= Develop and assess analytical techniques to disaggregate long-term performance
degradation from short-term transient performance changes using both relative and

absolute performance loss rates equations.

This research is intended to inform:

PV system design for long-term durability.
PV operation and maintenance strategies and procedures; and

development of tools for PV performance evaluation.

The data used for this research was from large-scale roof-mounted PV arrays located in Belfast
(Longitude: 5.94°W and Latitude: 54.57°N), Newry (Longitude: 6.32°W and Latitude:

54.18°N) and Warrenpoint (Longitude: 6.26°W and Latitude: 54.11°N) in Northern Ireland.

Accomplishing the overall objectives of this research required acquisition of a comprehensive
appreciation of the causes and consequences of PV degradation. The presentation of this forms

Chapter 2 of this thesis.



CHAPTER 2
REVIEW OF RELEVANT PREVIOUS LITERATURE

2.1 PV Array Performance Metrics

2.1.1 Photovoltaic Equivalent Circuit

Solar energy conversion efficiency of a PV module INmodule IS given by;

nmodule = g (1)

where;
G is the incident solar radiation (Wm); and

P is the electrical output (W) per unit module surface area (m?).

PV module current
Current that pazzes Shunt resiztance

throngh the diode current
— +
|
I I
Incident zolar D "
radiation, & l . .
Series resiztance
. . r Voltage acrozs the positive and
Solar irradiance dependent photo- —'[llh v D . Vor—r0 - inalz of the PV modul
generated current Vd Shunt rezistance negative terminals of the PV module
7
Diode
'S

Figure 1. Equivalent circuit of a PV module

In the electrical equivalent circuit of a PV module shown in Figure 1 and the current
characteristic equation shown in equation (2), the PV cells can be modelled electrically with
five key elements such as diode constants (lo,V1), photocurrent (lpn), series resistance, Rs (€2),
and shunt resistance, Rsn (€2) respectively. Hence, the current, | (A) for the PV cell equivalent

circuit diagram shown in Figure 1 is given by:



V+1.Rg _ V+I1.Rg
IR ) ) YIRS @

| = Iph — Io [eXp(

where ac is given by

ac = N—S‘H‘E'Tcen = Ne.n.V7 (3)
where;
Ion is solar irradiance-dependent photo-generated current (A);
lo is reverse diode saturation current (A);
ac is a temperature-dependent diode non-ideality factor (K™2);

Ns is the number of solar cells connected in series constituting a PV module;

n is the diode’s ideality factor;
k is Stefan Boltzmann constant =1.38066x10%JK™;
Teen is the PV module operating temperature (K);
g is an electronic charge (1.60218x107°C);
V7 is the thermal voltage of a diode (V);
V is the operating voltage at the terminal of a PV module (V).
Equation [1] produces a current-voltage characteristic curve (I-V curve) for a PV cell as

illustrated in Figure 2.
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Figure 2. PV Current-Voltage (I-V) characteristic curve [2]
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2.1.2 Short-circuit Current

A short-circuit current (Isc) passes through a solar cell when the voltage (V) across that solar

cell is zero as shown in green in Figure 3.

IV curve of the solar cefl

\ The short circuit current, lgg,

is the maximum current from a
solar cell and occurs when the
voltage across the device is
Zero.

Power from
the solar cell

Voltage
Voc

Figure 3. Current-Voltage (I-V) curve of a solar cell showing a short-circuit current [3]

For a high-quality solar PV cell with low series resistance (Rs) low reverse diode saturation
current (lo), and high shunt (i.e., parallel) resistance, (Rsn), the short-circuit current (Isc)
approximates photo-current, (Ien), that is, Isc~ lpn.

Short-current density, Jsc (A/m?) is defined as,

—Isc
Jsc = " (4)
In a cell with a perfectly passivated surface, electrons and holes do not recombine prematurely
with one another on the wafer surface, so short-circuit current, (Isc) (A) can then be

approximated to [4]:

Isc = qG(Ln + Lp) (5)

where:
G is the generation rate (Photons Asm™),

Ln (um) and L, (um) are the electron and hole diffusion lengths respectively; and



q is the electronic charge (i.e., 1.602176634x107*° C).

2.1.3 Open-circuit Voltage

Open-circuit voltage (Voc) is the maximum voltage from a solar PV cell when the total current

is zero as illustrated in green in Figure 4.

IV curve of the solar cell

Current

The open circuit voltage, V..,

is the maximum voltage from a
solar cell and occurs when the

Power from net current through the device
the solar cell I5 Zero.
4 >
Voltage Voe

Figure 4. Current-Voltage (I-V) curve of a solar cell showing an open-circuit voltage [3]

Voc (V) is found by setting the net current equal to zero in the solar PV cell equation (3) to

give:

Voc =710 (24) (6)

Equation (6) shows the dependency of Voc on lo and Iph. Voc is a measure of the amount of
recombination of electrons and holes in a solar PV cell. High-quality single-crystalline material
silicon solar cells have a Voc of approximately 764 mV under AM 1.5 conditions [5], while
commercial multi-crystalline silicon devices typically have Voc of approximately 600 mV [6].
Voc can also be found from the intrinsic carrier concentration (i.e., thermal excitation of a

carrier across bands from the valence band to the conduction band) [7], [8] from;

Voc =5 In [F452] (7)

1


https://energyeducation.ca/encyclopedia/Valence_band
https://energyeducation.ca/encyclopedia/Conduction_band

where:
kT/q is the thermal voltage (V7).
Na is doping concentration (at.%).
An is the excess carrier concentration (m).

n; is the intrinsic carrier concentration (m).

2.1.4 Fill Factor
Fill factor, FF is the ratio of maximum power, Pmax from a solar PV cell to the product of Voc
and Isc. Graphically, the FF is a measure of the “squareness” of a solar PV cell IV-curve as

shown in Figure 5.

Current,
Power

Cell vwithh High Fill Factor

IsC

FF=Imp="wWmp
ISC=Wor
= area i
area B

Yoo ‘wvoltage

Figure 5. Fill factor diagram [3]

As the Prmax of a solar PV cell decreases, its FF also decreases, i.e.,

P T XV, area A
FF = —Mex o mp o ®)
VOCXISC VOCXISC area B

Ideality factor, n, is defined by;

— (@V)V
n= [In(D)- In(1,)]KT 9)



Achieving high FF requires low recombination with ideality factors close to 1 [9]. For PV cells

with high recombination, the ideality factor will be greater than 1 so, the FF value will be lower

9.

2.1.4.1 Series resistance in a PV cell
Electrical resistance in a solar PV cell decreases cell efficiency by dissipating power. A PV

cell series resistance (Rs) is shown in red in Figure 6.

series resistance Current [“
_‘..

N 4

Reverse diode ?ﬁtiun current, |,

L Voltage
(V)
-
Figure 6. Effect of Rs on solar PV cell [3]
Such a series resistance reduces the current, as given by;
1= 1 Lo exp[ L) (10)
nkT
where:
| is the output current (A);

IL is the light-generated current or photo-generated current, Ipn (A);
V is the voltage across the solar cell terminals (V);

Rs is the series resistance (Q2).



Rs does not affect the solar PV cell at Voc, because there is no current flowing through the
solar PV cell, so, therefore, Rs is zero. Close to Voc, an I-V curve is strongly affected by series

resistance.

In general, resistance (R) is proportional to the area (A) of the solar PV cell, that is:

R=yA (11)
where y is a proportionality constant known as resistance density (Qm?) or area-normalised

resistance.

Defining current density (Am™2) as, J= i, from Ohm’s law equation (11) becomes:

V=IR (12)
_V Y
J—;ory—; (13)

Series resistance reduces FF, though too high Rs values may also degrade the Isc [9].

2.1.4.2 Parallel resistance in a PV cell

Power losses caused by a parallel (or shunt) resistance Rsn, are usually due to manufacturing
defects rather than poor cell design. A decrease in Rsy causes power losses in PV cells by
allowing an additional photocurrent path that lowers the current flowing through the solar cell
so decreasing the solar cell voltage. The effect caused by shunt resistance is particularly critical
at low solar radiation intensities since less current is generated. At lower voltages where the
effective resistance of the solar cell is high, the impact of an Rsy is small. The equation for

solar PV cell current in presence of Rsy as illustrated in red in Figure 7 is given by:

=1l exp[L] - % (14)



Current
—_—
&

A

shunt
IL ! resistance ‘oltage

RsH

Figure 7. Effect of Rsy on solar PV cells [3]

2.1.5 Solar PV Cell Efficiency
Solar PV cell efficiency is the ratio of energy output from a solar PV cell to solar radiation
input. Solar PV cell efficiency is dependent on the spectrum and intensity of the incident solar

radiation and the PV cell temperature [10]. Solar PV cell efficiency is given by:

Moo = &= 08 = —Im— x100% (15)
where:

P, is the power output (W).

Pwmax is the maximum power (W).

Pin is the input power (W).

Groa is the incident solar radiation at the plane of the array (Wm).

Acell is the solar PV cell area (m?).

Efficiency of a solar cell (Icen) can be expressed as:

Neen = :mp (16)

nput
For Pmax = VoclscFF (17)
cell = W (18)
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2.1.5.1 Bypass diodes
PV systems are usually faced with a shading effect, especially when one cell of the module is
shaded by fallen leaves, trees or buildings. To reduce this shading effect and increase the PV

power output, bypass diodes are connected to the sub-strings of the PV module in series.

Failure of an individual cell is affected by module temperature. To avoid this, bypass diodes
are used that “open” when the voltage in a reverse direction due to cell failure exceeds a
threshold voltage. The bypass diode is not applied for every single solar cell in actual PV
modules but forms an antiparallel connection to a group of serially connected cells (usually 20-
24 solar cells) [11]. The practicality of the bypass diode is also evident from the I-V curve,
where “stairs” can occur, which can alter the detection of MPP because more than one local

optimum is present in the 1-V curve [12]. This is illustrated in Figure 8.

String-based MPPT harvest
10 + power available

1 ’ 140
| T
+ 3 78 120
+ + < E Micro-inverter MPPT | 100
+ + 256 window. Max
+ + g 2 module harvest 80
+ +* s g power is limited.
> + o .4 60
- + ~ =
+ + ﬁ ‘go - e Current 40
* + &2
X b4 Power ‘'meecaed 20

-5 0 5 10 15 20 25 30 35 40
Voltage (V)

Figure 8. Shading on one submodule string [13]
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2.1.6 Photovoltaic Module and System Efficiencies
PV system solar energy conversion efficiency at a particular instant can be calculated from

[14]:

Nays = —2C (19)

GpoaAa

where:
Pac is the average monthly AC power output (W).
I)sys is the PV system efficiency.

The instantaneous module efficiency is computed using [14]:

Ipv = P (20)

GproaAa
where:
Ppc is the average monthly DC power output (W).
Ipv is the instantaneous module efficiency.
The monthly PV module efficiency is given by [15]:
pv m = 2L (21)

where:

Nev_m is the average monthly PV module conversion efficiency.

Ebc d is the average monthly daily total DC output energy (Wh).

A, is the area of the array (m?).
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2.1.7 Introduction to Inverter Function

Solar inverters are used to convert the direct current (DC) output from the solar PV modules to
alternating current (AC). Hence, the AC then flows into the distribution panel to be utilised in
various homes or transmit to the utility grid for public use [16]. Apart from the conversion role
played by the inverter, it also regulates the PV system [17]. Inverter functions may be through
electronic processes or a combination of electronic and mechanical properties, such as a switch
[16]. A simple design of the inverter switch shows that it consists of four transistors labelled
A, B, C and D in an H-bridge as shown in Figure 9. This Figure shows that when A and D are
closed, the DC receives power and spins in one direction. When C and B are closed, the
direction of the DC changes and spins in the opposite direction. If A, B, C and D are open, or
any of the A, B, C or D is closed, the DC will receive no power [16]. If both A and C are closed,
or B and D are closed, the DC is powered to resist motion and brakes if currently spinning.
Therefore, the opening and closing of transistors on both sides of the circuit will make the

current flow in an alternative direction to the load, M [16].

c|

D

A v, f Vi

Figure 9. H-Bridge Circuit Design for Inverters [16]

In larger photovoltaic systems many PV modules feed into a single inverter where they are
converted. This is done to prevent or reduce the overall cost of the inverter system and to

prevent conversion losses due to resistance through the circuit. When designing an inverter the

13



maximum output of voltage, current and power generated by the PV modules must be
considered. A good and well-designed inverter will always withstand the maximum output of

voltage, current, and power generated by the PV modules [16].

Therefore, when sizing inverters the following requirements needs to be met [16], [18]:

I. the maximum open circuit voltage of the PV system does not exceed the required voltage.

ii. the minimum voltage required by the inverter must be met for the PV system to function

accurately.

iii. the maximum power output of the PV modules must be less than the rating of the inverter.

iv. the maximum current at the point of operation must be less than the rating of the inverter.

Data published by inverter manufacturers have shown that the overall inverter efficiency ranges
from 95 — 98%. This range of efficiencies under standard operating conditions is for a system
whose array is properly sized for the inverter [18]. Vignola and Mavromatakis [17] found that
inverter efficiency declines slowly after reaching the maximum incident energy levels of 400
— 700 W/m? of one-year data. This according to them is caused by an increase in operating

temperature generated by the inverter when it carries loads with more power [17].
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2.1.8 Inverter Efficiency

The maximum efficiency of an inverter is strongly dependent on the inverter’s operating
temperature. For instance, the inverter efficiency reaches its peak value of 96.5 — 97% when
the inverter operating temperature is less and shows a drop of 2 — 4% when the temperature
increases above 37°C [19]. Inverter efficiency variation is dependent on the input power and
voltage of the PV array [20]. The study carried out by Ketjoy et al [20] showed that the inverter
connected to polycrystalline silicon (p-Si) modules operated the highest inverter efficiency at
91% and their analyses showed that PV module technology had less influence on inverter
efficiency. They concluded that it was the power input from the PV module that has an impact

on the inverter efficiency.

Inverter efficiency (Iinv) at a particular instant is [15];

Miny = 22$x100% (22)
DC

Monthly inverter efficiency (Ninv, m) is [15]:

Minv, m = 24x100% (23)

DCd

where:
Pac is the AC power output (Watt);
Eac.d is the average daily total AC output (kwWh); and

Ebc.dis the average daily total DC output (kWh)

2.1.9 Packing factor of a solar PV cell
The packing factor (PF) of a solar PV cell is defined as the fraction of the total module area

occupied by PV cells given by [21]:

PE = (ns+2p)Acell (24)
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where:
ns is the number of solar PV cells in series.
np is the number of solar PV cells in parallel.
Acel is the cell area (m?); and
An is the module area (m?).

High packing factors obviously give high electrical output per unit collector area.

2.1.10 Temperature co-efficient of a PV cell

When PV temperature increases, the efficiency of a solar PV will decrease. Many relations are
available to calculate the effect of cell temperature (Tcen) on the efficiency of the solar PV cell
(Neen). In practical applications, equation (25) can be applied without significant loss in
accuracy [22], [23]. Hence, this approach is adopted because the availability of the measured

parameters fits in equation (25).

Ilcell = Ilref [1— Bref (Tcell— Tref)] (25)

where:
Nrer is a reference value for solar PV cell efficiency usually at standard test conditions;
Trer iS a temperature at standard test conditions (25°C or 298K); and
Bret is the temperature coefficient of a PV cell (K).

Bref is usually provided in the manufacturer’s datasheet. Table 1 shows the typical Bret value for

various solar PV technologies.
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Table 1. Temperature coefficients for silicon PV cells [24]

Bref (°C‘1)
Mono c-Si 0.003-0.005
PV cell type [ Multi c-Si 0.004
a-Si 0.0011-0.0026

2.1.11 Yields
Array yield (ya) is the ratio of daily, monthly, or yearly direct current (DC) energy output from

a PV array to the rated PV array power computed from [25];

YA = _Epc (26)

PPV,rated

where Epc is the total DC energy output from the PV arrays (kWh) and Ppy rated is the rated

output power of the PV system (kWp).

Reference yield (yr) is the ratio of total daily in-plane solar irradiation (G) (kWh/m?) over its

reference solar irradiance (Gsrc) [26];

G
yr =

Gsrc

(27)
Final yield (ys) is the total AC energy during a given period divided by the rated PV array

power [27]:

yr= 2 (28)
PV rated

where Eac is the total AC energy output from the inverter generated by the PV power system

for a specific period (kwWh).
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2.1.1 PV Performance Ratio
Performance Ratio (PR) compares actual and theoretical energy outputs of a PV system [28].
PR is a measure of the quality of a solar PV system independent of location or solar irradiance.
It is often referred to as a quality factor. The nearer a PV system’s PR approaches 100%, the
more efficiently the array has utilised the available solar energy. Because of optical losses, PV
array losses, DC to AC conversion losses, cabling losses, dust, shade, wind velocity and high
module temperatures, measured PR values are typically about 80% for well-operating PV

systems [29].
Array and system PR values are calculated from [30]:

PRa =22 x 100% (29)

PRsyst. = i—f x 100% (30)
The array PR (PRa) is the ratio of the DC array yield (ya) to reference yield (yr) as expressed
in equation (29). It is also known as the DC performance ratio (PRpc) because it evaluates the
performance of the DC-rated power of the PV array. DC array capture loss (Lc) is the common
loss associated with PRpc. The DC array capture losses are associated with PV conversion,

ageing, module quality, mismatch, and wiring and it is expressed in equation (31) [25].

Lc=Yyr-Yya (31)
The system PR (PRsyst) is the ratio of the AC final yield (yr) to reference yield (yr) as seen in

equation (30) [25]. This is also called the AC performance ratio (PRac) because it measures
the output performance of the PV system. PRac is affected by an AC system loss (Ls). It is
associated with system losses due to inverter conversion efficiency in grid-connected arrays

and is given by equation (32) [25].

Ls= ya—Vs (32)
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The equivalent PR at STC is computed by adjusting the power to a temperature-corrected

power using a temperature-correction factor (o) at each recording interval in the STC reference

condition. Equivalent PR is the difference between PR at the actual PV module temperature

(Tmodute) and the STC reference temperature, (Tref) (25°C). This procedure is normally used

only when the system PR is to be measured for a short duration of a day [31].

PR is influenced by the factors listed in Table 2.

Table 2. Environmental, measurement and system factors that influence PR [31]

Effect

When the temperature of PV modules increases, efficiencies
decreases, thus, lowering PR.

environmental
and operational

degradation

Short-term PV module
environmental temperature
Shading results in a PV module receiving less solar irradiation
than expected, so PR reduces.
Shade
@ If the recorded measurement period is short (say less than one
§ . month), there will be insufficient measurements for reliable
£ Measurement period computation of PR.
c
s
= Short-term Conduction Optical losses occur when light is reflected off the PV panel
=] system losses surface instead of being absorbed into the panel surface to
g operational interact with electrons.
8 Inverter losses With the conversion of energy from DC to AC via an inverter
‘= and injection into the grid, conduction losses occur that reduce
Q PR.
Efficiency of A highly efficient inverter leads to high PR values. For instance,
the inverter inverters with an efficiency of 90% enable PR values of over
80%.
Long-term PV cell Age-related degradation of solar cells lowers PR values over

time.
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2.2 PV Degradation and Failure
2.2.1 Key Concepts
PV arrays exhibit long-term performance degradation, resulting in lower like-for-like
efficiency and performance ratios compared to their initial performance. Understanding
degradation is critical for operation, maintenance, and repair [32]. PV module failures and
performance losses are caused by a gradual accumulation of damage from long-term outdoor
exposure referred to as weathering [33]. Faults observed in any PV component are either (i)
early failures, (ii) intrinsic/random failure, and/or (iii) deterioration [34], [35]. PV degradation
can be determined by long-term outdoor testing of PV modules and by accelerated indoor
exposure to thermal cycling, humidity-freeze cycles, damp, static and dynamic mechanical

loads and ultraviolet light [36]. Accelerated test methodologies either use:

Q) higher levels of stress (such as ultraviolet intensity) that normally apply to predict
longer-term performance. A disadvantage is that this may induce failures that would
not naturally occur, or

(i) use near-normal stresses but cycle them more frequently over a much shorter time.

