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ABSTRACT

In today’s world, the growing use of solar photovoltaic (PV) systems especially in the logistics
sector has provided companies with new opportunities to produce renewable energy, improve
their sustainability performance, and reduce carbon emissions from their operations.
Importantly, the deployment of solar systems also helps contribute to broader environmental
goals such as the European Green Deal and net-zero emission goals in the long run, since
these corporations can decrease their environmental footprints. However, in reality the actual
performance of PV systems often differs from their theoretical energy output because of some
technical, operational, environmental, and system-level factors that will be explored in this
entire study.

The performance analysis of some selected PV installations across the logistic facilities
located in Belgium, Sweden, the Netherlands, the United Kingdom, Thailand is presented in
this study. The main objective of this study is to evaluate the gaps between expected and actual
performance of PV systems, identifying the key root causes behind performance deviations,
translate those performance gaps into business opportunities, and recommend measures that
support to improve performance. The research uses a multi-case study design using both
qualitative and quantitative methods. Initially, With the given production data, performance
evaluation is done using standard performance metrics such as Performance Ratio (PR). Then,
further analysis is supported by data gathered through questionnaire responses, interviews
with site stakeholders, and benchmarking from literature sources. Our root cause analysis
groups the causes into four key dimensions like technical, operational, environmental, and
contractual /system constraints.

The findings of this study show significant performance gaps between several sites. Even
though root causes behind these gaps may vary in local conditions as well as operational
practices. While many previous studies have mainly focused more on the impact of
environmental and technical dimensions, this study shows that along with technical and
environmental losses, operational and contractual / system issues are the most important
dimensions behind solar PV systems underperformance. Based on the results, this study
suggests further portfolio-level recommendations including improving monitoring systems,
Key Performance Indicators (KPIs) based performance monitoring, predictive maintenance,
inclusion of proactive cleaning, and improved integration of photovoltaic systems, Battery
Energy Storage System (BESS), and grid constraint can significantly enhance the
performance.

Overall, the research contributes by giving a broader and more integrated perspective on PV
systems, especially within logistics operations. Also, the proposed framework will support
structure and scalable decision making for future PV portfolio management. Importantly,
study highlights the importance of combining technical, operational and business aspects in
order to maximize sustainability benefits.
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Abbreviations:

PR - Performance Ratio (PR)

EMS - Energy Management Systems
BESS - Battery Energy storage systems
SLA- Service Level Agreements

KPIs- Key Performance Indicators
O&M - Operation and Management
GO - Guarantees of Origins

MWp - Megawatt Peak

KWh - Kilowatt Hour

ROI - Return on investment

PVGIS- Photovoltaic Geographical Information System
PoC- Point of Connection

Important Definition:

e Recoverable Energy: It is the amount of energy which can potentially be recovered
through some operational as well as technical improvements.

e Soiling: It is the depositions of dust, dirt, or other forms of pollutants on solar panel’s
surface that cause reducing their efficiency and energy output.

o Curtailment: It refers to reduction of overall power energy generation by the
photovoltaic system due to grid or some operational restrictions.

e Injection limit/ Export Limitation: It is the maximum amount of electricity supplied
from solar PV systems to the electrical grid.

e Energy Management System (EMS): This refers to a system for managing energy
generation as well as distributions and consumptions within a facility.
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1. INTRODUCTION

This chapter presents the background and motivation of the study together with our main
research problems, purpose of the study, and delimitations. Basically, this is supplemented
with the importance of studying solar PV system performance analysis within logistics and
warehouse sustainability.

1.1. Background

In today's modern world, many business sectors are increasingly starting to adopt low-
carbon energy systems. However, this trend of implementing low-carbon energy systems
has changed from being moved from a narrow focus to a broad perspective because of
rising global concerns about climate change and stricter EU climate policies. According to
Kougias et al. (2021), considering the EU Green Deal the EU countries are actively
committed to reducing their greenhouse emission (GHG) by 2030 and achieving net zero
emissions by 2050. For that it requires a substantial expansion of clean renewable
electricity generation. Here in this transition, Solar Photovoltaic (PV) technology plays an
important role particularly within commercial and industrial sectors due to their declining
costs over the years, scalability, and it can generate electricity closer to distributor
generations.

Among all different commercial sectors, logistics and warehousing facilities offer
structural advantages for large scale rooftop solar PV installations. According to Lee et
al.(2012), Industrial halls typically have large, unobstructed roof areas, and high roof-to-
floor ratios which make them technically suitable for installing photovoltaic systems.
Large-scale studies of roof-mounted solar PV potential in Sweden indicated that
commercial and industrial buildings mostly represent a substantial opportunity for
expansion of national solar capacity (Yang et al., 2020). Also, another example based on
studies of rooftop PV systems in Europe shows that they generally perform consistently
over time. In many European countries, these solar rooftop systems typically achieve
around 73% - 74% of their ideal conditions (Schardt and Te. Heesen, 2021).

From an economic perspective, rooftop PV has become increasingly attractive for
commercial sectors. These rooftop PV solar in the warehousing industry can definitely help
in reducing operational costs, improve long-term asset value, and supporting corporate’s
overall decarbonization strategies (UKWA,2022). One notable good example of this
transformation can be seen through DSV. They have deployed a large number of rooftop
solar PV systems in their Landskrona Site in Sweden. This site further demonstrates how
renewable energy assets are being integrated into the warehouse's daily operations while
strengthening the company’s long-term decarbonization strategy (DSV, 2024).



Although these solar installations are increasing, having more installed capacity does not
automatically translate into its optimal performance. In reality, the actual electricity output
generated by solar PV systems may vary from the theoretical expectations. Such variations
in output occur due to the effect of the environmental as well as operational factors. Also,
the effective functioning and the performance of solar photovoltaic PV systems are highly
dependent on the environmental conditions in which they operate (sarmah et al., 2023).
However, this research simply shows that key factors such as variations in solar radiation,
ambient temperature, humidity, and wind speed also mainly contribute to effective
electricity generation by PV systems. Furthermore, factors like cleanliness of the surface,
variations in the weather conditions, and the angle of the solar panel (tilt) can also impact
on measurable efficiency losses (Cevik and Tirmikci,2025).

Another point is that empirical research based on performance benchmarking studies
carried out by Wang and Sueyoshi (2017) clearly indicates that there are many considerable
commercial installations that do not operate at their expected efficiency levels. The
performance gap, which is the difference between the expected and actual output, has a
direct impact on energy efficiency. As a result, it can also affect overall calculation on
payback periods, return on investment (ROI), and emission reduction goals.

Against this background, it is really important to study the gap between the theoretical
design performance and their actual energy output in real operating conditions. So, by
analyzing the rooftop PV systems across multiple dedicated logistics facilities, our study
aims to identify the main causes of efficiency losses. Also, provide practical ways to
improve system performance and long-term sustainability outcomes in the warehousing
sector.

1.2. Problem Statement

The case organization examined in this study is a large global logistics company
headquartered in Europe, providing integrated freight forwarding, transportation,
warehousing, and supply chain optimization services through an extensive international
network. Operating under an asset-light and digitally driven business model, the company
has continuously expanded its global presence and service capacity, positioning itself as a
major actor within the logistics industry.

Sustainability forms a central component of the organization’s long-term strategy. The
company has committed to science-based carbon reduction targets and achieved net-zero
emissions across its value chain by 2050. To support this transition, it invests in renewable
energy installations, electrified transport solutions, and internally funded emission-
reduction initiatives, while also promoting responsible governance, employee development,



and humanitarian logistics support. These efforts establish an important foundation for
enhancing both the environmental and economic performance of its operations.

Among these sustainability initiatives, rooftop solar photovoltaic (PV) systems deployed
across logistics facilities play a key role in reducing emissions and energy costs. However,
actual energy generation frequently deviates from theoretical expectations due to factors
such as weather wvariability, installation configuration, panel soiling, equipment
degradation, and day-to-day operational conditions. For large organizations operating
multiple geographically distributed PV installations, systematically monitoring, comparing,
and diagnosing performance differences across sites remains a significant challenge.

Although the company possesses reliable data on installed capacity and electricity
generation across numerous facilities, a unified portfolio-level analytical framework to
compare expected and actual performance, identify underperforming locations, and
determine root causes is currently lacking. Consequently, certain PV systems may continue
operating below optimal efficiency, resulting in unrealized energy savings and avoidable
operational costs.

Moreover, technical performance data alone is insufficient to support operational and
investment decision-making. To effectively prioritize improvement actions and maximize
the value of solar investments, identified performance gaps must be translated into clear
business implications, including potential energy recovery, cost savings, and return on
investment. Developing an integrated framework that links technical PV performance
assessment with economic evaluation therefore represents the central problem addressed
by this study.

1.3. Purpose

The purpose of this thesis is to assess how solar panels installed across selected buildings
of a large global logistics company perform compared to their expected energy output. By
comparing theoretical production with actual electricity generation, the study aims to
identify where significant performance gaps exist and to understand the underlying causes
of these deviations.

Based on the performance assessment, the project further analyzes the main technical and
operational factors contributing to underperformance, using site-specific operational data
from the company’s solar installations. The focus is on identifying practical and
implementable improvement opportunities in locations where performance does not meet
expectations.

In addition, the thesis seeks to translate analytical findings into concrete business cases that
can support organizational investment and operational decision-making. Potential



improvement measures are evaluated in terms of their economic impact, including
expected cost savings, recoverable energy generation, and overall efficiency improvements.

Ultimately, this research aims to provide practical, scalable insights applicable across
multiple facilities, delivering measurable value in both operational performance and
sustainability outcomes for the organization.

1.4. Research Questions

In this section, the research questions guiding the thesis are introduced.

RQ1: To what extent do the actual performances of solar panel installations across the
company’s buildings align with their theoretical energy output?

This question focuses on comparing theoretical energy yield with actual production data
across selected sites, utilizing standardized performance metrics such as the Performance
Ratio (PR). The objective is to identify whether systematic performance gaps exist and to
quantify their magnitude.

RQ2: What technical, operational, environmental, and contextual factors explain
significant deviations between expected and actual PV performance?

Where performance gaps are identified, this study aims to diagnose their underlying causes.
The analysis will leverage site-specific data and existing literature to examine contributing
factors such as system design, operating conditions, maintenance practices, and local
circumstances. We will pay special attention to cases with severely substandard
performance, as these cases have the greatest potential for improvement.

RQ3: How can the identified performance gaps be translated into actionable business cases
to support the case company's investment and operational decision-making?

Based on the analysis results, this question focuses on translating technological insights
into management value. The focus is on evaluating potential improvement measures such
as operational optimization, retrofitting, enhanced monitoring, or predictive maintenance
and assess their economic and environmental impacts. The business cases will support
decision-making by quantifying expected benefits using indicators such as return on
investment (ROI), payback period, and potential cost and emission reductions.

Together, these questions ensure that the thesis moves from diagnosis to explanation, and
finally to actionable recommendations aligned with the company’s business and
sustainability goals.



1.5. Delimitations

This study is limited in scope to ensure both depth analysis and practical feasibility within
the timeframe of a master’s thesis. First, the empirical analysis is restricted to a selection
of warehouse facilities within a large international logistics company, where relatively
reliable and comparable data on photovoltaic capacity and actual electricity generation are
available. The study is based on representative case studies and does not aim to provide a
comprehensive assessment of all solar installations across the company’s global portfolio.

Secondly, the analysis focuses specifically on rooftop photovoltaic systems at the building
level and does not consider upstream processes such as solar panel manufacturing, module
supply chains, or broader life-cycle environmental impacts. Consequently, the
environmental assessment is limited to operational performance and the associated
emission reductions resulting from electricity generation.

Furthermore, the identification of underperformance root causes is based on available
operational data and reported information. In some cases, site-level data may be incomplete,
inconsistent, or subject to reporting limitations, which may affect the precision of
performance comparisons. While technical, operational, and environmental factors are
considered, no on-site field inspections are conducted at each location. Therefore, the
causal explanations remain analytical rather than experimental in nature.

Finally, the business cases developed in this study are intended to support managerial
decision-making rather than to provide final investment solutions. The cost—benefit and
return on investment calculations are based on assumptions and scenario analyses derived
from available data and literature and therefore cannot substitute for detailed technical or
financial feasibility studies required for real-world implementation.

These delimitations allow the study to remain focused on its core objectives: assessing
photovoltaic performance, identifying significant deviations, and translating analytical
findings into scalable management recommendation



2. LITERATURE REVIEW

This chapter discusses the overall theoretical background behind the solar PV system’s
performance, key root causes of solar PV systems underperformance, and the valuation of
renewable energy investments. Furthermore, it also reviews previous literature and
concepts relevant to the theoretical foundation of this study.

2.1. Solar PV Performance & Performance Ratio

In today’s contemporary world, the need for a transition towards sustainable logistics
systems has become a prominent issue in modern supply chain and operation management
studies. As energy-intensive nodes within supply chains, these warehouses have been
found to be major contributors to overall carbon emissions due to electricity consumption
for ventilation, material handling systems or in day-to-day operations (Faccio et at., 2013).
Also, improving warehouse sustainability has become a strategic priority especially
through renewable energy integration and energy efficiency optimization.

The performance of a solar photovoltaic system (PV) is nothing but the ability to convert
incident solar radiation into usable electrical energy under real operational conditions. The
actual system output is influenced because of some environmental, operational, and
technical factors. In order to evaluate real-world operating system effectiveness, the
performance ratio (PR) is a widely accepted metric for this purpose (SMA,2011).
According to SMA (2011), the performance ratio is the ratio between the actual measured
production output and the theoretical energy output that is based on incident radiation and
installed solar capacity (MWp). This solar Performance Ratio (PR) can be expressed in
Percentage (%). Performance Ratio shows how the available energy solar resource is
converted into usable electricity by considering losses caused by factors such as inverter
inefficiencies, wiring losses, shading, high temperature and dust on panels (soiling)
(CHROSIS, 2019).

