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Abstract: Photovoltaic (PV) system reliability and durability investigations are essential for industrial
maturity and economic success. Recently, PV systems received much interest in Iraq due to many
reasons—for instance, power shortage, global warming and pollution. Despite this interest, the
precise economic implications of PV system reliability in harsh climates like Iraq remain uncertain.
This work assesses the economic implications of PV system component reliability and soiling in Iraq
using field experience and historical data. This study identifies the most common failure modes of
PV systems installed in Iraq and similar climatic regions, and also ranks their severity. Simulations
explore scenarios of PV module degradation rates, inverter lifetimes, soiling rates, and cleaning
intervals, revealing that soiling has the most detrimental effect, with cleaning frequency leading to
Levelized Cost of Electricity (LCOE) losses of over 30%, depending on the location. Inverter lifetime
contributes to LCOE losses between 4 and 6%, depending on the PV system’s location. This study also
evaluates the impact of tilt angle as a mitigation strategy for reducing soiling loss and its economic
implications, finding that installing PV modules at higher tilt angles could reduce the economic
impact of soiling by approximately 4.4%. Additionally, the optimal cleaning strategy identified is
fully automated dry cleaning with robots, outperforming other strategies economically. Overall,
the findings highlight that the LCOE in Iraq is relatively high compared to the global weighted
average for utility-scale PV systems, primarily due to high soiling and degradation rates. The LCOE
varies within the country, influenced by different degradation rates. This study aims to assist PV
stakeholders in Iraq and the Middle East and North Africa (MENA) region in accurately estimating
solar bankability; moreover, increasing reliability by minimizing the technical and financial risks by
considering key parameters specific to these regions.

Keywords: MENA; reliability; PV systems; soiling; economic impact; LCOE

1. Introduction

Since 1991, electricity blackouts, rolling blackouts and brownouts remain a common
event at grid-connected settlements [1], prompting Iraq to rely on costly and environmen-
tally damaging diesel generators due to a shortfall in electricity generation. The summer
months increase the power crisis as Iraq’s electricity consumption has consistently increased
at an average compound growth rate of 6–7% since 2003 [2]. Currently, the country’s elec-
tricity sector is almost entirely dependent on fossil fuels, which account for more than
96% of power generation [3]. In the past decade, there has been significant interest in
photovoltaic (PV) systems in Iraq, driven by concerns such as global warming, air pollution,
insufficient power generation, and financial constraints. The goal is to develop a new
power generation approach that is competitive, reliable, and economically viable. Iraq
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possesses abundant solar energy potential, benefitting from extensive sunlight throughout
the year as it lies within the global sunbelt. Solar energy generation can be widely deployed,
particularly in the western and southern regions of Iraq [1,4]. Iraq aims to implement 10 GW
of PV plants by the end of 2030 [5].

The integration of PV systems into Iraq’s energy mix is crucial for realizing a sustain-
able and clean energy future. However, the country faces challenges posed by its harsh
climate, characterized by extreme ambient temperatures, frequent sandstorms, and UV
exposure, which can impact the application of PV technology. Implementing PV plants in
harsh climates presents numerous challenges, including high daily ambient temperatures,
significant intraday temperature variations, rapid soiling rates, and elevated levels of UV
radiation, collectively referred to as “climate stress factors” [6,7].

Several publications, for example [8–11], have demonstrated that PV modules oper-
ating in desert or hot and dry climate zones, such as Iraq according to Köppen–Geiger
classification [12], experience high degradation rates compared to other climates. These
rates may lead to a reduced lifetime of PV modules, sometimes falling below the manu-
facturer’s warranty [6]. Additionally, soiling rates in dry climates like Iraq contribute to
performance losses, with studies indicating soiling losses ranging from 30% to 65% [13–15].

To assess the competitiveness of PV energy in Iraq compared to fossil fuels, an eco-
nomic analysis of PV systems considering reliability aspects is necessary. This study
evaluates the economic feasibility of PV projects in Iraq by examining the reliability of PV
system components, such as PV modules and inverters, and accounting for soiling as a
performance-reducing factor. An 8-year-old PV plant is used to identify common issues or
failures based on operation and maintenance tickets collected during the last 8 years. A
severity ranking of failures is conducted based on [16] with some modifications.