Atlas [33] developed a test methodology to predict the likelihood of 25+ years of PV durability.

Its characteristics are summarised in Table 3.
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Table 3. Characteristics of a durability test method [33]

Representative
range of weather

conditions

Parameters are chosen based on three major climatic zones, (arid desert, tropical/subtropical, and

northern or temperate).

Local
modification of

conductors as

Additional test modifiers for particular urban or industrial locations (such as hydrocarbons, soot,

windblown dust or dirt; acid rain; mechanical loading; and coastal or marine).

necessary
Combining Combining multiple stresses into a single test cycle, (for example, temperature and humidity cycling
stressors with solar radiation).
Inspection Periodic visual inspections, current-voltage (I-V) curve measurements, and thermal imaging.

Allen and David [33] proposed a variety of accelerated environmental testing (AET)

methodologies at realistic climate-specific stress levels delivered in cycles that mimic the

natural environment, that could be run before, concurrently, or after IEC qualification tests.

There are three main groups of solar PV technologies: mono-crystalline silicon (m-Si), poly-

crystalline silicon (p-Si), and thin film as shown in Table 4 [37].
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Table 4. Silicon PV technologies [37]

Technology type | Weight/area Efficiency (%) Cost (€/m?)
Cost [€] _
m2 a
Cost [€] » Solar Panel Power[Wattp,,, ]
[Wattp, ] Solar Panel engyn {m]Solar Panelyyjgn[m]
Monocrystalline Expensive: about 111.0
silicon (m-Si) About 0.317 kg/m? per | About
cell
20-22.6%

l =N

B

Polycrystalline Medium: 73.5
silicon
(p-Si) About 0.318 kg/m? per | About 17-20%
cell
Thin film About 0.053 kg/m? per Cheap: 37.5

cell

About 7-18.7%

Zhengpeng et al. [38] investigated the durability of five thin-film technologies and five silicon-

wafer-based PV technologies. The PV modules were subjected to accelerated ageing tests in a

climate dark chamber for 650 hours (27% days) at temperatures of 85°C, relative humidity of

85%, and electrical bias. They used a bias voltage of 1000V DC between each module's active

circuit and the module frame. Depending on the module type and bias polarity, damp heat

stressing conditions significantly degraded electrical performance causing delamination, glass

surface deterioration, frame corrosion, and metal grid discolouration.

The “bathtub” reliability curve shown in Figures 10 and 11 [39] represents the failure rate of a

group of PV modules over time. The curve assists PV manufacturers in identifying root causes
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of failure [33]. The curve is divided into three parts: failure mode A (infant mortality), failure

mode C (normal life), and failure mode B (end-of-life failure). These are elaborated on in

Figure 11. The typical faults associated with PV modules are illustrated in Table 5.

Failure
Rate i

B Primary Infant Mortalities

Residual Failures
W Service Life . - 0
B Wearout Period

umlating damage/de

performance

Figure 10. “Bathtub” curve for PV Durability and Reliability [34]

Decreasing Constant Increasing
% Failure Failure | Fallure
Rate | Rate I Rate
I T
| I
| |
. ' |
@ | Early | Observed Failure | 1
&[5 intant Rate
¢ | Mortality |
E *  Failure | |
r . Constant (Random)
- " I Failures !
l" t . \“
."ol. | |
—.P\ ----- J ' |
I “Hnane ""llnl ............
1 | >
Time

Failure
modes

Is the early life failure (also known as
infant mortality) that typically occurs in
the first 1-2 years of a PV module's life
cansed by fundamental design flaws,
processing issues, manufacturing errors,
or improper installation [28]. Passing
the IEC 61215 or 61646 qualification
tests iz not proof that a PV module has
been tested and proven to be durable
and reliable; rather, the IEC
environmental stress test protocols are
designed to test the period of early life
failures (infant mortality) [33].

[~

Constant (random) failures are a type of
failure mode (also, known as normal
life) that oceur over the PV module's
lifespan. The types of failures associated
with thiz mode are usually predictable.

Fepresents the PV module's end of life
{also, known as the end-of-life wear-

ouf). The curve steepens in this failure
mode because many PV modules simply
reach the point where they fail due to
simple age or wear and tear. This type
of failure is predictable.

Figure 11. The multiple failure modes overlap in solar PV modules [34]
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Table 5. Typical faults associated with PV arrays

Manufacturing defects

Hot spots (bad soldering) [40].
Micro-cracks “snail trail” [41].

Contamination (discolouration) [41].

Installation faults [42]

Incorrect design of the PV system.
Poor inverter and module ventilation.
Damage in transport to installation.
Loose or very tight cables.

Sensors placed badly.

Lack of lightning protection.

Actions that lead to corrosion.

Degradation

Connection issues with solder bonds [32].
Sensor drifting and packaging of materials [32].
Delamination [38].

Micro-cracks [41].

Catastrophic failure

Fire outbreak.
Failing of tree branches.

Hail/stone impact.

Typically 2% of new PV modules do not comply with their warranties [34] [35].
Interconnection defects and PV module glass breakage failures are the major causes of extrinsic
failures [43]. DeGraaff et al [44] found that after 8 years, the maximum working life of a PV
module ends if a safety problem occurs or the module power drops under a certain level, which
is defined as between 80% and 70% of the initial power rating [44]. Freire et al [45] found the
most common failures in a PV module within 10 years were laminate discolouration, isolation
of cell parts due to cracks, and delamination. These failures resulted in about 10% mean power
loss [45]. In crystalline silicon PV modules, a boron oxygen compound is used to prevent light-
induced power degradation (LIPD). Insufficient introduction of boron oxygen may result in
LIPD [45]. Amorphous silicon (a-Si) PV modules are prone to light-induced degradation that

can account for a power loss of 10%-30% during operation [46]. PV modules can fail due to
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external causes were transportation failure, clamping, cable failure, connector failure, and
lightning [47]. Breakage of the glass cover and lamination damage due to shocks and vibrations
can occur during transportation [48]. Most transportation failures of PV modules can be
identified neither visually nor by observing power ratings [48]. In PV module installation,
clamping can cause glass breakage in frameless PV modules [48]. Clamping failures such as

those shown in Figure 12 can be detected by thermographic or electroluminescence imaging.

Broken PV module due to
poor clamp design

Figure 12. Broken PV module due to poor clamp design [49]

A finite element analysis of the stresses on PV modules, during the installation, showed sharp-
edged clamps design (as illustrated in Figure 12), narrow clamps, improper positioning, and
excessive tightening of screws on clamps of PV modules can cause stress on PV modules

leading to breakage [49].
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2.2.2 Influence of Component Materials on Degradation of Solar PV
Modules
PV modules are multilayer systems comprised of adhesively bonded interfaces of
glass/encapsulant, encapsulant/cell, interconnections/encapsulant, and encapsulant/backsheet

as shown in Figure 13 [50].

Glass
Front encapsulant
Si-cell

Back encapsulant

Bocksheet

Figure 13. Component of a standard PV module [50]

These interfaces are possible paths for ingress contamination and interfacial reactions, that can
result in degradation and current leakage [51]. For 1,919,000 solar PV modules installed in
different climates, solar cells, and metallisation degradation showed limited dependency on
climatic conditions, while degradation of polymer components showed a stronger dependence
[52]. Polymeric material degradation was highest in hot arid climates, lower in tropical climates

and least in temperate climates.

International Electrotechnical Commission (IEC) and Underwriters Laboratories (UL) initial
PV qualification tests do not predict long-term performance. For this reason, there has been a
development of accelerated life testing (ALT) and accelerated environmental testing (AET) for

service life prediction (SLP) of PV modules and systems [53].
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2.2.3 Issues Surrounding Photovoltaic Durability and Reliability

Product warranties generally require PV modules that will perform reliably for ~25 years [53].

There is no clear means by which a PV manufacturer can prove a 25-year life so it is unclear

how the same warranty applies to all varied outdoor conditions for the same PV modules [54].

The reliability of the PV array is affected by the factors in Table 6 [55]:

Table 6. Factors affecting PV array reliability [55]

Effects

Factors

Corrosion

loss of grounding

Improper insulation

loss of grounding

Delamination

plastics (on the back) and the glass (on the front) separate

falling of rocks, hailstones, thermal fracture [56], glass fracture, shock and fatigue

Bypass diode failure

Constant leakage of current [57]

Inverter failure

Extreme temperatures and frequent thermal cycling and load stress [58]

Moisture ingress

power degradation, corrosion, delamination, discolouration, potentially induced
degradation, optical and adhesion losses [59]

Reliability issues linked with individual technologies are ranked according to their performance

issues in Table 7 [55]:
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Table 7. PV reliability issues linked with individual technologies [55]

Individual PV technologies

Reliability issues

Wafer silicon

Light-induced degradation (LID), front surface
soiling, the effect of glass on encapsulation
performance, reduced adhesion leading to corrosion
and/or delamination, busbar adhesion degradation,
and junction box failure.

Cadmium telluride (CdTe)

interlayer adhesion and delamination, electrochemical
corrosion of SnO,:F, shunt hot spots at scribe lines
(before and after stress).

Copper indium diselenide (CIS)

interlayer adhesion, busbar mechanical adhesion and
electrical, notable sensitivity of transparent
conductive oxides (TCO) to moisture, moisture
ingress failure of the package.

Organic photovoltaic (OPV)

photolytic instability, moisture-induced degradation,
moisture ingress failure of package.

Thin-film silicon

electrochemical corrosion of tin dioxide (SnOy),
initial light degradation (ILD).

2.2.4 PV Encapsulation and Backsheet Durability

Polymeric backsheets serve as the outer layer of solar panels, protecting solar PV modules over

their expected life span [60]. The backsheet of the solar PV located on the outermost layer of

the solar PV module is designed to shield the inner components of the PV module, from

external stresses. The backsheet must provide high-quality voltage protection insulating

electrical components to safely generate electricity. Backsheets performance can be assessed

by the tests in Table 8.
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Table 8. Backsheet tests [60]

Test

Breakdown voltage

Measures the voltage level that causes permanent failure of the backsheet and
substantial loss of electrical safety. Hence, the higher the breakdown voltage
rating, the safer the backsheet. However, low breakdown voltage affects module
safety thereby resulting in potential shock or fire hazards.

Wet leakage

Evaluate the solar panel’s ability to keep electricity separated within the proper
components of the solar panel. Therefore, if a solar panel fails a wet leakage test, it
means that the solar module’s safety can be compromised in very wet conditions,
such as melting snow, heavy rainfalls, condensing humidity, and panel cleanings.

UV irradiation

a UV ageing test analysis to find whether a backsheet is more likely to degrade and
become yellowish. If the backsheets degrade and turn yellow, it can lead to a
compromise in reflectivity, which reduces performance.

Embrittlement

Polyethylene terephthalate (PET) layer: A brittle backsheet may crack under
mechanical stress, causing the solar PV module to fail.

Backsheet delamination

Delamination of the backsheet layers or/and adhesive can reduce solar PV module

performance, particularly in harsh weather conditions.

Solar cell performance decreases when the backsheet is subjected to defects such as cracking,
yellowing, and delamination. Yellowing of the backsheet is known to be an early potential
predictor of backsheet failure. Qualification tests such as IEC 61215 and UL1703 [61] assess
the susceptibility of PV modules to early degradation mechanisms; however, they are not
effective in assessing long-term durability. However, the ultraviolet (UV) resistance and
weatherability stress testing performed as part of these PV module qualification tests do
correspond to a relatively short period (roughly 70 days) in the outdoor environment [62].
These tests are insufficient for determining the durability of the backsheet in outdoor
conditions. Accelerated testing of PV backsheet UV and weathering durability is used to
estimate expected long-term performance [60]. Backsheets are subjected to a variety of failure

modes, including cracking and delamination. With PV modules warrantied to last 20 years or
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more in the field, components used in their construction must be thoroughly tested to ensure

lifetime performance [60].

Optical degradation may result from the discolouration of encapsulating materials. Ultraviolet
(UV) exposure, temperature, and humidity lead to yellowing of encapsulating materials after
(1) extended exposure, (ii) diffusion of dirt from front surface soiling and (iii) moisture ingress
from failed edge seals. The lifespan of Ethylene Vinyl Acetate (EVA) encapsulants can be
increased by UV stabilisers and antioxidants [63]. Though stabiliser concentration reduces
gradually at inclusion of elevated temperatures and when exposed to UV radiation [64]. When
stabiliser concentration drops below a critical value, rapid degradation of the encapsulant
ensues yellowing the EVA, accompanied by production of acetic acid that eventually causes
the EVA to become brown. Brown EVA absorbs a significant fraction of solar radiation in the
UV and visible region thereby decreasing the photons available for electric current production.
Encapsulant browning can reduce PV module performance by as much as 50% [65]. Lighting
a PV module with a 375 nm UV lamp regions of EVA that have started to degrade to have a

nearly white colour [66].

Encapsulating PV modules provide structural support, optical coupling, electrical isolation,
physical isolation/protection, from exposure to hazardous or degrading environmental factors
[50] and thermal conduction for the brittle silicon solar cell and associated circuit components
[67], [68], [69], [70]. Encapsulant quality has an influence on heat dissipation amongst various
layers of PV modules, which can be significant for PV modules operating at a higher
temperature [71], [72]. Because of demanding requirements, only polymers such as EVA,
polyvinyl butyral (PVB), poly dimethyl siloxane (PDMS), ionomers, silicones, thermoplastic
elastomers (TPEs), and thermoplastic polyolefins (TPOs) are suitable for PV encapsulation
[69]. EVA (in glass-polymer backsheet modules) and PVB (in glass-glass modules) are the
main encapsulants used in the PV industry [50], [73], [74], [75], [76].
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Increased opacity of EVA over time can lead to an increase in surface temperature due to
radiation absorption resulting in lower PV solar energy conversion efficiencies [75]. An
increase in surface temperature due to discolouration impacts the rate of degradation. For
instance, if oxygen is allowed to diffuse through PV module edges and/or permeable a
backsheet, oxidation of chromophore species that is responsible for increased opacity (i.e.,
discolouration) is noticed on a PV module surface. This photo-bleaching effect [67], [77],
produces a circular area of the yellow-to-brown encapsulant. If cracks are present, oxygen can

diffuse through them leaving an uneven discolouration as seen in Figure 14.

Figure 14. (a) Shows a bleaching effect because of oxygen permeation through the edges; (b)

the effect of photobleaching due to the oxygen permeation through cracks [78].

As shown in Figure 15, discolouration is usually followed by delamination of
glass/encapsulant, encapsulant/cell, encapsulant/backsheet, encapsulant/ribbon interface,
and/or within backsheet layers [79]. Delamination can originate from changes in thermal and
thermos-mechanical properties of EVA upon field exposure [80], [81]. Wang et al [81]
believed that UV exposure favours EVA crystallisation resulting in a higher elastic modulus of
the encapsulants (that is, increased stiffness). The existence of “snail trails” is related to
discolouration of the encapsulant; the type of encapsulant, backsheet, and cell metallisation

play important roles in the occurrence of this phenomenon [82], [83], [84], [85].
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Table 9. Properties of encapsulants [70]

Polymer Polymer type Parameter
Tq [°C] E Refractive | Volume Moisture
[MPa] | index (n) resistivity@23°C ingression

[Qcm] [9/d]

EVA Elastomer -40to -34 <68 1.48 -1.49 101 115

Silicone -50 <10 1.38-1.58 | 10*-10% 310

PVB Thermoplastic +12 to +50 <11 1.48 10%0 - 10%2 310

lonomer -100 <300 1.49 106 55
TPSE Thermoplastic -60 to -40 <280 1.42 10%6 -
TPO Elastomer <32 1.48 101 - 108 -
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where:

E is the instantaneous Young’s modulus (in megapascal, MPa).

Ty is the glass transition temperature (°C).

g/d is the weight of moisture (g)/ingress (d).

Therefore, different polymers can be rated based on their instantaneous Young’s modulus

values which measure the strength of the polymers.

?... No delamination

' Delamination

Figure 15. Front encapsulant delamination [78]

Potential induced degradation (PID) seems to be influenced by the encapsulant properties. In
this failure mode, the volume resistivity of material is highly significant since it influences
ionic current flow through the encapsulant. Higher volume resistivity decreases ion mass
transfer. EVA has a high-volume resistivity that reduces with temperature [86]. Materials like
PVB, thermoplastic polyolefin (TPO), silicones, or ionomers are good alternatives to EVA as
seen in Table 9. The occurrence of PID is highly influenced by environmental conditions with

higher temperatures and humidity values accelerating degradation [86], [87].
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Lamination failures result in optical reflection losses [88]. Kleiss et al [89] reported that 90%
of PV modules are prone to delamination. Zhu et al [90] noted the requirements for lamination
adhesion that should be met by PV module manufacturers. Delamination can be observed with
a reflectometer [91] lock-in thermography, pulse thermography, X-Ray thermography, or an
ultrasonic scanner [92], [93]. Tang et al [94] presented a double-glass PV module that could
withstand varied environmental conditions because its low moisture-permeable rate gave long-
term stability and reliability. Dhimish et al [95] found solar cell cracks were either multi-

directional cracks, diagonal cracks, or cracks parallel and perpendicular to bus bars.

Kajari-Schroder et al [96] noted that under artificial ageing cracks in PV modules gave unstable
power output. In 667 cracked PV cells in 27 PV modules, 50% of crack orientations were

parallel to busbar cracks considered to be highly critical [96].

Meyer et al [85] examined PV modules with “snail tracks” formed due to outdoor exposure of
defected PV modules using detailed microscopic imaging of discolourations. Snail trails were
mostly located at solar cell edges or near micro-cracks. The optical impression of a snail trail
is a brownish discolouration of the grid finger position that becomes further imprinted on the
EVA foil. The formation of snail tracks in a PV module is an electromechanical degradation

process but is not deemed to be a direct cause of power loss.

Fairbrother et al [97] noted that in a particular PV array, 3% of the PV modules had burn-
marks occupying 5% of the back sheet area. Mohammed et al [98] found 1.5% caused an annual
average of burn-marks, cell-cracks, PV module power degradation and delamination. Potential
induced degradation (PID) caused by surface polarisation or chemical corrosion is dependent
on the polarity and level of potential difference between the PV cell and ground [99]. Generally,

PID is seen when high voltages force sodium ions to spread out from the glass through the
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encapsulation to accumulate on the cell surface resulting in surface recombination, lower fill

factor and increased local shunting.

Nonreversible PID occurs because electrochemical reactions result in electro-corrosion of
transparent conducting oxide. Reversible PID (also known as surface polarisation) accumulates
a positive charge on a PV cell resulting in a leakage current that degrades current generation
capability. The grounding configuration of a PV array determines the amount of leakage
current. Typical circumstances of PID occurrence are dependent on the temperature, humidity,

system voltage, type of material used, and cell refractive index [47].

2.2.5 Structure and materials used in crystalline silicon (c-Si) PV
modules

The structure and materials used in c-Si PV modules as shown in Figure 16:

I. Backsheet: This is a polymeric material which adheres to the backside of a PV
module for the provision of electrical insulation and protection from environmental
factors such as moisture and ultraviolet or solar radiation. When backsheet faces
reliability issues visible problematic signs such as yellowing, cracking, bubbling
and delamination are noticed. This visible failure will lead to PV module failure
and electric shock hazards due to the leakage of electricity [60].

ii. EVA: The encapsulation of PV devices using ethylene-vinyl acetate (EVA) is done
to provide mechanical support, optical coupling, electrical isolation, and protection
against environmental exposure. Under exposure to atmospheric water and
ultraviolet or solar radiation, EVA decomposes to produce acetic acid, which lowers
the pH and increases the surface corrosion rates of enclosed metallic parts of PV

devices [100].
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Connection box: Failures associated with the connection box or junction box are
due to system installation faults, burnt bypass diode, burnt junction or connection
box, and low power generation from the system. Stresses from the generation of
energy from the system can result in connection box failure [101].