According to Chen et al. (2016), PV performance is significantly influenced by
environmental conditions, and it includes solar irradiance, ambient temperature, wind
speed and humidity. These factors are directly proportional to power generation. Empirical
studies by Sarmah et al. (2023) highlighted that solar panels efficiency increases
particularly with the good amount of solar irradiance and wind speed, but it decreases
because of ambient temperature and humidity. The temperature effect is particularly
important for crystalline silicon modules. Also, these modules typically exhibit a negative
temperature coefficient of around 0.4% per Kelvin (Skoplaki and Palyvos,2009). As
module temperature increases, open-circuit voltage and fill factor decreases. Hence,
resulting reduces maximum power output. In the large commercial sector, especially



warehousing rooftop infrastructure may experience seasonal PV performance variability
due to heat accumulation.

Over the extended period, empirical research also confirms that PR is a very useful
indicator for benchmarking PV system performance. As per Schardt and te-Heesen (2021),
a study of more than 32,000 rooftop PV solar installations in different regions of Europe
and further reported a consistent average performance ratio of approximately 0.73 over five
consecutive years. Furthermore, their finding indicates that there is limited correlation
between system size and PR. Also, suggesting that performance is strongly affected by
design quality, installation standards, and operational management instead of installed
capacity alone.

Apart from climate related and technical losses, there are some external factors such as
dust accumulation and degradation that affect long term performance. The absence of
strong timely maintenance practices such as poor surface contamination can reduce the
efficiency of overall output. Besides, the long-term degradation of a module's surface
materials can lead to gradual reduction in energy yield, which must be considered in
lifecycle performance assessments. From a policy perspective, the overall expansion of
rooftop PV systems plays a very strategic role in achieving targets as per the European
Green Deal framework.

In summary, the performance of solar PV systems is dependent on environmental
conditions, designs of systems, operational efficiency, and long-term surface degradation
factors. The performance ratio helps as a reliable and climate-independent metric for easy
evaluating and comparing PV system performance over time.

2.2. Causes of Underperformance in PV Systems

As we discussed earlier, solar photovoltaic PV systems are widely considered as a reliable
renewable energy technology. However, in practice sometimes this real-world
performance often differs from the expected output. So, it is necessary to understand the
causes of PV underperformance for improving system reliability. However, this becomes
more important especially for industrial applications such as warehouse operations where
economic viability and sustainable objectives can be achieved through a stable and
consistent generation of output.

In simple terms, the underperformance by photovoltaic systems is the difference between
the actual gap and the expected energy yield, and the actual electricity generated under real
operating conditions (CHORSIS,2019). Also, as per Dawood et al. (2023), one of the
noticeable major causes is temperature variations. The photovoltaic modules have a
negative temperature coefficient, which clearly shows that the efficiency of the module
will reduce as the temperature of the cell increases. For example, the crystalline silicon



modules have a loss of power of around 0.40 - 0.45% for every 1 °C temperature rise
(CSIRO, 2021). Even if temperature rises, then those of internal resistance will also rise.
Also, the open-circuit voltage will decrease and result in lower energy production. One of
the empirical studies by Eze et al. (2024) shows that the higher irradiance increases current
generation but it also raises module temperature. As a result of this, it potentially offset
gains in overall output. Having poor ventilation, rooftop mounting constraints, and high
ambient temperature causes the underperformance of PV systems.

Another important cause is the soiling and dust accumulation on Photovoltaic panels,
which can reduce their efficacy and lead to underperformance (CSIRO, 2021). Most of the
time, dust, moisture, and other airborne particles can block the amount of irradiance
reaching the surface of solar cells. This leads to measurable efficiency losses. Also,
experimental studies reveal that an increased amount of dust decreases the system
efficiency particularly in dry or industrial zones (Dawood el al., 2023). The impact of
soiling is climate-related and easily influenced by tilt angle, rainfall frequency, and
frequent maintenance routines (Chen et al., 2016).

Variability in irradiance is also considered as a critical factor. According to Chen et al.
(2016), solar output is directly proportional to incident irradiance. These kinds of
fluctuations occur due to seasonal changes, cloud cover, and geographical location lead to
irregular production rate. According to one of the recent studies by Eze et al. (2024)
mentioned that solar panels produce maximum efficiency at an optimal level of irradiance.
However, if the intensity of sunlight is too high or low, then this performance always drops
in a non-linear manner, mostly because of increased temperature within the system (Eze et
al., 2024).

Shading and geometric misalignments are also major contributors to energy losses. As such
modules in the string are electrically connected in series. Therefore, even partial shading
of one single module can reduce the performance output of the entire string (CSIRO, 2021).
Lastly, various operational as well as system-related inefficiencies could also lower the
overall efficiency. For example, losses in inverters, degradation of components, and
inefficient monitoring can also reduce output gradually. According to Chen et al.(2016)
stated that real-world monitoring studies have found that many installed rooftop systems
do not perform as per expected output because of undetected or overlooked faults as well
as maintenance shortcomings.

In summary, the main causes of underperforming PV systems usually arise from combined
effects of high ambient temperature, variations in irradiance, soiling, shading, design-
constraints and overlooked regular operational shortcomings. In the case of warehouse
rooftop installed systems, consistent performance monitoring and climate-specific designs



are very important in order to reduce these losses. This will help to enhance the reliable
output as well as long-term sustainability outcomes.

2.3. Cost-Benefit & ROl in Renewable Energy Investments

The literature consistently explains that it is important to translate technical performance
improvements into economic terms to support managerial decision-making. So, some
recent studies in industrial and warehouse buildings by Lee et al. (2012) illustrate that
improving energy efficiency and reducing energy demands can generate higher economic
returns than just increasing photovoltaic (PV) capacity, especially when it is evaluated
through cost-benefit and ROI analysis. Also, research on energy-efficiency investments
conducted by Catherine Cooremans (2012) in “Investment in energy efficiency: do the
characteristics of investments matter?” explained that sustainable investments are often
undervalued within many organizations. This is because core decision-making processes
are always influenced by strategic and organizational factors that extend beyond
profitability alone.

Cost—benefit analysis is extensively used in environmental impact and sustainable
development studies and has become a key analytical method for evaluating investment
decisions in renewable energy infrastructure (Asirin, Siregar, Juanda, & Indraprahasta,
2023). In photovoltaic economic assessments, system revenue is commonly defined as the
reduction in electricity purchase costs and the resulting cost savings are typically calculated
using local electricity tariff rates (Zhou et al., 2025). In addition, when PV generation
exceeds on-site electricity demand, surplus electricity exported to the grid may generate
additional revenue, depending on the applicable feed-in tariff or market-based pricing
mechanism. The cost depends on the identified root causes of poor performance and the
corresponding performance improvement measures. These may include inverter
replacement or upgrading costs, operation and maintenance (O&M) expenses, panel
cleaning and inspection costs, engineering and technical service fees, monitoring system
upgrades, and potential retrofit or system optimization investments. Performance
diagnostics, data management improvements, and temporary operational disruptions
during maintenance activities may also incur additional costs. Taking into account
economic benefits and related implementation costs, a comprehensive assessment of the
financial feasibility of the proposed improvement measures can be conducted.

Cost-benefit analysis provides an overall evaluation framework, while return on
investment and payback period serve as supplementary financial indicators to assess
profitability, return on investment, and long-term economic value. Return on investment
(ROI) assesses the financial return of a photovoltaic system over its entire lifespan relative
to total investment and operating costs, typically calculated by dividing net income by total
costs (Zhou et al., 2025). While ROI provides an indicator of profitability, the payback



period reflects investment risk and capital recovery speed. Simple payback period (SPT) is

the shortest time required for the savings generated by cash flow (excluding debt repayment)
to be proportional to the total investment (Datta, Kalam, & Shi, 2020). Dynamic payback

period overcomes the drawback of simple payback period, which does not consider the

time value of capital. Specifically, it needs to consider the project's investment costs,

expected returns, inflation rate, and other factors, and then use these factors to calculate the

project's dynamic payback period (Ren & Chen, 2023). Both ROI and payback period are

commonly applied in renewable energy investment assessments to provide complementary

insights.

Beyond financial evaluation, environmental indicators are also essential when assessing
performance improvement measures in existing photovoltaic systems. Enhancing system
efficiency not only increases economic returns but also contributes to additional emission
reductions. Environmental assessments typically include quantifying the amount of
greenhouse gas emissions avoided, particularly carbon dioxide, as well as the reductions
in air pollutants such as sulfur dioxide and nitrogen oxides. These emission reductions are
usually estimated by applying emission factors to the additional electricity generated by
performance improvements, reflecting the substitution of fossil fuel grid electricity (Zhou
et al., 2025).
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3. METHODOLOGY

Now, this chapter includes an overview of the research design, data collection process,
and methodological approach used in this study. In addition, it also describes the different
phases of analysis that were done during this study in order to develop PV system
performance and further develop business case recommendations.

3.1. Research Design

This study adopts empirical case-based research methodology to thoroughly examine and
analyze how solar panel analysis contributes to warehouse sustainability within logistics
company’s warehouse operations. The research follows a mixed-method approach,
combining quantitative analysis of operational data and qualitative insights from the sites.
The unit of analysis for this study is the individual warehouse facility equipped with solar
photovoltaic PV systems. The case organization is a logistics company managing these
installations across their global network. Also, in order to support the empirical
investigation, a systematic literature review will be conducted for this study to establish a
clear and appropriate theoretical foundation. Basically, this study is based on the
examination of real-world operational and energy performance data within an
organizational context.

As this study is theoretically grounded in case study research and mixed-method research
methodology. The case study approach is suitable for this research because it focuses on
investigation of real-world photovoltaic system performance within the operational context
of a logistics company. Also, the mixed-method approach is useful and combines
quantitative operational data with qualitative data (questionnaires response, interviews)
provides a broader understanding of root causes behind solar PV system’s
underperformance.

As mentioned before, this study follows a mixed-method research approach that combines
quantitative and qualitative in order to analyze the performance of solar photovoltaic
installations across 26 warehouse facilities. This mixed method approach is important
because quantitative data helps identify the difference between actual and expected
performance while qualitative data provides insights for deeper understanding of the
underlying technical, operational, and environmental factors. Considering this mixed-
method approach, it can be incorporated to provide proper contextual understanding and
help to explain observed performance differences that cannot be explained using numerical
data alone itself. The logistics company is responsible for providing the real-world actual
production dataset for solar photovoltaic installations. This study research is in accordance
with ethical standards that involve confidentiality and ensure responsible data handling. In
study, the company name, company-specific provided actual operational data and all
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shortlisted site-specific data are kept completely anonymized when needed. Also, data
obtained through interviews and questionnaires will be used only for academic purposes
only. However, expected energy output data obtained by conducting simulation through
the PVGIS simulation tool. It means doing this step ensures that all required datasets are
available for preliminary analysis and comparison across locations.

After the initial data collection, a portfolio-level performance screening (Phasel) of solar
PV systems will be conducted across the different warehouse facilities locations. This
phase directly addresses our research question Q1, which closely focuses on the degree to
which the actual performance of solar PV systems aligns with their theoretical energy
output. Hence, the main objective of this step is to compare the actual solar electricity
generation with the expected energy generation in order to identify the potential solar PV
performance gaps at various locations. On the basis of the results obtained from the above
preliminary analysis, a smaller number of representative sites will be selected for further
investigations. These include sites such as a benchmarking site with expected performance,
Underperforming site, and critically underperforming site. This stage represents Phase 2 of
the study and directly addresses research question Q2, which seeks to identify operational,
and contextual factors that explain deviations between expected and actual PV performance.
In this study, phase 2 also supports a more detailed investigation of site-specific conditions
that causes the solar PV system’s underperformance. It includes system design
characteristics, maintenance practices, and environmental factors affecting energy
generation. Additionally, questionnaires are designed to collect more information that is
not captured in the operational dataset. This questionnaire was distributed with relevant
stakeholders as well as site-specific managers at the logistic company. Also, information
on unanswered questions from this questionnaire will be collected through semi-structured
interviews with site-specific representatives.

The insights obtained from both qualitative and quantitative analysis will be used to
develop practical business case scenarios, considered as Phase 3. This Phase of the study
addresses research question Q3, which focuses on how identified performance gaps can be
translated into actionable business cases to support company’s investments as well as
operational decisions. This business case study includes financial indicators such as return
on investments (ROI) and payback period. These results aim to support the logistic
company in improving the overall performance of their solar PV systems and provide
evidence-based recommendations for sustainable investment decisions.

Also, as mentioned above in order to improve methodological quality, this research study
uses both qualitative and quantitative analysis through data triangulation. The reliability of
the data is supported by using standardized questionnaires and the calculations of
performances across all sites are involved. Secondly, validity is supported and strengthened
through the comparison of operational data, site-specific interview data, and based on
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literature sources. Since, our study is based on selected sites within one logistics company,
the finding may not be generalized directly to all organizations. However, these findings
and insights can be useful for similar logistics organizations and situations.

This research methodological steps and phases of analysis will be discussed in more detail
in the following subsections.