The overall generation costs of a PV system can exhibit significant variability both
within individual countries and between different countries or regions [17,18]. This di-
versity is attributed to factors such as local labor availability and costs, manufacturing
expenses, incentive levels, as well as PV system performance and reliability factors. These
discrepancies are indicative of the maturity levels within domestic markets. Therefore, it
is our motivation to investigate the economic variability of PV systems installed in Iraq
considering real field experience and current PV installation costs in Iraq. We evaluate the
economic impact of PV module degradation rates, inverter lifetime, and soiling rates using
the Levelized Cost of Electricity (LCOE) metric.

While similar studies have evaluated the LCOE of PV projects in different countries
and correlated them with PV reliability/lifetime [19,20] and provided a comprehensive
techno-economic assessment, shedding light on the economic viability of PV systems [21],
our study distinguishes itself by focusing on the economic evaluation of PV in harsh
climates using Iraq as a case study. This includes main performance loss factors such as
soiling, stronger PV system degradation rates, and inverter malfunctions, which contribute
to increased operational expenditures.

Despite numerous reports on field PV module degradation modes and rate statis-
tics [10,22–24], there is limited information on inverters, even though production loss
in solar PV systems is often attributed to poor inverter performance [25–27]. Inverter
malfunctions and defects can result in significant production losses, especially in desert
climates like Iraq, where electronic components in PV inverters are more prone to higher
operating temperatures. The consistent soiling in desert climates may also block inverter
fan ventilation, leading to overheating and damage. The lifetime of PV inverters is likely
reduced in these harsh conditions, and more frequent maintenance is required. Inverter
lifetime and increased maintenance contribute to higher operational costs, affecting the
lifetime costs of PV systems.

The novelty of this study lies in addressing these limitations and aims to provide
guidelines and recommendations for minimizing financial risks in PV investments in Iraq
by focusing on the following objectives:
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• Reporting on the most common failure issues of PV systems installed in harsh climates
based on 8 years of operation and maintenance tickets.

• Implementation of a realistic degradation rate based on location, and far from manu-
facturer’s assumptions which is currently in force.

• Quantifying the economic implications of PV system components (i.e., PV modules
and inverters) failure and soiling rates in harsh climates using Iraq as a case study.

• Exploring the reliability and economic gain of optimal PV designs based on tilt angle
to reduce soiling losses.

• Evaluating the most optimal cleaning strategy of PV plants in Iraq.

The insights from this study hold the potential to be extrapolated to numerous Middle
East and North Africa (MENA) regions characterized by similar climatic conditions as Iraq.
Understanding the economic impact of PV system reliability in adverse environmental
conditions is essential for policymakers, investors, and researchers seeking to maximize
the potential of solar energy in Iraq.

2. Methodology
2.1. Reversible and Irreversible Degradation Assessments of PV Systems in Iraq
2.1.1. Reversible Degradation Assessments

In this study, reversible degradation is defined as any factor that diminishes the per-
formance of a PV system but can be remedied. An illustrative and frequently encountered
instance of reversible degradation involves the temporary soiling of PV modules or in-
verters. This temporary soiling can negatively impact the system’s performance; however,
once the system is cleaned, it regains its usual level of efficiency. Indeed, in this study, we
limit our definition and evaluation to soiling since it is a significant and frequent climate
challenge for PV installations in desert climates like Iraq.

The higher concentration of particles in the air, periodic dust storms and limited
rainfalls in these regions [11] explain the increased soiling effect in such areas. The effect of
soiling on PV performance is well known but it varies from location to location [13,28,29].
In terms of Iraq, the authors in [15] showed that soiling losses are the highest, with a
maximum record of 65% by month in the MENA region. This was linked to the frequent
sandstorms in Iraq.

To lower the economical/financial uncertainties in PV projects, soiling losses must
be addressed adequately in these high-soiling regions. Addressing soiling adequately
means proper evaluation of the expected Capital Expenditure (CAPEX) and Operating
Expenditure (OPEX) for soiling mitigation strategies during the project lifetime. To our
knowledge, there is not yet a perfect strategy to mitigate soiling. The soiling mitigation
strategies described for example in [28] have several limitations depending on factors such
as system size, location and cost.