Tempered glass: Tempered glass suffered reliability issues due to mechanical
contact cleaning and sand particle deposition influence during operation in outdoor
environments resulting in optical efficiency loss and a decrease in mechanical
integrity, durability and reliability [102].

Frame: Although the frame of solar panels has nothing to do with the
watertightness and the ability of PV arrays to overcome outdoor weather conditions
rather its role relies on its mechanical characteristics that bring several benefits such
as handling, storage, grounding, fixation, resistance against mechanical loads such
as wind and snow. The solar frame reliability issue may be due to installation
problems such as too much clamping. Therefore, all the PV modules do not behave

alike under mechanical load due to variations in frames.

Frame

Tempered Glass

Encapsulant (EVA)

Solar Cells

Encapsulant (EVA)
Backsheet

Connection Box

Figure 16. A solar PV module backsheet and its service life challenges [103]
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The front surface of PV modules is encapsulated to ensure the long-term durability of service
life of 25 years. Using, for example, tempered, low iron rolled, 3.2 mm thick glass sheets (see
Figure 17). This encapsulant glass provides mechanical rigidity, impact resistance, optical
transparency, electrical isolation of the solar cell circuit, and outdoor weatherability [104]. An
encapsulant should have (i) High optical transmittance, (ii) good adhesion to different PV
module materials, (iii) adequate mechanical compliance to accommodate stresses caused by
differences in thermal expansion coefficients between the glass and solar cells, and (iv) good
electrical insulation properties. PV module delamination, caused by a loss of adhesion between
the encapsulant and other PV module layers, is another failure mechanism [104]. Extended UV
light exposure degrades polymer encapsulants used in the PV module lamination. To ensure
the long-term durability of PV modules with polymer encapsulants, an encapsulant coating
should prevent UV light (400 nm) from reaching the encapsulant material by screening out UV
light and adding a small amount of the cerium (Ce) to glass [104]. Rejecting infrared (IR)
sunlight with wavelengths longer than those used by the solar cells reduces operating
temperatures, improves PV module performance, and increases PV module lifespan. No cost-
effective method of rejecting infrared heat has been developed [105]. PV module delamination,
caused by a loss of adhesion between the encapsulant and other PV module layers, is a failure
mechanism that results in a loss of performance due to the optical decoupling of the encapsulant

from the solar cells [105].

The effect of encapsulant delamination on the electrical performance of PV modules was
evaluated by Nochang et al [106] using a 5-year exposed monocrystalline solar PV module.
The electroluminescence analysis was carried out to investigate delamination defects.
Electrical mapping was carried out that measured the voltage drop or power loss of every using

solar cell Xenon lamp to simulate a line of solar irradiance applied to the PV module. The
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experimental setup is shown in Figure 17. The current density was produced at a constant

voltage.

The PV module was rotated by a motor and current density was recorded at every rotating angle

enabling the current density to be measured at every point of the PV module.
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Figure 17. Measurement setup for PV module mapping [106]

Their results for physical degradation showed that the main defect was delamination as shown
in Figure 18 at the interface between the encapsulant and the front surface of the solar cells.
An electrical performance test conducted on the PV module showed about 3.3% less maximum

power when compared to the initial value.
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Delamination

Figure 18. Physical degradation in front of PV module [106]

Shioda [107] investigated long-term delamination failures in field-aged PV modules using two
different solar PV modules labelled Module A and Module B. The result of the 1-V and P-V
curves show that the Isc and FF in Module A decreased by 13% and 17% respectively while
its initial maximum power decreased by 30% due to large delamination. The Isc and the initial

maximum power of Module B decreased by 14% and 13% respectively due to partial
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delamination. There was a decrease in Isc due to delamination as illustrated in Figure 19.
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Figure 19. Effect of delamination and EVA discolouration on I-V and P-V curves [107]

To find out the relationship between delamination and power reduction: (1) Probes were
connected to cut the ribbons located at point C from both ends to isolate or delaminate them
from both ends; (2) The whole Module A was put on a solar simulator to obtain the I-V curve
for each cell [107] as illustrated in Figure 20:

backsheet

B s s e Y e
EVA

Glass

C

Figure 20. Evaluation of I-V curve in a solar cell [107]

Delamination degraded Isc by 43% of its initial value (that is, 43% of 3.5A) and reduced
maximum power by the same percentage amount. The solar cell with a partial delamination
effect degraded Isc by 13% (that is, 13% of 3.5A) and reduced the maximum power by the
same percentage while the solar cell with no delamination had a reduction of Isc and maximum

power by 8% caused by discolouration of EVA. Even at that, Isc and maximum power were
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still high (almost at the maximum value, 3.5A). Therefore, the effect of delamination affects
both Isc and the maximum power, that is, maximum power is dependent on Isc. Thus,

delamination leads to a decrease in Isc and maximum power (Pwmax) as shown in Figures 18-19.

2.2.6 Series Resistance Durability
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Figure 21. Dark 1-V measurements on a typical 36-cell c-Si PV module show the influence of
adding increased levels of Rs. (b) Thermal infrared (IR) image of a-Si PV module after about

six years in the field, showing localised hot spots at typically resistive solder bond locations.

For this image, the module was in forwarding bias with a continuous current flow of about 10
A [105]. In wiring, junction-box terminations, cell-interconnect ribbons, solar cell
metallisation, emitter and base regions of solar cells, and solar cell solder bonds, series
resistance, Rs, cause voltage losses that limit the overall performance of a photovoltaic system
[105]. The Rs of the PV module is important to PV module performance, so it is necessary to
estimate the variations in Rs under various environmental stresses [108]. As a PV system ages,

gradual increases in cumulative Rs can result in a 0.5% /yr decrease in output power [105]. As

41



a PV system ages, the mechanical effects of daily thermal cycling in the field result in a gradual

increase in Rs [105].

Dark current-voltage (I1-V) measurement at PV module level is a more direct and sensitive
method for measuring increases in Rs [109]. The effects of adding Rs during dark I-V

measurements on a typical silicon PV module are shown in Figure 21 (a).

This measurement technique is extremely sensitive to changes in Rs; changes of about 10%
can be easily detected. Dark I-V measurements are used in the performance analysis of field-
aged PV modules suspected of having Rs issues. Changes in shunt/parallel resistance, Re, and
other cell physical properties are also readily detected in dark I-V measurements [105]. Infrared
(IR) wavelength emission imaging provides a convenient non-destructive method for
identifying locations in PV modules with high Rs. The method entails connecting a module to
a power supply while it is forward-biased, as in a dark 1-V measurement. A power supply
provides a continuous current through a PV module at roughly twice the nameplate Isc. IR
images captured as a PV module heated up using an infrared camera with wavelength
sensitivity from 3.6 to 5.0 microns identified solder bonds as a source of increased Rs in some
field-aged PV modules. If the solder bonds were typically resistive, they appeared in IR images
as localized hot spots. Figure 21 (b) depicts a PV module with resistive solder bonds after
approximately 6 years of service. In an IR image, resistive solder bonds appear as localised hot

spots [105].
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2.2.7 Optical Degradation of Solar Photovoltaic Modules
Optical losses mainly affect the power output generated from a solar cell by reducing the
short circuit current, Isc. Optical losses consist of the solar radiation generated from an
electron-hole pair which does not allow the solar cells to absorb the solar radiation rather the

solar radiation is reflected from the front surface of the solar cells.

surface
reflection

I AT

contact coverage

Figure 22. Optical loss in solar PV cells [110]

Optical losses in solar PV cells shown in Figure 22 can be reduced by [110]:

i. To reduce the top contact coverage of a PV cell’s surface, shading by top contact
coverage is required (see Figure 22). This is done to increase series resistance, Rs and
to reduce parasitic resistive losses.

ii. application of anti-reflection coatings on the top surface of a PV cell.

iii. minimising reflection by surface texturing.

iv. a PV cell being thicker to increase absorption of light.

v. increase the optical path length in a PV cell, by a combination of surface texturing and

light trapping.

43



The solar energy collection probability of PV cells depends on the lifetime of the minority
carrier in the base and the surface passivation [111]. Preventing electrons and holes
recombining prematurely with one another on the wafer surface and diffusion length (i.e., the
average length a carrier moves between generation and recombination) are important

considerations.

Electrochemical corrosion of string interconnects of a solar cell due to encapsulant results in
the degradation of a PV module [112], [113]. This phenomenon leads to high series resistance
(Rs) and low parallel resistance (Rp) in PV modules. Visible PV faults are summarised in Table

10.
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Table 10. Visible PV module faults [92], [85]

Power loss

Safety issue

Visualisation

Shorting of module
wires and diodes.

<3% of power loss

Fire failure may be caused

m

Laminated cell
fragment.

<3% of power loss.

Fire failure, electric shock,
and physical danger.

Cell cracks damage
10% of the cell area.

Degradation of power
loss which saturates
over time.

No effect on safety

Bubbles or
delamination.

Degradation of power
loss in steps over
time

Electric shock resulting in
a major safety problem

T
+

Burn marks on the

Degradation of power

Failure may cause fire,

_—

back sheet. loss in steps over | electric shock, and
time. physical danger.

Front panel Degradation of power | Failure may cause fire,

discolouration dueto | loss in steps over | electric shock, and

metallic time. physical danger.

interconnections
overheating.
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Multicrystalline Si
module delamination.

Degradation of power
loss in steps over
time.

Failure may cause
physical change.

Thin-film module

delamination.

Degradation of power
loss in steps over
time.

Failure may cause
physical change.

Glass breakage in
thin-film modules.

Degradation of power
loss in steps over
time.

Failure may cause
physical danger.

EVA browning

Degradation of power
loss linearly over
time.

No effect on safety for
slightly browned
condition, but as the

failure may be caused.

Degradation of power

Fire failure may be

o loss linearly over | caused.
Snail trails time.
Back sheet Degradation of power | Fire failure may be
delamination loss linearly over | caused.
time.
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2.2.7 Distinguishing transient performance changes from longer-term
degradation

PV module output varies with incident solar irradiance and module temperature. The energy
output of a PV system thus depends on weather conditions [114], [115]. It is also affected by
shading, rain, and dust [116], [115]. An increase in PV cell temperature can lead to reductions
in output and efficiencies. All these output and efficiency variations are transient on a variety
of timescales and reversible. Degradation refers to loss of output due to physical degradation
or damage to a PV cell, that is not reversible. Degradation will ultimately require replacement
of a failed PV cell for the system to return to its initial performance. Degradation is measured
by long-term changes in mean efficiency and/or performance ratio long-term as illustrated
indicatively in Figure 23. Cell failure can also be observed in perturbation cell failure in

current-voltage (1-V) curves for an array.

" Imitial o efRciency

- Degraaeod rrvEan i LD Tm

PV Efficiency (%)

Number of PV Modules

Figure 23. Efficiency degradation of modules in a PV array
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Individual module degradation can be attributed to intrinsic property changes in the PV
materials caused by external effects such as potential-induced degradation (PID) [117] and

light-induced degradation (LID) [118].

As corrosion of interconnections and solder bonds slowly degrades performance [32], it is
important to determine degradation rates under outdoor operational conditions rather than
indoor testing of isolated modules [32]. One major difficulty in evaluating the degradation rates
of PV modules from real operational data is distinguishing system degradation from

“measurement degradation” as summarised in Table 11.

Table 11. System degradation and measurement degradation [32]

Large fluctuations of the operational data due to uncontrollable
external parameters such as weather conditions like solar radiation,
rain, cloud movement, wind velocity, and ambient temperature
together with unexpected changes of factors external to PV systems

System o :
4 such as unexpected shading, inverter problems, and control failures.

Degradation . . .
Systematic ‘degradation’ in the measurement of PV module

operational performance caused by control sensor drifting with time as
Measurement a result of electronic ageing of components such as the drifting of
irradiance sensors.

Manufacturers usually guarantee PV modules life spans for more than 20 years [32]. Beyond
this warranty period, knowing likely degradation behaviour is essential for continual efficient

operation and planning maintenance, and repair.
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2.2.8 Effect of Soiling on PV System Performance
Soiling is accumulation of dust, combustion products, soot, ash, bird droppings and the growth
of mold and moss [119]. Dust particles are defined as particulate matter less than 500 um in
diameter [120]. The most common composition is sand, clay, or eroded limestone. The
settlement of dust particles mainly depends on several factors as shown in Table 12. Bird
droppings are more opaque than dirt [119] and are not necessarily washed them from the PV

module surface by rainfall [121], [122].

Table 12. Factors determining settlement of dirt on a PV array [123], [124], [125]

Dust properties chemical properties, size, shape, weight, biological, and electrostatic
properties.

Local environmental conditions weather conditions, surface finish, tilt angle, humidity, and wind
speed.

Solar PV arrays sited in semi-arid and desert regions have a dust layer formed on their surface
that hinders the absorption of solar radiation. Within an hour, a desert sandstorm can deposit
thick layer of sand that reduces PV efficiency by 70-80% [126]. In such locations, PV arrays
need regular, even daily, cleaning. Figure 24 shows various means of cleaning solar PV

modules [127].
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cleaning treatment

Cleaning

Agents

Automatic Manual
cleaning cleaning

Figure 24. Various means of cleaning solar PV modules [127]

Heavy rainfall is an effective way to clean dust particles from PV module surfaces. High
relative humidity and low rainfall contribute to the adherence of dust particles on PV module
surface by consolidating fine dust particles into lumps of clay. As these become difficult for
rainfall to remove this leads to permanent soiling. The accumulation of dust or dirt particles on
the surface of the PV module is known as front-surface soiling. Accumulated dirt may partially
shade a cell in a module causing it to generate less current than other cells in the string. This
partial shading of a cell can lead to irreversible hot-spot damage with eventual module failure
[128]. Front-surface soiling can be seen from a visual inspection of a PV module [63]. Soiling
causes optical losses both when soiling is homogeneously or non-uniformly distributed. For
instance, the average annual change in soiling recorded in Isc, Voc, Pmax, and FF was 6.68%,

0.30%, 9.80% and 2.67% respectively [129].

50



2.2.9 Degradation Rates of Photovoltaic Modules
Annual degradation rates of six crystalline silicon PV modules connected to an electric power
grid were studied by Tetsuyuki and Atsushi [130]. Three indicators were used for the annual
degradation rates: energy yield, performance ratio, and indoor power. The performance of the
module was evaluated both from indoor and outdoor electricity output measurements taken
over 3 years. Their results are summarised in Table 13 [130].

Table 13. Annual degradation rates of six crystalline silicon PV modules [130]

Indicators Trends for each of the six modules (%/year)
Energy vyield 0.0,-0.4,0.0,0.1,1.5and 0.5

Outdoor Performance ratio, PR 0.0,-0.4,-0.1,0.0,1.4,and 0.5

Indoor maximum power, Pmax 0.1,-0.3,0.2,0.0,0.7, and 0.6

The performance of newly installed PV modules has been found to decrease by over 2%
because of initial light-induced degradation (LID) [130]. According to Osterwald et al [114],
the degradation rate of silicon PV modules is around -0.7% per year of maximum power rating.
The power output of an outdoor PV module reduces because of thermal cycling causing cracks
to form between solders and metals [131]. Dunlop and Halton [132] studied degradation of PV
modules in outdoor conditions over 22 years. They monitored the electrical power outputs of
monocrystalline silicon (m-Si), polycrystalline silicon (p-Si), and amorphous silicon (a-Si)
modules. They found an 8% to 12% decrease in the maximum power output of the PV modules
(Pmax) after 20 years of outdoor exposure. Their research showed that about 80% of the
reduction was due to corrosion and the remaining 20% was attributed to dust accumulating on

the PV modules.
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Silvestre et al [133], investigated degradation of thin-film PV modules under long-term outdoor
exposure in Spanish continental climatic conditions. Their study examined the degradation of
four technologies: Micromorph (thin-film solar cells), copper indium diselenide (CIS)
cadmium telluride (CdTe) and hydrogenated amorphous silicon (a-Si:H) under five years of
outdoor exposure in Leganés, Spain. The corresponding degradation rates for the four
technologies as summarised in Table 14. Their results show that CdTe module was found to
have the highest degradation rate (-4.45%/a) while CIS module appears to be the most stable
with a degradation rate of -1.04%/a.

Table 14. Degradation rates analyses of four thin-film PV module technologies in Spanish

Continental climate conditions [133]

Cell type Micromorph CIS CdTe a-Si:H

(thin-film solar cells)

Degradation -2.72 -1.04 -4.45 -2.28

rate (%l/a)

An experimental study of degradation modes and their effects on the PV module was conducted
after 12 years of field operation [134] and found that degradation led to annual reductions in
output power ranging between 2.08% and 5.2%. Short circuit current (lsc) reduced by between
2.75% and 2.84% annually. The open-circuit voltage (Voc) was least affected, with annual
reductions ranging between 0.01% and 4.25%.

The long-term performance and degradation analysis of different PV modules under temperate
climate in Morocco were investigated by Ameur et al [135]; after six years a-Si degraded faster

followed by m-Si and p-Si as summarised in Table 15.
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Table 15. Degradation rates analyses of different PV module technologies in Moroccan

Temperate climate conditions [135]

Cell type
a-Si m-Si p-Si
Degradation rate (%/a) | 0.9+0.009 and 0.53+0.01 and 0.36+0.01 and
0.75+0.003 0.41+0.003 0.28+0.004

Degradation rate over 10 years of field-exposed residential photovoltaic installations in the UK
and Ireland was investigated by Dhimish [136] showed that the lowest PV degradation rates
were obtained at Irish PV sites. Higher PV degradation rates were found in England whereas
the highest degradation rate was observed in relatively cold areas including Aberdeen and
Glasgow in Scotland as summarised in Table 16. The main reason PV systems installed in
Aberdeen and Glasgow had the highest degradation rates was frequent hoarfrost and heavy

snow affecting these PV systems.

Table 16. Degradation analyses of p-Si PV modules installed in three different locations

Location
Ireland England Scotland
Degradation rate (%/a) | -0.4 to -0.6 -0.7t0-0.9 -1.0
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2.2.10 Degradation Influences of Photovoltaic Modules

The existence of only one highly-degraded 96 kW, PV module in a PV system has been found
to reduce daily output (Takatoshi et al, [137]) by 19.8 kWh to 18.7 kWh during sunny days,
11.3 kWh to 10.8 kWh during partly cloudy sunny days; and 5.5 kWh to 5.3 kWh during cloudy
days.

Pramod et al [138], investigated degradation of m-Si PV modules after 22 years of outdoor
exposure. They studied 90 m-Si PV modules installed on the rooftop of the National Institute
of Solar Energy (NISE) near New Delhi, India. They carried out a visual inspection, thermal
imaging, current-voltage (I-V) characteristic curve analysis and insulation resistance
measurement and the calculation of the degradation rate after 22 years of outdoor operation.
The mean power reduction rate of 90 PV modules over 22 years was found to be about 1.9%
per year at a peak rate of power reduced by 4.1% per year with the minimum rate of power
reduction being 0.3% per year. Electrical resistance of insulation measurements of 90 PV
modules (both in dry and wet conditions) showed that only two PV modules showed insulation
of electrical resistance lower than 400 MQ in dry conditions. Analysis of electrical parameters
indicated that there was a degradation of short circuit current (Isc), from 0.4% to 3.7% per year
with a mean value of 1.8% per year. Open-circuit voltage (Voc), ranged from 0.8% to 2.1%
per year with a mean value of 1.4% per year, and fill factor (FF), ranged from 0.7% to 2.6%
per year with a mean value of 1% per year. Maximum power, Pmax reduction rate ranges from
0.3% to 4.1% per year with a mean value of 1.9%/year. Reduced power output was mainly due

to the degradation of Isc.
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2.2.11 Failure Risk Analysis
Severity risk in solar panels is the highest level of severity of damage noticed on the PV
panel when there is the subjugation of failure modes such as EVA discolouration, effects of
corrosion, hot spot, delamination, bubble, crack in solar cell, bypass diode and potential

induced degradation.