3.2. Data Collection

This study focuses on a mixed-method approach combining quantitative real-world
operational data along with qualitative information collected from selected warehouse sites.
The dataset that was used in this research was provided by Logistics Company, as they are
responsible for monitoring and managing solar photovoltaic (PV) installations across their
global warehouse network. These warehouses are especially located across regions like
Europe, the United Kingdom, USA, the Middle East, and South Asia. Considering such
installations across a diverse set of geographical and climate conditions, provide a useful
and strong basis for analyzing PV performance.

Basically, the dataset used in this study includes real-world operational data from more
than 26 warehouse locations from 2023 to 2025. Also, this dataset contained the key
variables related to the solar PV systems installed at each warehouse site. The data includes
the name of the site, geographical location, geographic coordinates (longitude and latitude),
Installed solar capacity (MWp), operational date, and the quarterly actual production data.
These variables are crucial as they provide the foundation for evaluating the performance
of rooftop solar installations and allow to do further in-depth root cause analysis as well as
sustainability analysis. Additionally, the theoretical energy output data for each site
obtained by performing simulation using PVGIS tool. Based on this available data, basic
data preparation procedures were applied. This includes verification of quarterly
cumulative data, verification of site coordinates, checking and requesting missing values,
and furthermore standardizing data formats where it is actually necessary.

Also, to support the quantitative dataset, further qualitative information will be collected
by designing site specific questionnaires. These questionnaires are designed to gather
contextual information that cannot be captured in the given operational dataset such as
solar installation characteristics, operational and maintenance challenges, and local energy
usage pattern. Considering this a standardized questionnaire consisting of 36 questions was
distributed across all five selected sites. The responses to this questionnaire were provided
by site-level representatives, especially Sustainability Manager or Facility Manager, which
resulted in five complete questionnaires responses. In cases where certain questions were
not answered or required further clarification, follow-up semi-structured interviews were
scheduled with the respective site representatives. This combined approach of a
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standardized questionnaire and semi-structured interviews ensured both consistency and
flexibility in this data collection. Hence, it was important to collect this qualitative data that
will support a more comprehensive understanding of the factors influencing the overall
solar PV performance across different warehouse environments.

This study clearly aims at developing a more holistic understanding of solar PV
performance analysis in typical warehouse operations by combining quantitative
performance data and qualitative site-specific insights. This mixed method helped the
research to capture both measurable performance outcomes and operational factors. As a
result, it helps to improve the reliability and robustness that supports this overall analysis.

3.3. Phase 1 — Portfolio Performance Screening

The first phase of our research focuses on a high-level performance screening of solar
systems across selected warehouse facilities in different countries. The objective of this
phase is to systematically compare the actual energy production of installed PV systems
with their expected energy output in order to identify potential performance gaps and select
representative cases for deeper analysis.

The analysis begins with defining the scope of the dataset, including the selection of sites
and the relevant time period for evaluation. Only sites with available information on
installed capacity, operational status, and electricity production data are included in this
phase.

To estimate the theoretical energy production of each PV installation, the study uses the
PVGIS simulation tool developed by the European Commission. Based on the geographic
coordinates of each site and the installed system capacity (MWp), PVGIS provides an
estimate of the expected annual electricity generation under typical meteorological
conditions. This theoretical value represents the expected specific yield of each system.

Next, the reported solar electricity production data are cleaned and standardized. Since the
available data are reported on a quarterly or year-to-date basis, the dataset is structured to
ensure comparability across sites and time periods.

To enable cross-site comparison, the study normalizes energy production by system size.
The actual specific yield (kWh/MWp/year) is calculated by dividing the reported electricity
production by the installed capacity of each system. This normalization allows installations
of different sizes to be evaluated on a comparable basis.

Based on these values, the Performance Ratio (PR) is calculated as:
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ASY,

PR, =
Y " ESY,

where y denotes the year, PR, represents the performance ratio in year y, ASY, is the
actual specific yield in year y, and ESY,, is the expected specific yield in year y.

PR represents the ratio of actual system performance to theoretical system performance
and is a key indicator for evaluating the efficiency of photovoltaic systems.

Finally, the calculated PR values are used to classify system performance into different
categories (e.g., excellent, normal, underperforming, and critical). It should be noted that
there is no universally accepted PR classification standard in photovoltaic performance
literature, and the reported benchmark ranges vary depending on system type, climatic
conditions, monitoring boundaries, and study objectives. The classification thresholds are
defined based on commonly reported performance ranges in photovoltaic system
assessment literature. While there are slight differences in the definition of the scope of PR
across different literatures, the general scope is quite consistent. In 2012, a study of 100
PV system installations in Germany found that their annual PRs ranged between 70% and
90% (Woyte et al.,2013). According to a study by Reich et al. (2012), the typical range of
PR has reportedly risen from 50-75% in the late 1980s and 70-80% in the 1990s to over
80% today. Regarding the European PV guidelines, a good PR value range is between 0.8
and 0.85 while a value below 0.75 indicates a problem (Khalid, Mitra, Warmuth, & Schacht,
2016). Schardt and te-Heesen (2021) studied more than 32,000 rooftop photovoltaic solar
installations in different parts of Europe and found that the average performance ratio
remained stable at around 0.73 for five consecutive years.

Based on the synthesis of these literature benchmarks and considering the need for
comparative screening across a diverse international PV portfolio rather than for strict
technical certification purposes, the PR classification thresholds shown in Table 1 were
applied in this study.

Table 1: Performance Ratio Category

Category PR Range Description
Excellent >90% Close to expected
performance
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Normal 75-90% Slight deviations from
expected
Underperforming 50-75% Significant performance
gaps
Critical <50% Severe underperformance

These thresholds provide a practical framework for identifying systems that may require
further investigation and enable the selection of representative case studies for deeper

analysis in Phase 2.

Figure 1 shows the flowchart of Phase 1 (Portfolio Performance Screening).

Data Preparation

1. Define Analysis Scope

Select sites and time period

Performance Calculation

2. Estimated Expected Enengy Output

- Using PVGIS simulation based on site
location and installed capacity

5. Calculate Performance Ratio (PR)

3. Standardize actual production data

‘ Clean and structure quarterly and YTD
solar electricity production (kWh)

/

4. Normalize performance metrics

PR = Actual specific yield / Expected specific yield

enable cross-site comparison

Use installed capacity (MWp) and production data
(kWh) to normalize production by system size to

Performance Insights l

6. Classify Performance Levels

Excellent / Normal / Underperforming /
Critical

7. Validate & Select Case Studies

l Check abnormal PR values and identify

representative sites

-) Shortlist of sites for
Phase 2 analysis

Figure 1: High-Level Portfolio Performance Screening-Method Overview

3.4. Phase 2 — Root Cause Analysis (Case Studies)

As discussed in section 3.3, following the preliminary portfolio analysis of solar
performance across the logistics company’s warehouse facilities, a total five sites were
shortlisted for further root cause analysis. Included sites such as Belgium (Benchmarking
Site), Sweden and the Netherlands (Underperforming), the UK, and Thailand (Critically
Underperforming). These sites were selected to represent different performance categories
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such as benchmarking site / best performance, an underperforming site, and critically
underperforming site. However, the reason for selection of these sites is to understand how
benchmarking-site operate and to identify best practices or technical configurations that
could also be replicated at underperforming sites or at critically underperforming sites. For
example, the Belgium site is considered as our benchmarking site due to its high-
performance ratio. By analyzing this site, this study aims to identify and replicate their best
practices to other underperforming sites such as the Uk or Thailand. This will help to
improve solar PV performance at underperforming sites by providing clear understanding
of the underlying causes of solar system underperformance.

To support our quantitative analysis, a qualitative methodology-based questionnaire was
developed to collect more detailed site-level data. Accordingly, the questionnaire consists
of approximately 36 questions organized into § structured sections. These sections were
constructed in a way that moves from general information to more technical aspects. This
questionnaire includes sections such as Site characteristics, Technical Configuration,
Operations and Maintenance, Data Quality and Monitoring, Environmental factors, Solar
energy production and Consumption. For example, the section such as “Site characteristics”
collects information on installed solar capacity, system type, and module technology. Also,
sections like “Operation and Maintenance" helps understand practices such as frequency
of Solar PV cleaning, labour hours, and maintenance responsibilities. The environmental
factor section investigates site-specific conditions such as shading, dust, snow, or external
factors that may affect the overall solar PV performance.

Accordingly, this questionnaire was distributed to all 5 shortlisted sites. These 5 sites were
as follows: Benchmarking Site (Belgium), Underperforming site (Sweden and The
Netherlands), and critically underperforming sites (Thailand and the UK). The site’s
Sustainable Manager was responsible for providing the response to this questionnaire. Also,
if in the case of site-specific responses were incomplete, then additional missing
information collected through follow-up interviews with responsible site personnel. The
collected qualitative data supported our further analysis of performance differences and
helped to identify the underlying root causes of solar PV underperformance. The
questionnaire used in this study is provided in Appendix 1 for your reference.

3.5. Phase 3 — Business Case Development

To extend the analysis from performance diagnosis to business case evaluation, a structured
framework is applied to translate identified performance gaps into economic and
environmental value.

The first step focuses on quantifying performance losses based on the results of Phase 1
and Phase 2. The estimated percentage of losses was derived from a combination of
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location-specific data, simulation results, semi structured interviews, and literature
benchmarks. These losses were then converted into energy values and further allocated to
self-consumption and output based on location-specific energy use patterns. This
distinction helps to more accurately estimate the economic impact, as the value of
electricity varies depending on whether it is used to offset grid purchases or exported to
the grid. The following are the formulas involved in the first step.

self __
LE,*" = LE, xS,

LE;* = LE, xS,
LE;°™ = LE, X E,
_ self purchase export export
LC, = LE)* x P} + LE;P°"" x Py

where the subscript y denotes the year. LE,, represents the loss of energy in year y, AG,, is

the annual generation, L, is the loss percentage, S, is the self-use percentage, E,, is the

hase
Ppurc
y

export percentage, LC,, is the cost of energy loss, is the electricity purchase price,

and P; *POT i the export price.

The second step is to estimate recoverable energy. For each root cause, we estimate
recoverable energy by applying scenario assumptions that reflect actual operational
improvements. This analysis focuses on the extent to which identified performance losses
can be reduced through improvements in system operation, maintenance practices, and
control strategies, thus deriving an achievable energy recovery estimate, rather than a
theoretical total loss. This step ultimately yields an estimate of recoverable energy (KWh).

The third step is to translate the estimated recoverable energy into economic benefits.
Similar to loss assessment, the recovered energy is allocated to both self-consumption and
export based on the specific location's electricity usage patterns. The economic value is
then calculated by applying relevant electricity prices (including avoided grid purchase
costs and export revenue). Electricity prices are determined based on local market
conditions, reflecting regional price differences. This ensures that the financial assessment
reflects the actual value stream of photovoltaic power generation.

Finally, the feasibility of the improvement measures is assessed by comparing the projected
economic benefits with the expected implementation costs. Quantitative comparisons are
made if detailed cost data is available. If cost information is limited, a qualitative
assessment is conducted based on typical cost ranges and the relative magnitude of
expected benefits. This step helps identify high-impact and cost-effective improvement

18



opportunities across different locations and root causes, thus supporting the prioritization
of improvement measures.

In addition to the financial assessment, environmental benefits are considered by
estimating the carbon emission reduction from energy recovery. This allows the analysis
to take into account both economic and sustainability aspects, providing a more
comprehensive basis for decision-making.

However, this study only considers the self-consumed portion of recoverable energy as a
direct environmental benefit. While exported PV power may indirectly reduce emissions
by replacing grid-generated electricity, it was not included in the calculation to avoid
uncertainty regarding marginal grid displacement effects.

The calculation method for CO2 Reduction is as follows:

CO; Ry, = RE, XS, X EF,
where y denotes the year, CO, R,, represents the CO, reduction in year y, RE, is the
recovered energy in year y, S,, is the self-used percentage in year y, and EF,, is the

emission factor in year y.
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4. EMPIRICAL RESULTS

Now, the results obtained from the analysis conducted at both portfolio-level screening and
site-specific investigations are discussed within this empirical results chapter. These results
mainly focus on identifying performance gaps and key root causes behind performance
deviations. Furthermore, the identified real-world challenges are classified across four
perspectives(technical, operational, environmental, and contractual).

4.1. Portfolio-Level Performance Overview

This study initially screened a portfolio of 54 photovoltaic (PV) warehouse sites located
across 22 countries and regions spanning six continents, including Europe, Asia, North
America, South America, Africa, and Oceania using available production and system
information.

Due to missing key data (e.g., production data, installed capacity, or operational
information) and limited access to relevant site contacts, only 26 sites with sufficient data
quality were retained for portfolio-level performance analysis. The total installed PV
capacity across the 26 analyzed sites is approximately 41.5 MWp.

Finally, five representative case sites were selected for detailed investigation based on their
performance characteristics, geographical diversity, and availability of site-specific
operational information.

To ensure comparability across systems of different sizes, performance was assessed using
specific yield (kWh/MWp) and Performance Ratio (PR).

4.1.1.0verall Performance Distribution

Based on the PR classification thresholds defined in Section 3.3, sites are grouped into four
performance categories according to their average PR over the period 2023-2025.

It is important to note that a small number of sites exhibit PR values exceeding 120%,
which is not physically realistic. These cases are therefore considered data quality issues
and are excluded from performance interpretation, pending further validation.