2.1.2. Irreversible Degradation Assessments

In this study, irreversible degradation is characterized as a factor that diminishes PV
system performance and is not reversible unless the affected system’s component is re-
placed. Examples of irreversible degradation might include PV module degradation modes
such as encapsulant browning, cell crack, corrosion, and permanent soiling. These might
also include catastrophic events such as fire but in the economic analysis or degradation
rate modelling, catastrophic events are excluded. Different authors have extensively dis-
cussed irreversible degradation modes [16,30] and degradation rates have been correlated
to operating climates by several authors [9,11,31]. The correlation of degradation rates to
climate is a topic of interest, with some authors suggesting desert labels for PV modules
that are aimed to be installed in desert climates [32]. In our previous work [6], we analyzed
and assessed the degradation rates of two PV systems in different parts of Iraq and the data
revealed that the degradation rates are above the manufacturer’s warranty. Based on the
study, we proposed four degradation rates zones in Iraq—Z1: low, Z2: moderate, Z3: high
and Z4: extreme, as shown in Table 1.
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Table 1. Locations considered in the simulation.
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To determine the predominant degradation modes of PV system components in Iraq,
a severity ranking analysis was conducted using a 1 MWp PV system situated in Baghdad.
This system has been in field operation for over 8 years, providing valuable insights into
the most prevalent failures. The PV system comprises multi (poly) crystalline modules
from SHARP ND-F210AI and glass-backsheet modules.

Through a comprehensive examination of the ticketing system spanning the past
8 years and utilizing the severity ranking system outlined in [16], in Table 2, we present the
most recurrent failure models experienced by the system, along with their corresponding
severity rankings.

Table 2. Severity ranking of PV failure modes based on [16].

Variable Quantity

Major effect on power and safety 10
Major effect on power or safety 8

Moderate effect on power or safety 5
Slight deterioration of performance and safety 3
Slight deterioration of performance or safety 1

2.2. Data Used in This Study

For energy yield estimation, we used data from PVGIS [33]. A timeseries of 2020
was used for energy yield evaluations. For the soiling model, the rainfall data were also
extracted from the Copernicus Climate Change Service [34] in daily averages. Additionally,
satellite-derived particulate matter (PM) data were used for the soiling model. The PM
data have been downloaded at intervals of 3 h from the EAC4 (ECMWF Atmospheric
Composition Reanalysis 4) of the Copernicus Atmosphere Monitoring Service (CAMS)
Atmosphere Data Store (ADS) [35]. Five years of historical data from 2015 to 2020 were
used to assess the historical trends, as shown in Figure 1.

For both field degradation and economic analysis, a 1 MWp ON-Grid connection,
a governmental asset PV plant since 2016 under operation, was investigated for three
months. The plant is located in Baghdad [33.312, 44.361] and comprises a 5012no., 205 Wp
(Sharp ND-F210AI), multi (poly) crystalline-Si module, integrated with a 36no., 25 kW
inverter and a rest of balance of system (BoS), installed over 6000 m2 with a total CAPEX of
approximately 1,200,000 USD.
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2.3. Economic Analysis of PV Systems Installed in Iraq

Several metrics are utilized to project the return on investments over time, and among
these, the LCOE stands out as a widely recognized measure in the economic evaluation
of PV systems. Fundamentally, the LCOE offers an average representation of the cost of
electricity generation over the entire lifespan of the asset. Notably, this metric is significantly
influenced by the geographical location of the plant. Variables such as irradiance, subsidy
programs, and land prices exhibit variations across different locations, contributing to an
almost linear impact on the LCOE.

Furthermore, elements like the discount rate, the tax rate, and the degradation rate
exert considerable influence on the LCOE. Essentially, the LCOE functions as an estimation
of the electricity price (e.g., cents/kWh) over the system’s lifetime, encompassing both
the initial investment and all operational costs associated with the system. The LCOE is
estimated as:

LCOE =
Total Lifecycle Cost

Total Lifetime Energy Production
(1)

LCOE =
CAPEX + ∑n

n=1
OPEX
(1+r)n

∑n
n=1

Eyield × (1−DR)n

(1+r)n

(2)

where CAPEX is the capital expenditure (USD/kWp), OPEX is the operation expenditure
(USD/kWp), DR is the degradation rate (%/year), Eyield is the annual energy yield (kWh),
r is the discount rate (%) and n is the lifetime (years) of the PV system.