Failure modes and effects analysis (FMEA) is a methodology for defining risk of failure (as
denoted by a “Risk Priority Number” (RPN)) based on a specification, failure’s severity (S),
occurrence (O), and detectability (D) [139] for a specific combination of PV system and

operating environment conditions [139]. RPN is calculated from (33) [139];

RPN = SxOxD (33)
where:
S is severity of damage; 0<S<10
O is the probability of occurrence of defect (s) 0<0<10
D is the likelihood that available data can detect failure modes, 0<D<10

Higher RPN means that defects reduce system performance [140], [141], [142]. Severity rank
depends on the degradation rate per year and when that leads to safety issues. It is difficult to
assign a severity rank for a particular failure mode, as the degradation of a PV module is an
accumulation of many interacting factors [143], [144]. The highest severity rank from 9 to 10
based on safety is insulation resistance failure, as it is a hazard to people [139]. Severity ranks

[139] are shown in Table 17.
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Table 17. Severity ranking of failure mode [139]

Severity

Rank

Degradation rate >1.0%/year with safety hazard probability <90—100>%

[EEN
o

Degradation rate <0.9-1.0>%/year with safety hazard probability <80-90>%

Degradation rate <0.8-0.9>%/year with safety hazard probability <70-80>%

Degradation rate <0.7-0.8>%/year with safety hazard probability <60-70>%

Degradation rate <0.6-0.7>%/year with safety hazard probability <50-60%> %

Degradation rate <0.5-0.6>%/year with safety hazard probability <40-50> %

Degradation rate <0.4-0.5>%/year with safety hazard probability <30-40>%

Degradation rate <0.3-0.4>%/year with safety hazard probability <20-30>%

Degradation rate <0.2-0.3>%/year with safety hazard probability <10-20>%/

The degradation rate <0.1-0.2>%/year with no safety hazard
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2.2.12 Climatic Effects on PV Degradation
In most climate zones, the largest contributor to lower maximum power output (Poutput) IS Isc
degradation caused by delamination, discolouration, and cracked solar cells, with a small
amount due to light-induced degradation (L1D) and soiling [145] [146], [147], [148] [149]. In
desert climates, Isc degradation may be accompanied by a small improvement in Voc [146]. In
humid conditions, dust accumulated on the front glass can be difficult to remove by wind or
rain causing power output to decrease. The effectiveness of cleaning by heavy rain depends on
material properties [150]. Importantly, climatic effects alone cause less degradation of fill
factor (FF) as this is normally related to corrosion and solder bond breakage [146], [151],
[72], [152], [153] whereas EVA browning shows high Isc and low FF degradation. In regions
without warm summers, higher FF degradation is observed probably due to cracking of
individual solar cells under snow loads [146], [154], [155]. Arid deserts present a harsh
environment where PV modules are subjected to significant UV radiation, day-to-night
temperature cycles and sand deposition. Desert environments cause discolouration of EVA
encapsulant accompanied by delamination and a certain degree of corrosion [67], [156], [157],
[72], [158], [159], [160], [161]. Discolouration of EVA is due to formation of benzoic acid and

phenol products, which enhance delamination and discolouration [68]. Deterioration of the
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solder bonds leads to an increase in series resistance (Rs) [156]. The effects of different climatic

conditions are summarised in Table 18.

Table 18. Effects of climatic conditions

Hot and humid conditions in tropical
climates

Degradation of PV modules ensues much faster in
comparison to other environmental conditions [162],
[163], [164].

Climatic condition | \n/arm and temperate climate

EVA discolouration, encapsulant delamination and
corrosion due to the moisture ingress [150], [165], [147],
[148]. and “snail tracks” [166].

Snow and polar climates

Lower temperatures decelerate thermal degradation
modes. Degradation modes are associated with
mechanical stresses (such as high snowfall and/or wind
stresses) that lead to PV cell cracks, frame breakage or
bending, and glass breakage. Frame damages vary
depending on the assembly design of the PV modules
[167], [168].
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Figure 25. Effect of delamination on Isc and Pmax [107]
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Figure 26. Effect of discolouration of EVA on Isc [169]

PV module degradation caused by moisture ingress results in loss of output power generation
or complete failure of PV modules [169]. Moisture ingress causes two forms of degradation,
namely, corrosion and delamination [170]. Corrosion increases series resistance (Rs) in the PV
module leading to power loss. Contact delamination also increases Rs, as the current flow
moves further into the heavily-doped Si before being collected by the fingers [169].
Mismatching of solar cells is caused by front surface soiling, encapsulant degradation, anti-
reflective (AR) coating deterioration, manufacturing defects, cell cracking, and PV cell partial
shading [63]. Mismatched solar cells degrade PV module performance especially when solar
cells are connected in series strings. When a defective solar cell in a PV module is generating
less electric current than the other cells in a PV module, the latter solar cells act to reverse bias
the defective cell. This causes the defective cell to operate in the negative voltage region,
becoming a power dissipater [171]. Figure 27 (a) describes how interconnect busbars can assist
in preventing a cell from generating less electric current because of the illustrated crack.
Thermal stress and hail damage can cause cracking of solar cells. Cracks can also be produced
during processing and assembling. The crack in Figure 27 (b) removes a part of the solar cell

from its electrical circuit. This will have the effect of a decreased electric current generated by
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the solar cell. The same process is observed when a solar cell is partially shaded. Mismatched
conditions in PV cells cause cells to heat up. When a mismatched solar cell’s temperature
exceeds a critical value (~ 150°C), delamination of cell encapsulants may occur [171]. If the
high reverse bias exceeds the solar cell’s breakdown voltage, a solar cell may be irreversibly
damaged by a thermal breakdown. The latter is observed as hot spots on the solar cell that not
only lower the efficiency of the PV module, but also influence Voc, Isc, Pmax, and FF. When a
PV module containing a mismatched solar cell has no integrated bypass diode in its
interconnection circuit, a mismatch situation may lead to irreversible hot spot damage.
Mismatched cells can be identified by visual inspection, I-V measurements, hot-spot endurance

testing, and individual solar cell temperature monitoring when a module is forward-biased [63].

Cracked cells
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Interconnect busbars

Figure 27. How interconnect busbars can assist in preventing open-circuit failure [63]
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2.2.13 Evaluation of Solar PV Failure Modes Through Materials
Degradation Approach
The reliability and durability of solar PV modules can be analysed by failure modes and
degradation mechanisms after long-term outdoor operation [139]. Solar PV module failure
arises from partial shading, inverter failure, EVA discolouration, series and shunt resistance,
hot spot, corrosion, delamination, bubble, crack in solar PV cell, bypass diode, and potential

induced degradation (PID) [139]. Each of these failure modes and their effects are summarised

in Table 19.
Table 19. PV failure modes and their defects [139]

Failure due to; Effects

Partial shading Causes leakage current [172].

Inverter failure Causes power loss [173].

EVA discolouration Laboratory exposure has shown that the power output of “brown”
PV modules has probably degraded at an average rate of about
1%/year due to a decrease in Isc caused by low transmissivity of
solar radiation into a PV cell, thus reducing FF [174], [175],
[176].

Series and shunt Causes a reduction in solar PV cell (for example, a-Si PV)

resistance efficiency decreases by about 1% [177].

Hot spot A decrease in Rsn, resulting lsc decreased [178], [179].

Corrosion Rs of solar cell/module increases resulting in a performance
decrease [180].

Delamination Destroys the layers of the PV module [181].

Bubble Bubble formation is a cause of delamination which is known to
be one of the major problems linked to PV module reliability and
durability [48].

Crack in solar PV cell Significantly decreases the power as well as the lifespan of PV
modules output [182], [183], [184].

Bypass diode Leakage current may reduce [185].

Potential induced | PV module degrades by about 42% after nine years of outdoor

degradation (PID) exposure to negative voltage stress [186].
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2.2.14 Diagnosis of Degradation Mechanisms in Photovoltaic Modules

Performance monitoring of PV systems aims to maintain power output from PV systems thus
increasing economic viability [187]. To evaluate degradation of PV modules, Parveen and
Saurabh [187] calculated output power degradation over three years for amorphous silicon (a-
Si), polycrystalline silicon (p-Si), and silicon hetero-junction with an intrinsic thin layer (Si-
HIT). The degradation rate for a-Si was lowest at 0.85% per year and was highest for Si-HIT
technology at between 0.95% and 2.03% per year. Their results showed good agreement with

standard procedure used for performance evaluation.

Ensuring long-term durability of solar photovoltaic (PV) modules requires clustering of
different approaches including [187], visual inspection [188], inspection using imaging
methods such as infrared (IR) thermography [189], [190], [191], [105], [192], analysis of
micro-cracks using electroluminescence [193], [41], or aerial, drone-mounted IR thermography

[194], and preventive measures such as water-free cleaning [126].

Glass breakage results in electrical safety issues and performance loss after corrosion ensues
due to moisture penetration through cracks. Cracks develop into hot spots, resulting in module
overheating. Zaini et al [195] carried out a study on the effects of lightning on a grid-integrated
solar PV system with an assumption that lightning strikes a solar PV system at two different
points as shown in Figure 28. Lightning strike on a solar PV module results in open-circuit

bypass diodes or PV module failure.
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Figure 28. Lightning strikes at different points [195]

Most expected failure modes and degradation mechanisms are associated with glass breakage,
junction box failure, interconnection faults, and delamination [47]. Kalejs et al [196] noted that
inappropriately-designed, or insecurely-closed, junction boxes allow moisture ingress to
corrode connections in the junction box, leading to internal discharging. When solder joints
meet silver electrodes in a solar PV cell, they dissolve into the Tin-Lead (Pb-Sn) solder
electrodes to form an AgsSn compound. Silver leaching develops a crack at the soldered
interface because of thermal expansion, resulting in connection breakdown. Delamination
occurs because of adhesion contamination or because of environmental factors that ingress

humidity, moisture, and corrosion into PV module laminates.

2.2.15 Diagnostic Techniques of Solar Photovoltaic Cells and Modules
Preventive diagnostics detect possible defects before they occur. Spagnolo et al [189],
Krenzinger and De Andrade [190], Buerhop et al [191], King et al [105] and Ancuta and
Cepisca [192] have used infrared (IR) thermography for inspecting PV-plants. This method is
fast, reliable, contact-free, non-destructive, and involves measurements during operating
conditions but without clouds and wind [197]. Johnston et al [193], Kontges et al [41] used

electroluminescence to find micro-cracks in PV modules.
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2.2.15.1 Thermography
Detection with a thermal camera uncovers a broad range of defects as shown in Table 20 [198].
A disadvantage is that a thermogram does not make a quantitative assessment [199].
Thermography techniques for PV modules in field conditions are pulse thermography and lock-

in thermography [200].

Thermography under steady-state conditions is a non-destructive measuring technique [201].
It can be used as a contactless method for diagnosing some thermal and electrical failures in
PV modules. The measurements can be performed during normal operation for both individual
PV modules and as a scan of large-scale solar PV systems [201]. Thermography detects
temperature differences induced by an external current or by applying light to the PV module.
During dark measurements, there is no light applied to a PV module except the external current
() which is approximate to Isc, supplied in the forward direction [202]. To avoid thermal
damage to PV modules (e.g., to thin-film modules), it must be ensured that the Isc of the PV
modules is not greater than 30% [200]. Temperatures of PV modules can be measured using
an IR camera. Thermography imaging is performed using a portable, uncooled IR camera
measuring wavelengths between 8 and 14 um [203]. Buerhop-Lutz and Scheuerpflug [194]
inspected PV-plants using an aerial, drone-mounted infrared thermography system. They
carried out their measurement using an unpiloted drone (Multikopter), a lightweight infrared
(IR)-camera PI 450 (Optris), a visible camera GoPro, and equipment for navigation. They
presented frequently detected failure modes of installed PV modules by focusing on crystalline

modules from residential and industrial roofs as well as from solar parks in the field.

Table 20 shows possible failures of PV modules that can be spotted by an IR-Camera [204].
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Table 20. The possible failures of PV modules can be spotted by an IR-Camera [204]

Observation

Detail

Reason

Electrical
characteristics

Power loss

Safety issue

One PV module in | The PV module is open- | The PV moduleis | System failure | No effect on
an array appears to | circuited, that is, not | fully functional. safety
be warmer than | connected to the system.
others.
One row (sub- | Short-circuited (SC) or | Sub-strings Constant power | May lead to
string) is warmer | open sub-string power loss | loss fire
than the other | - Bypass diode SC, or caused by
rows. - Internal SC. reduction of Voc.
Single cells are | All bypass diodes are | PV module | Constant power | No  safety
warmer, short-circuited (SC) or | power was | loss effect when
patchwork interconnected reduced to almost external SC,
patterns. connections. zero because of system
the reduction of fire  when
Voc. diodes SC
Single cells are | Massive shunts are | PV module | Caused by | No effect on
warmer, lower | caused by potential | power and FF | voltage, safety
parts, and close to | induced degradation | reduced. Low | humidity, and
the frame hotter | (PID) and/or | light performance | temperature
than the upper and | polarisation. is more affected
middle parts. than at STC.
One cell is warmer | -Shadowing effects, Power decreases | Power loss | For extreme
than the others - Defect cell, and /or are not | increases with | conditions
- Delaminated cell necessarily mechanical May lead to
permanent load, thermal | fire
(Transverse cycling, and
effect), e.g., | humidity
shadowing leaf or
lichen.
Part of a cell is | Broken cell and/or Drastic ~ power | Caused by | May lead to
warmer Disconnected string | reduction, mechanical fire
interconnect FF reduction. load and
thermal cycling
Pointed heating Partly shadowed by | Power reduction | Caused by | May lead to
soiling or by a lightning | is dependent on | mechanical fire
protection rod the form and size | load and
of shading. thermal cycling
Sub-string part is | Sub-string with missing | Massive Isc and | Transient effect | May lead to
remarkably hotter | or open-circuit bypass | power reduction fire

than others when
equally shaded

diode.

when part of this
sub-string is
shaded.
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2.2.15.2  Electroluminescence for Crack Detection
Electroluminescence is based on detecting electroluminescence radiation detection emitted by
recombined charge carriers during the radiative recombination process. To carry out the
diagnostic process, the equipment should be in a place with sufficiently low irradiance such as
a dark room and the sensor must be a special sensor that allows detection in the near-infrared
area (since the radiation of PV modules has a wavelength of approximately 1 um) [205]. The
PV module is connected to the current source and the current which should not exceed Isc value
flows through it. The intensity of the emitted radiation is dependent on this electric current and
at the lower electric current level, different defects occur. Places affected by some damage and
higher defects are noticed as dark places in the EL images. Such places do not contribute to
electricity generation. Therefore, the radiation intensity is then the scale of PV module
functionality [206]. Criteria of cracks in PV modules for proper identification as summarised

in Tables 21 and 22 [200]:

Table 21. PV module cracks identified by electroluminescence

Characteristics

Crack Type

Greyline

A solar cell crack appears as a dark grey line in an electroluminescence image.
The width and the greyscale should be mainly constant over the whole length of
the crack.

Angle line

A crack orientated at an angle of +45° to roughly +5° to the fingerprint of the
solar PV cell would partly run parallel to the fingers of the solar cell so that the
crack appears as a wavy step function.

Defect

Wafers that have been neighbours in the artefact may be found in a PV module.
These wafers can be used to check whether a detected dark grey line is a defective
structure of the silicon or a cell crack.

Cell crack

If the electroluminescence intensity changes suddenly at a dark grey line, it is a
cell crack. In this case, the crack already reduces the conductivity of the
metallisation across the crack.

Cross crack

It is quite unlikely to find a solar cell crack not starting or ending at the busbar or
the edge of the cell except for cross cracks. Cross cracks are quite likely to be
found in the middle of the solar cell.
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Table 22. PV module failure identification by electroluminescent (EL) diagnostic inspection

[200]
Safety Power Image
loss
; . R Detection of Micro-crack

Crystal dislocations in a
multi-crystalline wafer No effect on safety | No
Edge wafer failure No Micro-crack Detection

No effect on safety | No

Striation rings

Striation rings No effect on safety | No
Cracks in the solar cell do Cink Detachion
not influence the current
flow over the crack (no Safety may notbe | No
crack resistance) guaranteed. These

cracks reduce the

strength of the

wafer, causing the

wafer to break with

substantially less

applied force when

compared to

thicker wafers

Crack Detection

Cracks in solar cell May cause fire Yes

influence the current flow
to the cell interconnect
ribbon of the cell.
However, the cell is still
connected.
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2.2.15.3  Photoluminescence (PL)
Photoluminescence is utilised for PV cell diagnostics. In contrast with the EL, PL does not
require the sample with the contact system, because radiative recombination excitation is
stimulated by the strong light force, so the technique can be applied like the control method
during the manufacturing process, which can be very important, for instance, during layers
deposition. The disadvantage of this technique is the requirement for a special sensor (like EL)

and much more complex equipment for radiation excitation [207], [208].

2.2.15.4  Microplasma luminescence
Microplasma luminescence provides information about shorts inside the structure. Unlike EL
measurement, a PV module is connected in the reverse direction, with the reverse polarisation
not exceeding the cell breakdown voltage [209]. Reverse polarisation in areas affected by some
defect causes the occurrence of microplasma. Microplasma shows either noise or light
emission. The light emission causes light places in obtained pictures, which means that these
pictures are as a matter of fact inverse to the electroluminescent ones [210]. Therefore, the
various faults can be identified using the deviation of current-voltage (I-V) characteristics both

at the PV cell level and PV Module level can be noticed in Tables 23 and 24.
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Table 23. Failure detection in solar PV cells using |-V characteristics [47]

Characteristic Failure Broken cell Cracked cells Short-circuited cells
interconnect ribbons
Power loss Degradation of power Degradation of power | Degradation of power loss
loss in steps over time | loss in steps over in steps over time
time
p Safety issue Failure may cause fire, | No effect on safety No effect on safety
Max

electric shock, and
physical danger

Failure may cause fire,
electric shock, and
physical danger No effect on safety No effect on safety

Isc E - No effect on safety -
E b\
Voc E I':I'. - - No effect on safety
== il
Ll
v diage
- A
Roc E \ Failure may cause fire, - No effect on safety
Gi—r| \ electric shock, and
Volisge ' physical danger
_:-:::.l
Rsc

LT
|

L
J—
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Table 24. Failure detection in solar PV modules using I-V characteristics [47]

Characteristic | Failure Bypass diode Delamination Induced degradation
(short-circuit) ) .
Homogenous | Heterogenous Potential | Light
Degradation of | Degradation of | Degradation of | Degradatio | Degradation of
power loss in power loss power loss n of power | power loss in
Power loss steps over time | which which saturates | loss steps over time
saturates over | over time linearly
time over time
Safety issue Failure may Failure may Failure may No effect No effect on
Prmax cause fire, cause fire, cause fire, on safety safety
electric shock, electric shock, | electric shock,
and physical and physical and physical
danger danger danger
Failure may Failure may Failure may No effect No effect on
cause fire, cause fire, cause fire, on safety safety
) electric shock, electric shock, | electric shock,
and physical and physical and physical
danger danger danger
Failure may Failure may No effect on
" cause fire, cause fire, safety
Isc | —-— i electric shock, | electric shock, i
= and physical and physical
Vil danger danger
% Failure may No effect No effect on
1 1 cause fire, on safety safety
Voc e electric shock, ) )
e and physical
’ danger
Roc —_ - - - - -
i
—
Yalligr
— No effect
1 on safety
Rsc i - - - -

69




2.3 The economic impact of solar cell degradation
PV modules, exposed to variable harsh weather conditions for an operational period of more
than 30 years, experience maximum stresses leading to the degradation of their materials due
to the prevailing climate conditions [211]. The technique of how to resolve the occurring solar
cell degradation depends on its impact on power generation and the economy [212]. To
investigate the economic impact, it is important to perform cost-based analyses [212].
Therefore, to evaluate the economic impact of solar cell degradation, two main strategies

should be adopted [212]:

i. detection of the solar cell degradation mode (DM).

ii. investigation of preventive measures.