The distribution of sites across performance categories is illustrated in Figure 2. Out of the
total 26 sites:

® 5 sites fall into the excellent category
® 9 sites are classified as normal
® 4 sites are underperforming

® 5 sites show critical underperformance
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® 3 sites need to further check data accuracy
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Figure 2: Overall Distribution of PR-Based Performance Categories Across the
Analyzed PV Portfolio

Figure 3 illustrates the distribution of PV system performance categories across the 26
analyzed sites, highlighting significant variations in operational performance and data
quality between countries within the portfolio.
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Figure 3: Distribution of PV System Performance Categories Across the Selected
Portfolio

.1.2.Key Observations

Several key observations can be drawn from the portfolio-level analysis:

A number of sites perform close to theoretical expectations, suggesting that the applied
estimation method based on EU’s Photovoltaic Geographical Information System
simulation (PVGIS) provides a reasonable benchmark for performance evaluation.

There is significant variation in performance across sites, indicating that factors
beyond geographical conditions influence system output.

Sites located in Belgium, Norway, and Sweden generally show performance levels
close to expected values, with relatively stable PR across the analyzed period.

In contrast, some sites exhibit extremely low PR values (below 20%), indicating
critical underperformance. This is particularly evident across the UK sites, where
consistently low performance is observed.

Certain sites show substantial year-to-year variation in PR, suggesting instability in
system performance or potential data inconsistencies. For example, the Poland site
demonstrates significant fluctuations over the analyzed period.
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® Within the Thailand portfolio, performance varies considerably: while two sites
perform at or above expected levels, one site shows significantly lower performance
compared to the theoretical benchmark.

® A small number of sites exhibit unrealistically high PR values (above 120%). Since
PR compares actual generation with theoretical expected generation, values far above
100% are unlikely under normal PV operation. Therefore, PR values above 120% were
treated as potential indicators of data reporting, metering, installed capacity, or system
boundary issues rather than genuine overperformance.

These observations suggest that further investigation into operational and technical factors
is needed to determine the specific causes of the performance gap.

4.1.3.Implications for Further Analysis
Based on the portfolio overview, representative sites are selected for in-depth case studies:

® One site in Belgium representing excellent performance
® One site in Netherlands and one site in Sweden - representing underperformance
® One site in the UK and one site in Thailand — representing critical underperformance

These case studies will be used to identify root causes of performance gaps and evaluate
potential improvement measures in the following sections.

4.2. Case-Specific Root Cause Findings

As discussed and outlined in the Methodology section, the site-specific questionnaire was
distributed to the 5 shortlisted sites (Belgium, Sweden, Netherlands, UK and Thailand) to
collect detailed qualitative information. As explained before, this questionnaire aimed to
capture technical, operational, contextual, and environmental factors that influence the
overall solar PV performance that cannot be easily identified by the number itself.
Accordingly, some positive responses were received from all 5 sites-specific
representatives. In some cases, for instance sites located in the Netherlands and Belgium
certain questions remained unanswered due to their limited technical knowledge or data
availability.

In order to address these lack of information gaps, and ensure the completeness of root
cause analysis, follow-up online interviews were planned with responsible representatives
from all 5 sites. Considering this purpose, a set of site-specific questions was developed
based on the questionnaire responses provided by respected sites. The additional
questionnaire for these follow-up interviews is added into appendix 2 section: Interview
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Questions. These questions were focused on clarifying key performance issues and
identifying the underlying root causes of performance deviations.

By keeping this in mind, finally on average 11-12 targeted questions were prepared for
each site. Also, these questions were shared with them in advance to help guide a more
structured and well-informed discussion during the interviews. Based on the findings from
interviews, the case-specific analysis indicates that the solar PV underperformance across
the selected sites is mostly influenced by a combination of technical, operational,
environmental, and contextual factors. This section will focus on the all root causes
identified through questionnaire and interview responses across the five sites. Keeping this
in mind, our study summarizes the site-specific root causes in the following table 2.
Furthermore, referring to this summary, we have elaborated on each of these factors in

detail.

Table 2: Key Root Cause Summary

Site Technical Operational Environmental Contractual /
Ownership
Sweden | *Suboptimal tilt | No KPI-based *Snow +Grid curtailment
(~10°, performance accumulation (14MW — TMW
constrained by tracking (multi-day PoC limit)
roof load) *Monitoring not | coverage, major | *BESS
Inverter failures | fully automated financial impact) | participation
(fire damage, (manual/monthly | *Bird droppings | requires PV
multiple units evaluation) curtailment
disconnected) *Cleaning not (Dynamic
*BESS not data-driven limitation)
optimized
Netherl | *No major *No PR tracking | *High *50% injection
ands hardware issue * No automated temperature limit
identified alerts impact (summer | *Energy return
*Maintenance/cle | efficiency drop) | fees discourage
aning unclear and export
undocumented +Grid capacity
constraints
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*No structured
monitoring or
alerts

*No KPI tracking

UK *Tilt chosen for | eLimited *Weather *No performance
density (not monitoring variability / management
performance) (monthly only) modeling process
*Electrical and *No KPI tracking | mismatch
system design *Reactive *Dust/soiling
failure maintenance (no | *Bird droppings
* Installation and | preventive
construction strategy)
quality issues
* System
downtime due to
safety shutdown

Thailan | *Low tilt (<10° | *Cleaning fixed *Dust/soiling eZero-export

d due to roof (quarterly, restriction
constraint) contract-based) (cannot sell

*Monitoring electricity)
exists but

landlord-

controlled

*No SLA / KPI

Belgiu | *Tilt not *Cleaning 2x/year | *Dust and bird *Ownership split

m optimized (roof | (contractor- droppings (limited control)
constraint) controlled) *No clear SLA

4.2.1.Technical Perspective

Firstly, from a technical perspective, several design and system-related factors limitations

were identified. One key root cause is related to suboptimal system design particularly in
terms of tilt angle and panel’s orientation. Many previous studies have shown that tilt angle

and orientation significantly influence the overall photovoltaic system performance.
Considering that one of the studies by Baranayi et al. (2025) explained that if panels are
not properly oriented or tilted, they can also further contribute to lower energy output by
about 3-10%. To quantify tilt-related performance losses, a comparative PVGIS simulation
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approach was applied. For each selected site, the installed PV capacity, actual site
orientation (azimuth), and existing tilt angle configuration were used as baseline conditions.
The annual PV generation under the existing tilt angle was then compared with the
simulated annual generation obtained using the PVGIS-recommended optimal tilt angle
while maintaining the same site orientation. This approach allowed the impact of tilt angle
alone to be isolated without altering other system-design conditions.The annual tilt-related
loss percentage was calculated as:

Optimal Generation — Simulated Generation

Tilt Loss(%) = X 100%

Optimal Generation

The analysis showed that tilt-related annual losses varied across sites depending on climatic
conditions, roof design, and existing installation configurations. For example, the Thailand
site, where the installed tilt angle was below 10°, showed estimated losses ranging between
1% and 3% compared with the PVGIS-recommended optimal tilt angle of 17°. Similar
simulation procedures were applied to the Sweden, Belgium, and UK sites. The
summarized results are presented in Table 3.

Table 3 : Estimated Annual Loss % against solar panel’s tilt angle

Optimal
Ins(tialle Tilt A"ll“lll:e Optimal Slm(lillate Annu
Sites . Angl & . Annual ] al
Capacit based on | Azimuth . | Generati
Name y e at PVGIS Generatio on Loss
it MWh °
Mwp) | ¢ | simulati n (MW | pwny | P
on
Thail South
aan e g28 | <100 | 17° ol 458 444-456 | 1-3%
d Facing
Sweden 14 8° 0° East-West 13,201 12,860 0.5%
10°—
UK 0.2 2000 0° East-West 185 184-182 1-2%
20°— South & 1,709-
Belgi 1.52 ° 1 ’ 1-39
Cgium > 30° 38 Southwest 765 1,754 3%

It should be noted that the PVGIS simulation values presented in the tilt-angle analysis
differ slightly from the theoretical generation values used in the broader performance and
economic assessment sections. For the tilt analysis, site-specific orientation (azimuth)
conditions were maintained in order to isolate the impact of tilt angle alone. In contrast,
the theoretical generation values applied in the PR and business-case calculations were
based on optimized PVGIS simulation settings using both optimal tilt and orientation
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assumptions. In addition, slight differences may also arise from the use of different PVGIS
simulation configurations and default parameters across analysis stages.

Based on quantitative data, it is clear that a suboptimal tilt angle can reduce the solar PV
energy yield.

Unlike tilt angles, orientation-related performance impacts were not quantified separately
in this study, as rooftop PV orientation is generally fixed by building layout and was
therefore considered a non-adjustable boundary condition rather than a practically
recoverable performance factor.

Secondly, equipment-related breakdown was identified as one of the main factors causing
this poor PV system performance. For example, in Sweden, some inverters were not
operating due to malfunctions. As mentioned during the interview, inverter breakdown has
reduced PV production during peak price periods. So, the primary cause of inverter
breakdown was identified as a fire incident which further led to the disconnections of six
inverters. Also, in analysis of utility-scale PV systems, it clears that equipment (inverter)
downtime is typically responsible for approximately 2%-3% of total energy losses
(Veiga,2022). Due to the lack of data availability on inverter downtime, it is difficult to
estimate the exact annual loss caused by system downtime. Thus, based on the literature
reviews, the annual loss due to inverter downtime can be estimated to lie between 2%-3%.

According to the inspection report provided by the UK site, several key technical problems
have been identified. As it highlighted problems such as non-conforming AC cables, lack
of protection for DC connections, incorrect fuse sizing, and the use of non-durable cable
materials. These above observations show clear shortcomings in both system design and
installation defects. As a result, the PV system was taken out of operation due to safety
precautions, and that led to significant downtime and loss of electricity generation. Hence,
the performance gap at this site is mainly due to system unavailability instead of just
efficiency-related factors. Now, since there is no operational data related to the exact
duration of system downtime at this UK site. Therefore, a scenario analysis method is used
in order to estimate the potential effect of such incidents. In this case, instead of relying on
fixed assumptions, three scenarios for possible amounts of downtime are developed. If it
is short-term downtime (<1 month) due to minor faults or quick repairs, then annual loss
corresponding to 5%-10%. Similarly, medium-term downtime (1 to 3 months) is linked to
more complicated technical issues that require either components or system replacements
which contribute to 10%-25% annual loss. And from a long-term perspective (3 - 6months)
which corresponds to 25%-30% annual loss, as it could be because of major technical
corrections or safety compliance measures. Therefore, these findings clearly suggest that
having installation errors and design shortcomings at the initial stage can also directly limit
system efficiency. So, it was challenging to quantify the breakdown loss due to the
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downtime issue for this site because of the absence of data regarding annual energy
production. Furthermore, system constraints such as the non-optimized battery energy
storage system (BESS) in Sweden also limit the effective utilization of generated solar
energy, which reduces the overall efficiency.

4.2.2.Environmental Perspectives

Environmental factors include snow accumulation, soiling (e.g., dust and bird droppings),
and temperature effects. However, due to a lack of field data, the impact of these factors is
difficult to quantify precisely. Therefore, literature benchmarks are used to provide a
reference range for potential losses.

At the Sweden site, snow accumulation is expected to contribute to performance loss
during winter periods. The reduction in power generation from snow cover by photovoltaic
(PV) systems has been quantified in numerous studies, varied significantly depending on
climate conditions and system configuration. A large-scale analysis of 263 PV systems in
northern Sweden found that annual snow losses typically range between 1.5% and 6.2%,
with extreme cases reaching up to 20% (van Noord et al., 2021). In addition, the Sweden
site operates with a relatively low tilt angle of approximately 8°, which may increase snow
retention on the panel surface and delay natural snow shedding. However, during our on-
site visit, we also learned that the solar panels will be covered by snow for a relatively short
period of time in 2025, only 1 to 3 days. Therefore, we predict that the average annual
impact of snow cover on the Swedish site will be approximately 1-2%. In spite of that,
snow-related forecast uncertainty was identified as a more significant operational challenge.
According to site feedback, inaccurate predictions of snow-related PV production
reductions created imbalance costs within the energy trading process and affected EMS
scheduling accuracy.

For the Dutch site, we analyzed the impact of high summer temperatures using normalized
power generation (power generation/irradiance) under high irradiance (>700 W/m?). The
results showed no significant correlation between temperature and performance. This
suggests that temperature-related efficiency losses are relatively small and may be masked
by stronger operational constraints. This finding highlights the limitations of using actual
operating data, as we cannot isolate the temperature factor due to constraints such as
electrical resistance. Numerous studies have shown that rising temperatures significantly
reduce the performance of crystalline silicon photovoltaic modules. Using 25°C as a
baseline, the efficiency of crystalline silicon solar cells decreases by approximately 0.4—
0.5% for every 1°C increase in temperature, while the temperature coefficient for
polycrystalline silicon modules is even greater, at approximately 0.35-0.8%/°C (Alaas,
2024). To further quantify the impact of temperature, a simplified estimation was
conducted using hourly temperature data. The questionnaire revealed that the person in
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charge was unaware of the PV solar module type at the Dutch site; therefore, a temperature
coefficient range of 0.35-0.8% per °C above 25°C was applied. The hourly losses were
weighted by actual power generation to reflect the relative contribution of each period to
total energy production. The estimated annual temperature-related loss ranges between
approximately 0.1% and 0.3%, indicating that temperature has a negligible impact on
overall performance at this site compared to other factors.