The CAPEX includes all the initial investments/cost in a PV system including PV
module costs, land costs, mounting structure cost, transportation costs, administrative
costs, and labor costs. The OPEX comprises all costs during the operation of the PV system
including the cleaning costs, labor costs, and PV component replacement costs. Table 3
shows the different quantities used in this work for the LCOE calculation.

Table 3. Economic variables and respective quantities used in this study during LCOE calculation.

Variable Quantity

CAPEX 1200 USD/kWp
OPEX 10 USD/kWp

Inverter cost 800 USD
Discount rate 2.0%

Total system capacity (installed) 1000 kWp
Total energy produced during the first year of operation Location based

Degradation rate Based on degradation zones
PV system lifetime Based on degradation zones

The energy yield was calculated using the Pvgis (version 5.2) [36] tool. The PVGIS-
SARAH2 solar radiation database is selected and performance data for the year 2020 are
used. For power simulation, we used the choice to automatically select the optimal tilt and



Energies 2024, 17, 2652 6 of 18

azimuth angles of the locations. The fixed mounting type is considered, and crystalline
silicon PV technology is simulated. A 1000 kWp PV system without system losses is
simulated. The simulated locations are selected to represent the four degradation zones
proposed in our previous study [6].

To account for variances in degradation rates across the zones, we applied a statistical
distribution using a non-central F distribution continuous random variable generator
to generate the distribution of degradation rates within the boundaries of Zx ± 0.1 (Zx
referring to the degradation rate in zone x), as shown in Figure 2.
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2.4. Soiling Effect on LCOE

Different factors such as PV module design (i.e., modules with and without anti-soiling
coatings), PV installation designs (i.e., more soiling for low tilt PV modules), and location
(i.e., the dust particles differ from location to location and the amount of rainfall is different
from one location to another) determine the soiling impact. Therefore, when predicting the
soiling loss rates, these aspects need to be considered. There are some models proposed to
consider some of these factors—the two commonly used are the Kimber soiling model [37]
and the H.S.U (Humboldt State University, Arcata, CA, USA) model [38]. Both models are
implemented in an open source PV simulation tool known as PVlib [39]. In this study, both
models are applied to assess different soiling aspects.

On the one hand, the Kimber model is used to assess the economic implication of
soiling rates and manual cleaning schedule. This is because the model enables varying
these variables and assessing their effect on soiling loss. The Kimber model assumes that
soiling builds up at a constant rate until cleaned either manually or by rain. The rain must
reach a threshold to clean the panels. When rains exceed the threshold, it is assumed that
the earth is damp for a grace period before it begins to soil again. The model also assumes
that there is a maximum soiling build up that cannot be exceeded even if there is no rainfall
or manual cleaning. In this study, we applied the following input values as shown in
Table 4. The values are assumed based on the environmental conditions in Iraq.
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Table 4. Input quantities used in simulating soiling degradation using the Kimber soiling model.

Required Input Quantity: Kimber Model Quantity: H.S.U Model

Cleaning threshold 5 mm/day 5 mm/day [40]

Grace period 10 days

Maximum fraction of energy
lost due to soiling 0.8 [-] -

Manual wash dates Varied scenarios in this study -

Soiling rate Varied scenarios in this study -

v2.5 and v10 - 0.039 and 0.008 [41]

Tilt angle ( θ) Varied scenarios in this study -

On the other hand, the H.S.U model is used to assess the effect of soiling according to
the tilt angle and how this affects the economic variables. The model includes the effect of
tilt angle (θ) and PM data as:

m(d) = (v10−2.5·PM10−2.5(d) + v2.5·PM2.5(d))·t·cos(θ) (3)

where m(d) is mass accumulation for a given day d, v10−2.5 and v2.5 are the static deposition
velocities, and t is the factor used to convert the variables from a one-second interval into a
daily value. The subscript 10–2.5 indicates that only particles with diameters within 10 µm
and 2.5 µm are considered. PM10−2.5 is therefore the difference between the PM10 and
PM2.5 concentrations. The daily mass accumulation (m) is then converted into a cumulative
mass accumulation (w), which is reset to 0 on days in which the precipitation intensity is
higher than a given threshold. The model parameters used in this work are as shown in
Table 4.