To interpret the total economic impact of a technical risk caused by solar cell degradation, the
cost priority number (CPN) developed by the H2020 project Solar Bankability was used to
support decisions on preventive measures [213]. To evaluate the economic impact of solar cell
degradation, reliability, availability and maintainability (RAM) was used which allowed
analysis for the investigation of energy generation (losses) of a PV plant [214]. The RAM
technique is based on the identification of critical components with significant performance

losses to help improve maintenance strategies accordingly [214].

The most significant technical risks related to PV installation projects have been identified and
included in a risk matrix organised by components (such as PV modules, inverter, mounting
structure, and cabling) [213]. To cover the whole PV value chain, the risk matrix is divided
into five categories: product testing/development, PV plant planning/development,
transportation/installation, PV plant operation & maintenance, and decommissioning [213].

Cost priority numbers (CPNs) are estimated in €/kWp if a certain time frame is investigated,
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or in €/kWp/a as a yearly cost factor and can therefore directly give an estimation of the

economic impact of technical risk [212].

The technique that involved the computation of CPN is defined to examine two main economic
impacts of solar cell degradation: costs due to downtime (Cgown) and costs due to
repair/substitution (Csix) [212]. For the computation of Cgown, parameters such as time to
detection, time to response and repair time (tget, tres, and trep) are considered, while for Crix, the
cost for detection, labour cost, cost of repair/substitution and cost of transportation (Cget, Cian,
Crep, and Cian) were included separately [212]. The technique also considers the year of
installation, the year of failure and the nominal power (Pnom) to be able to run an analysis for
various market sections and to evaluate the distribution of failure probability once the available
data in the database reach statistical relevance to this type of granularity [212]. The analysis of
the economic impact of solar cell degradation showed that high-ranking risks for PV modules
are glass breakage, potentially induced degradation (PID), defective backsheet
and delamination [215]. Most of these defects were detected by simple visual inspection [215].
For inverter systems, the most significant specific risk is related to the failure of the fan and
overheating. If only affected plants are considered, safety-related defects become frequent, for

instance, theft of PV modules and fire outbreaks [215].

According to the CPN Technique, costs related to the appearance of specific defects can be

split into downtime and fixing [216]:

CPN = Cdown *+ Crix (34)

i Costs due to downtime (Cdown)
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Figure 29. Figure 1: Costs due to downtime computations into four-time intervals with

definitions. Times are given in hours, yields in kWh/kWp and energy losses in kwWh [217].

The computation is carried out for each specific defect found in the period analysed. The
method is shown in Figure 29. For each time interval, the specific yield 10ss (Yrefioss) IS
examined, which is the energy per kWp that the plant would have generated if unaffected by

the defect [217].

Yrefloss = Hioss. PRfail (35)

Hioss is the irradiation incident on the PV plant and PRs.i is the performance ratio during the
defect. The next step is to compute the energy loss which is normalised by the total number of

components affected by a specific defect (nri) [217]. It is calculated separately for the four
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intervals of interest (see Figure 29) and their sum results in the final total energy loss for a

specific defect event given in kWh [217]:
Etot = Edet + Eres + Erep + Esd (36)
where:
Etot is the final total energy loss (kWh).
Edet is the detection energy (kWh).
Eres is the response energy (KWh).
Erep is the repair energy (KWh).
Esq is the shutdown energy (kWh).

Hence, the energy losses for repair and shutdown are considered separately and the possible
yield during a shutdown (ysq) is subtracted from the one during repair (yrep). Thus, Cdown IS

calculated as [217]:

CdOWFI - (Et0t~MI) (37)

Pnorm

where M1 is the missing income.

Thus, for the calculation of the costs due to downtime, it is significant to consider the M| related

to the sale of the electricity in units of €/kWh, for the example given by the feed-in tariff (FIT).

ii. Costs due to repair/substitution (Crix)
Here the first step is to compute the cost of labour due to each specific defect using the repair
time (trep) (in years), the number of technicians deployed, Nst and the internal cost per hour per

technician, Cst [217]:

Ciab = trepNST-CST (38)
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where Ciap is the labour cost (in €/kWp).

Cirix 1s then computed based on arising costs in units of €/kWy:

Cfix - (Cdet+crep+Ctran+clab)nfail (39)

Pnorm

The CPN technique is applied in three different cases of performance-reducing events in a PV
plant such as Cell cracks of type C, short circuit bypass diode and potential induced degradation
(PID) detected through electroluminescence inspection with inspection costs of Cget = 1€/kWp
[217].

The CPN value is computed for downtime of one year, the analysis estimates the fixing costs
compared to downtime costs (Cdown) for multiple years and varying feed-in tariffs (FITs) for

all cases [217].
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2.4 Seasonal Variations on PV Power Output

24.1 PV Array Setup
The solar irradiation received by a PV array varies as the position of the sun and shadows
change throughout the year [218]. For the arrays examined, the movement of the sun is shown
in Figure 30 (a-d) [219]. Hence, the use of sun path diagrams is a very important approach
adopted in this research because it is a very useful tool in determining the time of the year,

hours of the day and when shading will take place at a particular site [220].
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Figure 30 (a-d). Sun path diagrams for the examined arrays [219], [220]

The minimum distance is shown in Figure 30 (d) (as labelled in 2) between two rows of solar

PV modules (i.e., the inter-row distance/spacing) that avoid mutual shading is calculated,;

_ hx Cos 0z
Lsw = Tan[Sin"! (0.648C0s@-0.399Sin@] (40)
where d=Lsh x Cos a (41)

where:

Lsn is the shadow length (mm)

d is the inter-row spacing (mm)
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LsH varies from month to month as the angle between the Earth's surface and the incident angle

of direct solar radiation varies during the day.

Shadow length is determined by the position of the sun in the sky. Tables 25 — 27 show that
the Lsn grows in direct proportion to the daylength, so the shorter the daylength, the shorter

the shadow length, and vice versa.

2.5 Confirmation of no inter-row module shading
The analysis of the data from the three PV arrays assumes there was no inter-row shading of
modules. To check if this was a valid assumption the minimum inter-row spacing to avoid
shading of one module row by another was compared with the actual inter-row spacing for all

three installations examined.

To calculate the minimum module row spacing across the Harlequins, Newry and Warrenpoint
systems, sun path diagrams as shown in Figure 30 were used to find the solar elevation angle
(o) and azimuth correction angle (6;). The actual values of minimum module inter-row spacing

in the three arrays were computed from;

Height, h = Sin (tilt angle) x module width (42)
Shadow length, Lsy or Module row spacing = %} (43)
Minimum inter-row spacing, dmin = Lsn X Cos 0, (44)

Height, h is measured in mm.
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Table 25. Shading Analysis, Inter-row spacing (d) and Day Length of the ESB Harlequins

site location from 2017 to 2021

Operation
Month

days
January 31

February 28

March 31
April 30
May 31
June 30s
July 31
August 31

September 30

October 31

November 30

December 31

Average

No.

of days, N

31

59

90

120

151

181

212

243

273

304

334

365

5 ()

-18.05

-8.67

3.22

14.27

21.77

23.31

18.55

8.67

-3.22

-14.58

-21.8

-23.2

a (°) Cos 6z

17.38

26.76

38.65

49.7

57.2

58.74

53.98

441

32.21

20.85

13.63

12.23

0.3

0.45

0.63

0.77

0.84

0.85

0.81

0.69

0.52

0.35

0.23

0.21

Lsh

(mm)

129

194

272

332

362

367

349

298

224

151

99

91

79

Cos a

0.95

0.89

0.78

0.64

0.54

0.52

0.59

0.72

0.85

0.94

0.97

0.98

LsyCos a (mm)

122.55

172.66

212.16

212.48

195.48

190.84

205.91

214.56

190.4

141.94

96.03

89.18

170.3491667

W (°)

63.14

77.59

95.12

111.51

124.5

127.11

117.54

101.57

84.6

67.73

55.36

53.1

DayLength

(hrs)

10

13

15

17

17

16

14

11

12



Table 26. Shading Analysis, Inter-row spacing (d) and Day Length of the ESB Newry site

location from 2017 — 2021

Month

January

February

March

April

May

June

July

August

September

October

November

December

Average

Operation

days

31

31

30

31

31

31

30

31

No.

of days, N

31

59

90

120

151

181

212

243

273

304

334

365

5 ()

-18.05

-8.67

3.22

14.27

21.77

23.31

18.55

8.67

-3.22

-14.58

-21.8

-23.2

()

17.77

27.15

39.04

50.09

57.59

59.13

54.37

44.49

32.6

21.24

14.02

12.62

Lsn
Cos 0z

(mm)
031 249
0.46 370
0.63 506
0.77 619
0.84 675
0.86 691
0.81 651
0.7 563
054 434
0.36 289
0.24 193
0.22 177

80

Cos a

0.95

0.89

0.78

0.64

0.54

0.51

0.58

0.71

0.84

0.93

0.97

0.98

ds =

Lsy Cos «a

(mm)

236.55

329.3

394.68

396.16

364.5

352.41

377.58

399.73

364.56

268.77

187.21

173.46

320.4091667

Wer (°)

63.16

77.8

94.47

110.63

124

127

117.71

102

85.53

68.88

56.35

53.57

DayLength

(hrs)

10

13

15

17

17

16

14

11

12



Table 27. Shading Analysis, Inter-row spacing (d) and Day Length of the ESB Warrenpoint

site location from 2017 — 2021

Operation
Month

days
January 31

February 28

March 31
April 30
May 31
June 30
July 31
August 31

September 30

October 31

November 30

December 31

Average

No.

of days, N

31

59

90

120

151

181

212

243

273

304

334

365

5 ()

-17.82

-8.69

3.63

14.62

21.95

23.23

18.21

8.12

-3.83

-15.09

-22.02

-23.14

Lsn
a (°) Cos 6z

(mm)
18.07 031 176
272 046 261
39.52 0.64 363
50.51 0.77 436
57.84 0.85 482
59.12 0.86 487
541 0.81 459
4401 0.69 391
32.06 0.53 300
208 0.36 204
13.87 0.24 136
12.75 0.22 125

81

Cos a

0.95

0.89

0.77

0.64

0.53

0.51

0.59

0.72

0.85

0.93

0.97

0.98

d=

Lsu Cos oW )
(mm)

167.2 63.63
232.29 77.81
279.51 95.03
279.04 111.13
255.46 123.84
248.37 126.38
270.81 117.04
281.52 101.37
255 84.69
189.72 68.12
131.92 56.02
122.5 53.8

226.1116667

DayLength

(hrs)

10

13

15

17

17

16

14

11

12



For the worst-case scenario of the winter solstice, azimuth correction and solar elevation

angles in Harlequins, Newry and Warrenpoint arrays from 9 am to 3 pm shown in Figure 30

are summarised in Table 28.

Table 28. Actual shading analysis of Harlequins, Newry and Warrenpoint arrays

Calculated
Theoretical
minimum
Solar Azimuth Shadow Actual m spacing
elevation correction length, Lsn inter-row (mm)
angle (o) (°) | angle (62) (°)s | (mm) spacing, dmin
(mm)
Harlequins 4 40 315 241 170
Location | Newry 4 41 644 486 320
Warrenpoint | 3.5 41 556 420 226

The actual inter-row spacing for no shade in Harlequins, Newry and Warrenpoint arrays is
greater than their theoretical minimum spacing. This means there is no shading of one row of

modules by another.
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CHAPTER 3

PV ARRAY PERFORMANCE MEASUREMENT AND
ANALYSIS

3.1 Site Location and Climate Description
The PV arrays examined in this study were located at Harlequins, Deramore Road, Belfast
(5.94°W longitude and 54.57°N latitude), Rampart Road, Newry (6.32°W longitude and
54.18°N latitude) and Upper Dromore Road, Warrenpoint (6.26°W longitude and 54.11°N
latitude), Northern Ireland. The specifications of the PV arrays studied are summarised in Table

25.

The start dates of the operation of the Harlequins, Newry and Warrenpoint arrays were 16
September 2015, 24 September 2015, and 28 September 2015 respectively followed by
connection on 17 February 2016, 04 December 2015, and 22 February 2016. Across the three

sites, data used in this study started from January 01, 2017, to December 31, 2021.

Figure 31 shows the average in-plane solar irradiations and average ambient temperature at

these locations.
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Figure 31. Site location of the examined three PV installations in Northern Ireland including
the average in-plane solar irradiations (Sr) and average ambient temperatures (Tamb) for the

past five years
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Table 29.PV System Descriptions

PV Array Location

Harlequins

Newry

Warrenpoint

Tilt and Azimuth Angles

Azimuth: -162°, Tilt; 12° for
PV array 1

Azimuth: 12°, Tilt: 12° for
PV array 2

Azimuth: -31°, Tilt: 6° for PV
array 1

Azimuth: 149°, Tilt: 6° for PV
array 2

Azimuth: -125°, Tilt: 7° for
PV array 1

Azimuth: 55°, Tilt: 7° for
PV array 2

Total PV Area

312.36 m?

311.04 m?

268.8 m?

Solar Cell Technology

Polycrystalline silicon

Polycrystalline silicon

Polycrystalline silicon

(p-Si) (p-Si) (p-Si)
PV Module Manufacturer Renesola Renesola Renesola
Module Rating 260 Wy at STC 260 Wy at STC 260 Wy at STC
Number of Modules 192 192 192
Installation Type Rooftop Rooftop Rooftop
PV Capacity 49.92 kW, at STC 49.92 kW, at STC 49.92 kW, at STC

Module type (s)

Renesola-JC260M-24/Bbv
(260 W)

Renesola-JC260M-24/Bbv
(260 W)

Renesola-JC260M-24/Bbv
(260 W)

Inverter

Sunny TriPower

Sunny TriPower

Sunny TriPower

Inverter Capacity [AC]

2x20 kW

2%x20 kW

2x20 kw

The PV arrays at Harlequins, Newry and Warrenpoint are all installed as fixed-tilt PV as shown

in Figure 33 and Figures 34-36. The azimuth and tilt angles of the PV arrays are shown in

Figure 32.
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Tilt Azimuth

Array 1

Array 2

Azimuth -162°

Azimuth 12°

Harlequins
West . ‘ East West East
Sou South
Azimuth -31° Azimuth 149°
Newry

West East

Azimuth -125°
Warrenpoint

West East

Azimuth 55°

West East

South

Figure 32. Tilts and azimuths of Harlequins, Newry and Warrenpoint PV Arrays

Monitoring Station “Personal Computer”

|

ﬁ

[

PV Array

2AC
Isolators

2x20 kW DC/AC
Inverters

DC Isolator

Net Meter Utility Grid

Figure 33. Fixed tilt PV for Harlequins, Newry and Warrenpoint Arrays.
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Figure 35. Examined PV arrays installed at Newry

87



Carol Anne Beauty Salon
1250

o
:
&
e

Figure 36. Examined PV arrays installed at Warrenpoint
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Table 30. Panel Parameters as provided by the Manufacturer

PV Array

Harlequins Newry Warrenpoint
Voltage at maximum power, Vip | 304V 304V 304V
Area of a single module, Amodute 1.63 m? 1.63 m? 1.63 m?
Current maximum power, Imp 8.56 A 8.56 A 8.56 A
Open circuit voltage, Voc 376V 376V 376V
Short-circuit current, Isc 9.09 A 9.09A 9.09 A
Shunt or parallel resistance, Rshune | 1000 Q 1000 Q 1000 Q
Series resistance, Rseries 031Q 031Q 031Q
Derate T7% 7% 1%
Number of cells per module 60 60 60
Nominal operating cell 45°C 45°C 45°C
temperature (NOCT)
Temperature coefficient of Isc (o) | 0.04%/°C 0.04%/°C 0.04%/°C
Temperature coefficient of power | -0.4%/°C -0.4%/°C -0.4%/°C
)
Temperature coefficient of -0.113 v/°C -0.113v/°C | -0.113 v/°C
voltage
Temperature coefficient of Voc -0.3%/°C -0.3%/°C -0.3%/°C
B)
Maximum system voltage, Voc 1000 V 1000 V 1000 V
Reference irradiance, Gret 1000 W/m?
Reference temperature, Tres 25°C

Figure 33 shows the interrelationship between principle components. The DC isolator switch
is an electrical safety device that manually disconnects the PV panels for maintenance,
installations, or repair processes. This is connected in one PV string through the MPPT and to
the inverter to ensure that disconnection can be achieved at the ground and roof level of the PV

system.
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An AC isolator disconnects the inverter from the grid for maintenance, repair, or installation.

A cradle point router sends data back via a 4G internet connection to an online portal where it
is analysed remotely using a personal computer. Figures 34-36 show the examined PV arrays

installed at Harlequins, Newry and Warrenpoint arrays.

3.2 System Monitoring and Method of Data Acquisition and Assessment
The parameters in Table 31 show the total installations in each location which were recorded

at hourly intervals.

Table 31. Parameters measured

Instrument | Accuracy

In-plane solar irradiance Pyranometers +0.05 Wm-?
Ambient temperature Thermocouple +1°C
Ambient conditions Wind speed Anemometer +0.01 ms?
Relative humidity Hygrometer +2%
Air pressure Barometer +0.02 Hg
Measured parameters DC energy output DC energy meter | +0.02 kWh
System conditions DC power output DC power meter | +0.02 kW
AC energy output AC energy meter | +0.02 kWh
AC power output AC power meter +0.02 kW
PV module temperature Thermocouple +1°C

Figure 37 illustrates how these measurements relate to the PV system energy conversion

processes.
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PV array Inverter Grid

In-plane irradiance, G, P Pac

Tamb, Teen, Wind Speed, Sy, Relative Humidity, R.H,
Air Pressure, P,

¥r ¥a
Reference yield Array yield

9 i

Ie
Array caplure
lossos

's
Systemn losses

Performance Ratio, PR

Figure 37. Measured location parameters in Photovoltaic Systems

Figure 38. provides an overview of the overall methodology for PV array performance analysis.

Influence of Cell/Module
Temperature: PR vs Ty

Array Performance:
YaVSY,

Figure 38. PV Array Performance Analysis Framework
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3.3 System and Array Performance Ratios

Figure 39 shows that system yields, yr are proportional to the reference yields, yr, with the
monthly average system performance ratios (PRavg = i—’;) of the Harlequins, Newry and

Warrenpoint PV arrays are 92.6%, 89.7% and 91.2% respectively as determined by the slopes

of each of their linear regression lines.
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Figure 39. Monthly average system final yield (ys) versus reference yield (yr) from hourly

data from Harlequins, Newry and Warrenpoint PV arrays from 2017 to 2021

From the plot of DC array yield, ya versus reference yield, yr shown in Figure 40, the average

array performance ratios (PRavg = z—f) found from the slope of the regression lines of the

Harlequins, Newry and Warrenpoint PV arrays are 94.4%, 91.3% and 93.0% respectively.
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Figure 40. Monthly average DC array yield (ya) versus reference yield (yr) from hourly data

from Harlequins, Newry and Warrenpoint PV arrays from 2017 to 2021

3.4 Effect of Module Temperature on PV Performance

It can be seen in Figures 41 and 42 that the system and array performance ratios, PRsyst and

PRarray across the three arrays decrease as the solar cell temperature decreases due to the

amount of solar irradiance received by the PV systems and arrays. For instance, at low solar

cell temperatures (ranging from 12°C to 22°C), the PRsyst and PRarray decrease because of low

solar irradiance received by the PV systems and arrays which is caused by thermal variations

resulting in fluctuations in the ambient temperature of the sites and PRsyst and PRarray increase

as the solar cell temperature increases (ranging from 30.85°C to 35.69°C) as a result of the PV

systems and arrays receiving more solar irradiance (which may be within the range of 400 Wm-

2 to 500 Wm2). At above 35.69°C, the PRsyst and PRaray tend to decrease as a result of the

generation of more solar irradiance (which may be above 500 Wm) as seen in Figures 41 —
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42. The slopes of Figure 41 show the effect of PV temperature on the system performance
ratio. Figure 42 shows an increase in the PV temperature coefficient of power decreases array
performance ratio but in a less consistent manner than the decrease in system performance
ratio. In this case, the PV temperature coefficient of power has less effect on array performance

ratio when compared to system performance ratio.
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Figure 41.Monthly average System Performance Ratio (PRsyst) versus PV Temperature (Tcen)

from hourly data from Harlequins, Newry and Warrenpoint PV arrays from 2017 to 2021
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Figure 42. Monthly average Array Performance Ratio (PRa) versus Solar cell Temperature

(Tcen) for hourly data from Harlequins, Newry and Warrenpoint PV arrays from 2017 to 2021

3.5 AC System Loss (Ls) and DC Array Capture Loss (Lc)
Figures 43 (a-c) show monthly average values for the Harlequins, Newry and Warrenpoint PV
arrays. AC system losses (Ls) and DC array capture losses (Lc) are due to Pac and Ppc as
shown in Figure 37. Ls cause the physical dissipation of power in the inverter while Lc causes
the dissipation of power in the PV array. Minimum and maximum system losses and capture
losses are summarised in Table 32. Increases in Ls and Lc are due to higher PV temperatures

[221].