Based on questionnaire responses and interviews, cleaning practices vary across the five
sites and are generally not optimized. Sweden follows a trigger-based approach, while the
Netherlands lack clear or structured cleaning strategies. The UK, Thailand and Belgium
apply fixed schedules (e.g., quarterly or twice per year), but these are not linked to
performance monitoring. Due to the absence of before/after cleaning performance data,
site-specific quantification was not possible. Therefore, a literature-based estimate was
applied. According to IEA PVPS (2018), soiling losses typically range between 3—5%
under normal conditions, which is used as a general benchmark. Another study indicated
that cleaning every six months results in an average loss of 9.1%, while cleaning every two
months results in an average loss of 4.4% (Zuiniga-Cortes et al., 2023). Therefore, we will
also estimate the annual loss based on the different cleaning frequencies for each site.
However, for the Thailand site, interview feedback suggests that annual soiling losses are
relatively low (approximately 2%), which is attributed to the clean environment and
frequent rainfall. It should also be noted that the observed impact of soiling may be partially
masked by system-level constraints, such as the zero-export condition, which limits the
utilization of generated electricity. As a result, the actual effect of soiling may be
underestimated in the operational data. The table below shows our estimates of the cleaning
frequency and annual soiling loss for each site.

Table 4: Cleaning frequency vs annual soiling loss

Site Current cleaning frequency sS(:lilgii;stlz(:sannual
Sweden assumed 2 times/year 5-10%
Netherlands assumed 2 times/year 5-10%

Thailand 4 times/year 2%

Belgium 2 times/year 5-10%

29



UK 4 times/year 3-5%

In the UK case, part of the performance gap may be influenced by the use of GIS-based
irradiation data, which represents average values over large spatial grids and may not
accurately capture local rooftop conditions. As a result, its impact is difficult to quantify
and is treated as an indirect source of uncertainty rather than a direct performance loss.

4.2.3.0perational Perspective

Operational factors are also equally important in explaining this performance loss. A
common root cause across multiple sites was the lack of structured, data driven
maintenance practices. Based on interviews with Thailand and Belgium, the cleaning
activities were infrequent (E.g. twice a year or quarterly) and also usually not supported by
performance data (before vs after cleaning). Add on to this, for the Sweden site, cleaning
was performed on a trigger-based basis without any systematic monitoring. So, these can
lead to increased soiling losses (dust accumulation) over time. In support of this, particular
studies by IEA (2022) and NREL (2022) have clearly indicated that the losses from soiling
in PV systems typically fall in the range of 3-5%, especially under normal operating
conditions. Also, a scientific study by Brahma (2023) clearly mentioned that the soiling
losses can be increased up to 8%-13% depending on the cleaning frequency and
environmental conditions.

Additionally, absence of clearly defined maintenance schedules and preventing strategies,
service level agreements (SLA), and optimization practices can contribute to overall PV
system performance especially in the Netherlands and UK. Furthermore, one of the
important causes behind the solar PV systems’ underperformance is the lack of real-time
monitoring and performance tracking. For instance, in the Netherlands and Belgium, there
were no proper monitoring systems or alerts system in place, contributing to undetected
solar PV system underperformance and system faults in a timely manner. As per the
interview insight from the UK site, delayed detection was linked to the lack of monitoring
systems which also lead to prolonged system downtime and reduce the overall actual
energy output. Moreover, most sites do not have well-defined key performance indicators
(KPIs) and timely performance reviews which limit the ability of site operators to actively
monitor and improve system performance. As a result of this, it leads to inefficiencies and
underperformance.
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4.2.4.Contractual & Ownership Perspective

Contractual and ownership-related factors are identified as the primary drivers of
performance loss across multiple sites, mainly due to grid constraints and system-level
operational objectives.

This paper employs a data-driven model based on actual photovoltaic (PV) power
generation data to estimate curtailment losses. PV power generation curves are scaled to
represent systems of different sizes and locations, and curtailment is assessed using a
constraint function applied hourly. Curtailed energy is defined as the difference between
total PV power generation and the allowable output under system constraints.

At the Swedish site, curtailment is primarily driven by point-of-connection (PoC)
constraints limiting the combined export capacity of the PV and BESS system. Although
the site has 14 MWp of installed PV capacity and 11 MW inverter capacity, the combined
PV-BESS operation is subject to an export limitation of approximately 7 MW behind the
PoC in order to avoid exceeding grid connection limits. In addition, the BESS is operated
for ancillary services and energy trading, which can further reduce the available export
capacity for PV generation under certain operating conditions. As a result, PV curtailment
occurs dynamically depending on irradiance conditions, BESS dispatch, and market
participation, rather than as a constant fixed limitation throughout the year. Based on the
applied curtailment model, the annual curtailment level is estimated at approximately 35%
of theoretical PV generation. Figure 4 illustrates the estimated annual PV curtailment at
the Sweden site, where TPO (Theoretical Power Output threshold) represents the
maximum allowable PV output level used in the curtailment model before excess
generation is assumed to be curtailed due to system or grid limitations.
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Figure 4: Estimated Annual PV Curtailment Model for the Sweden Site

At the Thailand site, curtailment is caused by a zero-output policy, which limits PV power
generation to on-site demand, preventing excess energy from being fed into the grid.
According to stakeholder interviews, instantaneous curtailment of up to 50% can occur
when PV power generation exceeds local electricity consumption. However, due to the
time-varying nature of PV power generation, this situation only occurs during peak power
generation periods. In the absence of high-resolution data, the annual curtailment rate is
estimated to be between 35% and 50%, with 35% being a model-based estimate and 50%
represents a short-term peak curtailment condition rather than a continuous annual average.
Figure 5 illustrates the estimated annual PV curtailment at the Thailand site.

32



Production
50,000.00

45,000.00
40,000.00
35,000.00
30,000.00

25,000.00

20,000.00
15,000.00
10,000.00

5,000.00

TPO

Cutoff

Production (kWh)

Figure 5: Estimated Annual PV Curtailment Model for the Thailand Site

In the Netherlands, a 50% injection limit and energy return fees suppress the export of all
generated electricity, thus limiting system utilization. To quantify the impact of curtailment
on PV performance at the Netherlands site, an empirical, data-driven approach was applied
based on hourly generation profiles.

First, days affected by curtailment were identified using the hourly generation data. These
days are characterized by abnormal drops or plateaus in generation during high irradiation
periods, deviating from the expected smooth bell-shaped production curve. In contrast,
non-curtailed days exhibit a typical PV generation pattern with a gradual increase in the
morning, a stable peak around midday, and a symmetric decline in the afternoon (as
illustrated in Figure 6 and Figure 7).
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Figure 6: Example of Daily PV Generation Profile under Curtailment Conditions
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Figure 7: Example of Daily PV Generation Profile without Curtailment Conditions

To estimate the theoretical (non-curtailed) generation, each curtailed day was matched with
the closest non-curtailed day in terms of seasonal proximity and irradiation conditions. The
hourly production profile of the selected reference day was then used as a proxy for the
expected generation without curtailment. This approach assumes that, under similar
weather conditions, the PV system would follow a comparable generation pattern in the
absence of operational constraints.

Figure 8 presents representative comparisons between curtailed days and their
corresponding reference days. The dashed line indicates the expected generation (non-
curtailed), while the solid line represents the actual generation under curtailment.
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Significant deviations are observed during peak production hours, where generation is
artificially reduced despite favorable solar conditions, confirming the presence of
curtailment.
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Figure 8: Curve-Fitting Method for Estimating Daily PV Curtailment Losses

The energy loss due to curtailment is calculated as the difference between the expected and
actual generation, aggregated across all affected hours and days.

Based on this methodology, the total curtailed energy in 2025 is estimated to be
approximately 24% of the theoretical annual generation. This indicates a substantial
performance loss primarily driven by grid export constraints rather than environmental or
technical inefficiency.

Overall, these findings suggest that curtailment is not merely a technical limitation, but is
primarily influenced by grid constraints, regulatory policies, and market conditions,
making it one of the main causes of system performance loss.
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In the Belgium site, the performance gap appears to be influenced by ownership and
contractual structure. The split ownership model limits direct operational control, resulting
in unclear responsibility for system performance. In addition, the absence of a formal
Service Level Agreement (SLA) means that no performance KPIs or penalties are defined,
reducing accountability for maintenance quality and response time. At the UK site, there
is no structured performance management process in place, meaning that system
performance is not systematically monitored, evaluated, or optimized.

4.2.5.Performance Loss Breakdown by Root Cause

To summarize the relative importance of different factors, a breakdown of performance
loss by root cause is provided for each site. Where quantitative estimates are available,
annual loss values are reported. For factors where data is insufficient, the impact is
acknowledged but not quantified. Table 5 shows the annual losses of different root causes
at each site

Table 5: Annual Loss Breakdown

Site Annua | Root Cause Estimated Basis
1 Loss Annual Loss
Sweden | 46% Curtailment (PoC +|35% Interview +
BESS interaction) Simulation model
based
Soiling 5%-10% Literature
Snow 1%-2% Literature +
Interview
Tilt & Design 0.5% PVGIS
Simulation
Inverter issues 2-3% Literature
Netherla | 32% Curtailment (50% export | 24% Interview +
nds limit) Python
Soiling & Bird Dropping | 5%-10% Literature
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Temperature 0.1-0.3% Literature
Monitoring / Operational | Not quantified
UK 91% Maintenance /| Not quantified
Operational issues
Tilt & Design 1-2% PVGIS
Simulation
Electrical and system | Not quantified
design failure
Installation and | Not quantified
construction quality
issues
System downtime due to | 5%-50% Scenario
safety shutdown Assumptions
Weather variability / Not quantified
modeling mismatch
Soiling & Bird Dropping | 3—-5% Literature
Thailan | 59% Export constraint (zero | 35% -50% Interview +
d export) Simulation model
based
Soiling & Dust 2% Literature
Tilt & Design 1-3% PVGIS
Simulation
Belgium | 8% Soiling & Bird Dropping | 5%-10% Literature
Tilt & Design 1-3% PVGIS
Simulation
Operational / Monitoring | Not quantified
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5. BUSINESS CASE & DECISION ANALYSIS

This section converts the identified performance gaps into the real-world practical business
improvements opportunities. Also, it examines the economic and environmental impacts
of proposed measures together with a scalable decision-support framework.

5.1. Improvement Measures per Root Cause

5.1.1.Technical Perspective

As discussed in section 4.2, technical issues such as inverter breakdown were identified as
an important contributor to solar PV systems’ performance losses. As noted during the site-
specific interviews, especially at the Sweden site where multiple inverters stayed non-
functional for extended periods, which had an immediate impact on the total energy
produced. Also, from the analysis of utility-scale PV systems, it clears that equipment
(inverter) downtime is typically responsible for approximately 2%-3% of total energy
losses (Veiga,2022). Considering this is an improvement opportunity, inverter reliability
represents a feasible short-term improvement. This can be positively achieved by
introducing clearly defined service level agreements (SLA) with guaranteed response times.
Also, it is important to ensure the availability of critical spare parts, and conduct regular
preventive maintenance, especially Monthly or Quarterly. On the other hand, the long-term
perspective, as suggested by Kull et al.(2025), a transition toward the predictive
maintenance approach through real-time monitoring and data analytics is used to detect
early signs of inverter breakdown issues and will help to prevent unexpected breakdowns.
These inverter-related issues are not the common cause of underperformance across all
sites, but it is important to address them so it will help to reduce unwanted downtime and
improve overall system performance.

Another key improvement area as per technical perspective is tilt angle of solar PV systems.
It is one of the most important factors that causes the underperformance of PV systems, as
it directly affects the amount of solar irradiance received by the solar panel’s surface. As
mentioned earlier, if panels are not properly oriented or tilted, they can reduce energy
output by about 3-10 % (Baranayi,2025). Keeping this in mind, tilt angle optimization can
be implemented through both short-term and long-term perspective strategies. In this
context, a research study carried out by Sharma et al. (2020) clearly suggests that,
regardless of whether solar panels are fixed or adjustable, but still the optimal tilt angle is
generally close to the latitude of the installation site. Another study has indicated that by
rotating the tilt angle of the solar panels occasionally (for example, monthly or seasonally)
will increase their overall performance by 6.9% as compared to fixed installations (Peter,
2025). In this context, long term solutions like utilization of advanced solutions such as
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adjustable mounting or solar trackers that will help align these solar panels with the
orientation of the sun. As a result of this, it can help to produce more energy throughout
the year. The tilt angle optimization may not always be feasible for all rooftop systems due
to structural constraints; it remains a highly effective and low-cost technical improvement
that can boost overall PV system’s generation.

5.1.2.0perational Perspective

Operational inefficiencies are related to the limited continuous system monitoring, and the
absence of structure performance tracking were observed across multiple sites, especially
in the Netherlands and the UK. Basically, for these sites, overall solar PV system
performance is mainly reviewed on a periodic basis rather than monitoring it continuously.
As a result, it limits the ability to detect deviations in real time. Also, having a reactive
approach can lead to ongoing inefficiencies, as performance deviation may not be easily
noticed. To do effective photovoltaic (PV) system operation requires the proper use of key
performance indicators (KPIs) such as performance ratio (PR), tracking of expected vs
actual energy production supported by automated monitoring systems. According to
International Energy Agency PVPS guidelines (2022), continuous monitoring with
automated alerts can help to quickly detect performance deviations and enable faster
decision-making. Based on this, a feasible short-term improvement is the quick
introduction of a structured KPIs framework along with threshold-based alerts in order to
identify performance deviations promptly, But, for long-term perspective, this could be
extended to more use of data-driven monitoring systems that can integrate real-time
analytics.