The daily soiling loss (SL), expressed in %, is calculated as:

SL(d) = 34.37·er f (0.17·w(d))0.8473 (4)

To assess the impact of tilt angle on soiling loss, the modelling approach is performed,
as shown in the schematic Figure 3. The Faiman model is used to estimate the module
temperature from ambient temperature ( Ta), the plane of array irradiance (G) and wind
speed (WS) using the Faiman models [42] as:

Tm = Ta +
G

U0 + U1·WS
(5)

where U0
[
W/m2/◦C

]
and U1

[
W/m3/◦C

]
are the coefficients describing the effect of the

radiation on the module temperature and the cooling by the wind. Typical values reported
for c-Si PV modules in the open rack mounting configuration [43] are:

U0 = 26.9
[
W/m2/◦C

]
and U1 = 6.2

[
W/m3/◦C

]
. The variations in the degradation

rate according to the tilt is estimated using the physics-based models proposed by Kaaya
et al. [44]. These models link the climate stressor to degradation rates.

Since, the Gpoa is the global plane of array
[
W/m2], RH is the relative humidity [%],

and tmy means typical metrological year.
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3. Results
3.1. Assessment of PV System Failure Modes and Severity Ranking

Based on the assessment of a PV plant in Baghdad, Table 5 presents the primary
failure modes of various PV plant components along with severity rankings. Regarding
PV modules, the data reveal that the most frequently reported failure modes include
backsheet discoloration, encapsulant browning, and solder bond fatigue. This can be
attributed to the combined impact of elevated UV exposure and temperature levels in
the region, accelerating photodegradation mechanisms. UV radiation induces aging in
module packaging materials, leading to encapsulant discoloration, delamination, and
backsheet cracking [30,45]. Furthermore, research by the authors in [46] demonstrates that
UV irradiation not only affects packaging materials but also adversely influences solar cell
performance by generating surface defects. This highlights the importance of selecting
modules for desert applications with packaging materials and cell technologies less prone
to UV degradation.

Table 5. Failure modes and severity ranking of the assessed PV system in Baghdad.

PV System Component No.,
Tickets/Unit Severity Ranking

Module Metallization/Corrosion 9 8
Delamination 148 5

Defect J.B. 11 5
Backsheet discoloration >2000 3

Encapsulant browning/brown spots 1117 3
Backsheet defects (e.g cracking, adhesion) 18 10

Permanent soiling 172 calls 8
Internal circuitry discoloration, solder bond fatigue 84 8

Broken module 6 10
Glass damage 21 5

Inverter Overheating (fan problem) 5 10
Short-circuiting 2 10

Corroded terminals 3 5
Dust on the combiner box 12 5

Inverter malfunction 36 3
Wiring Sheath damage 1 3

Connector failure 52 10
Hot stings Hot strings and hotspots All strings
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On the inverter side, the most frequently reported failures are associated with over-
heating, derating, and dust accumulation on the inverter box (refer to the example in
Figure 4), reducing the inverters service life to only 4 to 5 years. This is unsurprising for
locations like Iraq, characterized by extreme temperatures and dust. Dust accumulation is
likely to result in fan malfunctions, leading to overheating of the inverters and consequently
reducing their lifespan. Additionally, the higher operating temperatures and temperature
variations in desert climates could expedite the failure of power electronics within the
inverters [47], thereby diminishing the overall lifetime of the inverters.
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Figure 4. Example of inverter malfunction due to soiling accumulation leading to fan failure and
hence overheating.