The importance of finding the Ls and Lc in this study is to identify where more dissipation of
power is recorded. For instance, more physical dissipation of power is observed in the inverters
hence leading to more system losses, Lswhile relatively less dissipation of power is noticed in

the PV array which thus gave less array capture loss, Lc as shown in Figures 43 (a-c).
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Table 32. Maximum and Minimum System and Capture Losses in Harlequins, Newry and

Warrenpoint PV arrays monitored over five years

PV
array

Location Minimum Ls Maximum Ls Minimum Lc Maximum Lc
(hour/day) (hour/day) (hour/day) (hour/day)

Harlequins | 0.02 in November 0.58 in October 0.04 in December 1.28 in June 2017,
2017,0.06 in 2017s, 0.43 in August | 2017, 0.01 in March 1.71 in July 2018,
September 2018, 0.1 | 2018, June 2019, 2018, 0.05 in January 1.57 in September
in December 2019, September 2020, 2019 and March 2020, | 2019, 1.51 in May
0.12 in February May and October and March 2021 2020 and 1.36 in
2020 and 0.09 in 2021 May 2021
January 2021

Newry 0.12 in December 0.43 from March to 0.02 in March and 1.48 in June 2017,
2017,0.09 in May 2017, April to October 2017, 0.13 in 0.56 in April 2018,
November 2018, May, August 2018, February 2018, 0.18 in | 1.31in July 2019, 1.2

0.07 in March 2019,
0.12 in February
2020 and 0.11 in
March 2021

May to July, October
2019, August 2020
and June to August
2021

November 2019, 0.07
in March 2020, and
0.04 in October 2021

in May 2020 and
1.69 in March 2021

Warrenpoint

0.12 in February
2017, 0.09 in March
2018, 0.08 in
January 2019, 0.09
in January 2020,
0.18 in March 2021

0.43 from June to
July 2017, May and
July 2018, 0.50 in
July 2019, 0.43 from
March, May and July
2020, 0.43 from April
to June and
September 2021

0.05 in October 2017,
0.11 in October 2018,
0.01 in March 2019,
0.09 in October 2020
and 0.02 in October
2021

1.55 in March 2017,
1.17 in July 2018,
0.89 in June 2019,
1.00 in June 2020,
and 1.35 in June
2021
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3.6 An Examination of Thermal Resistance for a PV Module
The power output of a PV module depends on the solar irradiation absorbed, and converted by
the solar panels [222]. The power output also depends on the module temperature. For instance,
an increase in module temperature decreases the power output. An examination of thermal
resistance for a PV module is a very significant part of this study. This is because solar
irradiance is only partially converted into electricity as one part of the module reaching solar
irradiance is reflected from the module's surface and the remaining part continues its way
through the front layers of the module until it reaches the active semiconductor layer [222]. If
the module is transparent, the transmitted part of the solar irradiation is also present. In this
case, reflective losses amounting to 10% of the incoming solar irradiance are noticed to be
perpendicular incidence, hence PV temperature is a consequence of the heat balance shown in
Figure 44 (a-c) [222], [223]. This means that only one part of the absorbed solar irradiation is
converted to electricity, while the rest is converted into heat [222]. Hence, the processes and
parameters that determine the heat balance and module temperature are modules reaching
irradiance, optical properties of the PV module, PV conversion efficiency, balance of heat
flows and electrical characteristics of the load (see Figure 44 (a)) [222].
Inadiance igut

Reflectad Convection
radd |311'3' Conduction hegttransfer  Radiation

Electrica
Load

Ii.“l.,1|:u

power ’
Fadiation
Exchange

Figure 44 (a). Heat balance of PV System [222]
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Figure 44 (b). Analysed system of the heat balance of PV System [222]
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Eadiation Conduction Convection

Converter

Figure 44 (c). PV module thermal resistor network [222]

The absorbed solar irradiance which is not converted into electricity generates heat flow. Thus,
the PV module exchanges the heat flow within its environment through conduction, convection
and radiation (see Figure 44 (a)) [222]. Finding a single part of the heat flow could be difficult
since they depend on the environmental conditions and the way the module is mounted [222].
To prevent the heat flow from the module to the ambient, a converter is used even though it

also adds additional heat to the module which changes its temperature distribution, thus,

99



creating a hotspot on the module surface. The conduction process of the heat flow takes place
in the module between the components with different temperatures and also between the
module and the converter. The heat generated in the module active layer is conducted through
the front and back layers of the module surface (see Figure 44 (b)) [222]. The convection
process of the heat flow takes place on the module and converter surface whenever its

temperature is higher than the ambient temperature [222].

Hence, the natural convection equation for the horizontal plate applied to the module and

converter surfaces using the average surface temperatures is given by [222]:

Tg-T
n=c() 45)
— _ WmodHmod
L= Wi )

where

C is a constant value given as 1.32 for the PV module front surface facing upward or 0.59

for the PV module bottom surface facing downward.

h is the heat transfer coefficient which is the function of the surface temperature (°C/mm).

Ts is the surface temperature (°C).

Tais the ambient temperature (°C)

L is the characteristic length based on the module dimensions (mm).

Whnod is the module’s width (mm).

Hmod is the module’s height (mm).
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The radiation process of the heat flow also takes place on the module and converter surface
and it represents the heat exchange between the module and converter and their environment.

The radiation heat flow (Q) on a chosen surface is given by [222]:
Q = cAespsiy(Ts' — Thuy) + cAespor(Ts* — Ty) (47)
where
o is Stefan-Boltzmann constant (JK1).
¢ is the emissivity of the surface (Jm?s?).
Tsky IS the sky temperature (°C).
Tgr is the ground temperature (°C).
A is the area of the surface (mm?).
@sky and ¢gr are called sky and ground view factors which depend on module orientation.

The equivalent thermal resistance, Rin (CCW™) is given by;

Rth - Teen-Tamb (48)

Ppc
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hourly over five periods collected data from PV arrays at Harlequins, Newry and

Warrenpoint locations from 2017-2021
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Figures 45 (a-c) show dispersed scatter points. The Ry values in the three arrays are very low.
As can be seen when they are compared in Figure 46 with values from arrays in Norway [222]

and Sydney, Australia [224].

This is unlikely to be due to exceptional cooling but may be caused by detachment of the solar
cell temperature sensor from the array’s back surface [222]. There was no shading of the PV
module on which the solar cell temperature sensor was located. When comparing the slopes
of regression lines in Figures 45 (a-c) for the three arrays, the values are consistently close.
This is because physically similar PV arrays should have similar R values [222]. Also,
packing factor (PF) computations for the three arrays using equation (24) show similar results

of unit value.

Plotting the temperature difference Tecei — Tamb against DC power output, Ppc gives a regression
that estimates Rw. Figures 45 (a-c) show the plot for the period of 2017 to 2021 for the PV

arrays located at Harlequins, Newry and Warrenpoint.

Figures 45 (a-c) also show that as solar cell temperatures increase above ambient levels, DC
power output also increases with an increase in solar irradiance. Hence, the temperature
difference (Tcen — Tamn) between the module and ambient shows that both conduction and
convective losses are linear with an increase in incident solar irradiance for a given wind speed,
provided that the equivalent thermal resistance (Rt) and the heat transfer coefficient (h) do not

vary strongly with solar cell temperatures.
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Figure 46. Log scale showing the thermal resistance comparisons of PV arrays installed in

Northern Ireland, Norway and Australia.

Thermal equivalent resistance, Ri can be influenced by a high or low wind speed, Sw. Figures
47 (a-c) show poor coefficient of determination (R?) values at Harlequins, Newry and
Warrenpoint PV arrays implying no wind speed effect was found on equivalent thermal

resistance, R (as expressed in equation 48) [222].
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Figure 47 (a-c). Effective thermal resistance (Rth) versus wind speed (Sw) for hourly

collected data from Harlequins, Newry and Warrenpoint PV arrays from 2017 to 2021.
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3.7 Environmental Conditions and PV Array Performance
An increase in wind speed gives higher PV system output [225] but with generally low

correlations as shown in Figures 48 (a-f).
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Figure 48. Influence of wind speed, solar cell temperature and ambient temperature on
monthly average in (a-b) Harlequins, (c-d) Newry and (e-f) Warrenpoint PV arrays output

from 2017-2021
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3.8 Air Pressure on the PV System Output

Figures 49 (a-f) shows that air pressure had no effect on AC power output and solar irradiation

of the PV system.
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Figure 49. Influence of air pressure and solar irradiation in (a-b) Harlequins, (c-d) Newry

and (e-f) Warrenpoint PV arrays output performances from 2017-2021
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Humidity is the amount of water vapour in the air. It coincides with clouder conditions. Figure
50 shows that higher solar radiation intensity at the three locations examined coincided with
lower relative humidity. Humidity affects PV array performance shown in Figures 51 (a, b and
c). Over the five years, the relationship between the relative humidity and AC power output is
inversely proportional. Figure 52 shows that whilst output efficiency declines at higher solar

radiation intensities, the correlation is poor.
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Figure 50 (a-c). Annual average monthly relative humidity and solar radiation for the sites of

the three PV arrays.
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Figure 51. Influence of relative humidity for PV array in Harlequins, Newry and

Warrenpoint on PV average monthly system output performances from 2017 to 2021
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Figure 52 (a-c). Effect of irradiance on normalised output power efficiencies for the
monitored period of five years (2017 — 2021) average monthly hourly data in Harlequins,

Newry, and Warrenpoint arrays.
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3.9 Effect of Module Temperature on PV Output
Normalised output power efficiency (i.e., a ratio of AC power to DC power rating at standard
test conditions compared to plane of array irradiance divided by a reference irradiance)
decreased at higher solar cell temperatures as shown in Figures 53 (a,b, and c) and Figure 54
shows that the three arrays have similar performance. This is because as irradiance increases
the solar cell temperature increases as illustrated in Figures 55 (a, b, and c) for the three arrays.
This show that there is a strong correlation between solar cell temperature and solar irradiance

across the three arrays.

As seen in Figures 53 (b-c), Newry and Warrenpoint arrays show relatively higher correlation
coefficients than the Harlequins array. This is because Newry and Warrenpoint are sited almost

at the same location as illustrated in the location map shown in Figure 31.
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Figure 53 (a-c). Effect of solar cell temperature on normalised output power efficiencies for
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Figure 55 (a-c). Solar cell temperature versus irradiance for the monitored period of five

years (2017 — 2021) average hourly data in Harlequins, Newry, and Warrenpoint arrays.

Figures 56 (a-c) show the effect of solar cell temperature and irradiance on the conversion

efficiency and fill factor (FF) for the Harlequins, Newry and Warrenpoint arrays. From Figures
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56 (a-c), the fill factor of the solar cells decreases with an increase in solar cell temperature and
a decrease in solar cell temperature results in a higher fill factor value. FF increases at
irradiance less than 500 W/m? and decreases at irradiance greater than 500 W/m? [226].
Efficiency increases logarithmically for irradiance less than 400 W/m? and it neither decreases
nor increases for irradiance higher than 400 W/m? [226]. Although high solar cell temperatures
above ambient levels increase DC power output with an increase in solar irradiance (see Figure
55 (a-c), this decrease the FF and conversion efficiency of the PV system. Hence, at a low solar
cell temperature and low solar irradiance, the FF and efficiency increase due to low ambient

temperature.

FF is an indicator in finding the quality of PV panels. The typical FF values range between
60% and 70% [227]. For instance, the graphs of fill factors (FF) in Figures 56 (a-c) show that
the PV panels performed well firstly in the range above 70% (at a low solar cell temperature)
and later below 70% (at a high solar cell temperature) across the three arrays monitored for
five years. The least recorded FF values in Harlequins, Newry and Warrenpoint arrays across
the five years are 61.3%, 64.89% and 66.03% respectively. Hence, there is a poor correlation
between system efficiency, fill factor, solar cell temperature and irradiance across the three

arrays for five years.
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Figure 56 (a-c). Effect of solar cell temperature, irradiance, conversion efficiency, and fill

factor on PV system performance output in Harlequins, Newry and Warrenpoint arrays.
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From Figures 57 (a-f), it can be observed that maximum power output from a module decreases
as solar cell temperature and irradiance increase and this lowers conversion efficiency as seen
in Figures 56 (a-c). This is because as the solar irradiance exceeds 500 Wm2 [226], the
maximum power output decreases thereby reducing the conversion efficiency of the PV
system. Hence, high solar irradiance does not necessarily lead to the PV panel operating
efficiently. Although an irradiance increase does increase the maximum power output, this is
counterbalanced by higher solar cell temperature reducing fill factor. Hence, solar cell
temperature can be critical to forecasting energy generation. This behaviour of fill factor and
conversion efficiency with solar cell temperature agrees with the results of Fesharaki et al
[228], Amelia et al [227], and Tobnaghi et al [229]. Thus, the irradiance and solar cell

temperature do not correlate with the maximum power output.
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Figure 57 (a-f). Effect of maximum power output, irradiance, and solar cell temperature on

PV system performance output in Harlequins, Newry and Warrenpoint arrays.
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To carry out the power losses in Harlequins, Newry and Warrenpoint arrays, the reference
parameters such as maximum output power, (Pmaxr = 260 W), reference temperature (Tr =
25°C) and temperature coefficient of maximum output power (y = -0.4%/°C) were used as

shown in Table 33.

Table 33.Average Power losses recorded in Harlequins, Newry and Warrenpoint Arrays for

the five-year monitored period.

Location
Harlequins Newry Warrenpoint
TCeII TLoss (%) = IDLoss PMElX TCeII TLoss I:)Loss I:’Max TCeII TLoss I:)Loss I:)Max
W W) = %)= | (W W) = %)= | (W W) =
°C) | (Tcen— (_ ) |(3 ) (°C) (%) (_ ) I(:’ ) 1 (°C) ) (_ ) |(;, ) )
T )’Y - MaxR (Tc | - MaxR (TCell - MaxR
R Pmaxr | - PLoss ¢ Pmaxr | PLoss Pmaxr | PLoss
X ~TR)Y | « - X
TLOSS TLOSS TR)Y TLOSS
62.69 | -15.08 39.21 | 220.79 | 62.11 | -14.84 | 38.59 | 221.41 | 64.55 -15.82 | 41.13 | 218.87

Table 33 shows the Harlequins, Newry and Warrenpoint arrays lose 15.08%, 14.84% and
15.82% in the power output when the solar cells reach 62.69°C, 62.11°C and 64.55°C
respectively. This brought power losses in Harlequins, Newry and Warrenpoint arrays to 39.21
W, 38.59 W and 41.13 W which shows that the maximum power output the Harlequins, Newry
and Warrenpoint arrays operate at 62.69°C, 62.11°C and 64.55°C are 220.79 W, 221.41 W and

218.87 W respectively.

The AC output power as a function of irradiance and variation of solar cell temperature are
shown in Figures 58 (a-c) and 59 (a-c). Figures 58 (a-c) show that AC power output increased
as the solar irradiance increased which is shown by strong coefficients of determination (R?)

values while in Figures 59 (a-c) it can be observed that AC power output decreased as cell

120



temperature increased lowering conversion efficiency as seen in Figures 56 (a-c). This is shown

by poor coefficients of determination (R?) values with AC power output.
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Figure 58 (a-c). Effect of Irradiance on AC output power in Harlequins, Newry and

Warrenpoint arrays monitored over five years period
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Figure 59 (a-c). Effect of variation solar cell temperature on AC output power in Harlequins,

Newry and Warrenpoint arrays monitored over five years period.
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3.10 Inverter Performance

The relationship between DC output (inverter input power) from PV modules and AC output

from the inverter in Figure 60, shows almost a perfect correlation between inverter input power

and inverter output power across the three arrays. For instance, the Harlequins array shows a

perfect correlation which shows that there is no form of shading recorded on the site.
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Figure 60. Relationship between input power and output power of the inverter
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Figures 61 (a-c) indicate that maximum inverter efficiency strongly depends on ambient
temperature and DC power output. For instance, for the Harlequins system, inverter efficiency
reaches its maximum value of 98.21% at a DC power output of 48,416 W when the ambient
temperature is at 25.26°C (see Figure 61 (a)) and shows a drop of 1.79% when the temperature
increases from 25.26°C to 32.00°C under the same standard solar irradiance of (1000 W/m?)
and this is seen by a straight line. At Newry, maximum inverter efficiency is recorded at
97.96% at a DC power output of 43,057 W when the ambient temperature is 23.50°C (see
Figure 61 (b)). It shows an efficiency drop of 2.04% when the ambient temperature increases
from 23.50°C to 27.70°C while at Warrenpoint, maximum inverter efficiency is 98.06% at a
DC power output of 41, 202 W when the ambient temperature is 18.90°C (see Figure 61 (c)).
It shows a drop of 1.94% when ambient temperature increases from 18.90°C to 26.40°C.

Therefore, the loss encountered during conversion is due to higher ambient temperatures.
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Figure 61 (a-c). The monthly average relationship between inverter efficiency and ambient

temperature monitored over five years period
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Figure 62 shows the variation of inverter efficiency with the inverter output power. There is

an increase in inverter efficiency when inverter output power increased. For instance, in the

Harlequins system, the maximum inverter efficiency is 98.21% at an inverter output power of

48,400 W, and the Newry system has its maximum inverter efficiency recorded as 97.96% at

an inverter output power of 42,200 W while the maximum inverter efficiency observed in

Warrenpoint  system s
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Figure 62. Monthly average inverter efficiency versus inverter output power monitored over

five years period

126



When an inverter converts DC from the PV system to AC, energy is lost due to increasing
ambient temperatures, loss in cables, PV modules, inverter and DC power output level. The
output or AC energy (Eac) is thus not the same as the DC energy (Epc). Such inverter
percentage conversion losses or inverter failures [173] can cause large fluctuations in the PV
system's performance ratios. Figures 63 (a-c) show that the inverter percentage conversion loss
decreases exponentially with the inverter output power. The losses encountered during the
conversion processes are due to increased ambient temperatures as shown in Figures 63 (a-c).
In the Harlequins system, the maximum conversion efficiency was recorded as 98.21%, this
means that due to the increase in ambient temperature from 25.26°C to 32.00°C, a percentage
conversion loss of 1.79% ensues (see Figure 63 (a)), at the Newry system, the maximum
conversion efficiency was recorded as 97.96% and its percentage conversion loss was 2.04%
due to increase in ambient temperature from 23.50°C to 27.70°C (see Figure 63 (b)) while the
maximum conversion efficiency in Warrenpoint system is 98.06% and its percentage
conversion loss is 1.94% due to increase in ambient temperature from 18.90°C to 26.40°C (see

Figure 63 (c)).
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3.11 Energy Output and Efficiency

Figures 64 (a-c) illustrate the monthly energy DC array output, energy AC system output, DC

array efficiencies, and AC system efficiencies of Harlequins, Newry and Warrenpoint systems

from 2017 to 2021. The annual average of DC and AC energy generations from the PV array

and the PV system from 2017 to 2021 in the three systems is shown in Table 34. In Table 34,

as the DC and AC energy generations increase, the efficiencies of the PV array and PV system

also increase. Figures 64 (a-b) and Table 34 show that the Harlequins and Newry systems

generated more energy output across the five years than the Warrenpoint system (see Figure

64 (c)). This is because the Harlequins and Newry systems received more solar irradiation than

the Warrenpoint system by 7.69% and 3.62% respectively. The higher array and system

efficiencies recorded in Warrenpoint is as a result of its area of PV array (totalling 268.8 m?).