Adding to monitoring limitations, another improvement area is the absence of structured
maintenance strategies that contribute to performance variability. This point is more
relevant to sites where maintenance is mainly schedule-based or follows a reactive
approach (for example, sites such as Netherland and the UK). This approach does not
consider the actual condition of system or real-time performance tracking that often leads
to delayed detection or unnecessary maintenance actions. Recent studies show that PV
systems perform efficiently when maintenance moves from reactive maintenance to
predictive maintenance strategies. As per International Energy Agency PVPS guidelines,
in order to run effective PV system operations, require continuous monitoring, fault
detection, and clearly defined maintenance procedures linked to system performance (IEA
PVPS, 2022). Also, some reliability studies also proved that data-driven maintenance
supported by monitoring systems can reduce downtime and improve system performance
reliability (Kontges, 2017). In the short-term perspective, improvements include well-
defining clear maintenance procedures, setting response times, and linking maintenance
strategies to performance deviations. In the long-term perspective, these practices can
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evolve into frameworks supported by forecasting and advanced intelligent monitoring. For
example, in the Sweden site, implementation of such a system would allow them earlier
identification of issues such as inverter inefficiencies or performance drops. As a result, it
will help to reduce system downtime and improve operational efficiency. These
improvements may require gradual implementation; they provide a practical pathway
toward more reliable and efficient solar PV systems operations.

5.1.3.Environmental Perspectives

As mentioned in Section 4.2, environmental factors such as soiling, bird droppings, and
snow accumulation represent a significant source of performance loss of photovoltaic (PV)
systems across all selected sites. Basically, these environmental factors restrict the amount
of solar radiation reaching the solar panel surface and leading to lower generation output.
According to Ilse et al. (2019), soiling can reduce global solar power production by
approximately 3%-4% with at least 3-5 billion € annual revenue losses. Furthermore, this
impact might go up to 5%-10% due to the infrequent cleaning, resulting in larger economic
loss. Moreover, the study also highlighted that soiling is not uniform and may involve
various kinds of pollutants like dust, pollen, and bird droppings that prevent sunlight from
reaching to the surface of PV systems. These factors vary by geographical location and
conditions, hence environmental losses are difficult to quantify accurately, but they still
have a noticeable impact on system performance.

From a practical point of view, improving cleaning strategies is one of the most effective
short-term measures to reduce these losses. Instead of cleaning panels according to fixed
cleaning schedules, such cleaning should be performed depending on actual performance
data and soiling levels. Also, some papers have even proven that optimizing cleaning
schedules can help to significantly improve performance of PV systems. For example,
more frequent cleaning of PV panels can increase overall output generation by
approximately by 4.73%-5%, as compared to less frequent cleaning (Abdallah,2022). With
such data-driven cleaning supports us to ensure a good balance between cleaning costs as
well energy gain making sure that cleaning is only done when it is actually needed
(Ilse,2019). Apart from that, technology such as automatic cleaning methods and anti-
soiling coatings can also help to reduce the impact of soiling. Looking at the big picture,
site-specific solutions include designing the solar plants better, minimizing dust and
introducing advanced automated cleaning robots that can further improve cleaning
performance and reduce costs.

On the other hand, in colder regions, environmental losses are coming through snow
accumulation, moisture, and changing weather conditions, which again block sunlight and
reduce the overall energy production. Unlike dust accumulation, snow-related losses are
more seasonal, but they still have a high impact on system performance if not managed
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properly. In addition, Ilse et al. (2019) indicate that sometimes moisture and dew formation
lead to buildup of dust through capillary action on panels, thereby making soiling worse
over time. In order to solve these challenges, short-term measures would be the need for
effective monitoring of environmental conditions such as snowfall, dust, and weather
changes. Basically, it helps operators to take rapid actions like cleaning or adjusting
operations. Moreover, removal agents may be used in the short run to prevent snow
accumulation on the surface of solar PV panels. Such an approach could be beneficial for
sites which are located in colder regions like Sweden and Netherland. These snow removal
agents can support the faster snow melting process and allow panels to receive sunlight
after snowfall. Also, a recent study mentioned that the use of snow removal agents can
potentially increase solar PV system’s generation (Ruan 2024). From a long-term
perspective, setting up higher tilt for PV panels is beneficial, as such an option would
ensure snow will fall off faster and prevent snow accumulation (Marion, 2013). It is also
helpful, if advanced monitoring systems are connected with weather forecasting, to further
support operational decisions making by identifying snow-related losses in real time. In
order to improve snow-related forecast accuracy, the energy management system (EMS)
and trading system should use local weather information such as snowfall duration,
temperature, irradiance, and snow cover. This will make more accurate forecasting of how
much PV power generation is expected during snow events. Also, it will support smarter
energy management decisions and helps to reduce imbalance and curtailment costs. In high
impact regions, more advanced solutions such as solar panels heating or surface treatments
such as hydrophobic coating can reduce snow adhesion and improve natural cleaning
effects. However, these improvements always require careful economic evaluation due to
their additional cost.

5.1.4.Contractual & Ownership Perspective

Contractual and ownership factors such as grid limitations and market-based operations are
seen as the main contributors in performance loss of solar photovoltaic (PV) systems. As
previously discussed in section 4.2, these constraints occur when grid capacity is limited
and also if there are restrictions concerning export capacity and requirements for
curtailment due to the generation surplus. Curtailment is an effective means of controlling
and maintaining stability in the power grid in case of high PV penetration, but it could
possibly result in huge losses of energy and monetary (Dellaly, 2023). On the other hand,
the current findings on hosting capacity show that the grid limits may also impose an upper
limit to the amount of PV energy that can safely be supplied to the grid, despite the
possibility of additional generation (Aydin,2025). Based on these findings, it is fair to say
that curtailment is not only a technical issue but rather a matter of the overall system design
and limitation of the system itself.

41



To address these issues, the following steps may be taken to improve upon the problem of
curtailment. One of the noticeable approaches is improving coordination between PV
systems, battery energy storage systems (BESS), and grid operations. According to
research, it is shown that integrating the generation of photovoltaic PV systems with battery
energy storage systems (BESS) makes it possible to store surplus electricity instead of
curtailing it and allowing it to be stored and used later (Wang, 2024). Hence, it facilitates
reducing curtailing and increasing the value of the entire system. There are other advanced
control strategies such as data-driven or reinforcement learning schemes that can enhance
coordination through real-time changes in energy consumptions. This can give
opportunities to reduce curtailment and improve economic performance. In the short-term
perspective, practical approaches include optimizing battery charging during curtailment
and aligning energy export to the grid during high-price periods.

Secondly, in the long-term perspective, solutions such as smart energy management
systems including forecasting-based planning as well as dispatch, and digital twin models
can support better scheduling. The use of Digital twin models can support the simulation
of energy management systems (EMS) under different operating conditions which support
better monitoring, prediction, and optimization of performance (Dellaly, 2023).
Furthermore, the deep learning approach to solar forecasting will improve the prediction
of energy productions, which will again improve synchronization between generation,
energy storage, and export to the grid (Lalbiakhlua,2025). Also, it will aid in systematic
scheduling of battery storage, thus allowing for easy storage and used later when demand
or prices are higher.

Overall, as a result of these integrated approaches, improve grid utilization, reduce reliance
on fixed limits, and further improve economic performance. For example, at the
Netherlands site, such improved coordination between PV generation and storage could
help proper utilization of excess energy locally instead of curtailing it. For Sweden, using
smarter control strategies could help to reduce unnecessary curtailment caused by fixed
operational limits. Hence, overall these improvements can help transform curtailment from
an unavoidable loss into a more systematically manageable operation.

5.2. Economic Evaluation

5.2.1.Electricity Price Assumptions

To convert energy values into economic impacts, electricity price assumptions were
defined for both self-consumed and exported electricity. These assumptions are based on
publicly available market data and are aligned with typical industrial electricity price
ranges in the respective regions.
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For self-consumed electricity, the value is represented by the avoided cost of purchasing
electricity from the grid. For exported electricity, the value corresponds to the market price
or feed-in compensation received for electricity supplied to the grid.

Based on available literature and recent European energy market trends, the following
assumptions are applied:

Table 6: Purchase Price Assumptions

Site Purchase Price (€/kWh) Export Price (€/kWh)
Sweden 0.059 (Eurostat, 2025) 0.0397 (Nord Pool, 2026)
Netherlands 0.101 (Eurostat, 2025) 0.075 (FfE, 2025)
Thailand 0.1 (interview) No export allowed
Belgium 0.1025 (Eurostat, 2025) 0.075 (FfE, 2025)
UK 0.3(Gov.UK, 2025) 0.042(ELEXON, 2022)

5.2.2.Electricity Utilization Assumptions

To assess the financial impact of photovoltaic power generation performance, it is
necessary to determine the allocation ratio of generated electricity between self-
consumption and export. These ratios are derived based on annual demand and generation
comparisons, as well as qualitative analysis through interviews and questionnaires. The
final assumptions are summarized in Table 7 and are consistently used in financial analysis
to distinguish between electricity priced at the avoidance purchase price (self-consumption)
and electricity priced at the export market price.

Table 7: Self-consumption % vs Export %

43



Annual | Expected Estimated
Actual PV )
. Deman | PV ctua . Demand Self- Estimate
Site . Generatio )
d Generatio n (MWh) vs PV consumptio | d Export
(MWh) | n (MWh) n
PV >
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D
UK 220 200 17 emand 100, 0%
> PV

It should be noted that the estimated self-consumption rate does not represent the

theoretical maximum field utilization potential based solely on a comparison of annual
demand and power generation. Instead, they reflect the estimated operational self-

consumption under current site-specific operating conditions, considering factors such as

temporal mismatch between PV generation and warehouse demand, export-oriented energy
management strategies, BESS operation, and participation in ancillary service and

electricity trading markets.

5.2.3.Monetization of Energy Loss by Site and Root Cause

Following the electricity utilization assumptions, the next step is to quantify the economic
value of energy losses across different sites and root causes.
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This step translates the estimated performance losses (in %) into monetary terms by
combining expected PV generation, loss ranges, and location-specific electricity price
assumptions. For each site, the value of lost energy is calculated by allocating the lost
generation between self-consumption and export, based on the utilization shares defined in
Section 5.2.2.

Electricity that would have been consumed on-site is valued using the avoided purchase
price, while electricity that would have been exported is valued using the corresponding
export price. This distinction ensures that the economic impact reflects real operational
conditions and market structures.

For each root cause, a range of minimum and maximum loss values is provided where
uncertainty exists (e.g., soiling, snow, and downtime), allowing a more realistic
representation of potential economic impact.

Minor loss contributors such as tilt deviation and temperature effects are included for
completeness but are considered to have limited economic significance.

The results are summarized in Table 8.

Table 8: Energy Loss by Site and Root Cause

Expe . .
cted .. .| Purc | Exp Mini | Maxi
PV Mini | Maxi hase | ort Self- mum | mum
) mum | mum ) : cons | Exp | Loss | Loss
Site | Root Cause | Gene Price | Price
. Loss | Loss umpt | ort of of
ration % % Ek | (€ ion Cost | Cost
Mw | 7 ° | Wh) | Wh)
b © | ©
) 14,15 o o 0.05 | 0.03 o o, | 2062 | 2062
Curtailment . 35% | 35% 9 97 10% | 90% 75 75
SnOW. s 0.05 | 0.03 1178
Swed (physical ; 1% | 2% '9 9 7 10% | 90% | 5893 7
en loss)
Snow
0.05 | 0.03
(forecast — — — 10% | 90% | — —
9 97
error)
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Overall, the table shows that the largest economic losses are mainly associated with
system-level constraints, particularly curtailment at the Sweden and Netherlands sites and
the zero-export condition at the Thailand site. In comparison, environmental and design-
related factors such as soiling, snow, temperature, and tilt deviation generally show smaller
economic impacts, although they remain relevant for operational improvement. The UK
site also shows a potentially significant economic loss related to technical downtime and
system availability. However, due to the absence of detailed downtime records, this value
should be interpreted as a scenario-based estimate rather than an exact measurement.
Therefore, Table 8 should be understood as an indicative comparison of the relative
economic importance of different root causes, providing the basis for the subsequent
recoverable energy and feasibility assessment.

5.2.4.Recoverability Assumptions

Based on the technical feasibility and operational practicality of the improvements
discussed in Section 5.1, the recoverability of the identified performance losses was
assessed. Recoverability does not assume the complete elimination of all losses, but rather
reflects the proportion of losses that can be realistically reduced under actual conditions.

Losses associated with soiling, inverter issues, and suboptimal tilt are considered largely
recoverable. Existing literature demonstrates that performance losses due to soiling can be
significantly reduced through optimized cleaning strategies and monitoring-based
maintenance by increasing around 5% of annual generation. Similarly, inverter-related
losses and system inefficiencies can be mitigated by improving maintenance practices,
service level agreements (SLAs), and predictive maintenance methods.

Losses caused by snow accumulation are subject to climatic conditions and have limited
recoverability. Literature indicates that the use of snow removal agents and improved
operating strategies can increase annual photovoltaic power generation by 0.1%-2.3%.
Compared to annual snow impact loss in Sweden, which is 1%-2%, the recoverable
proportion is set at 50%, representing a limited but measurable potential for improvement.
This is because snow removal agents cannot guarantee the complete elimination of snow
impact, and their effectiveness is highly dependent on weather, snowfall, temperature, and
roof accessibility. Due to the lack of location-specific comparative data on predicted and
actual power generation, snow accumulation-related prediction errors cannot be quantified
and are therefore not included in the quantitative analysis.

In the UK, performance losses are primarily caused by system downtime due to critical
technical failures. As mentioned earlier, we defined different downtime scenarios to reflect
varying degrees of system unavailability. In terms of recoverability, these losses are
considered largely recoverable because they are not inherent efficiency losses but rather
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caused by temporary system downtime. Once the identified technical issues are resolved
and the system is back online, performance is expected to return to normal levels. Therefore,
recoverability is considered directly related to downtime duration, with overall
recoverability ranging from 5% to 50% of annual losses, depending on the severity of the
scenario. This reflects the fact that downtime-related losses can be significantly reduced
through technical remediation, but the exact recoverable percentage remains uncertain due
to limited operational data.