3.2. Assessing the Economic Impact of Degradation Rates

The impact of degradation rates on the LCOE was assessed across four locations
representing degradation rate zones Z1, Z2, Z3, and Z4. Figure 5A displays the boxplot
of degradation rates in these zones, while Figure 5B presents the boxplot of the system
lifetime. It is essential to note that, in this study, lifetime is defined as the point where there
is a 20% performance loss from the initial power at standard testing conditions (STC). The
median lifetime in years, as observed in Figure 5B, is 33.0, 26.0, 23.0, 21.0 for Z1, Z2, Z3,
and Z4, respectively.
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Figure 6 illustrates the relationship between various variables and the simulated LCOE
per degradation zone. Notably, the PV system in Z1 exhibits the lowest LCOE of 0.030,
despite higher OPEX compared to other locations. This can be attributed to the system in Z1
benefiting from a higher energy yield, a lower degradation rate, and an extended lifetime.
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The combination of these factors results in a lower LCOE in this zone. It is important to
acknowledge that OPEX increases with an extended system lifetime due to operation and
maintenance costs. In this study, the rise in OPEX is solely linked to inverter replacement
costs, assuming an inverter lifetime of 8 years, necessitating replacement after this period.
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Conversely, the PV system in Z4 exhibits the lowest OPEX but the highest LCOE
of ~0.050 due to the reduced lifetime resulting from a higher degradation rate in this
zone. Furthermore, the figure highlights a higher dependency of LCOE on the degradation
rate/lifetime compared to OPEX. Also, guide to calculate the impact if we move from zone
to another. Namely, we move from Z1 to Z4, the LCOE increased by 23.1% in Z2, 25.0% in
Z3 and 40.0% in Z4, indicating a significant economic impact.

In a broader context, referencing the IRENA report on renewable power costs [48], the
global weighted average LCOE for utility-scale PV in 2022 was USD 0.049/kWh. Using this
figure as a benchmark, it is evident that despite higher degradation rates in Iraq, without
taking soiling in consideration or with proper cleaning strategies, the LCOE remains within
the global average. This is attributed to the country’s advantage of higher annual solar
irradiation or specific energy yield.

3.3. Economic Impact of Inverter Lifetime

Figure 7A illustrates the impact of inverter lifetime on the lifetime OPEX across the four
degradation rate (DR) zones. Figure 7B presents the change in LCOE with varying inverter
lifetimes across the four zones. A noticeable trend is observed wherein OPEX decreases
with an increase in inverter lifetime. This reduction in OPEX is also influenced by the
lifetime of the PV system, leading to variations across degradation zones. Similar to OPEX,
a discernible trend emerges, where LCOE decreases as inverter lifetime increases. For
instance, using a 4-year inverter lifetime as a reference point and comparing the percentage
difference with a 12-year inverter lifetime across the four zones, Z3 and Z4 experience the
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maximum reduction in OPEX of approximately 28% (see Figure 7C) compared to other
zones. This is particularly pronounced in Z4, where the estimated PV system lifetime is
21 years, implying that with a 12-year inverter lifetime, only one time inverter replacement
is needed during the system’s lifespan. In contrast, with a 4-year inverter lifetime, inverter
replacement is required five times, significantly increasing OPEX.
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Specifically, Z1 displays the most significant reduction of ~6% (see Figure 7D) in LCOE
with an increasing inverter lifetime compared to other locations. This is due to the reduction
in the number of inverter replacements needed during the 33-year PV system lifetime in
Z1, decreasing from 8 to 3 times, with inverter lifetimes of 4 and 12 years, respectively.
Generally, the estimated reduction in LCOE across all four zones, from an inverter lifetime
of 4 years to 12 years, ranges from ~4% to ~6%, depending on the PV system’s lifetime.