Table 34. Annual average energy DC array output, energy AC system output, the efficiency

of PV array and efficiency of the AC system at the sites considered.

Location
Harlequins Newry Warrenpoint

Ebc Eac IIev | Nsys Ebc Eac IIrv | IIsys | Ebc Eac NIev | Dsys

(kwWh) | (kWh) | (%) | (%) | (KWh) | (kWh) | (%) | (%) | (kWh) | (kWh) | (%) | (%)

20202 | 19559 | 15.52 | 14.90 | 20488 | 19845 | 15.81 | 15.17 | 19783 | 19141 | 18.27 | 17.47
2017

21223 | 20581 | 15.87 | 15.25 | 20855 | 20213 | 15.90 | 15.28 | 19906 | 19263 | 18.54 | 17.76
2018

Year

22984 | 22341 | 15.91 | 15.32 | 20938 | 20296 | 15.69 | 15.08 | 19696 | 19112 | 18.45 | 17.74
2019

21986 | 21342 | 15.74 | 15.18 | 20586 | 19941 | 15.92 | 15.30 | 20432 | 19788 | 18.41 | 17.69
2020

20928 | 20285 | 15.72 | 15.12 | 20430 | 19788 | 15.85 | 15.20 | 20088 | 19445 | 18.40 | 17.63
2021
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Figure 64 Monthly average DC array output, AC energy output and efficiencies for (a). ESB
Harlequins, (b) ESB Newry, and (c) ESB Warrenpoint Systems monitored over five years

period.

132



Winter and Autumn have shorter days thus lower power output is generated as shown in
Appendices 1 (c-d) (Harlequins array), Appendices 2 (c-d) (Newry array) and Appendices 3
(c-d) (Warrenpoint array). The winter season generates the least power output (see Appendices
1 (d), 2 (d) and 3 (d)). In the winter and autumn season, solar panels work more efficiently

because of lower ambient temperature.

Harlequins, Newry and Warrenpoint arrays noticed cloudy weather conditions in the autumn
and winter seasons (see Appendices 1 (c-d), Appendices 2 (c-d) and Appendices 3 (c-d)) which
show low solar irradiation than the spring and summer seasons. PV systems in autumn and
winter generate less power output because of stormy, cloudy, or overcast weather conditions.
Harlequins, Newry and Warrenpoint arrays in Appendices 1 (a-d), Appendices 2 (a-d) and
Appendices 3 (a-d) show the influence of weather conditions on PV power output. For instance,
the Harlequins array in spring season shows that March 2017 — May 2017 and March 2021 —
May 2021 are faced with weather variabilities (scattered cloud and sunny conditions) and
March 2018 — May 2020 shows clear and sunny conditions while in summer season heavy
cloudy condition is noticed in July 2017 and June 2017, June 2020 — August 2021 witnessed
variable weather conditions while June 2018 — August 2019 witnessed clear and sunny
conditions. Newry and Warrenpoint arrays show that in spring, the weather variability is
noticed in March 2017 — May 2017 and March 2021 — May 2021 while in summer the heavy
cloudy condition is noticed in July 2017 and June 2020 — August 2021 shows weather
variability. Therefore, July witnessed low power output generation which may be because of

overcast, cloud conditions, wind speed, and/or dust.

The time between sunrise and sunset is calculated using equations 49 to 53.

Day Length = ]2? Cos™[-Tan &.Tan @] or Day Length = 12? Wgr (49)

8 =23.5Sin [g (284+N)] (50)
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@ =90°+0 — & (51)

o = Sin}[Sin@.Sin § + Cos@.Cos 5.Cos w] (52)
oy = Cos(-Tan 8.Tan @) = o, (53)
where:

d: Declination angle (°).
a: Sun elevation angle (°).

N: Number of days.
6z = 90° org is the zenith angle.

h: Altitude (for Harlequins array (22m), Newry array (45m) and Warrenpoint array

(34m)).

Lsn: Shadow length (m).

og. Hour angle of sunrise (°).

0. Hour angle of sunset (°).

@: Latitude (for Harlequins site (54.57°N), Newry site (54.18°N) and Warrenpoint site (54.11°N)).

Sunshine hours as reported by meteorological services are less than the theoretical daylength
as they are calculated from the duration of time solar radiation intensity has a particular

value.

Harlequins, Newry and Warrenpoint arrays receive an average of 2.18 hours, 2.51 hours, and
2.34 hours of peak sunlight (i.e., one hour in which the intensity of solar irradiance reaches an
average of 1,000 W/m?) per day, which increases in an average of 3.85 hours, 4.18 hours and
3.01 hours in the summer and drops in an average of 0.50 hour, 0.74 hour, and 0.61 hour in the

winter. Appendices 1 (a), 2 (a) and 3 (a) show that from the beginning and end of the spring
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(that is March-May) when there is a low ambient temperature, low solar irradiance and more
daylength, the efficiency of the solar panels increases at 1 pm and 2 pm which results in high
power output despite the sun’s limited elevation in these months. Appendices 1 (b), 2 (b) and
3 (b)s showed that in summer, as the daylength decreases the power output is noticed to
decrease because of nearness to shorter daylength. From August (late summer), September to
November (beginning and ending of autumn) there is a gradual reduction in power output
because of a reduction in solar irradiance, daylength and more overcast. The same low power
output is noticed at the beginning of winter (December) but partly increased in January and

February due to nearness to daylength.
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3.2 Conclusion
For three large-scale roof-mounted photovoltaic (PV) systems over five years, AC final yield,
reference yield, DC array yield, DC array performance ratio, AC system performance ratio, PV

module and system efficiencies were determined.

Table 33 shows that the Harlequins, Newry and Warrenpoint arrays lose 15.08%, 14.84% and
15.82% in the power output when the solar cells reach 62.69°C, 62.11°C and 64.55°C
respectively, thus showing the maximum power output the Harlequins, Newry and

Warrenpoint arrays operates are 220.79 W, 221.41 W and 218.87 W respectively.

As solar cell temperatures increased the efficiency of the inverter system decreased due to an
increase in solar irradiances closer to the rated capacity of the module. Also, the maximum

inverter efficiency strongly depends on ambient temperature and DC power output.

Increases in solar cell temperature increase AC system losses (Ls) and DC array capture losses
(Lc). Increases in ambient temperature decreased inverter efficiency. For instance, for the
Harlequins system, inverter efficiency shows a drop of 1.79% when the ambient temperature
increases from 25.26°C to 32.00°C under the same standard solar irradiance of (1000 W/m?).
At Newry, it shows an efficiency drop of 2.04% when the ambient temperature increases from
23.50°C to 27.70°C while at Warrenpoint, it shows a drop of 1.94% when the ambient

temperature increases from 18.90°C to 26.40°C

Relative humidity was found to strongly correlate with solar radiation intensity. In particular,
climate prevailing at the PV array locations, higher humidity is synonymous with lower
atmospheric transmittance due to higher atmospheric moisture content and cloud cover. This
work corroborates the results of Brito et al [230] who also found a relationship between global
solar radiation and radiation air humidity and Furlan et al [231] who demonstrated that the

diffuse fraction of solar radiation increased with humidity.
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The average system and array performance ratios for Harlequins, Newry and Warrenpoint show
that they are proportional to the reference yields with strong correlations. For instance, the
average system performance ratios recorded in Harlequins, Newry and Warrenpoint were
92.6%, 89.7% and 91.2% respectively while the average array performance ratios recorded in
Harlequins, Newry and Warrenpoint were 94.4%, 91.3% and 93.0% respectively. Hence, the
performance of the array shows there was no shading in the site locations. Fill factor (FF) is an
indicator of finding the quality of PV arrays. The typical FF values range between 60% and
70% [227]. The PV arrays performed well firstly in the range above 70% (at a low solar cell
temperature) and later below 70% (at a high solar cell temperature) across the three arrays
monitored for five years. The least recorded FF values in Harlequins, Newry and Warrenpoint

arrays across the five years are 61.3%, 64.89% and 66.03% respectively.
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CHAPTER 4

DISAGGREGATING LONG-TERM PERFORMANCE
DEGRADATION FROM TRANSIENT PERFORMANCE
CHANGES

4.1 Assumptions
To carry out the measured performance degradation analysis, the following assumptions were

made [232]:

1. PV degradation rates in the three arrays: Harlequins, Newry and Warrenpoint examined
are linear because all the modules studied are operating in the flat part of their respective
“bathtub” rates-of-failure curves.

2. the dominant parameter representing transient behaviour is cell temperature and solar
irradiance. This is because PV systems performance parameters such as system
efficiency and power output depend linearly on cell temperature and irradiance. Solar
irradiance that is above 500 Wm can cause the cell temperature to increase, thus,
decreasing the efficiency and output power of the PV system [226], [227]. Hence, an
increase in cell temperature will decrease the system efficiency and power output while
a decrease in cell temperature will increase both efficiency and power output.

3. soiling is transient as there was regular surface cleaning from rain.

4.2 Temperature-Corrected Performance Ratio (PRcorr)
The performance ratio (PR) for solar photovoltaic installations normalises system output to
installed capacity and available solar irradiance at the installation site, PR allows comparison
of the performance of systems with different installed capacities in different geographical

locations [233].

Weather-uncorrected performance ratio (PRuncorr) is calculated using equation (54):
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P
PRuncorr = —Z ALt x100% (54)

S Psre(@o)]
PR may be corrected for temperature [234], [235] by introducing a temperature correction to

calculate a “temperature-corrected” PRcorr;

XPac

PRcor = (55)
31 Ps1e (@) 15Tt ave Togy )
_ % (GPOAX Tcellii)
Tcell_avg —Z Grao; (56)
where;
Pac is the measured AC electrical generation (W).
Ppv rated OF Pstc IS the installed PV module capacity (in this case 49920 Wy).
Groa is the measured solar radiation intensity on the plane of array irradiance
(W/m?).

t is the data collection period.

Gsrc is the irradiance at standard test conditions (1000 W/m?).

Teell_avg IS the average annual PV cell temperature (°C) shown in Table 35.
Teen is the instantaneous PV cell temperature (°C).

B is the Temperature coefficient of PV array power (-0.4%/°C).

Average cell temperatures for 2021 across the three locations were noticed to be considerably
higher than in 2017 to 2020 because of intense solar radiation brought by a heatwave in that

year.
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Table 35. Average annual PV cell temperatures for Harlequins, Newry and Warrenpoint

Systems

Year Harlequins Newry Warrenpoint
Average cell Temperature, Average cell Temperature, Average cell Temperature,
TCell_avg (OC) TCell_avg (OC) TCell_avg (OC)

2017 37.87 37.21 37.09

2018 38.37 38.14 37.70

2019 39.95 37.14 36.09

2020 38.06 36.50 36.79

2021 39.98 39.76 39.68

Figures 65 (a-c) and Figures 66 (a-c) show seasonal variations in the performance ratios for the

Harlequins, Newry and Warrenpoint PV arrays and systems from 2017 to 2021 data.

Weather-uncorrected performance ratios calculated using equation (54) show high seasonality

with low values during warmer months and higher values during colder months [236].

Temperature-corrected PR calculated using equation (55) show introduction of the temperature

correction reduces the seasonal performance ratio variation.
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The regression model for different elapsed periods from 2017 to 2021 across the three PV
arrays and systems as shown in Figures 67 (a-c) and Figures 68 (a-c) shows the graphs of
coefficient of determination (R?) versus cumulative periods of evaluation for both weather-
uncorrected and temperature-corrected R2. The periods of evaluation were conducted semi-
annually and it can be seen from Figures 67 (a-c) and Figures 68 (a-c) that temperature-
corrected R? shows more performance than the weather-uncorrected R?. Hence, using
temperature-corrected performance ratios, long-term (in this case those seen after five-years
operation) performance degradation trends become evident with high confidence after six
months for one PV array and within three years for the two other arrays. If lower statistical
confidence in trends is acceptable, long-term degradation rates can be identified within one
year of operation for all PV arrays examined. This means that the temperature-correction has

reduced the variation in seasonal performance ratio.
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Figure 67 (a-c). Influence of temperature-correction in reducing seasonal performance ratio

variation in Harlequins, Newry and Warrenpoint arrays monitored over five years period.
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Figure 68 (a-c). Influence of temperature-correction in reducing seasonal performance ratio

variation in Harlequins, Newry and Warrenpoint systems monitored over five years period.
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Figure 69. Elapsed time to reach a 0.810 coefficient of determination (R2) on the long-term

PV array degradation trend.
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Figure 70. Elapsed time to reach a 0.999 coefficient of determination (R2) on the long-term

PV system degradation trend.

Data that shows a high coefficient of determination (R?) to a linear trend would indicate that
the trend line could be reliably extrapolated. A coefficient of determination (R?) of 0.810 and

0.999 is chosen as values indicative of a strongly correlating data set.
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In Figures 69 and 70, the improvements in coefficients of determination (R?) for PR are
calculated over different cumulative elapsed times (shown in Figures 67 and 68) are shown
together. As can be seen, the temperature-corrected PR values reach the 0.810 and 0.999
coefficients of determination (R?) after cumulative degradation trends evaluation periods of
between 6 months (for the Warrenpoint PV array and system) to approximately 3 years for the
Harlequins and Newry PV arrays and systems. “Weather-uncorrected” PR values require
longer elapsed accumulative evaluation periods (approximately 4 years) to reach 0.810 and

0.999 coefficients of determination on their long-term degradation trends.

This result indicates that long-term degradation trends become evident sooner using

temperature-corrected PR values.

4.3 Performance loss rate of PV system
Relative performance loss rate and absolute performance loss rate are two alternative ways of
computing the rate of performance loss [237]. Relative performance loss rate, PLRye is defined
as;

PLRyer = (Br—)x100 (57)

(4]

Where;
B1 is the gradient and Bo is the y-intercept of the linear trend line for PLR.

t is a scaling parameter that converts the time scale at which power or performance ratio

(PR) is observed to a yearly scale, as PLR (%/a) is per year (12 months).
Absolute performance loss rate PLRaps is given by

PLRabs = (P1xt) (58)

Absolute PLR in equation (58) is independent of the initial yield. A fitting parameter fo must

be also given [238]. The unit of PLRass is metric/annum (/a).
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To investigate long-term degradation, annual average five-year relative performance loss rates
(PLRrer), absolute relative loss rates (PLRans) and the non-linear trends were fitted to simple
linear best-fit lines. The weather-uncorrected and temperature-corrected annual monthly
relative and absolute performance loss rates from Harlequins, Newry and Warrenpoint arrays
and systems from 2017 to 2021, the gradient (B1) and the y-intercept (Bo) of each year across
the three arrays and systems were found using the time series (Y1) linear regression model (59)
[236]:
Y= Pt + Bo (59)

An annual aggregated gradient (B1) of the linear fit, divided by the y-intercept (Bo) gives the
final linear relative performance loss rate (PLRrel) of the PV systems at Harlequins, Newry and
Warrenpoint. The annual aggregated gradient (B1) of the linear function multiplied by the
yearly scale (12 months) gives the final linear absolute performance loss rates (PLRans) (see

Equation 58).

The y-intercept (Bo) shows PR values for the five-year weather-uncorrected and temperature-
corrected values for the Harlequins array (93.96% and 95.61%) and system (93.25% and
94.98%), Newry array (93.96% and 95.14%) and system (92.50% and 94.49%) and

Warrenpoint array (93.84% and 95.43%) and system (92.50% and 93.50%) are almost constant.

The relative performance loss rates (PLRre) and absolute performance loss rates (PLRass) for
the Harlequins, Newry and Warrenpoint arrays and systems as shown in Figures 71 — 72 are

summarised in Tables 36 — 39.

Where Arr. is the PV array and Sys. Is the PV system.
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Table 36. Temperature-correction for relative performance loss rates (PLRrei) for Harlequins,
Newry and Warrenpoint arrays and systems

Observation

Observation

Observation

Harlequins Newry Warrenpoint

Arr. Sys. This means that Array | Sys. There are improvements | Arr. Sys. The PLRrer in Warrenpoint
PLRre of the in both the Newry array array shows that there is an

PLRret | PLRrel | Harlequins array PLRrel | PLRrel and system. For this PLRret | PLRrel improvement in the array.

(%/a) | (%/a) | shows that solar (%/a) . reason, both the PLRre | (%0/8) . This means that solar panel
panel generation (%/a) for the Newry array and (%/a) generation will increase at
will increase at an annual rate of -0.17%/a

027 | 0.018 -0.23 | -0.00635 | System shows that they [ 017 [ 0.00514 ;

the annual rate by
-0.27%/a which
shows an
improvement

while PLRrel of
the Harlequins
system shows that
PV system
generation will
decrease at the
annual rate of
0.018%/a.

will both increase at the
annual rates by -0.23%/a
and

respectively.

-0.00635%/a

while the PLRrr in the
Warrenpoint system shows
that PV system generation
will decrease at the annual

rate of 0.00514%/a.

Table 37. Temperature-correction for absolute performance loss rates (PLRabs) for

Harlequins, Newry and Warrenpoint arrays and systems

Harlequins Observation Newry Observation Warrenpoint Observation

Arr. Sys. The PLRas of the | Arr. Sys. Both the Newry array and Arr. Sys. Warrenpoint array shows a
Harlequins array show system show improvements. PLRabs improvement while the

PLRabs | PLRabs | that solar panel | PLRabs | PLRabs | This means that their PLRabs PLRaps | PLRabs | Warrenpoint system shows a
generation will increase will increase at the annual rates | (/@ decrease in PLR abs. This

(/a) (2) at the annual rate of - | (@) (fa) by -0.21/a and -0.006/a (f2) shows that solar panel
0.26/a which shows an : eneration will increase at an

-0.26 0.017 -0.21 -0.006 | respectively. -0.16 0.0048 g

improvement while the
PLRabs of the Harlequins
system shows that PV
system generation will
decrease at the annual rate
of 0.017/a.

annual rate of -0.16/a while
the Warrenpoint system shows
that PV system generation will
decrease at an annual rate of
0.0048/a.
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Table 38. Weather-uncorrected relative performance loss rates (PLRre) for Harlequins,
Newry and Warrenpoint arrays and systems

Observation

Observation

Observation

Harlequins Newry Warrenpoint

Arr. Sys. Both the | Array | Sys. There are improvements | Arr. Sys. There is an improvement in
Harlequins  array in the Newry array and the Warrenpoint array and a

PLRrel | PLRrel | and system | PLRrel | PLRrel system. For this reason, PLRret | PLRrel decrease in the Warrenpoint

(%la) | (%/a) | showed an | (%/a) . their PLRyel shows that | (%/a) . system.  This shows that
improvement  at (%/a) both the Newry array (%/a) solar panel generation will
their PLRrel. This A increase at an annual rate b,

-0.16 | -0.023 " -0.01 | -0.00104 | and system will increase |0 063 | 0.00259 v

shows that solar
panel and PV
generations  will
increase at annual
rates of -0.16%/a
and -0.023%/a
respectively. This
will be difficult to
predict any PLRrel
in the PV array
and system due to

the seasonal
variation  effect
noticed in
weather-
uncorrected
relative
performance loss

rates. To resolve
this, the weather-
uncorrected PLRyel
are normalised
with the average
cell temperature.

at the annual rates by -
0.01%/a and -
0.00104%/a
respectively. Just like
the Harlequins array and
system, it will be
difficult to predict any
PLRre in the PV array
and system due to the
seasonal variation effect
noticed in  weather-
uncorrected relative
performance loss rates.
To resolve this, the
weather-uncorrected
PLRr are normalised
with the average cell
temperature.