Losses associated with curtailment were assessed based on site-specific grid constraints,
operating conditions, and future improvement potential. In Sweden, curtailment has
historically been driven by grid constraints and operational limitations associated with the
point of connection (PoC). However, recent data shows that the site is now operating at
near full capacity. This suggests that curtailment is largely a temporary constraint, thus
assuming a recoverability of 80%—-90%. In the Netherlands, curtailment is structurally
linked to a fixed 50% capacity export restriction. Because this restriction is enforced by
grid regulations, it cannot be fully recovered without additional system modifications such
as battery storage systems or energy management systems (EMS). Based on literature on
storage-based curtailment mitigation measures, a recoverability range of 40%—-60% is
assumed. In Thailand, curtailment is primarily driven by a zero-export policy, meaning
excess generation cannot be integrated into the grid. However, its recoverability remains
high due to factors such as increased on-site electricity demand, load shifting, and system
optimization. Given that this constraint is demand-driven, we assume that the recyclability
ranges from 40% to 60% as well.

Table 9 lists the assumptions for recoverability for different root causes at each site.

Table 9: Recoverability Assumptions

Site Root Cause Recoverability
Sweden Curtailment 80-90%
Sweden lsor;z;v(physical 50%

Sweden Soiling 50%-100%
Sweden Inverter 100%
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Sweden Tilt 100%

Netherlands Curtailment 40-60%

Netherlands Soiling 50%-100%

Netherlands Temperature Negligible

Thailand Curtailment 40-60%

Thailand Soiling 100%

Thailand Tilt 100%

Belgium Soiling 50%-100%

Belgium Tilt 100%

UK Techn%cal 5-50% (scenario)
downtime

UK Soiling 100%

UK Tilt 100%

5.2.5.Estimated Recoverable Energy by Site and Root Cause

Based on the loss quantification method presented in Section 4.2 and the recyclability
assumptions defined in Section 5.2.2, we calculated the estimated recoverable energy for
each site and root cause. Only the primary loss factors were included, while secondary
factors such as temperature effects were excluded due to their negligible impact.

For each category, the theoretical annual energy loss was first derived using the estimated
percentage of loss and the site-specific annual generation. Then, the recoverable share was
applied to estimate the amount of energy recovery achievable under practical improvement
schemes.

49



The results are summarized in Table 10, which lists the estimated recoverable energy for

all sites and root causes.

Table 10: Estimated Recoverable Energy by Site and Root Cause

Expected PV Recovered
. ) Recoverable
Site Root Cause | Generation Loss % Assumption Energy
(MWh) P (MWh)
Curtailment | 14,157 35% 80-90% 3964-4459
Snow
(physical 14,157 1-2% 50% 71-142
loss)
Snow Not
(forecast — — — )
Sweden quantified
error)
Soiling 14,157 5-10% 50%-100% | 708
Invert
JVEEr ) 14,157 23% | 100% 283-425
issues
Tilt 14,157 0.50% 100% 71
Curtailment | 4,029 24% 40-60% 387-580
Netherla
nds .
Soiling 4,029 5-10% 50%-100% | 201
Zero- rt
CTOTEXPOTE 1 39 35%-50% | 40-60% | 55-117
curtailment
Thailand | goiling 391 2% 100% 8
Tilt 391 1-3% 100% 4-12
Soiling 1,641 5-10% 50%-100% | 82
Belgium
Tilt 1,641 1-3% 100% 16-49
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Downtime
due t
. 200 5%-50% | 100% 10-100
technical
failure
UK
Soiling | 200 3-5% | 100% 6-10
Tilt 200 2% | 100% 2-4

Overall, the results indicate that the majority of recoverable energy is concentrated in losses
associated with curtailment and system downtime. In Sweden and the Netherlands,
curtailment is the largest component of recoverable energy, but the extent of recovery
depends on structural constraints such as grid output limitations. In Thailand, recoverable
energy is also primarily driven by curtailment due to the zero-output policy, but the
potential for recovery is significant through increased on-site consumption and demand
growth.

In contrast, environmental and technical losses (e.g., dust accumulation, inverter
inefficiency, and insufficient tilt angle), while resulting in smaller energy losses, are more
stable and easier to recover. These losses are generally easier to address through
operational improvements and maintenance strategies. At the UK test site, estimated
recoverable energy is highly dependent on system downtime. Therefore, the observed
potential recoveries range widely, reflecting uncertainty due to a lack of detailed
operational data.

It is important to note that the estimates represent achievable recoveries under real-world
conditions, not theoretical maximums. In cases of insufficient data, results are presented as
ranges or labeled as unquantified to ensure transparency in the analysis.

5.2.6.Economic Value of Recoverable Energy

Cost savings reflect the potential economic benefits that could be realized if improvements
were implemented and recoverable energy were utilized. The calculation is based on the
average recoverable energy for each root cause, combined with location-specific electricity
prices and electricity utilization patterns. It is worth noting that although tilt angle
optimization may offer relatively high theoretical recoverability, its practical
implementation is often limited by installation density requirements, row spacing
considerations, wind loading effects, and potential interactions with shading and snow
accumulation. Therefore, large-scale tilt adjustment was not considered a highly feasible
improvement measure for most sites in this study.
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For each root cause, recyclable energy was allocated to self-use and export based on the
location-specific utilization assumptions (Table 7). The economic value was then
calculated using the corresponding purchase and export electricity prices defined in Section
5.2.1. The results, summarized in Table 11, indicate that curtailment represents the largest
source of potential cost savings, particularly in Sweden and the Netherlands, due to the
significant volume of recoverable energy. In contrast, soiling and inverter-related
improvements provide moderate but consistent economic benefits across all sites.

Table 11: Estimated Annual Cost Savings by Site and Root Cause

A A 1
verage Purchas | Export Self- fnua
. Root Recovered ] . Expor Cost
Site Cause Energy e Price Price consu ] Saving
€/kWh €/kWh ti
owhy | @KW | €KWh) | mption ©
Curtail
ment 4212 0.059 0.0397 10% 90% 175,346
Snow
(physic 107 0.059 0.0397 10% 90% 4,454
11
Sweden al loss)
Soiling 708 0.059 0.0397 10% 90% 29,474
Inverter
ssues 354 0.059 0.0397 10% 90% 14,737
u
Cmu?;ﬂ 484 0.101 0075 | 67% | 33% | 44,731
Netherl
ands
Soiling 201 0.101 0.075 67% 33% 18,576
Curtail
t
(T;r; 86 0.1 100% | 0% | 8,600
Thailan
export)
d
Soiling 8 0.1 100% 0% 800
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Belgi
© rflu Soiling 82 0.1025 | 0.075 | 39% | 61% | 7,029
Downti
me
. 55 0.3 0.042 | 100% | 0% | 16,500
(technic
UK
al)
Soiling 8 0.3 0.042 | 100% | 0% | 2,400

It is worth noting that for the Netherlands site, due to the lack of precise site-specific cost
information, grid-related export fees and recycling charges were not included in the
calculations, therefore the economic value of exported electricity may be slightly
overestimated. According to interview feedback, the exact amounts of these fees were not
available during the analysis. Therefore, the calculated export-related economic benefits
should be considered as reference estimates, not precise financial figures.

5.2.7.Investment Feasibility and ROI

The investment feasibility of performance improvement measures was evaluated by
comparing the estimated annual cost savings with the corresponding implementation costs.

Operation and maintenance (O&M) costs were estimated based on European benchmarks.
An assessment of solar costs at the EU level shows that the average operating and
maintenance costs for utility-scale solar installations in the EU range from €6.8/kW peak
power/year to €14.8/kW peak power/year (Joint Research Centre, 2023). The operation and
maintenance costs, approximately 10% to 12%, are spent on inverter replacement
(Mackenzie, 2020). For the Sweden site, survey data indicates that inverters have been
replaced twice within a three-year period, which is significantly below the typical inverter
lifetime of 10—15 years. This suggests abnormal failure rates. Based on the average EU
benchmark of approximately €10.8/kWp/year, the estimated annual O&M cost for the 14
MWp Sweden PV system is approximately €151,000/year. Considering that inverter
replacement typically represents 10—12% of total O&M costs, the indicative inverter-
related maintenance cost is estimated at approximately €15,000—18,000/year. Given the
reported abnormal inverter replacement frequency at the Sweden site, this mid-to-upper
benchmark range was considered appropriate for the feasibility assessment.

For the UK site, reported maintenance costs are approximately £5,000 per year(around
€5,800 for a2 MW peak power system in another site, equivalent to only €2.90 per kilowatt
per year). This is significantly lower than European benchmarks and reflects only routine
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maintenance under normal operating conditions. Given the observed system downtime and
technical issues, it can be inferred that increased maintenance investment is needed to bring
it closer to industry benchmarks in order to improve performance. Applying the upper
range of the EU benchmark (€14.8/kWp/year) results in an estimated annual O&M
requirement of approximately €2,960/year for the 0.2 MWp system. This suggests that an
additional maintenance investment of approximately €2,400/year may be required to
improve operational reliability and align maintenance practices more closely with industry
standards.

Cleaning costs were estimated using a combination of site-specific information and
industry-based benchmarks. For the UK and Thailand sites, site-specific cleaning cost
information was available and was therefore applied directly. The UK site reported
approximately £3,000 per year for four cleaning cycles, corresponding to approximately
€870 per cleaning cycle. For Thailand, the reported cleaning cost was approximately €650
per cleaning cycle. For the remaining European sites, cleaning costs were estimated using
an industry-based per-panel benchmark. Industrial and large rooftop PV cleaning prices
can start from approximately €0.40 per panel, depending on system scale, accessibility,
and cleaning method(Solarco, 2025). In this case, a conservative lower-bound benchmark
of €0.40 per panel per cleaning cycle was therefore applied to reflect the large scale of the
analyzed industrial rooftop systems.

Since detailed module specifications were not consistently available across all sites, the
approximate number of PV modules was estimated using a representative commercial PV
module capacity of approximately 550 W per panel. This assumption is consistent with
commonly reported commercial and industrial PV module capacities in recent industry
literature and market reports, which typically range from approximately 500-600 W per
panel for commercial and industrial (C&I) installations (Shravan Chunduri, 2025). The
Netherlands site provided the exact number of panels, which is 7136, and the capacity of
each panel is 555W, which strongly supports our assumption.

Based on this approach, the corresponding estimated cleaning costs per cleaning cycle are
summarized in Table 12.

Table 12: Cleaning Cost Estimation Basis

Installed . Estimated
. . Estimated ]
Site Capacity Panels Cost Basis Cost per
(MWp) Cleaning (€)
Sweden 14 25,455 €0.40/panel 10,182
Netherlands 3.96 7,136 €0.40/panel 2,854
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Belgium 1.52 2,764 €0.40/panel 1,105
UK 02 Site-specific 870
data
Thailand 0.28 Site-specific 650
data

Based on literature recommendations for an optimal cleaning interval of one to three
months, our assumptions about increasing cleaning frequency and the corresponding

increase in costs are shown in the table below:

Table 13: Cleaning Cost Estimation for Each Site based on Cleaning Frequency

Site Current Target Additional | Cost per | Additional

Cleaning | Frequency | Cleanings | Cleaning Annual

Frequency © Cost (€)

Sweden 2 6 4 10,182 40,727
Netherlands 2 6 4 2,854 11,418
Belgium 2 6 4 1,105 4,422
UK 4 6 2 870 1,740
Thailand 4 6 2 650 1,300

It should be noted that reliable cost data is unavailable for curtailment-related
improvements at the analyzed locations. While potential energy recovery and associated
economic benefits can be estimated, the required investments (such as grid upgrades,
BESS or EMS) will vary significantly depending on location-specific conditions and
infrastructure constraints. Therefore, this study cannot quantify the rate of return and
payback period of emissions reduction and mitigation measures. Consequently, these
measures are classified as "uncertain" in terms of investment feasibility, requiring further
site-specific technical and economic assessments

The results of the ROI assessment are summarized in Table 14.

Table 14: ROI and Investment for Each Site & Root Cause
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Root

Annual

Cost

Estimated

Sit Payback | Feasibilit
e Cause | Saving (€) | Assumption | Cost (€) aybac castbitty
Curtail
uer?tl m 175,346 | Not available - - Uncertain
Snow
(physica 4,454 Not available — — Uncertain
1 loss)
Sweden
Estimated
o . Low
Soiling 29,474 Cleaning 40,727 >1 year ..
priority
Cost
Inverter 15,000— Medium
14,737 High O&M ; ~1
issues ’ i1gh O 18,000 yeat priority
Curtail ) .
u;il m 44,731 Not available - - Uncertain
Netherl
Esti
ands 3 Stlmgted Highly
Soiling 18,576 Cleaning 11,418 <1 year .
feasible
Cost
Curtailm Not available
ent 8,600 (grid — — Uncertain
Thailan constraint)
d Estimated Lo
W
Soiling 800 Cleaning 1,300 >1 year Fiorit
Cost P y
Estimated
Belgi Highl
el Soiling 7,029 Cleaning 4,422 <] year 1g‘ Y
m feasible
Cost
Downti Increased
me 0o&M Highly
UK 16,500 2,400 <1
(technic ’ toward ’ year feasible
al) benchmark
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Estimated
Soiling 2,400 Cleaning 1,740 <1 year
Cost

Highly
feasible

5.3. Environmental Benefits

The environmental benefits of performance improvements were assessed by estimating the
reduction in carbon dioxide (CO:) emissions associated with recoverable PV energy
identified in the previous sections was assumed to offset grid electricity consumption at
each site. Assuming that the recovered photovoltaic power generation can offset the grid
power consumption, and using the grid emission factor of a specific country to calculate
the amount of emissions avoided. Country-specific emission factors were collected from
internationally recognized and governmental sources, including the European Environment
Agency (EEA), UK Government greenhouse gas conversion factors, and Thailand’s
Energy Policy and Planning Office (EPPO), summarized as Table 15 below. In this study,
environmental benefits are expressed as carbon dioxide equivalent (CO-ze) reductions.
CO:e represents the combined global warming impact of multiple greenhouse gases, such
as carbon dioxide (CO:), methane (CHa4), and nitrous oxide (N20), converted into an
equivalent amount of CO: based on their relative global warming potential. Therefore, the
emission factor expressed in kg CO.e/kWh represents the total greenhouse gas emissions
associated with the generation or consumption of one kilowatt-hour of electricity.