3.4. Economic Impact of Soiling
3.4.1. Soiling Rate Scenarios and Cleaning Schedule/Intervals

Here, we assessed the influence of different soiling rates (0.0, 0.2, 0.4, 0.6, and 0.8%
per day) on the LCOE, using the no soiling scenario (0.0% per day) as a reference point.
The soiling rates were found to affect the LCOE by impacting the energy yield variable,
resulting in a reduction in the total annual/lifetime energy yield of the PV system, moreover
impacting both CAPEX and OPEX.
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Figure 8A illustrates the variations in LCOE across four degradation zones for different
soiling rates. The evaluation considered a fixed cleaning interval of 2 weeks, incorporating
the self-cleaning effect through precipitation in the simulation. Figure 8B demonstrates
the impact of cleaning intervals on LCOE, utilizing a fixed soiling rate of 0.65% per day.
Figure 8B demonstrates the impact of cleaning intervals on LCOE, utilizing a fixed soiling
rate of 0.65% per day. Notably, Figure 8C displays the actual percentage differences in soil-
ing rates compared to scenario with no soiling, indicating a minor correlation with climate.
Regions Z2, Z3, and Z4 exhibit relatively lower differences, potentially linked to higher
rainfall reaching the cleaning threshold compared to Z1, underscoring the significance of
rainfall in self-cleaning.
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Figure 8D presents the actual percentage change in LCOE at various cleaning intervals
relative to a 2-week interval, showcasing variations across different zones. A comparison
between the percentage change in LCOE due to soiling rate and cleaning intervals reveals
that cleaning intervals have a more significant influence on LCOE than soiling rates,
particularly with a moderate cleaning interval. The assessed impact on LCOE attributed to
cleaning intervals is over 30% based on location, in contrast to ~5% impact associated with
soiling rates.

In general, adding soiling effect on the LCOE evaluation significantly increases the
LCOE beyond the global weighted average LCOE of USD 0.049/kWh for utility-scale
PV [48] in most of the considered locations.
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3.4.2. Evaluation of the Optimization Strategy to Reduce Economic Losses Due to Soiling

Various strategies to mitigate soiling, ranging from material optimization, such as the
application of anti-soiling coatings, to optimizing PV installation parameters, including
adjusting the tilt angle of PV modules, have been explored in the literature [38,40]. This
study specifically investigates the impact of tilt angle on the energy yield loss attributable to
soiling. Distinguishing itself from other research, our examination extends to assessing the
effect of tilt angle on the degradation rates of PV modules, providing an evaluation of the
combined soiling and non-reversible degradation rate and its implications on the LCOE.

Figure 9 illustrates the influence of tilt angle on module temperature (A), the global
plane of array irradiance (B), and their consequential effects on degradation rates (C) and
lifetime (D). Notably, variations in module temperature and the global plane of array
irradiance (employed to assess UV dose), are incorporated into physics-based degradation
models [44] for evaluating degradation rates and lifetime at different tilt angles. The
degradation rate diminishes from 0.98% per year to 0.90% per year as the tilt angle increases
from 33◦ (considered optimal for this location) to 53◦. Consequently, the PV system’s
lifetime extends from 20.5 years to 22.2 years as the tilt angle increases from 33◦ to 53◦,
highlighting the significant impact of tilt angle optimization on system performance and
longevity and hence a reduction on the LCOE.
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Figure 10 illustrates the soiling ratio (A), energy yield (B), percentage loss (C), and
LCOE (D) at various tilt angles. The impact of tilt angles on soiling accumulation is evident
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in (A), where the soiling ratio decreases as the tilt angle increases. In (B), the energy yield is
estimated both with and without considering soiling, revealing the respective impact.
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To elucidate the effect of tilt angle on soiling loss and its impact on energy yield, we
assessed the percentage energy yield loss due to soiling at different tilt angles, as depicted
in (C). It is observable that the loss in yield due to soiling diminishes as the tilt angle
increases. In (D), the relationship between tilt angle and LCOE is examined. It is apparent
that, for both scenarios with and without soiling, there is a correlation between tilt angles
and LCOE. In the no soiling scenario, this correlation is explained by differences in energy
yield and the impact on lifetime estimated at various tilt angles. In the soiling scenario, it is
mainly influenced by tilt angles affecting soiling accumulation. Therefore, based on these
simulation results, it will be beneficial to install PV modules at higher tilt angles to reduce
the soiling loss in Iraq and in MENA in general.