-0.063%/a while the
Warrenpoint system shows
that PV system generation
will decrease at the annual
rate of 0.00259%/a.

Table 39. Weather-uncorrected absolute performance loss rates (PLRabs) for Harlequins,
Newry and Warrenpoint arrays and systems

Harlequins Observation Newry Observation Warrenpoint Observation

Arr. Sys. Both the Harlequins | Arr. Sys. There are improvements in Arr. Sys. Performance improvement is
array and system show both the Newry array and noticed in the Warrenpoint

PLRabs | PLRabs | improvements in PLRabs. | PLRabs | PLRabs | system. This means that their (P/L)Rabs PLRabs | array and there is a decrease in
This show that solar panel PLRaps show that both the a performance in the

(/) (la) and PV g.]tenera’[ilonst Wi|; (la) (la) Newar; array and system will (/a) Warrenpotit?tt systlem. ThisI
increase at annual rates o ; means at solar pane

- - - - increase at the annual rates by - | _ . -

0.15 0.022 | _.15/a and -0.022/a. Just 0.0096/a and -0.0096/a y 0.06 0.0024 generation will increase at an
like PLRw in the | 0-0096 | 0.0096 | * tively. J .tl'k th annual rate of -0.06/a while
Harlequins array and respectively. Justlike the the Warrenpoint system shows

system, it will be difficult
to predict any PLRyel in
the PV array and system
due to the seasonal
variation effect noticed in
weather-uncorrected
relative performance loss
rates. To resolve this, the
weather-uncorrected
PLRrer are normalised
with the average cell
temperature.

Newry array and system, it will
be difficult to predict any
PLRrer in the PV array and
system due to the seasonal
variation effect noticed in
weather-uncorrected relative
performance loss rates. To
resolve this, the weather-
uncorrected PLRrel are
normalised with the average
cell temperature.

that PV system generation will
decrease at the annual rate of
0.0024/a.
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Figure 71. Five-year monitored data showing performance loss rates from 2017 to 2021 at

Harlequins, Newry and Warrenpoint arrays
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Figure 72. Five-year monitored data showing performance loss rates from 2017 to 2021 at

Harlequins, Newry and Warrenpoint systems.
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From Figures 71 and 72, the performance loss rates differ in the three PV arrays and PV systems
because of differences in their meteorological conditions (such as the ambient temperature,
relative humidity, wind speed and air pressure) and system conditions (solar cell temperature,

and solar radiation).

Figures 73 and 75 (a-b) show the analyses of the annual relative performance loss rate (PLRyel)
and absolute performance loss rate (PLRabs) of Harlequins, Newry and Warrenpoint arrays and
systems for five years. The system losses seen are a result of solar cell temperature losses,

DC/AC inverter efficiencies conversion losses, and solar radiation reflection losses.

Figures 74 (a-b) and 76 (a-b) shows the difference between the temperature-corrected and
weather-uncorrected relative and absolute performance losses which are computed using (60)
and (61):

DrLreorr = PLRrel.corr — PLRaps corr (60)

DrLruncorr = PLRret.uncorr — PLRabs.uncorr (61)

where;

DrLreorr and Dpiruncorr are differences in temperature-corrected and weather-uncorrected

performance loss rates in arrays and systems (in per annum).

PLRrel.corr and PLRyeruncorr are relative temperature-corrected and weather-uncorrected

performance loss rates in arrays and systems.

PLRabs.corr and PLRabs.uncorr are absolute temperature-corrected and weather-uncorrected

performance loss rates in arrays and systems.
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Figure 73. Relative performance loss rate (PLRrel) and (b) Absolute performance loss rate

(PLRabs) for Harlequins, Newry and Warrenpoint arrays from 2017 to 2021.
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Figure 74. Difference in (a) temperature-correction (b) uncorrected performance loss rates

between relative and absolute performance loss rates in Harlequins, Newry and Warrenpoint

arrays from 2017 to 2021.
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Figure 75. Relative performance loss rate (PLRre) and (b) Absolute performance loss rate

(PLRabs) for Harlequins, Newry and Warrenpoint systems from 2017 to 2021.
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AC output energy loss due to PLRre and PLRabs for temperature-corrected and weather-

uncorrected PR in Harlequins, Newry and Warrenpoint sites are summarised in Tables 40-43.

Table 40. AC energy output loss and PLRre for temperature-corrected PR in Harlequins,

Newry and Warrenpoint arrays

Harlequins Newry Warrenpoint
Year PLRrel Etotal [kWh] ElLoss PLRrel Etotal ELoss PLRre Etotal ElLoss

[%0/a] [kwWh/a] [%0/a] [kwh] | [kWh/a] [%0/a] [kwh] [kwWh/a]
2017 -2.64 234710.60 -6196.36 -1.61 238140 -3834.05 | -1.13 229688 -2595.47
2018 -1.41 246968.92 -3482.26 -3.03 242552 -7349.33 | -2.34 231161 -5409.17
2019 -2.40 268097.00 -6434.33 1.55 243548 3775.00 -1.94 229342 -4449.23
2020 -1.87 256102.00 -4789.11 -2.67 239297 | -6389.23 -3.65 237452 | -8667.00
2021 -1.79 243417.00 -4357.16 -3.30 237455 | -7836.02 -1.81 233342 | -4223.49

Table 41. AC energy output loss and PLRye for weather-uncorrected PR in Harlequins,

Newry and Warrenpoint arrays

Harlequins Newry Warrenpoint
Year | PLRrel Etotal ELoss PLRrel Etotal ELoss PLRre Etotal ELoss

[%6/a] [kwh] [kWh/a] [%6/a] [kwh] | [kWh/a] [%o/a] [kwWh] [kWh/a]
2017 -2.33 234710.60 | -5468.76 -0.70 238140 | -1667.00 | -1.11 229688 -2549.54
2018 -1.50 246968.92 | -3704.53 -0.44 242552 | -1067.23 | -2.31 231161 -5339.82
2019 -0.82 268097.00 -2198.40 2.96 243548 | 7209.02 -1.06 229342 -2431.03
2020 -1.22 256102.00 | -3124.44 -2.17 239297 | -5192.74 -1.90 237452 | -4511.59
2021 -2.18 243417.00 | -5306.49 -2.43 237455 | -5770.16 | -0.50 233342 -1166.71
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Table 42. AC energy output loss and PLRabs for temperature-corrected PR in Harlequins,

Newry and Warrenpoint arrays

Harlequins Newry Warrenpoint
Year | PLRabs Etotal ElLoss PLRabs Etotal ELoss PLRabs Etotal ElLoss

[/a] [kwh] [kWh/a] [/a] [kwh] | [kWh/a] [/a] [kwh] | [kwh/a]
2017 -2.49 234710.6 -5844.29 -1.52 238140 -3619.73 | -1.05 229688 -2411.72
2018 -1.35 246968.92 | -3334.08 -2.90 242552 -7034.01 | -2.22 231161 -5131.77
2019 -2.29 268097.00 -6139.42 1.43 243548 3482.74 -1.84 229342 | -4219.89
2020 -1.76 256102.00 | -4507.40 -2.54 239297 | -6078.14 -3.49 237452 | -8287.07
2021 -1.67 243417.00 | -4065.06 -3.11 237455 -7384.85 | -1.70 233342 -3966.81

Table 43. AC energy output and PLRass for weather-uncorrected PR in Harlequins, Newry

and Warrenpoint arrays

Harlequins Newry Warrenpoint
Year | PLRabs Etotal ELoss PLRabs Etotal ELoss PLRabs Etotal ELoss

[/a] [kwh] [kWh/a] [/a] [kwh] | [kWh/a] [/a] [kwh] | [kwWh/a]
2017 -2.24 234710.6 -5257.52 -0.67 238140 -1595.54 | -1.06 229688 -2434.69
2018 -1.37 246968.92 | -3383.47 -0.42 242552 -1018.72 | -2.24 231161 -5178.00
2019 -0.79 268097.00 -2118.0 2.75 243548 6697.57 -1.01 229342 | -2316.35
2020 -1.16 256102.00 | -2970.78 -2.10 239297 | -5025.24 -1.83 237452 | -4345.37
2021 -2.08 243417.00 | -5063.07 -2.34 237455 -5556.45 | -0.48 233342 -1120.04
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To normalise relative and absolute temperature-corrected performance loss rate, PLRcorr from
weather-uncorrected performance loss rate, PLRuncorr the average cell temperatures as shown
in Table 35 for each PV array installed at Harlequins, Newry and Warrenpoint are used. Hence

the PLRcorr for PLRrel and PLRabs are normalised using equations (62) and (63).

p L12uncorr7rel

PLRcorr_reI = (62)
1 —W(Tcellavg)
PLRUHCO[T abs
PLRcorr_abs = 5—JD (63)
1 -m(Tcellavg)

Figures 77-78 show the graphs of temperature-corrected relative performance loss rates,
PLRcorrrel and temperature-corrected absolute performance loss rates, PLRcorr.abs across the
three arrays and systems. The standard deviation error bars in these Figures are overlapped

because of the closeness of their standard deviation values as shown in Tables 44 to 45.

Table 44. Relative and Absolute average and standard deviation values of temperature-

corrected performance loss rates in arrays.

Harlequins Newry Warrenpoint
Hrel Orel Habs | Oaps Hrel Orel Habs Oabs Hrel Orel Uabs Oabs
-1.75 | 0.44 | -1.66 | 0.41 | -1.00 2.17 -1.99 0.66 -1.89 | 0.81 | -1.79 0.79

Table 45. Relative and Absolute average and standard deviation values of temperature-

corrected performance loss rates in systems.

Harlequins Newry Warrenpoint
Hrel Orel HUabs | Oabs Hyel Orel Habs O abs Hyel Orel Uabs Oabs
-1.04 3.91 -1.06 | 3.57 | -1.26 1.00 -1.17 0.94 -1.91 | 1.56 -1.79 1.46
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where el and Mabs are relative and absolute averages of the temperature-corrected performance
loss rates while arel and gans are relative and absolute standard deviations of the temperature-

corrected performance loss rates.
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Figure 77 (a-c). Standard deviation error bars show the overlap between relative and absolute
temperature-corrected performance loss rates of PV arrays monitored for five years period.
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The test of significance for relative and absolute temperature-corrected performance loss

rates across the three sites is computed using equation (64).

Xdi
tear = [P Np— (64)
n(Y dlD)F(Zd )
where di = PLRabs_corr — PLRrel_corr (65)

n =5 is the number of monitored data points

DF =n—1is the degree of freedom.

teal IS the calculated t-value.

PLRas.corr IS the absolute weather-corrected performance loss rate.

PLRrelcorr IS the relative weather-corrected performance loss rate.

Calculated t-values, tca for Harlequins and Warrenpoint arrays for temperature-corrected
performance loss rates are greater than the critical values, teritical (tcal > teriticat) at 0.05, 0.10 and
0.01 levels of significance and Newry array tca value is less than the critical value, teritical (teal <
teritical) at 0.05, 0.10 and 0.01 levels of significance while tca for Harlequins system for
temperature-corrected performance loss rates is less than the critical values, teritica (tcal < teritical)
at 0.05, 0.10 and 0.01 levels of significance. This is shown in the t-distribution statistical table
in Table 41. Warrenpoint and Newry systems are significant at 0.05 and 0.10 because tca >
teritical While they are not significant at 0.01 because tcal < teritical. This means that the difference,
di between the PLRabs corr and PLRrel_corr fOr Harlequins array, Warrenpoint array and Newry
system are all significant at 0.05, 0.10 and 0.01 because tcai > teriticat While Harlequins system
and Newry array are not significant because tca < teriticar @and Warrenpoint system is only

significant at 0.05, 0.10 using equation (64).
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Table 46. Test of Significance for the temperature-corrected performance loss rates in

Harlequins, Newry and Warrenpoint Arrays and Systems

teritical at level of significance, a | teal for Harlequins | teal for Newry teal for Warrenpoint
Array System | Array System Array System
Qg5 = 2.13 6.24 -0.15 -1.45 3.10 7.65 251
o109 = 1.53 6.24 -0.15 -1.45 3.10 7.65 251
Qo1 = 3.74 6.24 -0.15 -1.45 3.10 7.65 2.51
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4.4 Conclusion
PV system output varies because of system design, site location, weather conditions and time
of day. “Weather-uncorrected PR” shows high seasonality with low PR values during warmer
periods and higher values during colder periods. This is because PR is affected by the module
and ambient temperature. To quantify and correct this variation, the weather-uncorrected
performance ratio was normalised using the average annual cell temperature (Tcen_avg) to give

temperature-corrected performance ratios (PRs).

A five-year performance loss rates investigation indicates that Warrenpoint and Newry arrays
show more improvement in performance with a temperature-corrected relative performance
loss rate of -0.17%/a and -0.23%/a respectively followed by Harlequins array (-0.27%/a). This
show that generation from solar panels will increase at the annual rates of -0.17%/a, -0.23%/a,
and -0.27%/a respectively. Harlequins and Warrenpoint systems recorded more decrease in
performance with temperature-corrected relative performance loss rates recorded as 0.018%/a
and 5.14x107° %/a respectively showing an annual decrease in PV system generation at
Harlequins and Warrenpoint systems by 0.018%/a and 5.14x1072 %/a respectively while in
temperature-corrected Newry system, a -6.35x107 %/a implies that generation from a PV

system will increase at a rate of -6.35x107 %/a.

For weather-uncorrected relative and absolute performance loss rates, seasonal variation effects
were noticed in the three arrays and systems as there were fluctuations in performance
improvement. This shows the importance of temperature-correction to distinguish individual

longer-term behaviour of PV arrays and systems.
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When comparing the results of the relative and absolute performance loss rates from the three
arrays and systems (see Tables 36 — 39), their results were very close. Hence, the performance
loss rate computations for PV arrays and PV systems can be done using either relative

performance loss rates (PLRrei) or absolute performance loss rates (PLRabs).

Long-term degradation that will be seen after 5 years of generation becomes apparent much
sooner. Using temperature-corrected PR, for one particular installation, 0.810 and 0.999
coefficient of determination in monthly average PR data to the long-term degradation trend
becomes apparent only six months. For all three installations examined the long-term trends in
the degradation of temperature-corrected PR were apparent within three years. The usual 0.810
and 0.999 coefficients of determination criteria for evidence of long-term behaviour in data
becoming statistically relevant sets a high certainty that long-term trends are truly evident.
Obviously when a lower coefficient of determination value is used as a criterion then the long-

term trends are established sooner but with less confidence.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
Performance monitoring of PV systems aims at maintaining a useful power output for longer
thus giving both (i) enhancing the environmental sustainability of the PV electricity produced
as a greater amount is produced for the same energy and greenhouse gases embodied in the PV
array and (ii) continue to produce electricity at the cost of operation and maintenance after a
time has been reached when the initial capital cost has returned by the value of electricity

produced.

Weather-uncorrected performance ratio (PRuncorr) Shows high seasonality with low values
during the warmer months and higher values during the colder months. To correct this seasonal
variability, temperature-corrected PRs were calculated. A correction to PR was performed
using the measured annual average cell temperature (Tcen avg). The introduction of the
temperature-correction and normalisation with the annual average cell temperature (Tcei_avg)

reduced the seasonal variation in PR compared to the weather-uncorrected PR.

To investigate long-term degradation, the annual average five-year relative performance loss
rates (PLRrer) and absolute relative loss rates (PLRaps) of Harlequins, Newry and Warrenpoint

arrays were calculated.

The y-intercept (o) of the function indicates that the PR values for the five-year weather-
uncorrected and weather-corrected performance ratio values for all three PV arrays studied
were almost constant. PLRre and PLRabs showed that the Warrenpoint PV array showed more
improvement in performance than the Harlequins and Newry arrays. For weather-uncorrected
relative and absolute performance loss rates, seasonal variation effects were noticed in the three

arrays and systems as there were fluctuations in performance improvement. This shows the
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importance of temperature-correction to distinguish individual longer-term behaviour of PV

arrays and systems.

To examine short-term performance variations, the monthly weather-uncorrected and
temperature-corrected relative and absolute performance loss rates from Harlequins, Newry
and Warrenpoint arrays and systems from 2017 to 2021, the gradient (1) and the y-intercept
(Bo) of weather-uncorrected and temperature-corrected performance ratios of each year across
the three arrays and systems were carried out using the time series (Yt) linear regression model

equation.

Regarding the PLRre and PLRass trends, there were significant array improvements from 2017
to 2018 and from 2020 to 2021 in the three arrays except that in 2019, there was a decrease in
performance for the Newry array. The system losses were a result of high solar cell
temperature, DC/AC inverter efficiencies conversion losses, and solar radiation reflection

losses [239].

When the solar radiation in a site location increases, the ambient temperature also increases
reducing PV efficiency. An increase in relative humidity is seen at lower solar irradiation due
to solar energy transmission through the atmosphere has been attenuated by moisture. A
particularly strong correlation of solar radiation with relative humidity was found in the climate

in which these PV arrays were located.

The relative and absolute performance loss rates results of this study in the three PV arrays
correspond with the result of Dhimish [136] which according to his results showed that the

lowest PV degradation rates were obtained at the Irish PV sites.

Degradation trends evident from five years of data (indication of longer-term degradation) have
been clearly demonstrated to be apparent in PV array and PV system performance data sooner

than five years. A linear coefficient of determination on temperature-corrected PR trends of
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0.810 and 0.999 was found after between 6 months and three years. If a lower coefficient of
determination is predicted, long-term degradation trends become evident sooner but obviously
with less confidence. For the three installations examined the time for long-term performance
degradation trends to be evidenced by trends with different levels of confidence (as predicted
by coefficients of determination) is shown in Figures 69-70. If the lower coefficient of
determination trends are acceptable, then degradation trends have been shown to be evident
within one year. This has implications for use of short-term real-time performance degradation

measurement becoming a possible competing option to accelerated testing.

The impact of solar cell degradation affects both the energy generation and the overall

economic performance of photovoltaic systems. Therefore, when the PV module degrades:

less energy is generated over a module life.

e the installation is less economically viable as more cost is being incurred for operation,
maintenance and repair.

e manufacturers and/or installers incur more costs to satisfy performance guarantees.

e inspection and maintenance costs are higher.

e It becomes more difficult to provide inherently resilient electricity generation.
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5.2 Recommendations for Further Research

It is recommended that further research investigates the following:

Further refinement of the weather-corrected performance loss rates to take account

of balance-of-systems component behaviours (including that of inverters).

Detailed comparison of accelerated lifetime testing for PV Modules with short and

long-term monitoring.

Further work is to readily distinguish between different PV module failures from

degradation.

Investigation of very long-term degradation rates of PV plants using multi-annual

datasets from multiple different plant locations.
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APPENDICES

Appendix 1: Effect of seasonal variation in PV power out at Harlequins

Appendix 1 (a): AC power output profiles in the spring season at Harlequins from 2017 —
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Appendix 1 (b): AC power output profiles in the summer season at Harlequins from 2017 —
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Appendix 1 (c): AC power output profiles in the autumn season at Harlequins from 2017 —

2021.
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Appendix 1 (d): AC power output profiles in the winter season at Harlequins from 2017 —
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Appendix 2: Effect of seasonal variation in PV power

out at Newry

Appendlx 2 (a): AC power output profiles in the spring season at Newry from 2017 — 2021.
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Appendix 2 (b): AC power output profiles in the summer season at Newry from 2017 —
2021.
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Appendix 2 (c): AC power output profiles in the autumn season at Newry from 2017 — 2021.
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Appendix 2 (d): AC power output profiles in the winter season at Newry from 2017 — 2021.
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Appendix 3: Effect of seasonal variation in PV power out at Warrenpoint

Appendix 3 (a): AC power output profiles in the spring season at Warrenpoint from 2017 —
2021.
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Appendix 3(b): AC power output profiles in the summer season at Warrenpoint from 2017 —
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Appendix 3 (c): AC power output profiles in the autumn season at Warrenpoint from 2017 —
2021.
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Appendix 3 (d): AC power output profiles in the winter season at Warrenpoint from 2017 —
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