Table 15: Emission Factor for Each Country

Country Emission Factor (kg CO:¢/kWh)
Sweden 0.08(EEA, 2023)

Netherlands 0.256(EEA, 2023)

Thailand 0.418(EPPO, 2026)

Belgium 0.15(EEA, 2023)

UK 0.177(Gov.UK, 2025)

The environmental value of recovering photovoltaic (PV) energy varies geographically, as
its environmental benefits depend on electricity utilization rates and the national grid's
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carbon intensity. In this study, only the self-consumed share of recovered PV electricity is
included in the main COze reduction calculation. This is because self-consumed PV
electricity directly offsets electricity that the site would otherwise purchase from the grid,
making the avoided emissions more clearly attributable to the site. Exported electricity may
also contribute to wider grid decarbonization, but its actual emission reduction effect
depends on marginal grid displacement, market conditions, and whether the exported
electricity replaces fossil-based generation or other renewable electricity. Therefore,
exported electricity was excluded from the primary calculation to avoid overestimating the
direct environmental benefit of site-level PV performance improvements. Regions with
high self-consumption rates and high grid carbon intensity, such as Thailand and the
Netherlands, have relatively high potential for CO2 reductions per kilowatt-hour of
recovered PV energy. In contrast, Sweden has relatively limited environmental benefits
because most of the recovered electricity is fed back into the grid, and Sweden's power
structure itself has a relatively low carbon intensity. Strategically, this means that
improvement measures that increase on-site self-consumption, such as load shifting, EV
charging, flexible operations, or storage, can strengthen both the financial value and the
certainty of reported CO:e reductions.

The final CO2e Reduction for different countries is shown in the table below.

Table 16: CO:e Reduction for Each Country

Emission Self Average CO:ze
Country Factor (kg ) Recovered Reduction (tCO
consumption
CO:¢/kWh) Energy (kWh) | 2e/year )
Sweden 0.08 10% 5,381,000 43
Netherlands 0.256 67% 685,000 117.5
Thailand 0.418 100% 94,000 39.3
Belgium 0.15 39% 82,000 4.8
UK 0.177 100% 63,000 11.2

In conclusion, the results indicate that improving PV system performance can bring not
only economic benefits but also significant environmental value through reduced
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greenhouse gas emissions. However, the magnitude of these environmental benefits largely
depends on local power characteristics and on-site energy utilization patterns.

5.4. Scalable Decision Framework for the Logistics
Company

From the results obtained from our muti-site analysis, it is suggested that a framework for
scaling decisions be put in place to support consistent and data-driven decision making in
relation to company’s photovoltaic portfolio. This standards framework is designed to
provide a comprehensive structured and repeatable approach that can be easily applied
across different sites irrespective of their geographical location or operational context.
However, this framework is based on observed performance gaps and combines site-
specific findings from existing literature.

Step one in this proposed framework involves performance screening using standardized
metrics like the performance ratio (PR). It ensures consistency while comparing actual
performance vs theoretical performance across the selected sites such as Belgium, Sweden,
UK, Netherlands, and Thailand, where there are differences in their monitoring capabilities.
So, applying Performance Ratio (PR) screening ensures that poorly underperforming
systems are detected at the early stages of analysis, even when detailed technical data is
limited.

The second stage of this framework focuses on root cause identification of solar PV
underperformance, where performance losses in different dimensions such as technical,
operational, environmental, and contractual / system issues. Basically, each dimension is
considered to align with the patterns that are identified from the case study sites. For
example, Inverter breakdown, Suboptimal tilt angle in Sweden (Technical Perspective),
Limited Monitoring, lack of maintenance strategies in UK and Netherland (Operational
Perspective), environmental losses due to soiling, bird dropping and snow accumulation in
Belgium and Sweden. Losses due to curtailment driven by grid and market in Sweden,
Thailand, and the Netherlands (contractual / system). Hence, such a structured
classification approach will ensure that any problems with performance are not just
analyzed in isolation but are understood within a broader system context.

Then, the third step in the process where quantification of losses is done using available
data and literature benchmarks. In case, when there is no way to conduct measurements
directly, it would help to use relevant literature-based estimates (for example, for soiling,
snow accumulation or Inverter downtime loss) to quantify the amount of loss in the
respective dimensions. Basically, this step would provide an objective way of determining
what the most important issues have the greatest impact, even under data limitation.
Furthermore, it supports better comparability across sites with different data quality levels.
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Lastly, this framework includes prioritization of improvement measures based on impact
and feasibility. At first, improvement measures that have high-impact and are feasible to
implement will be addressed. For example, the curtailment and system constraints issue
especially in Sweden, and the Netherlands will be addressed through strategic actions. It
includes strategies such as improving coordination of Photovoltaic PV-BESS (battery
energy storage systems) and energy management. At the same time, improvement
measures that are inexpensive and quick-win measures, such as implementation of KPI,
upgrading monitoring systems with alert, and improved cleaning or maintenance practices
can be implemented across sites such as the UK and Belgium. Hence, this approach ensures
a complete balance between short-term and long-term operational improvements by
equally prioritizing long-term strategic investments. Overall, the proposed framework
helps achieve transformation for the logistics company by moving away from a reactive
model, site-specific approach towards a more standardized and scalable decision-making
process. Also, it provides a platform where performance monitoring, structured analysis,
and prioritization of actions will be done in order to ensure continued growth of PV projects.
Hence, such an approach allows flexibility in order to adapt to site-specific conditions.

Figure 9 presents a structured framework for identifying, quantifying, and prioritizing
photovoltaic (PV) performance improvement opportunities across multiple operational
sites using standardized technical, operational, and business-oriented evaluation steps.

Prioritization of

Performance Screening Improvement Measures

Use Standardized PR to compare
actual vs theoretical performance

across all sites

Purpose
Early detection of poorly performing

systems, even with limited data

Output: Underperforming
sites /systems indentifyed

Identify and classify performance

lossed across key dimensions based on
site patterns
Dimensios & Examples
Technical: Inverter breakdown
Operational: Limited monitoring
Environmental: Soiling

Contractual: Market constraints

Output: Structured understanding
of performance loss drivers

Quantify lossed using available data and
literature benchmarks when direct

measurement is not possible
Approach

Use measured data where available
and literature - based estimates to

quantify losses in each dimension

Output: Quantified loss breakdown
by dimension

Prioritize improvement measures based
on recoverable energy, business value,

and implementation feasibility

Measures & Examples
High-impact measures: Curtailment
reduction; Energy management
optimization
Quick-win measures: Cleaning &

maintenance improvements

Output: Prioritized short-term and
long-term improvement actions

Figure 9: Proposed Framework for Scalable PV Performance Improvement and

Decision-Making Across Multi-Site Portfolio
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6. DISCUSSION

In this section, the major findings of this study are presented in relation to previous
literature studies and the research questions. Moreover, it includes some reflections on the
broader implications for logistics sustainability as well as methodological limitations of the
research.

6.1. Interpretation of Results

The study results indicate that the poor performance of the PV systems across different
sites of this logistics company was not caused by a single dominant technological factor,
but rather by a combination of factors including operations, infrastructure, and site-specific
conditions. Although all selected sites operated their PV systems within the same corporate
sustainability framework, significant differences remained in performance levels, root
causes, and recovery potential.

One of the most important findings is that energy losses due to curtailment and operational
system constraints are more significant than those caused by traditional technical and
environmental efficiency losses such as dust or temperature effects. At multiple sites, the
performance gaps were significantly correlated with system-level operational constraints
rather than photovoltaic module inefficiencies. This was particularly evident at the Swedish
site, where the PV and storage system combination was constrained by PoC limitations and
operational strategies controlled by the EMS. According to interview feedback and follow-
up discussions during the site visit, although the system has 14 MWp of installed PV
capacity and 11 MW inverter capacity, the practically utilized export capacity was
estimated by site personnel to be approximately 6 MW under typical operating conditions
due to combined PV-BESS operational constraints. Similar operational constraints were
observed at sites in the Netherlands and Thailand, with export restrictions and power
utilization conditions reducing the effective utilization of power generation. Overall, the
results indicate that PV underperformance in industrial systems is typically influenced by
curtailment and operational energy management conditions, rather than simply by
technical efficiency losses.

The study also indicates that traditional PV performance metrics, such as performance ratio
(PR), should be interpreted with caution in industrial photovoltaic systems. A lower PR
does not necessarily indicate poor module performance or equipment defects. On the
contrary, the PR may reflect factors such as power curtailment, export restrictions,
operational downtime, energy management system (EMS) control strategies, or electricity
trading conditions.
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Another important interpretation involves the role of electricity utilization patterns in
determining the practical value of PV performance improvements. Sites with high self-
consumption rate typically gain more significant economic and environmental benefits
from recovered solar energy, while export-oriented systems, despite potentially large
amounts of recoverable energy, have relatively low direct value. This suggests that simply
maximizing power generation is insufficient. Effective integration between power
generation, electricity demand, and operational flexibility is also important.

Overall, the findings indicate that improving PV system performance should not be viewed
only as technical optimization. Instead, effective performance enhancement requires
comprehensive consideration of operational strategies, power utilization, grid interaction,
energy management system configuration, maintenance practices, and site-specific
operating conditions. Therefore, this study emphasizes the importance of integrating
technical, economic, and operational factors when evaluating the solar performance and
improvement potential of industrial PV systems.

6.2. Comparison with Literature

The previous studies on photovoltaic (PV) system performance commonly identified
factors such as temperature effects, soiling, and irradiance variability have been highlighted
as major factors responsible for performance losses. Temperature effects have been found
to reduce module efficiency, with typically losses of around 0.4% per degree increase in
module temperature (Skoplaki and Palyvos, 2009). Similarly, the soiling that occurs
because of the dust accumulation, pollen, and dirt is generally believed to lead to an
estimated energy loss, particularly in dry and industrial zones (Dawood, 2023). Moreover,
the impact of soiling due to dust accumulation and surface contamination can also reduce
energy generation when proper maintenance or cleaning is not done. Also, according to
Ilse et al. (2019) clearly stated that soiling can reduce the solar power production by 3%-
4% annual energy loss. Furthermore, variability in the intensity of solar irradiation
becomes another important influence in energy yield and system performance. As a result,
the current literature focuses on reducing losses by optimizing system design, maintenance
and cleaning practices. These studies provide key insights and help to understand both
technical as well as environmental issues regarding the performance of PV systems.

Unlike the results shown in the literature, the results from our study suggest that
environmental factors like temperature and soiling are not the dominant drivers of
performance loss across the analyzed sites. As discussed, in the case of the Netherlands,
temperature-related losses were found to be negligible throughout the year because of
temperature being moderate, where ambient temperatures are generally lower compared to
hotter regions. In this case although soiling is present, its impact is limited due to minimal
rainfall and lower dust intensity. Hence, these favorable conditions ensure that the solar
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panels are clean. Therefore, it can be said that such environmental losses in this context do
not play a major role in the observed performance gaps. The analysis of this study shows
that operational and contractual /system-level constraints have a greater influence. For the
Netherlands, technical limitations on the grid such as the maximum amount of energy that
may be injected (capped export capacity) and some economic factors like energy return
fees that directly limit the how much generated solar energy can be used or exported.
Consequently, the energy generated by solar PV systems is not fully consumed at sites or
sold and leads to curtailment losses. Similar situation observed in Sweden, it is seen that
dynamic curtailment due to limited grid capacity (7MWp), and the requirement for battery
use limits the useful energy generated from the PV system. Overall, this clearly shows that
real-world photovoltaic (PV) systems performance is strongly dependent on the system
integration, grid infrastructure, and operational strategy, instead of just only environmental
or technical factors.

Additionally, lack of operational efficiencies was another factor which contributed to the
reducing PV system performance, particularly in sites such as the UK and Belgium. With
the limited monitoring systems available, it would be difficult to track real-time PV
system’s performance and delay the identification of exact issues such as inverter faults or
drops in energy generation. Moreover, the absence of required KPIs-based performance
tracking like Performance Ratio (PR) evaluation. It means that deviations from expected
performance were not completely identified or analyzed. As a result, many issues often
remain unnoticed for long periods of time. Also, maintenance practices were more of
reactive than proactive, which meant that required corrective actions were only taken only
after system breakdown occurred, instead of being prevented in advance. As result to this,
delays in resolving issues and increased downtime resulted in decreased overall generation.
Together, these factors prove that apart from technical problems, lack of operational
practices can still result in significant performance losses.

These results clearly show that the actual performance of a photovoltaic system is
det