In general, the results highlight the impact of tilt angles on LCOE and demonstrate
how soiling elevates the LCOE, emphasizing the economic implications on PV projects
in the MENA region. These findings emphasize the significance of implementing soiling
mitigation strategies for PV projects in MENA regions.
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3.4.3. Evaluation of the Optimal Cleaning Strategy/Method in Desert Climates

Determining the appropriate method for cleaning PV plants in harsh climates or
deserts presents a complex decision-making process. Inadequate cleaning procedures have
the potential to result in significant revenue losses, and strategies that are less than optimal
may incur more costs than benefits. To identify the most cost-effective cleaning approach,
it is essential to assess various scenarios and parameters, considering all technical details
and associated expenses. In this study, the evaluation of the most efficient and economical
cleaning strategy was conducted using the commercial PV simulation software PVRADAR
(version 2nd) [49]. The simulation outcomes indicated that the most recommended cleaning
techniques for the MENA region are robotic cleaning and dry-cleaning tractors. Among
the optimal cleaning strategies, fully autonomous robots emerged as the most effective.
Utilizing the input parameters outlined in Table 6 for a 100 MW project, the research
revealed that the preferred cleaning strategy for a system located in Baghdad involves
employing fully autonomous robots at a rate of one robot per three trackers, with cleaning
scheduled every two days.

Table 6. Parameters used in evaluating the optimal cleaning strategy.

Financial
Parameter Value Component Cost

(USD)
Lifetime

(Year)
No. per
System

Energy sale price 40.00 USD/MWh Robot 1100.00 10.00 1.00
Fuel cost 0.5 USD/L Brush 400.00 2.00 1.00

Labor cost 1 kUSD Battery 140.00 4.00 1.00
Inflation rate 2% Docking station 100.00 -- 1.00
Discount rate 6% Bridge 80.00 -- 3.00

Project lifetime 30 years

4. Conclusions

The solar PV is still the most affordable renewable power source in MENA. So, un-
derstanding the LCOE of a PV project is crucial for demonstrating how it can compete
with fossil fuel generation, particularly in countries like Iraq, which possess substantial
oil and gas reserves. The harsh climate represented by high operating site temperatures
and frequent high soiling rates is the main challenge facing the future of solar PV in the
MENA region.

In this study, a thorough assessment of the economic implications associated with the
reliability of PV system components, along with the impact of soiling, was conducted for
PV systems in Iraq. We used a comprehensive approach that incorporates both on-field
experience and historical data. Our study not only identifies primary failure modes within
PV systems but also assigns a severity ranking to these identified modes. Through detailed
simulations utilizing various scenarios, including PV module degradation rates, inverter
lifetimes, soiling rates, and cleaning intervals, our findings highlight the significance of
addressing the challenges posed by soiling. The results indicate that the frequency of
cleaning, in particular, emerges as a critical factor, potentially resulting in LCOE losses
exceeding 30%, depending upon the system’s geographical location.

Moreover, this study delves into the mitigation potential of tilt angle adjustments in
reducing the adverse economic impact of soiling. Demonstrating that installing PV modules
at higher tilt angles can yield a significant reduction of approximately 4.4% in the economic
consequences of soiling; this aspect presents a noteworthy avenue for optimizing PV system
installations in harsh climates. Additionally, the research identifies fully automated dry
cleaning with robots as the most economically viable cleaning strategy, outperforming
alternative methods.

In a broader context, our findings show the relatively elevated LCOE in Iraq when
compared to the current global weighted average for utility-scale PV systems, attributing
this discrepancy to the pronounced soiling rates and degradation due to harsh operat-
ing conditions.
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We hope that these insights are helpful to provide valuable guidance for PV stake-
holders in Iraq and the broader MENA region, enabling them to accurately assess solar
bankability by accounting for region-specific parameters such as degradation rates and
proper cleaning strategies. One primary constraint of this study lies in the utilization of a
less complex energy yield model, which overlooks various factors influencing performance
losses such as shading and mismatch losses. Subsequent research endeavors will prioritize
the implementation of a more comprehensive energy yield model to investigate the effects
of numerous PV system installation and design parameters on PV performance. Addition-
ally, it will assess how these installation parameters influence the long-term reliability of
PV systems and their Levelized Cost of Energy (LCOE) particularly in challenging environ-
mental conditions. In essence, this research emphasizes the need for better strategies and
considerations in addressing the unique challenges faced by PV projects in the complex
and demanding climatic conditions of the MENA region.
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